
Associations between Metals, Serum Folate, and Cognitive Function
in the Elderly: Mixture and Mediation Analyses
Luli Wu, Ye Xin, Junrou Zhang, Xin Yang, Tian Chen, and Piye Niu*

Cite This: Environ. Health 2024, 2, 865−874 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Exposure to metals may potentially impact
cognitive health in the elderly; however, the evidence remains
ambiguous. The specific role of serum folate in this relationship is
also unclear. We aimed to evaluate the individual and joint impact
of metals on cognition in the elderly from the United States and
explore the potential mediating effect of serum folate. Data from
the NHANES 2011−2014 were used, with inductively coupled
plasma mass spectrometry (ICP-MS) employed to measure blood
metal concentrations. Cognitive function was assessed using tests for immediate, delayed, and working memory: Immediate Recall
test (IRT), the Delayed Recall test (DRT), the Animal Fluency test (AFT), and the Digit Symbol Substitution test (DSST).
Generalized linear regression models (GLMs), Bayesian kernel machine regression model (BKMR), and quantile g-computation
(QG-C) models were used to assess associations between metals (lead, cadmium, mercury, selenium, manganese) and cognition,
with mediation analyses examining serum folate’s involvement in metal effects. This study included 2002 participants aged ≥60.
GLMs revealed the negative association between cadmium and the z-scores of IRT (β: −0.17,95% CI: −0.30, −0.04) and DSST (β:
−0.15,95% CI: −0.27, −0.04), with negative effects also observed in the BKMR and QG-C models. Selenium displayed significantly
positive association with cognition across various statistical models, including GLMs, QG-C, and BKMR. Serum folate played a
mediating role in the effects of cadmium and selenium exposure on DSST z-scores, with a proportion of mediation of 17% and 10%,
respectively. Our study assessed the impact of metal mixtures on cognition in the elderly population, finding that high selenium level
was strongly associated with better cognitive performance, while cadmium was associated with lower cognitive function scores.
Serum folate might partially mediate the association between cadmium, selenium, and DSST z-scores.
KEYWORDS: Metals, Cognitive function, Serum folate, Quantile g-computation, Bayesian kernel machine regression, Mediating effect

1. INTRODUCTION
Cognitive health has become a significant public health
concern, particularly for the aging population.1 Cognitive
decline has the potential to progress into a condition known as
mild cognitive impairment (MCI). Older adults have a higher
risk of cognitive impairment, 16.6% of adults over 65 have
MCI.2 Cognitive decline may serve as a precursor to various
neurodegenerative diseases, affecting older adults’ quality of life
and imposing economic burdens. By 2030, dementia cases are
projected to reach 82 million globally due to aging
populations.3 Cognitive impairment is characterized by a
decline in one or more cognitive domains, such as memory,
executive function, attention, language, or visuospatial skills.
This decline is attributed to various factors like age, genetics,
environment, lifestyle.4−6 Identification of modifiable environ-
mental risk factors can substantially impact the prevention and
treatment of cognitive decline and related dementias.7

Multiple metals may have a significant impact on the
neuropathological alterations that occur in older individuals.
Neurotoxic effects are commonly associated with metals like
cadmium (Cd) and lead (Pb), even when individuals are
exposed to low levels of these metals that are typically

encountered in the general population.8,9 A prospective cohort
study found that Cd may adversely affect the neurodevelop-
ment of children, while urinary selenium (Se) was positively
associated with children’s general cognitive score.10 A cross-
sectional study among U.S. adults suggested that dietary
exposure to Cd was responsible for reduced cognitive
performance in attention and perception on the basis of
National Health and Nutrition Examination Survey
(NHANES) data.11 Manganese (Mn) is a vital trace metal
indispensable for regular physiological processes, including
maintaining neuronal health. The toxicokinetics could be
altered by interactions among mixture components, potentially
resulting in amplified (synergistic) or reduced (antagonistic)
toxicity.12,13 Nevertheless, there is an insufficiency of research
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examining the impact of mixed metals on cognition in older
individuals when considering both toxic and essential metals.
Serum folate has been proposed to be related to human

cognitive function, contributing to the maintenance of various
cognitive aspects such as memory, learning ability, and
attention. Folate plays a crucial role in supporting the health
and normal function of nerve cells. A case-control study found
that low blood folate levels were associated with MCI and
Alzheimer’s disease (AD) in older Chinese adults.14 A
randomized controlled trial showed folate supplementation
has beneficial effects on cognitive function in later life.15 There
is also evidence suggesting that metals can influence serum
folate levels. For instance, serum Pb and Cd levels have been
inversely associated with red blood cell folate levels in the U.S.
adult population.16 However, whether serum folate mediates
the association between metals and cognitive function remains
unclear.
The main objective of this study is to investigate the

associations between five metals (Pb, Cd, Hg, Se, Mn),
individually and as mixtures, and cognitive function in the U.S.
elderly population based on 2cycles of NHANES data (2011−
2014). In addition, we explore the mediating role of serum
folate in the relationship between metal and cognitive function.

2. METHODS

2.1. Study Population
The NHANES, carried out by the National Center for Health
Statistics (NCHS) under the Centers for Disease Control and
Prevention (CDC), is an extensive study that assesses the health and
nutritional status of both adults and children in the United States,
aiming for nationwide representation. This survey integrates health
interviews, physical examinations, and various tests conducted in
clinical and laboratory settings. The Mobile Examination Centers
(MECs) are where the examinations take place. NHANES obtained
approval from the National Center for Health Statistics Ethics Review
Board. Prior to collecting any data, all participants provided written
informed consent in accordance with the Public Health Service Act.

Data were obtained from the two continuous NHANES cycles
from 2011 to 2014, which provided information on four cognitive
tests in people aged 60 years and above. We excluded participants
who did not partake in cognitive tests and had incomplete
information on the blood metals and covariates. Ultimately, a total
of 2002 participants were included in the final analysis (Figure S1).
2.2. Measurements of Blood Metals and Serum Folate
The concentrations of the following whole blood metals: Pb, Cd,
mercury (Hg), Se, and Mn were primarily assessed using inductively
coupled plasma mass spectrometry (ICP-MS, PerkinElmer Norwalk,
CT, www.perkinelmer.com) at the Division of Laboratory Sciences,
National Center for Environmental Health, and CDC. This analytical
method directly measures the metals content in whole blood
specimens following a straightforward dilution sample preparation
procedure. Serum folate was measured by isotope-dilution high
performance liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS, Thermo Fisher Scientific, Waltham,
MA, USA, www.thermofisher.com). Initially, the sample is mixed
with a buffer and internal standard, followed by automated solid-
phase extraction. The separation and measurement are performed
using LC-MS/MS, with quantification based on peak area ratios.
Serum total folate represents the sum of the biologically active folate
forms. Serum total folate was used in our study.
2.3. Cognitive Function Assessment
Cognitive functioning has been periodically assessed in NHANES
surveys, either during the household interview or as part of the MECs.
Implementing a range of cognitive assessments, including but not
limited to 1) the Immediate Recall test (IRT) and Delayed Recall test

(DRT) from the Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD), which focuses on word learning and recall; 2) the
Animal Fluency test (AFT); and 3) the Digit Symbol Substitution test
(DSST). In our study, we evaluated the cognitive function of elderly
individuals using these four cognitive tests. To assess the subdomain
of memory, the IRT and DRT were used to evaluate the capacity to
acquire and retain new verbal information in terms of immediate and
delayed learning ability.17 The IRT consists of three consecutive
learning trials, where participants are directed to individually articulate
10 unrelated words as they are displayed. The DRT occurs after the
other two cognitive exercises (AFT and DSST) were accomplished
(approximately 8−10 min after the initiation of the word learning
trials). The AFT evaluates the verbal fluency within categories, a
component of executive function. In the test, participants are asked to
identify as many animals as they can within a duration of 60 s, earning
one point for each correctly identified animal. The DSST, derived
from the Wechsler Adult Intelligence Scale (WAIS III), is a
performance module that assesses processing speed, sustained
attention, and working memory. To complete the test, a paper
sheet is used, which includes a key at the top consisting of 9 numbers
combined with symbols. Participants are given 120 s to replicate the
corresponding symbols within the 133 boxes adjacent to the numbers,
and the final score is determined by the number of accurate matches
achieved. Higher scores indicate superior cognitive functioning.
2.4. Covariates
Based on previous literature, we utilized a direct acyclic graph (DAG;
Figure S2) to identify potential confounding factors. To adjust for
confounding, all models included the following covariates: gender
(male or female), age (continuous variable), race (Mexican American,
Other Hispanic, Non-Hispanic White, Non-Hispanic Black, Non-
Hispanic Asian, or Others), Body Mass Index (BMI) (continuous
variable), marital status (married or living with partner, separated or
divorced or widowed, or never married), education (Less than ninth
grade, 9−11th grade, High School grad/GED or equivalent, Some
college or AA degree, College graduate or above), smoking (current
or former, or never), alcohol drinking (current or never), hyper-
tension and diabetes. A drinker was defined as someone who
consumed at least 12 alcohol drinks in one year. A smoker was
defined as someone who had smoked at least 100 cigarettes in thei
lifetime and is currently smoking.
2.5. Statistical Analysis
The demographic characteristics and cognitive function were
summarized using descriptive analysis. Categorical variables were
presented as frequency (proportion), while continuous variables were
analyzed using means, standard deviation, or medians with
interquartile ranges. The Kruskal−Wallis H test and Mann−Whitney
U test were used to compare variations in the four cognitive test
scores. To enhance comparability across different cognitive tests,
standardized z-scores were employed. Continuous blood metal
concentrations were log-transformed to normalize the skewed
distributions before the statistical analysis. Spearman correlations
were used to summarize pairwise associations among log-transformed
blood metal concentrations. The complex multistage sampling design
has been taken into account in all analyses using svydesign method,
and a newly constructed sampling weight (1/2 wtint2yr) for the
merged two-cycle data was used, following NHANES analytical
guidelines.

The generalized linear regression analyses were conducted to
investigate the association between individual metal levels and
cognitive function. The blood metals were classified into four
quartiles (Q1 to Q4) based on the distribution of concentrations.
The linear regression model was also used to investigate the
association between metal levels and serum folate. The Bayesian
kernel machine regression model (BKMR) model was employed to
accurately estimate the joint and individual effects of mixture
components as well as potential interactions.18 Moreover, the possible
complex nonlinear and nonadditive relationships between the mixture
components and outcome were estimated by BKMR model.19 The
quantile-based g-computation (QG-C) model was utilized to
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investigate the synergistic effect of various metal exposures and
determine the individual contribution of each exposure to the

outcome, achieved by computing weights.20 Mediation analysis was
conducted to investigate whether serum folate mediated the

Table 1. Demographic Characteristics and Four Cognitive Function Tests of Study Participants (N = 2002)a

Characteristics Total (n = 2002)b IRT DRT AFT DSST

Total, M (P25, P75) 19(16−22) 6(4−8) 16(13−20) 46(33−58)
Gender

Male 977(48.80%) 18(15−21) 6(4−7) 16(13−20) 43(32−54)
Female 1025(51.20%) 20(17−23) 7(5−8) 16(13−20) 49(35−61)
p-value <0.001 <0.001 0.391 <0.001

Age (years)
60−69 1101(55.00%) 20(17−23) 6(5−8) 17(14−21) 49(36−62)
≥70 901(45.00%) 18(15−21) 5(4−7) 15(12−19) 42(30−53)
p-value <0.001 <0.001 <0.001 <0.001

BMI (kg/m2)
<25 550(27.47%) 19(15−22) 6(4−8) 16(13−20) 45(33−58)
25−29.9 694(34.67%) 19(16−22) 6(4−7) 16(13−20) 45(33−59)
≥30 758(37.86%) 19(16−22) 6(5−8) 16(13−20) 46(33−58)
p-value 0.123 0.004 0.204 0.518

Smoking status
Current smoker 249(12.40%) 19(16−22) 6(4−8) 16(13−20) 41(30−53)
Former smoker 760(38.00%) 19(16−22) 6(4−7) 16(13−20) 45(34−57)
Nonsmoker 993(49.60%) 19(16−22) 6(4−8) 16(13−20) 47(33−60)
p-value 0.093 0.096 0.500 <0.001

Drinking status
Current drinker 1374(68.60%) 19(16−22) 6(4−8) 17(13−20) 47(34−60)
Nondrinker 628(31.40%) 19(15−22) 6(4−8) 15(12−19) 43(30−55)
p-value 0.437 0.874 <0.001 <0.001

Race
Mexican American 164(8.2%) 18(15−21) 6(4−7) 16(13−19) 38(26−52)
Other Hispanic 213(10.6%) 17(15−20) 6(4−7) 15(13−19) 34(23−48)
Non-Hispanic White 955(47.7%) 19(16−22) 6(4−8) 17(14−21) 50(40−63)
Non-Hispanic Black 473(23.6%) 19(16−22) 6(4−8) 15(11−18) 39(29−52)
Non-Hispanic Asian 167(8.3%) 20(16−22) 7(5−8) 14(12−17) 49(38−63)
Other Race 30(1.5%) 19(16−20) 6(5−7) 17(13−22) 44(38−57)
p-value <0.001 <0.001 <0.001 <0.001

Education
Less than ninth grade 246(12.20%) 16(14−19) 5(3−6) 14(11−17) 25(19−33)
9−11th grade 266(13.30%) 18(15−21) 5(4−7) 14(11−18) 36(29−46)
High School grad/GED or equivalent 469(23.40%) 19(16−22) 6(4−7) 16(12−19) 44(34−55)
Some college or AA degree 567(28.30%) 20(17−23) 6(5−8) 17(14−21) 52(41−62)
College graduate or above 454(22.70%) 21(17−23) 7(5−8) 18(15−22) 56(45−66)
p-value <0.001 <0.001 <0.001 <0.001

Marital status
Married 1110(55.40%) 19(16−22) 6(4−8) 16(13−20) 47(35−60)
Widowed 381(19.00%) 18(15−21) 6(4−7) 15(12−18) 40(29−54)
Divorced 288(14.40%) 19(17−23) 6(5−8) 17(13-21) 47(35−61)
Separated 49(2.40%) 18(15−21) 6(4−7) 15(12−18) 28(22−49)
Never married 119(5.90%) 20(16−23) 7(5−8) 15(13−20) 46(34−59)
Living with partner 55(2.70%) 19(16−22) 6(4−8) 18(15−21) 49(36−58)
p-value <0.001 <0.001 <0.001 <0.001

Diabetes
Yes 456(22.80%) 19(15−21) 6(4−7) 15(12−18) 42(28−52)
No 1461(73.00%) 19(16−22) 6(4−8) 16(13−20) 47(35−60)
Borderline 85(4.20%) 19(16−22) 5(4−7) 15(13−20) 47(36−56)
p-value 0.003 0.002 <0.001 <0.001

Hypertension
Yes 1226(61.20%) 19(16−22) 6(4−7) 16(12−19) 44(32−56)
No 776(38.80%) 20(16−22) 6(5−8) 17(14−21) 49(36−61)
p-value 0.002 0.011 <0.001 <0.001

aNote: IRT, Immediate Recall test; DRT, Delayed Recall test; AFT, Animal Fluency test; DSST, Digit Symbol Substitution test; BMI: Body Mass
Index. bFrequency (proportion).
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association between metal levels and cognitive function. All models
were adjusted for factors, such as gender, age, race, BMI, marital
status, education, smoking, alcohol drinking, hypertension, and
diabetes.

Statistical analyses were carried out using the R software (version
4.0.3), the R package “bkmr”, “qgcomp” and “mediation” were used
for BKMR, QG-C and mediation analysis, respectively. A two-sided p-
value of <0.05 was considered statistically significant.

3. RESULTS

3.1. Characteristics of the Study Participants

The demographic information and cognition characteristics of
the study population were depicted in Table 1. Of the 2002
participants included in the analysis, 977(48.80%) were male;
The median IRT, DRT, AFT, and DSST scores were 19
[interquartile range (IQR): 6], 6(IQR:4), 16(IQR:7) and
46(IQR:25), respectively. Female had higher IRT, DRT, and
DSST scores than male (p < 0.001). Those aged 60−69 group
had higher cognitive scores than those aged 70 or greater (p <

0.001). Scores on the four cognitive tests differed by race (p <
0.001) and marital status (p < 0.001). Participants with
diabetes or hypertension exhibited lower scores in the IRT (p
= 0.003, p = 0.002, respectively), DRT (p = 0.002, p = 0.011,
respectively), AFT (p < 0.001), and DSST (p < 0.001).
3.2. Distribution of Blood Metals and Correlations

The distributions of five blood metals were shown in Table 2.
Median values of blood Pb, Cd, Hg, Se, and Mn across all
participants were 1.47 μg/dL, 0.38, 0.97, 193.26, and 8.74 μg/
L, respectively. The detection rates of metals were listed in
Table S1. Below the detection limit, detection limit divided by
the square root of 2 is used instead. The spearman correlations
between concentrations of log-transformed blood metals in the
study participants are shown in Figure.S3. The correlation
coefficients of Cd with Pb and Mn were found to be 0.28 and
0.16, respectively.

Table 2. Distribution of Blood Metals (N = 2002), NHANES, USA, 2011−2014

Percentile

Metals (μg/L) 5th 25th 50th 75th 95th Mean ± SDb

Pba 0.60 1.01 1.47 2.20 4.28 1.87 ± 1.64
Cd 0.11 0.25 0.38 0.63 1.40 0.52 ± 0.45
Hg 0.20 0.50 0.97 1.98 6.04 1.78 ± 2.54
Se 155.16 177.65 193.26 208.41 237.54 195.3 ± 33.8
Mn 5.03 6.96 8.74 11.15 15.30 9.40 ± 4.05

aμg/dL. bSD: standard deviation.

Table 3. Association between Blood Metals and the z-Score of Four Cognitive Tests by the Generalized Linear Regression
Modela

Metals IRT z-score, β (95%CI) DRT z-score, β (95%CI) AFT z-score, β (95%CI) DSST z-score, β (95%CI)

Pb Q1 ref. ref. ref. ref.
Q2 0.02(−0.09,0.13) 0.03(−0.09,0.14) 0.04(−0.08,0.15) 0.01(−0.09,0.11)
Q3 −0.11(−0.23,0.004) −0.03(−0.15,0.08) 0.06(−0.06,0.17) 0.02(−0.08,0.12)
Q4 −0.05(−0.17,0.07) −0.04(−0.16,0.09) 0.06(−0.06,0.18) −0.07(−0.18,0.03)

P for trend 0.158 0.384 0.312 0.206
Cd Q1 ref. ref. ref. ref.

Q2 −0.05(−0.16,0.06) 0.03(−0.09,0.14) 0.002(−0.11,0.12) −0.05(−0.14,0.05)
Q3 −0.03(−0.15,0.08) −0.07(−0.19,0.05) −0.05(−0.17,0.07) −0.08(−0.18,0.02)
Q4 -0.17(−0.30, −0.04) −0.05(−0.18,0.09) −0.12(−0.25,0.02) -0.15(−0.27, −0.04)

P for trend 0.027 0.268 0.074 0.009
Hg Q1 ref. ref. ref. ref.

Q2 0.02(−0.09,0.14) 0.02(−0.09,0.14) 0.08(−0.04,0.19) 0.05(−0.05,0.15)
Q3 0.06(−0.06,0.17) 0.02(−0.09,0.14) 0.05(−0.06,0.17) 0.002(−0.10,0.10)
Q4 0.02(−0.09,0.14) 0.05(−0.07,0.17) 0.03(−0.09,0.15) 0.06(−0.05,0.16)

P for trend 0.568 0.410 0.734 0.480
Se Q1 ref. ref. ref. ref.

Q2 0.19(0.07,0.30) 0.14(0.03,0.26) 0.05(−0.06,0.17) 0.19(0.09,0.28)
Q3 0.12(0.002,0.23) 0.11(0.00,0.23) 0.04(−0.07,0.16) 0.18(0.09,0.28)
Q4 0.19(0.07,0.30) 0.14(0.03,0.26) 0.08(−0.03,0.20) 0.19(0.09,0.28)

P for trend 0.008 0.033 0.206 <0.001
Mn Q1 ref. ref. ref. ref.

Q2 0.03(−0.08,0.15) 0.08(−0.03,0.20) −0.07(−0.18,0.04) 0.07(−0.03,0.17)
Q3 0.04(−0.08,0.15) 0.12(0.01,0.24) −0.04(−0.15,0.08) 0.05(−0.05,0.15)
Q4 −0.02(−0.13,0.10) 0.10(−0.02,0.21) -0.12(−0.23,-0.001) 0.05(−0.04,0.15)

P for trend 0.803 0.075 0.090 0.371
aNote: Model adjusted for gender, age, race, BMI, marriage status, education, smoking, alcohol drinking, hypertension, and diabetes. IRT,
Immediate Recall test; DRT, Delayed Recall test; AFT, Animal Fluency test; DSST, Digit Symbol Substitution test. Values in bold indicate
statistically significant results (p < 0.05).
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3.3. Association between Blood Metals and Cognitive
Function Revealed by GLMs

Table 3 displays the associations between blood metals and
four cognitive tests using generalized linear regression adjusted
for all covariates. Specifically, compared to those in the lowest
quartile of the Cd levels, individuals in the highest quartile
exhibited significantly lower z-scores for IRT (β: −0.17,95%
CI: −0.30, −0.04) and DSST (β: −0.15,95% CI: −0.27,
−0.04). The quartile-specific estimates suggest clear negative
trends between Cd and IRT (p = 0.027), DSST (p = 0.009) z-
scores. There were significant positive associations between Se
levels above the first quartile and IRT, DRT, and DSST z-
scores. The P-trend for Se and IRT, DRT, DSST z-scores were
all significant (p = 0.008, p = 0.033, p < 0.001, respectively).
There was a significant positive association between the third
quartile of Mn levels and DRT z-scores (β:0.12, 95%
CI:0.01,0.24) compared to the lowest quartile of Mn. The
highest quartile of Mn levels was inversely related to AFT z-
scores (β: −0.12,95%CI: −0.23, −0.001).
3.4. Bayesian Kernel Machine Regression Analyses

To further explore the potential nonlinearities, additive or
interactive effects, we employed the BKMR model, which
provides an estimation of the joint effects of the five blood
metals. Figure 1 displays the exposure-response relationships
for each metal, with other metals held at median concen-
trations, after adjusting for all covariates. The relationships
between metals and cognitive outcome can be denoted as h(z).
Similar to findings from GLMs, the BKMR analyses suggested
a positive association between Se levels and IRT, DRT, DSST,
DSST z-scores (Figure 1); There exists a negative association
between Cd levels and DSST z-scores (Figure 1). Interestingly,

the results indicated nonlinear, inverted U-shaped relationships
between Mn levels and DRT, AFT, DSST z-scores (Figure 1).
In Figure 2, the impact of altering the interquartile range

(IQR) for each metal on the z-scores of four cognitive tests is
depicted. We found significant positive association between Se
levels and DSST, DRT and IRT z-scores (Figure 2A, B, D).
There may be an interaction between Se and other metals, as
the effect estimates of Se on IRT and DRT z-scores increase

Figure 1. Univariate exposure-response functions and 95% confidence intervals (shaded areas) in IRT (A), DRT (B), AFT (C), and DSST (D) for
Pb, Cd, Hg, Se, and Mn, with other elements held at the median, by Bayesian kernel machine regression analyses.

Figure 2. Single-exposure effect of individual metals on the z-scores of
IRT (A), DRT (B), AFT (C), and DSST (D) (estimates and 95%
confidence intervals) when all the other metals are fixed at their 25th,
50th, or 75th percentile Bayesian kernel machine regression analyses.
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with higher levels of the mixture. There was a significant
negative association between Cd levels and DSST z-scores
(Figure 2D). Interestingly, as the concentration of the metal
mixture increased, the effect estimates of Mn on AFT z-scores
become inverse (Figure 2C).
To more fully investigate possible interactions among

metals, we depicted the bivariate exposure-response functions
curves. Figure S4 showed potential pairwise interactions
between Se and Pb, Mn, where the positive slope of Se with
AFT z-scores is slightly steeper at lower Pb levels and higher
Mn levels. To examine the overall effect of metal mixture, we
estimated how changes in all metals within the mixture
simultaneously affect cognitive test z-scores relative to their
median levels. (Figure S5). We did not observe any significant
mixed metal effects, but there is a weak trend of decreased
cognitive functions in terms of IRT, AFT, DSST, and an
increased trend in DRT (Figure.S5). Among the metals in the
mixture, Se, Cd may be the dominant contributors (PIP = 1.0,
0.82, respectively, Table S2).
3.5. Quantile g-Computation Analysis
In the quantile g-computation, Cd contributed the largest
negative weights in the association with IRT, DRT, AFT, and
DSST z-scores (Figure 3). Consistent with results from the
GLMs and BKMR analyses, Se contributed the largest positive
weights in the association with IRT, DRT, DSST z-scores
(Figure 3). The association between the metal mixture and
cognitive function was weak (Figure.S6).
3.6. Association between Blood Metals and Serum Folate
A multivariate linear regression model was adopted to
investigate the association between blood metals and serum
folate. As presented in Table 4, Pb (β: −5.80, 95% CI: −8.45,

−3.15, p < 0.001), Cd (β: −6.37, 95% CI: −8.91, −3.83, p <
0.001) had a significantly negative association with serum
folate. Significant positive association between Se (β: 20.49,
95% CI: 10.26, 30.72, p < 0.001) and serum folate was
observed.
3.7. Serum Folate Involved in the Effects of Metal on
Cognitive Function

We conducted mediation analysis to further explore the
mediating effects of serum folate on the association between
metal exposure and cognitive function. The significant direct
effects of exposure on outcome, as well as exposure and
mediated effects, were included in the analysis. Prior to the
mediation analysis, we found that folate levels were associated
with better AFT and DSST scores (Table S3). We only listed
the significant results in Table 5, serum folate significantly
mediated the associations between Cd (mediated proportion =
0.17, 95% CI: 0.06,0.57), Se (mediated proportion = 0.10, 95%
CI: 0.003,0.27) and the DSST z-scores, respectively.

Figure 3. Weights corresponding to the proportion of the positive or negative partial effect per metal mixtures on the z-scores of IRT (A), DRT
(B), AFT (C), and DSST (D) in the Quantile g-computation model.

Table 4. Multivariate Linear Regression of Metal Levels
with Serum Folate (N = 1945)a

Metal β 95%CI p-value

Pb −5.80 (−8.45, −3.15) <0.001
Cd −6.37 (−8.91, −3.83) <0.001
Hg −1.18 (−2.71, 0.36) 0.132
Se 20.49 (10.26, 30.72) <0.001
Mn 1.96 (−2.25,6.16) 0.361

aNote: All covariates were adjusted in model.
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4. DISCUSSION
In this study, we evaluate the individual and overall effects of
Pb, Cd, Hg, Se, and Mn on cognitive function (IRT, DRT,
AFT, DSST scores) and the potential mediating effects of
serum folate in the elderly from the U.S. We observed the
positive associations between blood Se and cognitive function,
while Cd had the most significant negative association with
cognitive function in GLMs, BKMR and QG-C model.
Moreover, Se was positively correlated with serum folate, Cd
was negatively correlated with serum folate. Serum folate was
involved in the effects of Se, Cd on DSST z-scores. Besides,
Mn showed an inverted U-shaped nonlinear relationship on
cognition. There may be potential interactions between Se and
Mn, Pb in association with AFT. We found that the population
had relatively low exposure to metals but slightly higher Se
levels compared to other studies (Table S4). This discrepancy
may be due to regional, dietary, or other differences.
Se plays a crucial role in maintaining normal brain function.

Our findings align with previous studies indicating a positive
link between Se and cognitive function.21,22 Research has
highlighted that Se deficiency is common among older adults,
suggesting that Se supplementation could potentially enhance
cognitive abilities.22 Lower Se levels are associated with a
higher cognitive decline risk in older individuals,23 as
exemplified by the French EVA cohort’s study.24 The
neuroprotective functions of Se are multifaceted, involving
the modulation of neurotransmitter levels, reduction of
oxidative stress, mitigation of neuroinflammation, and repair
of neural cell damage.25 Animal studies have further indicated
that increased Se levels may promote the proliferation of
precursor cells in the hippocampus and stimulate adult
neurogenesis.26 Selenoprotein P (SEPP1) plays a critical
neuroprotective role by enhancing neuronal survival and
inhibiting apoptosis in response to amyloid β-induced
oxidative stress.27 These findings highlight Se’s importance in
cognitive function and potential therapeutic benefits through
supplementation.
We observed a negative association between Cd exposure

and IRT and DSST z-scores, indicative of reduced sustained
attention and working memory. Supporting these findings,
cross-sectional and longitudinal studies have shown that
increased Cd exposure is associated with significant cognitive
declines in older adults, as evidenced by results from multiple
studies in older populations and a specific longitudinal study in
China.28−30 Recent research suggests that chronic Cd exposure
impairs cognitive functions through the activation of the lnc-
Gm10532/m6A/FIS1 axis-mediated mitochondrial fission and
dysfunction.31 Additionally, Cd promotes neurotoxicity by
activating astrocytes and triggering the secretion of inflamma-
tory mediators, culminating in neuronal apoptosis.32

Surprisingly, we observed a curvilinear association between
Mn levels and cognition. This implies that an optimum
concentration of Mn may serve as a protective element against
cognitive impairments, excessive levels may pose risks.
Additionally, several cross-sectional studies have reported

that elevated Mn levels are associated with poorer cognitive
function.33 The exact molecular mechanism underlying Mn’s
impact on cognitive function has not been fully established.
Excessive Mn exposure is neurotoxic, which may be related to
oxidative stress, neuroinflammation, neurotransmission dis-
ruption, α-synuclein aggregation and amyloid production.34

High plasma folate levels have been positively associated
with global cognitive score.35 Conversely, low folate status has
been linked to poor cognitive function and an increased risk of
dementia in the elderly.36 Folate supplementation is effective
in reducing plasma homocysteine (Hcy) levels, an independent
risk factor for AD and vascular dementia.37 Animal studies
have shown that high folate levels are beneficial for early
sensory development - motor function, spatial learning and
memory in adolescence and adulthood.38 Chronic folate
deficiency induces glucose and lipid metabolism disorders
and subsequent cognitive dysfunction in mice.39 There is an
inverse relationship between Cd and folate, it hypothesized
that Cd accumulation may cause impaired gut microbiota
through ROS production and increased oxidative stress,
thereby affecting folate absorption, and Cd may interfere
with the enzymes of the folate cycle.16 Both Se and folate are
nutritional supplements capable of regulating redox and Hcy
homeostasis in the body. Se may potentially impact the
metabolism or utilization of folate. One study demonstrated
that cosupplementation of Se and folate resulted in the
recovery of synaptic plasticity and cognitive ability in AD mice,
potentially through reversing lipid metabolism disorders.40

Therefore, it is reasonable to speculate that folate may be
involved in the potential mechanism underlying metal-related
cognitive effects.
Further, the results of BKMR analysis suggested interaction

between Se and Pb, Mn on the association with AFT z-scores.
As the brain is a common target organ for Pb and other metals,
potential additive or synergistic effects induced by the metal
mixtures would be anticipated.41 Se is a recognized antioxidant
and may interact with Pb to counteract its toxic properties
through the action of SEPP.42 Additionally, Se has antioxidant,
anti-inflammatory, and antiapoptotic properties, and may
mitigate Mn-mediated neurotoxicity by reducing the accumu-
lation of Mn, acting as a neuroprotective agent.43

We investigated the impact of the five mixed metals on
cognition as a whole. It is possible that the diverse metals have
varying effects on cognition, and may interact with each other
(e.g., synergism, antagonism). Specifically, Se exhibits a
beneficial effect, whereas Cd and Pb may have detrimental
effects, and Mn may have a bidirectional effect, potentially
leading to a canceling effect. Additionally, other underlying
factors might influence the results. Consequently, the mixing
curve does not demonstrate a noticeable mixing effect.
Nevertheless, this highlights the significance of conducting
studies on mixed exposure.
Our study has several strengths. A major strength lies in the

use of BKMR and QG-C analysis to estimate the overall effect
of the metal mixture and identify the relative contribution of

Table 5. Mediating Effects of Serum Folate on the Association between Metal and DSST z-Scorea

Metal Indirect effects, β (95%CI) Direct effects, β (95%CI) Total effects, β (95%CI) Proportion of mediation (95%CI)

Pb −0.03(−0.05,−0.01) −0.06(−0.23,0.08) −0.10(−0.26,0.04) 0.25(−2.80,5.22)
Cd −0.03(−0.06,−0.02) −0.16(−0.29,−0.03) −0.20(−0.33,−0.07) 0.17(0.06,0.57)
Se 0.10(0.002,0.24) 0.88(0.38,1.44) 0.98(0.39,1.52) 0.10(0.003,0.27)

aNote: All covariates were adjusted in model. Values in bold indicate statistically significant results (p < 0.05).
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each metal, investigate the possible nonlinear association
between metal exposure and cognition and drew robust and
stable conclusions. Second, we explored the mediating effect of
serum folate on the association between metals and cognition,
providing insights into potential mechanisms. Third, we used
data of the elderly population in two cycles of NHANES,
ensuring a large sample size and an authoritative, nationally
representative data set. Further research is necessary to
uncover the mechanisms underlying the cognitive effects of
metals to gain a comprehensive understanding of their
influence.
Several limitations should also be noted. The cross-sectional

design of NHANES imposed limitations on inferring causality
between metal exposures and cognition. We focused only on
the effect of a few blood metals on cognition from an
epidemiological perspective, and we did not delve into the
specific mechanisms by which metals affect human health.
While we may not rule out the potential effects of residual and
other confounding factors.

5. CONCLUSION
We present evidence of an association between several metals
and cognitive function in older adults in the context of
mixtures. High Se levels are linked to better cognitive
performance, whereas higher Cd levels are associated with
poorer cognitive scores. Serum folate appears to mediate the
relationship between metal exposure and cognitive function.
Further research is required to confirm these associations and
elucidate the underlying mechanisms by which metals affect
cognition among older adults to develop interventions to
prevent cognitive decline.
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