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Abstract

Long-term occupational exposure to multiple metals in mining environments may be as-
sociated with chronic kidney disease (CKD), but the associations between mixed metal
exposure and CKD remain insufficiently characterized. A nested case-control study was
conducted within the Jinchang Cohort, established in 2011 among workers with long-term
multi-metal exposure at Jinchuan Group Co., Ltd. Among eligible cohort members, 1000
incident CKD cases identified at the third follow-up were compared with 1000 controls
randomly selected from non-diseased cohort members. Bayesian Kernel Machine Regres-
sion (BKMR) was used to assess the joint association of mixed metal exposure with CKD,
while multivariable logistic regression estimated odds ratios (ORs) and 95% confidence
intervals (ClIs) for individual metals. Restricted cubic splines (RCS) were used to evaluate
potential nonlinear dose-response relationships. Mixed-metal exposure showed an expo-
sure-dependent pattern, with the estimated association shifting from negative at lower
mixture levels to positive at higher exposure levels. Li, Al, Cr, and Ni showed positive
associations with CKD, whereas Zn and Se showed inverse associations.

Keywords: chronic kidney disease; occupational metal exposure; mixed metal exposure;
nested case—control study; BKMR

1. Introduction

Metals play essential roles in industrial production and daily life; however, the ex-
pansion of industrial activities has increased their release into the environment, raising
concerns about potential adverse effects on human health. Metal smelting is an important
source of environmental metal contamination, as inadequate waste management can re-
sult in substantial releases of metals into surrounding environments [1,2]. Early research
identified smelters as key contributors to atmospheric As, Cu, Cd, and Zn pollution [3],
and a recent study further supported these findings [4]. From 2000 to 2019, 80% of Chinese
non-ferrous smelter sites showed severe Cd contamination in surrounding soil, with po-
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tential implications for the health of local populations [1]. Workers in steel and non-fer-
rous metal smelting industries may be exposed to multiple metals through occupational
contact with metal ores, molten metals, and metal-containing dust. Compared with
nearby residents, smelting workers have been reported to have higher body levels of As,
Pb, Cd, Sb, T], and Sn. Moreover, owing to incomplete elimination of metals from the
body, internal metal burdens may accumulate with age [5-7].

Chronic kidney disease (CKD), characterized by abnormalities in renal structure or
function, affects more than 10% of the global population and represents an increasing
public health challenge [8-10]. In 2017, more than 850 million people worldwide were
living with CKD, including an estimated 4.9-7.1 million who required renal replacement
therapy for end-stage kidney disease [11,12]. Between 1990 and 2019, the global number
of CKD cases approximately doubled, with a particularly substantial increase in disease
burden in low- and middle-income countries [13,14]. In China, an estimated 150.5 million
adults had CKD in 2019, with 196,726 deaths attributed to the disease [15]. More recent
surveillance data from 2023, based on 176,874 participants, reported a CKD prevalence of
8.2%, representing an approximately 30% reduction compared with a decade earlier [16].
Although the prevalence of CKD in the general population has declined to some extent,
the burden of CKD among highly exposed occupational populations remains insuffi-
ciently characterized [17]. This highlights the importance of identifying underlying risk
factors to inform effective prevention and control strategies.

As major filtration organs, the kidneys can accumulate metals and are therefore par-
ticularly susceptible to metal-induced toxicity [18]. Metal exposure may impair renal func-
tion through multiple mechanisms, including induction of oxidative stress, disruption of
immune and organelle function, and interference with renal transport processes and hor-
monal regulation [19,20]. Studies conducted in China have reported associations between
exposure to Cr, Cd, Pb, and Mn and alterations in renal biomarkers [21]. In addition, sev-
eral cross-sectional studies have linked blood levels of Pb, Cd, Hg, Mn, Cu, Zn, and Se to
CKD [22-24]. However, existing evidence is predominantly based on cross-sectional stud-
ies, and longitudinal evidence regarding the associations between metal exposure and
CKD incidence remains limited. In addition, previous studies have not sufficiently char-
acterized the overall associations of mixed-metal exposure with CKD incidence or the rel-
ative contributions of individual metals within exposure mixtures. In occupational set-
tings such as metal smelting and mining, workers may be simultaneously exposed to mul-
tiple metals through contact with ores, dust, and other metal-containing materials. There-
fore, investigating mixed-metal exposure is important for better characterizing the poten-
tial renal health risks associated with complex occupational exposure profiles. This study
utilized a nested case—control design within the Jinchang Cohort—a large-scale prospec-
tive cohort of metal-exposed workers established in collaboration with Jinchuan Group
Co., Ltd. This cohort provides an important platform for investigating the long-term
health effects of occupational multi-metal exposure [25,26]. To better characterize the as-
sociation between mixed-metal exposure and CKD incidence, we applied BKMR to assess
the overall mixture association and identify potentially important elements, while WQS
regression was used as a complementary approach to examine the consistency of the mix-
ture-level association and the contributions of individual elements. Herein, we aimed to
evaluate the longitudinal associations of individual and mixed-metal exposures with the
incidence of CKD.
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2. Materials and Methods
2.1. Study Population

This nested case—control study was conducted within the Jinchang Cohort, which
conducts biennial health examinations among employees of Jinchuan Group Co., Ltd., a
large non-ferrous metal mining and smelting enterprise located in Jinchang, Gansu Prov-
ince, China. A total of 48,001 participants were enrolled at baseline between June 2011 and
December 2013. Data on human biological indicators at baseline and follow-up were ob-
tained from routine health examination records. During the third follow-up examination,
conducted between 2018 and 2019, participants who were newly identified as having CKD
and had no physician-reported CKD diagnosis at baseline were selected as cases. Owing
to financial constraints on metal measurements, our research group analyzed 1000 cases
and 1000 controls. Controls (1 = 1000) were randomly using R software selected from par-
ticipants in the same cohort who had no documented CKD diagnosis at the third follow-
up examination. Simple random sampling was performed without matching or adjust-
ment for any covariates during control selection. Baseline demographic and lifestyle char-
acteristics were adjusted for as covariates in subsequent multivariable models. The study
protocol was approved by the Ethics Committee of the School of Public Health, Lanzhou
University (IRB23042201).

2.2. Variable Definitions

CKD cases were identified based on physician-reported diagnoses, which were fur-
ther assessed using eGFR calculated from serum creatinine (Scr) measurements obtained
during routine health examinations [27-29]. CKD was defined as an estimated glomerular
filtration rate (eGFR) < 60 mL-min~"-1.73 m2 The equation used to calculate eGFR is pro-
vided below:

Female: when Scr < 0.7 mg/dL (62 pmol/L), eGFR = 144 x (Scr/0.7)7032 x 0.993 Age,

when Scr > 0.7 mg/dL (62 pmol/L), eGFR =144 x (Scr/0.7)71209 x 0.993 Ase;

Male: when Scr < 0.9 mg/dL (80 umol/L), eGFR = 141 x (Scr/0.9)0411 x (0.993 Age,

when Scr > 0.9 mg/dL (80 pmol/L), eGFR =141 x (Scr/0.9)71209 x 0.993 Ase,

The questionnaire survey in this study collected data of participants’ age (age was
categorized for descriptive purposes as < 25, 2645, 4665, and > 66 years), sex, marital
status (unmarried, married, divorced or widowed), occupational exposure level (low: ca-
dres and logistics personnel; moderate: technical personnel; high: production workers;
Cadres and logistics personnel were combined into the low-exposure group because of
their relatively small numbers in the study population), monthly income (<2000 RMB,
22000 RMB), education level (secondary school or below, high school or technical second-
ary school, college or above), body mass index (<25.0, 25.0-29.9, or 230.0 kg/m?), exercise
frequency (never, occasionally, frequently), smoking status (never smoking, currently
smoking, have quit smoking), drinking status (never drinking, currently drinking, have
quit drinking). Physician-diagnosed cardiovascular disease, hypertension, and diabetes
were also recorded (yes/no). Plasma metal concentrations were categorized into quartiles
(Q1-Q4) according to their distributions, with the lowest quartile (Q1) serving as the ref-
erence category.

2.3. Measurement of Plasma Element Concentrations

At baseline, plasma concentrations of 13 elements, including 12 metals (Li, Al, Ti, Sr,
Cu, Co, Cd, Pb, Cr, Ni, Zn, and Fe) and Se, were measured using inductively coupled
plasma-mass spectrometry (ICP-MS) with a PQ-MS instrument equipped with a colli-
sion/reaction cell (Germany). For individual samples with measured concentrations be-
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low the limit of detection (LOD), the values were imputed as LOD/2. Quality control re-
sults for plasma element measurements in the study population are presented in Table
Al.

2.4. Statistical Analysis

Descriptive statistics were used to summarize plasma metal concentrations, and cat-
egorical variables were presented as proportions. Spearman’s rank correlation analysis
was used to assess correlations among metals, and the Wilcoxon rank-sum test was used
to compare metal concentrations between groups.

BKMR was used to evaluate the joint association between metal mixtures and CKD,
with adjustment for all covariates. Metal concentrations were log-transformed and stand-
ardized. The model was run for 10,000 Markov Chain Monte Carlo (MCMC) iterations.
The overall mixture effect was estimated by comparing the joint exposure level at the 50th
percentile of all metals with that at the 50th percentile as the reference. Posterior inclusion
probabilities (PIPs) were calculated to assess the probability that each metal was included
in the mixture model. Metals with PIPs > 0.5 showed relatively high probabilities of inclu-
sion in the mixture model. Model convergence was satisfactory, as shown in Figure Al.

To further characterize the mixture effects and evaluate the associations of individual
metals with CKD incidence, multivariable logistic regression models were used to exam-
ine the associations between individual metal exposures and CKD incidence. Plasma
metal concentrations were categorized into quartiles (Q1-Q4), with Q1 as the reference
category, and odds ratios (ORs) and 95% confidence intervals (Cls) were estimated for
Q2-Q4. Metal concentrations were also modeled as continuous variables in multivariable
logistic regression analyses to further evaluate the associations between individual metal
exposures and CKD incidence. Restricted cubic spline (RCS) models were used to assess
potential nonlinear dose-response relationships between metal exposure and CKD inci-
dence.

The 13 metals were categorized into quartiles, and the dataset was divided into a
training set (40%) and a validation set (60%). A positive-direction WQS model was fitted,
with component weights estimated using 1000 bootstrap samples. The negative-direction
WQS model did not converge; therefore, only the positive-direction model was retained
for analysis. The corresponding component weights for each metal are presented in Figure
A2. E-values were calculated based on the categorical multivariable logistic regression
models to assess the potential influence of unmeasured confounding on the observed as-
sociations and thereby evaluate the robustness of the findings. Additionally, further sen-
sitivity analyses were conducted to evaluate the impact of missing data handling. Multi-
variable logistic regression analyses based on multiple imputation datasets were per-
formed, and RCS and BKMR models were re-evaluated using LOD/sqrt(2) substitution
and multiple imputation, respectively, compared to the primary LOD/2 substitution.

Questionnaire data were double-entered using EpiData 3.1. Microsoft Excel for Office
365 (Version 16.0.4266.1001), IBM SPSS Statistics 27, R Project 4.3.3, and RStudio
2024.12.0+467 were used for data organization and cleaning. Statistical analyses and
graphical presentations were performed using R Project 4.3.3 and RStudio 2024.12.0+467.
All statistical tests were two-sided, and a significance level of a = 0.05 was used.

3. Results
3.1. Description of the Study Population

As shown in Table 1, among the 2000 participants, 72.45% were male, 81.75% had a
high level of occupational exposure, and 57.70% had a BMI < 25 kg/m?2. Overall, 45.40%
were currently smoking, 22.60% were currently drinking, and 29.80%, 38.30%, and 13.90%
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had physician-diagnosed cardiovascular disease, hypertension, and diabetes, respec-
tively. Significant differences between the case and control groups were observed in age,
sex, marital status, occupational exposure level, BMI, exercise frequency, smoking status,
and drinking status (p < 0.05). No significant differences were observed in monthly in-
come, education level, cardiovascular disease, hypertension, or diabetes (p > 0.05).

Table 1. Characteristics of participants.

Total (N =

Case Group (n =

Control Group (n =

Variables (%) 2000) 1000) 1000) p Value
Age
<25 years 69 (3.45) 51 (5.10) 18 (1.80)
26-45 years 809 (40.45) 486 (48.60) 323 (32.30) <0.001
46-65 years 778 (38.90) 307 (30.70) 471 (47.10)
266 years 344 (17.20) 156 (15.60) 188 (18.80)
Sex
Male 1449 (72.45) 783 (78.30) 666 (66.60) <0.001
Female 551 (27.55) 217 (21.70) 334 (33.40)
Marriage status
Unmarried 122 (6.10) 88 (8.80) 34 (3.40)
Married 1723 (86.15) 836 (83.60) 887 (88.70) <0.001
Divorce or widow-
hood 155 (7.75) 76 (7.60) 79 (7.90)
Occupational expo-
sure
Low 300 (15.00) 119 (11.90) 181 (18.10) <0.001
Moderate 65 (3.25) 33 (3.30) 32 (3.20)
High 1635 (81.75) 848 (84.80) 787 (78.70)
Monthly income
<2000 RMB 1100 (55.00) 537 (53.70) 563 (56.30) 0.243
22000 RMB 900 (45.00) 463 (46.30) 437 (43.70)
Education level
Secondary school or
975 (48.75) 469 (46.90) 506 (50.60)
below
High school or tech- 0231
nical secondary 582 (29.10) 298 (29.80) 284 (28.40)
school
College degreeor 13 27 15 233 (23.30) 210 (21.00)
above
BMI
<25.0 1154 (57.70) 544 (54.40) 610 (61.00) <0.001
25-29.9 738 (36.90) 378 (37.80) 360 (36.00)
230.0 108 (5.40) 78 (7.80) 30 (3.00)
Exercise frequency
Never 202 (10.10) 110 (11.00) 92 (9.20) <0.001
Occasionally 357 (17.85) 210 (21.00) 147 (14.70) '
Frequently 1441 (72.05) 680 (68.00) 761 (76.10)
Smoking status
Never smoking 868 (43.40) 405 (40.50) 463 (46.30) 0.030
Currently smoking 908 (45.40) 480 (48.00) 428 (42.80)
Have quit smoking 224 (11.20) 115 (11.50) 109 (10.90)
Drinking status <0.001
Never drinking 1404 (70.20) 625 (62.50) 779 (77.90) '
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Currently drinking 452 (22.60) 296 (29.60) 156 (15.60)
Have quit drinking 144 (7.20) 79 (7.90) 65 (6.50)
Cardiovascular dis-
ease
Yes 596 (29.80) 292 (29.20) 304 (30.40) 0-557
No 1404 (70.20) 708 (70.80) 696 (69.60)
Hypertension
Yes 766 (38.30) 385 (38.50) 381 (38.10) 0.854
No 1234 (61.70) 615 (61.50) 619 (61.90)
Diabetes
Yes 278 (13.90) 151 (15.10) 127 (12.70) 0121
No 1722 (86.10) 849 (84.90) 873 (87.30)

Note: Data are presented as n (%). p values were calculated using Pearson’s chi-square test. Occu-
pational exposure level was categorized based on job duties into low (cadres and logistics person-

nel), moderate (technical personnel), and high (production workers).

3.2. Environmental Metal Exposure

3.2.1. Differences in Plasma Metal Concentrations Between the CKD Case and
Control Groups

As shown in Table 2, significant differences were observed in plasma concentrations
of all 13 elements between the CKD case group and the control group. Specifically, the
case group exhibited markedly higher plasma concentrations of Li, Al, Cu, Cd, Cr, and Ni
compared with the control group. Conversely, plasma concentrations of Ti, Sr, Co, Pb, Zn,
Fe, and Se were significantly lower in the case group than in the control group.

Table 1. Plasma Metal Concentrations in the CKD Case and Control Groups (ug/L).

Control Group (n =

Metal  Total (N=2000) Case Group (n =1000) 1000)

p Value

Li 13.66 (8.26, 20.85) 14.82 (8.98, 21.70) 12.74 (7.65, 19.75) <0.001
Al 206.18 (129.33, 359.77) 246.85 (127.80, 476.36) 182.25(131.21, 290.31)  <0.001
Ti  227.17 (208.24, 248.49) 227.12 (209.12, 242.14) 227.24 (208.01, 316.05)  <0.001
Sr 83.73 (69.85, 105.00)  80.70 (68.85, 98.03) 88.11 (70.90, 112.00) <0.001

908.39 (813.42, 925.24 (813.32,
Cu 1025.91) 1060.26) 896.74 (814.73,999.55)  <0.001
Co 0.10 (0.10, 0.33) 0.10 (0.10, 0.31) 0.21 (0.10, 0.37) <0.001
cd 0.10 (0.10, 0.34) 0.10 (0.10, 0.78) 0.10 (0.10, 0.10) <0.001
Pb 2.00 (2.00, 7.60) 2.00 (2.00, 4.75) 2.00 (2.00, 15.54) <0.001
Cr  1842(15.18,25.03)  22.41(16.78,31.61)  16.11 (14.80,20.34)  <0.001
Ni 2.54 (1.00, 8.15) 5.01 (1.00, 15.00) 1.00 (1.00, 3.74) <0.001

1074.68 (920.02, 1034.63 (899.90,
Zn 1279.83) 1197.42) 1139.47 (946.80, 1348.87)  <0.001
Fo 2356.56 (1948.80, 2246.31 (1866.95, 2511.22 (2009.27, 0001

3005.40) 2694.85) 3377.79)

Se  109.81 (96.59, 124.97) 106.06 (93.41,119.89) 114.46 (100.92,130.65)  <0.001

Note: Data are presented as median (25th percentile, 75th percentile). SI conversion factors: To con-

vert metal concentrations to micromoles per liter (umol/L), multiply values by: Li, 0.1441; Al, 0.0371;
Ti, 0.0209; Sr, 0.0114; Cu, 0.0157; Co, 0.0170; Cd, 0.0089; Pb, 0.0048; Cr, 0.0192; Ni, 0.0170; Zn, 0.0153;
Fe, 0.0179; and Se, 0.0127. p values were calculated using the Wilcoxon rank-sum test to compare

plasma metal concentrations between the CKD case and control groups.
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3.2.2. Correlations Among Plasma Metal Concentrations

Spearman’s rank correlation coefficients among plasma metals ranged from —0.15 to
0.57. The strongest positive correlation was observed between Ni and Cr (r = 0.57), while
Cd showed positive correlations with Ni (r=0.49) and Cr (r =0.46). The strongest negative
correlation was observed between Li and Cr (r = -0.15). Detailed correlation results are
presented in Figure A3.

3.3. Association Between Environmental Metal Exposure and CKD Incidence

3.3.1. Overall Association Between Mixed Metal Exposure and CKD Incidence Assessed
by BKMR

As shown in Figure 1, the BKMR model indicated that the overall effect estimates of
the metal mixture shifted from negative to positive with increasing exposure quantiles.
The estimated effects were generally below zero at lower exposure quantiles and became
positive at higher quantiles, indicating a positive association between higher levels of the
metal mixture and CKD. Li, Al, Ti, Cu, Cd, Cr, Ni, and Se each had a PIP of 1.00, indicating
a high probability of inclusion in the mixture model (Table A2).

0.3
0.2 1 o [
[ ]

o 0.14 ®
©
E : )
7 o

00F ---cmm e o @ e e

L 4
®
-0.1 ® 4
[ ]
0.3 0.4 0.5 0.6 0.7

Quantile

Figure 1. The total effect of combined plasma metal exposure levels on the risk of developing CKD.
Note: The BKMR model was adjusted for all covariates.

3.3.2. Single-Metal Associations with CKD Incidence
Associations Between Metal Exposure and CKD Incidence Assessed by Multivariable
Logistic Regression

As shown in Table 3, after adjustment for all covariates, the associations between
plasma metal concentrations and CKD incidence varied across exposure quartiles. Com-
pared with Q1, Li exposure was associated with higher odds of CKD at Q2, Q3, and (4,
with ORs of 1.62, 2.61, and 3.25, respectively. For Al, exposure was associated with lower
odds of CKD at Q2 (OR, 0.51; 95% CI, 0.34-0.74) but higher odds at Q4 (OR, 2.54; 95% ClI,
1.62-3.97). St exposure was associated with higher odds of CKD at Q2 (OR, 1.55; 95% CI,
1.05-2.29) but lower odds at Q4 (OR, 0.59; 95% CIL, 0.39-0.91). Cu exposure at Q2 was as-
sociated with higher odds of CKD (OR, 1.36; 95% Cl, 1.06-1.77), whereas Cd exposure at
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Q2 was associated with lower odds (OR, 0.54; 95% CI, 0.38-0.78). Pb exposure at Q3 was
also associated with lower odds of CKD (OR, 0.40; 95% CI, 0.27-0.60).

Cr exposure was associated with higher odds of CKD at Q3 (OR, 1.99; 95% Cl, 1.37-
2.90) and Q4 (OR, 8.27; 95% ClI, 5.07-13.50). Similarly, Ni exposure at Q4 was associated
with higher odds of CKD (OR, 3.35; 95% CI, 2.31-4.85). In contrast, Zn, Fe, and Se expo-
sures at Q4 were associated with lower odds of CKD, with ORs of 0.51 (95% ClI, 0.33-0.78),
0.48 (95% CI, 0.31-0.74), and 0.27 (95% CIL, 0.18-0.41), respectively. No statistically signifi-
cant associations were observed across exposure quartiles for Co, while Ti showed no sta-
tistically significant association in any quartile.

Table 3. Multivariable logistic regression analysis of plasma metal concentrations and the odds of

developing CKD.
. Model 12 Model 2® Model 3 ¢
Variables
p Value OR (95%CI) p Value OR (95%CI) p Value OR (95%CI)

Li

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Q2 0.095 1.43(0.94,2.17) 0.072 1.46(0.97,220) 0.014 1.62(1.10, 2.38)

Q3 <0.001 2.47(1.58,3.87) <0.001 2.46(1.58,3.81) <0.001 2.61(1.74,3.92)

Q4 <0.001 2.98(1.87,4.73) <0.001 3.00(1.90,4.74) <0.001 3.25(2.13,4.97)
Al

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Q2 <0.001 0.45(0.30, 0.68) <0.001 0.44 (0.30,0.66) <0.001 0.51 (0.34, 0.74)

Q3 0.205 1.32(0.86,2.03) 0.244 1.28(0.84,1.96) 0.160 1.33(0.89,1.98)

Q4 <0.001 2.52(1.57,4.06) <0.001 2.54(1.58,4.07) <0.001 2.54(1.62,3.97)
Ti

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Q2 0.862 0.96 (0.64,1.45) 0.743 0.93(0.63,1.40) 0.809 0.95 (0.65,1.39)

Q3 0.213 1.31(0.86,2.01) 0.312 1.24(0.82,1.89) 0.204 1.30(0.87,1.94)

Q4 0.111 0.68 (0.42,1.09) 0.077 0.65(0.40,1.05) 0.051 0.64 (0.41, 1.00)
Sr

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Q2 0.007 1.78(1.17,2.70) 0.004 1.82(1.21,2.74) 0.027 1.55(1.05,2.29)

Q3 0.253 1.28(0.84,1.97) 0.165 1.35(0.88,2.06) 0.396 1.19(0.80,1.77)

Q4 0.047 0.62(0.39,0.99) 0.066 0.65(0.41,1.03) 0.017 0.59 (0.39,0.91)
Cu

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Q2 0.013 1.40(1.07,1.82) 0.019 1.35(1.05,1.73) 0.016 1.36 (1.06,1.77)

Q3 0.058 1.29(0.99,1.69) 0.527 1.08(0.85,1.39) 0.393 1.27(0.98, 1.65)

Q4 0.683 0.94(0.72,1.24) 0.006 0.71(0.55,0.91) 0.591 0.73(0.23, 2.30)
Co

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Q2 0.227 1.21(0.89,1.64) 0.331 1.16(0.86,1.56) 0.291 1.17(0.87,1.57)

Q3 0.382 0.86(0.62,1.20) 0.408 0.87(0.64,1.20) 0.343 0.86 (0.62, 1.18)

Q4 0.383 1.23(0.78,1.94) 0.447 1.19(0.76,1.84) 0.674 1.10(0.71, 1.69)
Cd

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Q2 0.002 0.55(0.38,0.80) 0.001 0.55(0.39,0.79) <0.001 0.54(0.38,0.78)

Q3 0.731 0.86 (0.35,2.08) 0.557 0.77(0.32,1.84) 0.612 0.80(0.34, 1.89)

Q4 0.205 4.06(0.47,35.38) 0.194 4.16(0.48,35.76) 0.185 4.25(0.50, 36.00)
Pb

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Q2 0.008 0.41(0.21,0.79) 0.017 0.45(0.24,0.87) 0.013 0.44 (0.23, 0.84)
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Q3 <0.001 0.40(0.26, 0.61) <0.001 0.41 (0.27,0.62) <0.001 0.40 (0.27, 0.60)
Q4 0.247 0.74 (0.45,1.23) 0.350 0.79(0.49,1.29) 0.331 0.79 (0.49, 1.27)
Cr
Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Q2 0.798 0.95(0.65,1.40) 0.773 0.95(0.65,1.38) 0.424 0.86 (0.60, 1.24)
Q3 <0.001 2.40(1.59,3.64) <0.001 2.41(1.60,3.64) <0.001 1.99(1.37,2.90)
Q4 <0.001 8.63 (5.08, 14.66) <0.001 8.76 (5.18,14.80) <0.001 8.27 (5.07, 13.50)
Ni
Q1 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
Q2 <0.001 2.33(1.49,3.65) <0.001 2.28(1.47,3.53) <0.001 2.25(1.46,3.48)
Q3 0.031 1.42(1.03,197) 0.034 1.40(1.03,190) 0.057 1.35(0.99,1.83)
Q4 <0.001 3.53(2.40,5.21) <0.001 3.40(2.34,4.94) <0.001 3.35(2.31,4.85)
Zn
Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Q2 0950 1.01(0.67,1.53) 0930 1.02(0.68,1.53) 0.903 1.02(0.70,1.51)
Q3 0.261 0.79(0.52,1.19) 0.249 0.79(0.52,1.18) 0.265 0.80 (0.54, 1.18)
Q4 0.001 0.47(0.30,0.75) 0.001 0.48(0.31,0.75) 0.002 0.51(0.33,0.78)
Fe
Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Q2 0.418 0.84(0.56,1.27) 0.523 0.88(0.58,1.32) 0.309 0.82 (0.56, 1.20)
Q3 0.615 0.90(0.58,1.37) 0.626 0.90(0.59,1.37) 0.467 0.87 (0.59, 1.28)
Q4 <0.001 0.46 (0.29,0.72) <0.001 0.46 (0.29,0.72) <0.001 0.48 (0.31, 0.74)
Se
Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Q2 <0.001 0.46 (0.30,0.70) <0.001 0.46(0.31,0.70) <0.001 0.50 (0.34, 0.75)
Q3 <0.001 0.30(0.19,0.45) <0.001 0.31(0.20,0.47) <0.001 0.37(0.25,0.54)
Q4 <0.001 0.24 (0.16,0.38) <0.001 0.24 (0.16,0.37) <0.001 0.27 (0.18, 0.41)

Note: Plasma concentrations of the 13 metals were categorized into four groups (Q1-Q4) with Q1 as
the reference. For low-detection metals (Cd, Pb, Co, Ni), Q1 represents values below the LOD, and
concentrations above the LOD were divided into three equal groups (Q2-Q4); remaining metals
used standard quartiles. The specific cutoff values and the number of participants in each group are
provided in Table A3. Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated using
multivariable logistic regression models. All 13 metals were included simultaneously in each model.
a: Model 1: Unadjusted for covariates.; : Model 2: Adjusted for age, sex, marital status, occupational
exposure level, monthly income, education level, BMI, exercise frequency, smoking status, and
drinking status; : Model 3: Additionally adjusted for cardiovascular disease, hypertension, and di-
abetes beyond the covariates included in Model 2. p values represent tests of association between
each metal quartile and the odds of CKD, with Q1 as the reference group. Statistical significance
was defined as p < 0.05.

Dose-Response Relationships Between Single-Metal Exposure and CKD Incidence

As shown in Figure 2, plasma concentrations of Li, Sr, Cr, and Ni were significantly
associated with CKD in positive non-linear patterns (Puon-linear < 0.05). In contrast, Ti, Zn, Fe,
and Se showed significant negative overall associations with CKD incidence (Poverarr < 0.05).
Cu exhibited a significant inverted U-shaped association with CKD incidence (Prnon-tinear <
0.05).
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Figure 2. Cubic splines for the associations of metal concentration and CKD. Note: Dose-response
relationships between individual plasma metal concentrations and incident CKD evaluated using
RCS models. (A) Li; (B) Al; (C) Ti; (D) Sr; (E) Cu; (F) Co; (G) Cd; (H) Pb; (I) Cr; (J) Ni; (K) Zn; (L) Fe;
(M) Se. Solid blue lines represent estimated ORs, and light blue shaded areas represent 95% ClIs.
The horizontal red dashed line indicates the reference line (OR = 1.0). The number and locations of
knots were determined according to the metal concentration distributions. Models were adjusted

for all covariates.

3.4. Sensitivity Analysis

Three sensitivity analyses were performed to assess the robustness of the findings.
First, WQS regression showed significant associations between the metal mixture and
CKD incidence in both directions, with an OR of 4.44 (95% CI, 3.52-5.62) for the positive-
direction model and 0.29 (95% CI, 0.23-0.37) for the negative-direction model (Table A4).
Second, in multivariable logistic regression models treating metal concentrations as con-
tinuous variables, Li, Al, Ti, Cu, Cr, Ni, Zn, and Se remained significantly associated with
CKD after full adjustment for covariates (Table A5). Third, E-value analysis was con-
ducted to assess the potential influence of unmeasured confounding on the observed as-
sociations (Table A6). The associations for Cr, Se, and Li showed greater robustness to
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potential unmeasured confounding, whereas those for Al, Ni, Zn, and Fe showed moder-
ate robustness.

Table A7 Logistic regression analysis after multiple imputation, Figures A4-A7
showed that using alternative missing data handling methods did not alter the overall
trends of our primary findings.

4. Discussion

This study showed that mixed-metal exposure was significantly associated with CKD
incidence. Across complementary analyses, Li, Al, Cr, and Ni showed positive associa-
tions with CKD, whereas Zn and Se showed relatively robust inverse associations. These
findings indicate that the associations between individual metals and CKD may differ
substantially within a metal mixture, highlighting the importance of considering both the
overall mixture-level association and the contributions of individual metals. WQS regres-
sion showed significant associations in both the positive and negative directions, high-
lighting the directional dependence of mixture-level estimates.

In the present study, all 13 metals differed significantly between cases and controls.
Compared with a Swiss population-based study, our occupational population had higher
concentrations of Al, Cr, Ni, Pb, and Cd, while several metal concentrations were also
higher than those reported in healthy Australians [30,31]. Plasma metal levels may partly
reflect occupational exposure, but they can also be influenced by environmental and die-
tary sources and other factors affecting metal levels.

Metal exposure has been associated with adverse effects on multiple human systems,
including the nervous, digestive, and reproductive systems. Increasing evidence has also
linked metal exposure to urinary system health and kidney function [32]. A cross-sectional
study based on the U.S. National Health and Nutrition Examination Survey (NHANES)
reported a positive association between mixed-metal exposure and CKD [33]. Similarly,
case—control studies conducted in China suggested that combined metal exposure may be
associated with CKD development and impaired kidney function [34,35]. Although the
types of metals examined varied across these studies, their findings were generally con-
sistent with our results. However, metal concentrations were measured only at baseline
and may not fully reflect changes in exposure during follow-up.

Previous studies have explored potential mechanisms underlying these associations,
suggesting that metal exposure may be involved in biological processes such as oxidative
stress and inflammatory responses [36]. These mechanisms may contribute to metal-re-
lated kidney injury and the subsequent development of CKD. Notably, the associations
between metal exposure and kidney outcomes are not uniformly adverse. The inverse es-
timates observed at lower mixture exposure levels may be partly consistent with the in-
verse associations observed for Zn, Fe, and Se in the single-metal analyses. Experimental
studies have provided supporting evidence, showing that Zn and Se can attenuate Cd-
induced oxidative stress in rat kidneys [37]. In addition, supplementation with Zn and Fe
has been reported to mitigate the adverse effects of toxic metals by improving the activity
of oxidative stress-related enzymes [38]. Occupational kidney disease, such as Mesoamer-
ican nephropathy, highlights the potential relevance of heat exposure, dehydration, and
strenuous physical work to kidney injury. However, these factors were not assessed in
our study [39]. Residual confounding from unmeasured or incompletely controlled fac-
tors, including other occupational exposures, heat exposure, dehydration, physical work-
load, nephrotoxic medication use, and dietary habits, may also have influenced the ob-
served associations.

Li has been widely used as a medication for the treatment of psychiatric disorders
since the 1950s and is also utilized in various industrial applications. Inappropriate use of
Li-containing medications or exposure to environments with high Li concentrations may
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result in Li toxicity and have adverse effects on multiple organ systems [40,41]. Previous
studies have reported that long-term Li exposure may adversely affect the urinary system
and may be associated with an increased risk of CKD and end-stage renal disease [42,43].
Although these findings provide evidence of the potential nephrotoxicity of Li, they can-
not be directly extrapolated to the exposure levels observed in our occupational popula-
tion. Experimental studies further suggest that oxidative stress, mitochondrial dysfunc-
tion, cellular energy dysregulation, and inflammation may be involved in Li-induced kid-
ney injury [44,45]. These findings are consistent with the positive association between Li
exposure and CKD observed in our study. However, further research is needed to clarify
whether renal effects associated with occupational Li exposure differ from those reported
with long-term therapeutic use.

Humans can be exposed to Al through inhalation, ingestion, and dermal contact [46].
A longitudinal study conducted among Chinese adults reported a significant positive as-
sociation between plasma Al levels and declining kidney function [47]. Experimental evi-
dence suggests that Al exposure can induce oxidative stress and interact with cellular
membranes, cytoskeletal structures, and nucleic acids, resulting in cellular injury [48]. In
addition, Al exposure may impair renal function and promote apoptosis and renal fibrosis
through activation of the TGF-f31/Smads pathway, potentially being involved in the de-
velopment of CKD [49]. This evidence is also consistent with the positive association be-
tween higher Al exposure levels and CKD observed in our study.

Excessive environmental exposure to Cr may result in its accumulation in human
and animal tissues, potentially leading to toxic effects and adverse health outcomes [50].
Exposure to Cr(VI)-containing compounds has also been associated with an increased sus-
ceptibility to kidney injury and other adverse health outcomes [51]. A repeated-measures
study using urinary Cr as an exposure biomarker reported that kidney injury in older
adults became more pronounced with prolonged Cr exposure [52]. Similarly, a study con-
ducted in India found significant positive associations between Cr concentrations meas-
ured in whole blood and urine and CKD [53]. Mechanistically, the adverse effects of Cr
have been largely attributed to its ability to promote the generation of reactive oxygen
species, thereby inducing oxidative stress [54]. In particular, Cr(VI) may induce oxidative
DNA damage and alter protein expression, which may subsequently impair renal struc-
ture and function and contribute to the development of CKD [55]. These mechanisms may
provide a possible explanation for the positive association between Cr exposure and CKD
observed in our study. However, our study measured total plasma Cr without distin-
guishing its chemical species. Therefore, the Cr(VI)-specific mechanisms should be inter-
preted cautiously.

Humans are primarily exposed to Ni through the consumption of contaminated wa-
ter and food, whereas inhalation is an important route of occupational Ni exposure and
may contribute to respiratory and immune toxicity [56]. Ni is predominantly accumulated
and excreted through the kidneys [57]. Data from the 2017-2018 NHANES indicated an
association between urinary Ni exposure and reduced kidney function in the general pop-
ulation [58]. Similarly, a 2021 study reported poorer kidney function among residents liv-
ing near petrochemical industries, which was suggested to be related to higher urinary Ni
levels [59]. Ni exposure has also been associated with renal dysfunction and oxidative
stress in humans [60]. However, experimental evidence suggests that the mechanisms un-
derlying Ni-related toxicity may be more complex. Animal studies have shown that co-
exposure to Ni can exacerbate genotoxicity in the liver and kidneys of rats, with these
effects not necessarily being mediated primarily by oxidative stress or inflammation [61].
These findings provide a potential biological basis for the positive association between Ni
exposure and CKD observed in our study.
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Zn is essential for mitochondrial function, energy production, and intracellular ho-
meostasis, and Zn deficiency may adversely affect these processes [62]. Low dietary Zn
intake has been associated with CKD [63]. In patients with CKD, disturbances in Zn ho-
meostasis are common, and plasma Zn levels have been reported to decline with decreas-
ing eGFR [64]. Consistent with these observations, an NHANES-based study found that
higher dietary Zn intake was associated with better kidney function and a lower preva-
lence of CKD [65]. Reduced Zn levels may also contribute to vascular calcification [66].
Mechanistically, Zn deficiency may increase oxidative stress and promote cellular injury
and inflammation, thereby contributing to the onset and progression of CKD [67,68]. Con-
versely, higher plasma Zn levels have been associated with a lower risk of CKD among
older adults [69]. However, dietary intake, nutritional status, and changes in Zn metabo-
lism and excretion due to early renal impairment may have influenced this association;
therefore, reverse causality cannot be excluded. Taken together, these findings provide
biological and epidemiological support for the inverse association between Zn exposure
and CKD observed in our study.

Higher plasma Se levels have been associated with a lower risk of CKD and higher
eGEFR [70]. Consistent with these findings, data from both NHANES and the CHNS have
indicated that higher dietary Se intake is inversely associated with CKD incidence [71,72].
Experimental studies have further suggested that Se supplementation may reduce oxida-
tive stress and improve renal and immune function in patients with kidney disease,
thereby providing potential renal protection [73]. Following Se supplementation, serum
glutathione peroxidase 3 levels may increase and accumulate in the basement membrane
surrounding the renal proximal tubules, facilitating the detoxification of intracellular per-
oxides and protecting cells from ROS-induced injury [74]. These findings suggest that ad-
equate Se exposure may be beneficial for kidney health [72]. However, the potential ben-
efits of Se may depend on the exposure level, as some studies have reported that exces-
sively high Se levels may adversely affect renal function [75]. Therefore, the relationship
between Se exposure and kidney health may be characterized by an optimal exposure
range rather than a uniformly inverse association. Se levels may also be affected by dietary
intake and nutritional status, while early renal impairment may alter Se metabolism and
excretion. These factors may partly explain the observed association, and reverse causality
cannot be ruled out.

In addition to the metals discussed above, Cd was inversely associated with CKD in
Q2, but no statistically significant associations were observed in Q3 or Q4. Pb showed
significant inverse associations in Q2 and Q3, but not in Q4. Previous studies have shown
that Cd can accumulate in the kidneys and damage proximal tubular epithelial cells [76—
78]. Similarly, Pb can exert nephrotoxic effects through multiple pathways [77,79,80], and
co-exposure to Cd and Pb may cause tubular or glomerular injury [81]. Therefore, the
inverse associations observed in this study should not be interpreted as evidence of renal
protective effects of Cd or Pb, particularly given the lack of statistically significant associ-
ations at higher exposure levels. These findings may reflect uncertainty in exposure esti-
mates due to LOD/2 substitution, residual confounding, or correlations among co-occur-
ring metals. Similar uncertainty may also affect the estimates for Ni and Co, which had
relatively low detection rates. Further studies with more precise exposure assessment and
appropriate sensitivity analyses are needed to verify these associations.

This study has several strengths. First, it was based on a longitudinal cohort, which
supports the temporal ordering between metal exposure and CKD onset and strengthens
the interpretation of the observed associations. Second, by applying complementary ana-
lytical approaches, including BKMR, WQS, multivariable logistic regression, and RCS, we
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evaluated both the joint and individual associations of metal exposure with CKD inci-
dence, providing a more comprehensive assessment of the associations between metal ex-
posure and CKD.

Several limitations should also be considered. First, although we adjusted for a broad
range of potential confounding factors, residual confounding from unmeasured or un-
known factors cannot be completely excluded. Potential residual confounding may also
arise from factors that were not measured or fully accounted for, such as chronic medica-
tion use, exposure to other occupational contaminants, and dietary habits. Second, the
analysis included only 13 elements and therefore could not fully capture the potential ef-
fects of other metals or more complex exposure mixtures. Third, metal concentrations
were measured only at baseline, and changes in exposure levels during follow-up were
not assessed. In addition, plasma metal concentrations may not fully reflect occupational
exposure levels or cumulative exposure over time. Thus, the analyses could not fully ac-
count for temporal variations in metal exposure or cumulative exposure over time. Fur-
thermore, because metal concentrations were measured in plasma rather than whole
blood, whole-blood metal concentrations were unavailable, and our findings should be
interpreted in the context of plasma metal concentrations. Fourth, CKD diagnosis data
from the first and second follow-up examinations were unavailable, limiting the precision
of disease onset determination. Although eGFR measurements were available, repeated
measurements at least 3 months apart were unavailable to confirm persistent reductions
in eGFR. Data on albuminuria and other markers of kidney damage were also unavailable,
limiting the assessment of CKD severity and the potential influence of renal function on
circulating element concentrations. Pre-existing renal impairment may influence circulat-
ing element concentrations. Finally, although the longitudinal design supports the tem-
poral ordering of metal exposure and CKD onset, the observational nature of the study
precludes definitive causal inference. Furthermore, eGFR was not analyzed as a continu-
ous outcome, and stage-specific analyses were not performed, limiting the assessment of
renal function and the characterization of CKD severity. In addition, the eGFR-based def-
inition may have missed individuals with kidney damage but preserved eGFR. In addi-
tion, the generalizability of our findings is limited, and they may not be directly applicable
to the general population, workers in other industries, or populations in other countries.

5. Conclusions

In this nested case—control study, mixed-metal exposure was associated with a higher
likelihood of incident CKD among workers with occupational metal exposure. Li, Al, Cr,
and Ni showed positive associations with CKD, whereas Zn and Se showed inverse asso-
ciations. Given the observational nature of this study, these findings do not establish
causal relationships. Further studies with repeated exposure measurements and more di-
verse populations are needed to validate these findings.

Author Contributions: Conceptualization, X.H. and Y.Z.; methodology, Y.Z. and Y.Y.; software,
Y.Z,; validation, X.G., Y.L., Y.N. and X.L.; formal analysis, Y.Z. and Y.Y.; investigation, X.G., Y.L,,
Y.N,, X.L. and X.H.; resources, X.H.; data curation, Y.Z. and X.H.; writing—original draft prepara-
tion, Y.Z. and Y.Y.; writing—review and editing, Y.Z., Y.Y., and X.H.; visualization, Y.Z.; supervi-
sion, X.H.; project administration, X.H.; funding acquisition, X.H. All authors have read and agreed

to the published version of the manuscript.

Funding: This research was funded by the Industrial Support Program for Colleges and Universities
of Gansu Province, grant number 2023CYZC-06. The APC was funded by the authors” institution.

https://doi.org/10.3390/toxics14110983



Toxics 2026, 14, 983

15 of 28

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Ethics Committee of the School of Public Health, Lanzhou
University (protocol code IRB23042201, 22 April 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the

study.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request. The data are not publicly available due to privacy and ethical re-

strictions.

Acknowledgments: The authors would like to thank all participants from the mining area for their
cooperation during the field investigation, as well as the staff who provided administrative and
technical support for this study. During the preparation of this manuscript, the authors used
ChatGPT (GPT-6, OpenAl) for language editing and grammatical verification. The authors reviewed
and edited the generated content and take full responsibility for the final content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script; or in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

BKMR Bayesian Kernel Machine Regression
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CHNS China Health and Nutrition Survey

c Confidence Interval

CKD Chronic Kidney Disease

eGFR Estimated Glomerular Filtration Rate

ICP-MS Inductively Coupled Plasma Mass Spectrometry
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NHANES National Health and Nutrition Examination Survey
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ROS Reactive Oxygen Species
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Appendix A

Table A1. Quality Control Data for Plasma Metal Concentration Assays in Study Populations.

Detection Rate in Detection Rate

1 o,
Metal LOD (ug/L) Detection Rate (%) Cases (%) in Controls (%)
Li 0.20 99.45 99.90 99.00
Al 100.00 86.65 84.40 88.90
Ti 0.20 100.00 100.00 100.00
Sr 0.20 99.90 99.90 99.90
Cu 100.00 99.90 99.80 100.00
Co 0.20 49.45 46.50 52.40
Cd 0.20 29.85 35.50 24.20
Pb 4.00 35.70 42.30 29.10
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Cr 0.20 99.95 99.90 100.00
Ni 2.00 57.15 70.70 43.60
Zn 100.00 99.95 100.00 99.90
Fe 100.00 99.85 99.80 99.90
Se 2.00 99.95 100.00 99.90
Table A2. PIPs of metals in the BKMR model.
Metal PIPs
Li 1.00
Al 1.00
Ti 1.00
Sr 0.50
Cu 1.00
Co 0.98
Cd 1.00
Pb 0.86
Cr 1.00
Ni 1.00
/n 0.97
Fe 0.50
Se 1.00
Table A3. Metal Exposure Cutoff Values and Number of Participants in Each Group.
Variables Cutoff N
Li
Q1 8.2585 500
Q2 13.657 500
Q3 20.848 500
Q4 — 500
Al
Q1 129.326 501
Q2 206.182 499
Q3 359.773 500
Q4 — 500
Ti
Q1 208.2405 500
Q2 227173 500
Q3 248.494 500
Q4 — 500
Sr
Q1 69.8475 500
Q2 83.733 500
Q3 104.998 500
Q4 — 500
Cu
Q1 813.4235 500
Q2 908.392 500
Q3 1025.9055 500
Q4 — 500
Co
Q1 0.1 1011
Q2 0.28 331
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Q3 0.4513 328
Q4 — 330
Cd
Q1 0.1 1403
Q2 0.608 201
Q3 1.5207 197
Q4 — 199
Pb
Q1 2 1286
Q2 8.256 238
Q3 19.822 238
Q4 — 238
Cr
Q1 15.1835 500
Q2 18.416 500
Q3 25.0265 500
Q4 — 500
Ni
Q1 1 857
Q2 4.0373 381
Q3 11.456 381
Q4 — 381
Zn
Q1 920.0225 500
Q2 1074.679 500
Q3 1279.832 500
Q4 — 500
Fe
Q1 1948.796 500
Q2 2356.555 500
Q3 3005.3995 500
Q4 — 500
Se
Q1 96.5935 500
Q2 109.808 500
Q3 124.972 500
Q4 — 500
Table A4. WQS Index of Metal Mixture Exposure and CKD Incidence.
OR (95%CI)
Outcome — -
Positive Negative

4.44 (3.52,5.62) 0.29 (0.23, 0.37)

Table A5. Multivariable logistic regression analysis of the associations between continuous metal

concentrations and CKD.

Varia- Univariate Regression Multivariate Regression
bles p Value OR (95%CI) p Value OR (95%CI)
Li <0.001 1.03 (1.02, 1.04) <0.001 1.07 (1.05, 1.08)
Al <0.001 1.01 (1.01, 1.01) <0.001 1.01 (1.01, 1.01)
Ti <0.001 0.99 (0.99, 0.99) <0.001 0.99 (0.99, 0.99)
Sr <0.001 1.01 (1.01, 1.01) 0.560 1.00 (1.00, 1.00)
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0.143

0.760
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

1.00 (1.00, 1.00)
1.01 (0.93, 1.11)
1.63 (1.4, 1.85)
1.05 (1.04, 1.06)
1.11 (1.09, 1.12)
1.07 (1.06, 1.09)
0.99 (0.99, 0.99)

0.99 (0.99, 0.99)
0.98 (0.98, 0.98)

0.038
0.436
0.285
0.137
<0.001
0.017
0.011
0.987
<0.001

1.01 (1.01, 1.01)
1.06 (0.91, 1.23)
0.89 (0.71, 1.11)
1.02 (1.00, 1.04)
1.09 (1.07, 1.11)
1.02 (1.01, 1.03)
0.99 (0.99, 0.99)

1.00 (1.00, 1.00)
0.98 (0.98, 0.99)

Table A6. E-values for Significant Associations between Metal Exposure and CKD.

E-Value for Esti-

E-Value for CI

Metal Q OR (95% CI) p Value L
mate Limit
Li Q4 3.25(2.13, 4.97) <0.001 3.01 2.28
Al Q4 2.54 (1.62, 3.97) <0.001 2.57 1.86
Sr Q4 0.59 (0.39, 0.91) 0.017 1.93 1.27
Cu Q2 1.36 (1.06, 1.77) 0.016 1.61 1.20
Cd Q2 0.54 (0.38, 0.78) <0.001 1.55 1.21
Pb Q3 0.40 (0.27, 0.60) <0.001 1.34 1.15
Cr Q4 8.27 (5.07, 13.50) <0.001 52 3.93
Ni Q4 3.35(2.31, 4.85) <0.001 2.26 1.80
Zn Q4 0.51 (0.33, 0.78) 0.002 2.15 1.52
Fe Q4 0.48 (0.31, 0.74) <0.001 2.24 1.60
Se Q4 0.27 (0.18, 0.41) <0.001 3.26 2.50

Table A7. Logistic regression analysis after multiple imputation.

Univariate Regression

Multivariate Regression

Variables p OR (95%CI) p OR (95%CI)
Li
Q1 1.00 (Reference) 1.00 (Reference)
Q2 0.310 1.14 (0.89, 1.46) 0.006 1.56 (1.14 ~ 2.14)
Q3 0.002 1.47 (1.15, 1.89) <0.001 2.29 (1.66 ~ 3.16)
Q4 <0.001 1.62 (1.26, 2.08) <0.001 3.50 (2.51 ~ 4.89)
Al
Q1 1.00 (Reference) 1.00 (Reference)
Q2 0.243 0.86 (0.67, 1.11) 0.039 0.73 (0.54 ~ 0.98)
Q3 <0.001 1.56 (1.21, 2.00) 0.008 1.51 (1.11 ~ 2.05)
Q4 <0.001 3.42 (2.63, 4.44) <0.001 4.09 (2.94 ~ 5.67)
Ti
Q1 1.00 (Reference) 1.00 (Reference)
Q2 0.487 1.09 (0.85, 1.40) 0.873 1.03 (0.76 ~ 1.39)
Q3 <0.001 1.82 (141, 2.34) 0.020 1.46 (1.06 ~ 2.02)
Q4 <0.001 0.59 (0.46, 0.76) <0.001 0.54 (0.37 ~0.78)
S
Q1 1.00 (Reference) 1.00 (Reference)
Q2 0.098 0.81 (0.63, 1.04) 0.070 0.76 (0.57 ~ 1.02)
Q3 0.486 1.09 (0.85, 1.40) 0.144 0.79 (0.58 ~ 1.08)
Q4 <0.001 1.90 (1.48, 2.45) 0.643 0.92 (0.65 ~ 1.30)
Cu
Q1 1.00 (Reference) 1.00 (Reference)
Q2 0.019 1.35 (1.05, 1.73) <0.001 1.79 (1.31 ~ 2.45)

https://doi.org/10.3390/toxics14110983



Toxics 2026, 14, 983

19 of 28

Co

Cd

Pb

/n

Fe

Se

Q3
Q4

Q1
Q2
Q3
Q4

Q1
Q2
Q3
Q4

Q1
Q2
Q3
Q4

Q1
Q2
Q3
Q4

Q1
Q2
Q3
Q4

Q1
Q2
Q3
Q4

Q1
Q2
Q3
Q4

Q1
Q2
Q3
Q4

0.527
0.006

0.251
0.029
0.919

0.991
0.254
<0.001

0.543
0.015
<0.001

0.639
<0.001
<0.001

0.008
0.004
<0.001

0.798
0.014
<0.001

0.443
0.049
<0.001

0.018
<0.001
<0.001

1.08 (0.85, 1.39)
0.71 (0.55, 0.91)

1.00 (Reference)
1.16 (0.90, 1.49)
0.76 (0.59, 0.97)
0.99 (0.77, 1.27)

1.00 (Reference)
1.00 (0.78, 1.28)
1.16 (0.90, 1.48)
1.70 (1.32,2.19)

1.00 (Reference)
0.92 (0.72, 1.19)
1.37 (1.06, 1.76)
3.49 (2.68, 4.53)

1.00 (Reference)
0.94 (0.72, 1.22)
2.04 (1.58, 2.63)
8.96 (6.68, 12.03)

1.00 (Reference)
0.71 (0.55, 0.92)
1.44 (1.12,1.85)
3.46 (2.66, 4.50)

1.00 (Reference)
1.03 (0.80, 1.33)
0.73 (0.57, 0.94)
0.42 (0.33, 0.55)

1.00 (Reference)
0.91 (0.71, 1.16)
0.78 (0.61, 0.99)
0.37 (0.29, 0.48)

1.00 (Reference)
0.74 (0.57, 0.95)
0.58 (0.45, 0.75)
0.32 (0.24, 0.41)

0.050
0.900

0.054
0.214
0.601

0.836
0.077
0.002

0.399
0.150
<0.001

0.440
<0.001
<0.001

<0.001
0.490
0.289

0.985
0.218
0.003

0.072
0.079
<0.001

<0.001
<0.001
<0.001

1.36 (1.00 ~ 1.86)
1.02 (0.74 ~ 1.41)

1.00 (Reference)
1.36 (1.00 ~ 1.85)
0.82 (0.60 ~ 1.12)
1.09 (0.80 ~ 1.49)

1.00 (Reference)
1.03 (0.77 ~ 1.39)
0.75 (0.54 ~ 1.03)
0.53 (0.36 ~ 0.79)

1.00 (Reference)
0.88 (0.65 ~ 1.19)
1.26 (0.92 ~1.71)
2.19 (1.46 ~ 3.29)

1.00 (Reference)
0.89 (0.66 ~ 1.20)
1.68 (1.25 ~ 2.26)
6.80 (4.66 ~9.93)

1.00 (Reference)
0.60 (0.44 ~ 0.80)
0.90 (0.66 ~ 1.22)
1.22 (0.85 ~ 1.74)

1.00 (Reference)
1.00 (0.74 ~ 1.37)
0.82 (0.60 ~ 1.12)
0.59 (0.42 ~ 0.84)

1.00 (Reference)
0.76 (0.56 ~ 1.03)
0.75 (0.55 ~ 1.03)
0.43 (0.30 ~ 0.62)

1.00 (Reference)
0.55 (0.40 ~ 0.75)
0.46 (0.34 ~ 0.63)
0.29 (0.21 ~ 0.40)
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Figure A1. Trace plots of the BKMR model. Note: The blue horizontal lines indicate the correspond-

ing mean values of the sampled parameters.
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Figure A2. Component weights of metals in WQS regression. Note: Red indicates the metals identi-

fied as important contributors in the BKMR model (Cr, Ni, and Al), whereas blue indicates the other

metals.
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Figure A3. Heatmap of plasma metal-related coefficients.
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Figure A5. BKMR analysis after multiple imputation of metal concentrations below the limit of detection.

A B \ [+ s D
9 Poyeran < 0.001 Poyeran < 0.001 Poveran < 0.001
Proniinear <0.001 Poninear < 0.001 _
20 § Proninear =0.002
9
G G G 4 G
R 15 ] 10 2 2
8 8 8 8
2 2 L] R
] S k] T
-4 10 14 (4 -4
Py @ 2 @
8 8 2 8
3 2 s 2 3
1< <] 3 s
05
. L
0 1000 50 100 150 200 250
Ti (uglL) St (ugiL)
E F G H
12 Poran < 0.001 10 Pt < 0.001 - Psn < 0.001
Pranraa <0001 20 Pronine= 0488 Praines= 0811
0.9
=09 = = =
o o o 150 o
x B BN 2 200
B B 05 By B
e e e e
° ° ° °
T 06 b s 100 T
[ [N, [ 4
K] 8 K] 8
° ° b= 5 100
o o o 50 o
: : ___/ ____/
05 0 [
500 1000 1500 05 1.0 15 20 0 2 4 6 8 0 20 40 60
Cu (pgiL) Co (ug/L) Cd (ug/L) Pb (ug/L)
I J K L
Poveran < 0.001 Poyeran < 0.001 Poyeran < 0.001 Poveran < 0.001
Preniear < 0.001 Prosinear < 0.001 Prosine < 0.001 s
600 15
- =10 a0 =
o o o o
= 2 2 2
(] o o o -
] T T S
o '3 4 4
@ @ 5 @ 05 @
3 200 3 2 3
8 8 8 8
0.5
0
0.0
40 60 o 40 60 1000 2000 3000 2500 5000 7500
Cr (uglL) Ni (uglL) Zn (uglL) Fe (ug/L)
M
20
G
2 15
&
e
2
g 10
@
8
3
o
05
0.0
50 100 200

150
Se (uglL)

Figure A6. RCS analysis using LOD/sqrt(2) substitution for metal concentrations below the limit of
detection. Note: RCS of the associations between individual metal concentrations and CKD in the
sensitivity analyses. (A) Li; (B) AL; (C) Ti; (D) Sr; (E) Cu; (F) Co; (G) Cd; (H) Pb; (I) Cr; (J) Ni; (K) Zn;
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CIs. The horizontal red dashed line indicates the reference line (OR = 1.0). The number and locations

of knots were determined according to the metal concentration distributions. Models were adjusted
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Figure A7. RCS analysis after multiple imputation of metal concentrations below the limit of detec-
tion. Note: RCS of the associations between individual metal concentrations and CKD in the sensi-
tivity analyses. (A) Li; (B) Al; (C) Ti; (D) Sr; (E) Cu; (F) Co; (G) Cd; (H) Pb; (I) Cr; (J) Ni; (K) Zn; (L)
Fe; (M) Se. Solid blue lines represent estimated ORs, and light blue shaded areas represent 95% Cls.
The horizontal red dashed line indicates the reference line (OR = 1.0). The number and locations of
knots were determined according to the metal concentration distributions. Models were adjusted
for all covariates.
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