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Abstract 

Cognitive impairment among older adults is a growing public health challenge 
and environmental chemicals may be modifiable risk factors. A wide array of chemicals 
has not yet been tested for association with cognition in an environment-wide 
association framework. In the US National Health and Nutrition Examination Survey 
(NHANES) 1999-2000 and 2011-2014 cross-sectional cycles, cognition was assessed 
using the Digit Symbol Substitution Test (DSST, scores 0-117) among participants aged 
60 years and older. Concentrations of environmental chemicals measured in blood or 
urine were log2 transformed and standardized. Chemicals with at least 50% of 
measures above the lower limit of detection were included (nchemicals=147, nclasses=14). 
We tested for associations between chemical concentrations and cognition using 
parallel survey-weighted multivariable linear regression models adjusted for age, sex, 
race/ethnicity, education, smoking status, fish consumption, cycle year, urinary 
creatinine, and cotinine. Participants with at least one chemical measurement (n=4,982) 
were mean age 69.8 years, 55.0% female, 78.2% non-Hispanic White, and 77.0% at 
least high school educated. The mean DSST score was 50.4 (standard deviation 
(SD)=17.4). In adjusted analyses, 5 of 147 exposures were associated with DSST at p-
value<0.01. Notably, a SD increase in log2-scaled cotinine concentration was 
associated with 2.71 points lower DSST score (95% CI -3.69, -1.73). A SD increase in 
log2-scaled urinary tungsten concentration was associated with 1.34 points lower DSST 
score (95% CI -2.11, -0.56). Exposure to environmental chemicals, particularly heavy 
metals and tobacco smoke, may be modifiable factors for cognition among older adults. 
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Introduction 

 Mild cognitive impairment is characterized by greater cognitive decline than 
expected based on age and educational attainment.1 In the United States, women 
experience a 71% lifetime risk of developing cognitive impairment at an average age at 
incidence of 73.2 Similarly, men experience 61% lifetime risk of cognitive impairment at 
an average age at incidence of 70.2 When these cognitive impairments impact activities 
of daily living, their syndrome has progressed to dementia, and a common subtype of 
dementia is Alzheimer’s disease.3,4 These are prevalent and challenging conditions, and 
understanding modifiable risk factors is key to public health prevention.  

Later life environmental exposures such as air pollution and cigarette smoking 
are key modifiable factors for dementia prevention highlighted by the 2020 Lancet 
Commission.5 Additional environmental factors are suggestive based on current 
evidence. For example, among 2,023 older adults in the United States, a 0.51ng/mL 
increase in urinary cadmium concentrations was associated with 1.58 times higher 
hazard of Alzheimer’s disease mortality (95% CI: 1.20, 2.09) over 7.5 years of follow 
up.6 In addition, among 741 older men in the Boston area, a 21μg/g increase in patella 
bone lead was associated with -0.016 units of loss on the Mini Mental Status Exam 
score per year (95% CI: -0.032, -0.0004) over 15 years.7 Environmental chemical 
exposures are prevalent and potentially neurotoxic, though prior studies of 
environmental associations with cognition have been limited to few individual chemicals. 

 In genomic research, examining “well lit” areas of the genome based on prior 
evidence is described as the streetlight effect, and which may cause investigators to 
miss important but currently “dimmer” areas.8 Similarly, in environmental chemical 
research it is important to balance hypothesis testing of well-known chemicals with 
discovery analyses to identify novel chemical associations. The exposome-wide 
association study (ExWAS) approach allows the simultaneous investigation of many 
chemicals in parallel models.9,10 This study sought to build on evidence on individual 
chemicals and cognitive impairment by using ExWAS to examine a wide variety of 
chemicals and chemical classes for association with cognitive status. We used a cross-
sectional and nationally representative sample of older adults from the United States 
National Health and Nutrition Examination Survey (NHANES). Findings from this study 
may help generate new hypotheses for mechanistic, validation, and prevention 
research.  

 

Methods 

Study Design and Participants 

This analysis is a cross-sectional exposome-wide association study (ExWAS) of 
data pooled across three cycles of NHANES. Since 1999-2000, NHANES is conducted 
biannually by the National Center for Health Statistics (NCHS) and is nationally 
representative of non-institutionalized civilians in the United States.11 Data are collected 
through questionnaires, clinical measurements, and biomarker measurements, including 
chemical concentrations. Every two years, data on independent samples of participants 
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are released in cycles. Cognition in adults aged 60 years and older was assessed in 
four cycles: 1999-2000, 2001-2002, 2011-2012, and 2013-2014. We included three of 
these cycles (1999-2000, 2011-2012, and 2013-2014; N = 29,896). We excluded the 
2001-2002 cycle because a key covariate, fish consumption, was not measured in older 
adults in that cycle. Raw data are publicly available through the NCHS 
(https://www.cdc.gov/nchs/nhanes/index.htm). Processed data are publicly available 
through Kaggle, figshare, and Hugging Face repositories.12–15 Participants provided 
informed consent at the time of participation in NHANES. The University of Michigan 
Institutional Review Board (IRB) approved these secondary data analyses 
(HUM00116291). 

Chemical Biomarker Measures 

 NHANES participants provided urine and blood samples in the Mobile 
Examination Centers. These samples were analyzed for a variety of biomarkers used to 
indicate exposures. Information on the laboratory methods used for measuring chemical 
biomarker concentrations in each cycle year are available through the NCHS.16 Across 
the three cycles of interest, 395 environmental biomarkers were available for analysis. 
The environmental biomarker data were quality controlled similar to our previously 
described process.17,18 Briefly, environmental biomarkers were first excluded if they 
were categorized as dietary components or phytoestrogens, or if they were measured 
only in smokers. Urinary cadmium measures that had interference with urinary 
moldybdenum were removed.19,20 Next, for any lipid-soluble biomarkers measured in 
blood, we used the lipid-adjusted measurements and excluded the unadjusted versions. 
Lastly, we excluded biomarkers if more than 50% of measures were below the reported 
lower limit of detection (LOD). All measurements below the chemical-specific LOD were 

imputed as LOD/√2 by NHANES. In total, 147 chemical biomarkers were included as 
exposures in the analysis. The chemical biomarkers were not all measured in the same 
cycles nor in the same participants. Consistent with prior analyses, chemical measures 
were log2 transformed for analysis.18 After transformation, the measures were also 
standardized (mean = 0, standard deviation = 1) within each chemical to enable 
comparisons between chemicals with different units and distributions. 

Cognitive Measures 

 Cognitive testing via the Digit Symbol Substitution Test (DSST) was performed 
among participants aged 60 years and older.21 The DSST consists of a set of symbols 
corresponding to the numbers 1 through 9. Participants are given a paper with rows of 
numbers and are asked to draw the matching symbols beneath each number. The test 
is scored based on the number of symbols that were drawn correctly in the allotted 120 
seconds. In NHANES, the maximum possible score was 133 points.22 Our primary 
analysis used DSST as a continuous measure. As a sensitivity analysis, consistent with 
previous studies, we categorized DSST score of less than or equal to the 25th percentile 
(score ≤ 29 in our sample) as mild cognitive impairment (MCI) and DSST greater than 
the 25th percentile as normal cognition.23 

Covariate Measures 
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Covariates were collected by interview including age (years), sex (male, female), 
race/ethnicity (Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic 
Black, Other Race/Multiracial), education (less than 9th grade, 9-12th grade without 
diploma, high school graduate/General Education Development degree, some college 
or Associate of Arts degree, college graduate or above), history of tobacco use (never, 
ever smoked at least 100 cigarettes, current use), history of alcohol consumption 
(consumption in the past 12 months), fish and shellfish consumption (number of times 
eaten in the past 30 days), and the cycle year of participation. To protect participant 
anonymity, NHANES top-coded ages greater than 85 years in cycles prior to 2007 as 
age 85 years. Those who reported an age greater than 80 years in 2007 or later were 
top-coded as age 80 years. Education was recategorized as a binary variable: less than 
high school and high school/GED or above. Never smokers were categorized as 
smoking fewer than 100 cigarettes, former smokers were categorized as smoking over 
100 cigarettes but not currently, and current smokers were categorized as reporting 
current use. The units for alcohol consumption were scaled to the average number of 
drinks per month based on the past 12 months. The number of fish and shellfish eaten 
over 30 days were combined into one value and categorized into three groups: 0, 1-3, 
and 4+. We considered the following categories as reference groups: male, Non-
Hispanic White, less than high school, no fish consumption, never smoker, and the first 
survey cycle with measurements for each chemical.  

Waist circumference (cm) was measured in the Mobile Examination Centers by 
trained study staff. Urinary creatinine concentrations (mg/dL), serum creatinine 
concentrations (mg/dL), and serum cotinine concentrations (ng/mL) of the participants 
were also measured from provided samples. Similar to the exposure measures, urinary 
creatinine and serum cotinine were log2 transformed and standardized. For chemicals 
measured in urine, we used urinary creatinine as a covariate to account for urine 
dilution.24 Cotinine was included as a covariate for all chemicals other than smoking-
related chemicals (e.g. hydroxycotinine and total cotinine) as a biomarker of cigarette 
smoke exposure. Estimated glomerular filtration rate (eGFR) was calculated from serum 
creatinine measurements using the Chronic Kidney Disease Epidemiology Collaboration 
(CKD-EPI) equation, excluding the term for race adjustment.12,25,26 We categorized 
normal kidney function as eGFR ≥60 ml/min/1.73 m2.27 

Statistical Analysis 

 All analyses were performed in R version 4.3.0 and code files are available 
(https://github.com/bakulskilab/Cognition_ExWAS).28 To account for the NHANES 
complex sampling design, we applied survey weights to all analyses using the R 
package ‘survey’, unless otherwise noted.29  

Participants were excluded from cognitive testing by NHANES if they were aged 
less than 60 years at the time of assessment or by our study team if they had no 
chemical biomarker measures. Participant and chemical biomarker inclusion and 
exclusion were visualized using flow charts. The distributions of continuous covariates 
were described by mean and standard deviation, while categorical covariates were 
described by proportions. We compared distributions of descriptive characteristics for 
the included and excluded participants. Within the included analytic sample, we 
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compared the distributions of covariates by NHANES cycle and by cognitive impairment 
status.  

We calculated summary statistics for each chemical biomarker (participant count, 
minimum and maximum concentrations, weighted arithmetic and geometric means and 
standard deviations, weighted median, weighted 25th and 75th percentiles, and 
percentage of measurements above the LOD). We used a scatterplot to compare the 
sample size per chemical versus the percentage of measurements above the LOD, 
colored by chemical family.  

We imputed missing covariate and outcome data using multiple imputation by 
chained equations (MICE) with the R package ‘mice’, creating m = 5 complete 
datasets.30 Due to the variation in sample sizes for the chemical exposure measures, 
we did not impute exposure data. Additionally, we did not impute eGFR to maintain a 
consistent division between normal and abnormal kidney function. Characteristics of the 
imputed variables are summarized in a descriptive table (Supplemental Table 1). 

To test the associations between chemical exposures and continuous DSST 
scores, we used survey-weighted linear regression models adjusted for age 
(continuous), sex (categorical), race/ethnicity (categorical), education level (categorical), 
urinary creatinine (continuous), serum cotinine (continuous), reported smoking status 
(categorical), seafood consumption (categorical), and survey cycle (categorical). 
Consistent with an ExWAS design, each chemical association was analyzed individually 
in a separate regression model.10 Of note, because biomarkers were measured in 
different subsets of the analytic sample, these regression models had varying sample 
sizes. Urinary creatinine was included only in models for urinary chemical 
measurements. Models for smoking-related compounds (serum cotinine, total cotinine, 
hydroxycotinine, and thiocyanate) were not adjusted for cotinine. To account for the 
MICE procedure, models were run separately on each of the five unique imputed 
datasets and pooled to produce one set of coefficient estimates per exposure.31 The 
chemical biomarker regression coefficients, 95% confidence intervals (CI), and p-values 
for each exposure were compiled into a table. Because the chemical concentrations 
were log2 transformed and standardized prior to modeling, the regression coefficients 
are interpreted as the adjusted association with DSST per standard deviation of the 
log2-scaled chemical concentration. For discovery analyses, we prioritized chemicals 
with an unadjusted p-value < 0.01. To account for multiple comparisons, we controlled 
the false discovery rate (FDR) using the Benjamini-Hochberg method with the ‘p.adjust’ 
function in the stats R package, and used a significance threshold of FDR < 0.05.28,32 
We visualized the regression coefficients and statistical significance for all chemicals 
using a volcano plot and a forest plot. For the exposure associations with DSST, the 
coefficient estimates and confidence intervals for all are presented in tables. 

Sensitivity analyses 

 We developed four sensitivity analyses to further explore the associations 
between chemical biomarkers and DSST. First, kidney function is associated with both 
chemical exposures and cognitive function.33–35 We subset the sample to participants 
with normal kidney function as indicated by eGFR ≥60 ml/min/1.73 m2 and re-ran the 
models for each chemical. Second, to account for possible confounding by lifestyle 
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characteristics, in the full sample, we further adjusted models for waist circumference 
(continuous) and alcohol consumption (categorical). Third, to present a more clinically 
relevant analysis, we used MCI status categories as a binary outcome variable. We 
conducted modified Poisson regression for each chemical, adjusted for the same 
covariates as the main analysis and reported the relative risks (RR) and 95% CI. Lastly, 
we again restricted to participants with normal kidney function and re-ran the Poisson 
regression models. The results for all sensitivity analyses were visualized in volcano 
plots and the regression output was compiled in tables.  

 

Results 

Participant Characteristics and Chemical Descriptions 

The analysis included N = 4,982 participants across three NHANES cycles 
(Figure 1A). Within the included sample, the mean age was 69.8 years, 55% were 
female, and 78.2% were Non-Hispanic White (Table 1). On average, participants from 
cycle year 1999-2000 had lower observed DSST scores compared to participants from 
cycle years 2011-2014 (Table 1). The included participants were on average more likely 
to be Non-Hispanic White and had a higher DSST score compared to the excluded 
participants aged 60 years and older (Supplemental Table 2). Participants with MCI 
were older, less likely to be Non-Hispanic White, and less likely to have completed high 
school compared to participants without impairment (Supplemental Table 3).  

 Our analytic sample included 147 chemicals from 14 chemical families (Figure 
1B). Descriptive statistics including concentration minimums and maximums, means, 
standard deviations, medians, interquartile ranges, and the percentage of 
measurements above the LOD are available for all 147 chemicals (Supplemental 
Table 4). Serum cotinine was measured in the most participants (n = 4,687), followed 
by blood cadmium and blood lead (n = 3,955 each). Benzaldehyde had the fewest 
number of measurements with n = 377. Of the 147 included chemicals, 90 had detection 
rates of 90% or higher (Supplemental Figure 1).  

Associations Between Chemical Concentrations and DSST Scores 

 In our primary adjusted regression analysis, five of 147 exposures were 
associated (p < 0.01) with DSST score (Figure 2). The identified exposures included 
chemicals in the classes of metals, personal care compounds, smoking-related 
compounds, and volatile organic compounds. Increases in the concentrations of serum 
cotinine and urinary tungsten were associated with lower DSST scores (Table 2). A 
standard-deviation increase in the log2-transformed concentration of serum cotinine was 
associated with 2.71 points lower DSST (95% CI: -3.69, -1.73). Similarly, a standard-
deviation increase in the log2-transformed concentration of urinary tungsten was 
associated with 1.34 points lower DSST (95% CI: -2.11, -0.56). An increase in three 
identified exposures (urinary benzophenone-3, blood m-/p-xylene, and urinary 2-
methylhippuric acid) were associated with higher DSST scores (Table 2). Two 
exposures, serum cotinine and blood m-/p-xylene, had FDR-adjusted p-values < 0.05. 
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Results for all screened exposures, regardless of statistical significance, are available in 
Supplemental Table 5 and as a forest plot (Supplemental Figure 2). 

Sensitivity Analyses 

 When restricting the analytic group to participants with normal kidney function (N 
= 3,593), three chemical biomarkers were associated (p < 0.01) with DSST score 
(Supplemental Figure 3 and Supplemental Table 6). All identified associations were 
consistent with the results of the main analysis. 

 When adjusting further for waist circumference and alcohol consumption in the 
full analytic sample, the previously identified associations between blood mercury and 
2-methylhippuric acid and DSST were no longer significant (Supplemental Figure 4 
and Supplemental Table 7). Notably, an increase in urinary cadmium concentration 
was associated with a decrease in DSST score by 2.72 points (95% CI: -4.27, -1.18).  

 After MICE, the 25th percentile of DSST score used to define the cutoff for MCI 
was 29. A total of five biomarkers were associated (p < 0.01) with MCI in modified 
Poisson regression models (Figure 3 and Table 3). Consistent with the continuous 
results, serum cotinine was associated with higher prevalence of MCI (RR 1.18, 95% 
CI: 1.07, 1.31). Mono-benzyl phthalate was also associated with higher prevalence of 
MCI (RR 1.23, 95% CI: 1.07, 1.41). Additionally, 3 biomarkers were associated with 
lower prevalence of mild cognitive impairment: 2-methylhippuric acid (RR 0.71, 95% CI: 
0.61, 0.83), combined 3- and 4-methylhippuric acid (RR 0.74, 95% CI: 0.62, 0.89), and 
perfluorooctanoic acid (PFOA) (RR 0.81, 95% CI: 0.70, 0.93). Poisson regression 
results for all exposures are available in Supplemental Table 8. 

 When restricted to participants with normal kidney function, two biomarkers 
continued to be associated (p < 0.01) with MCI (Supplemental Figure 5 and 
Supplemental Table 9). The results for cotinine (RR 1.25, 95% CI: 1.07, 1.47) and 
PFOA (RR 0.70, 95% CI: 0.56, 0.88) were consistent with the full sample results. 

 

Discussion 

 In a large, diverse, and nationally representative sample of older adults (ages 
60+) in the United States, we investigated the cross-sectional relationship between 
chemical exposure biomarkers and cognition. We used an ExWAS framework to 
separately and systematically examine 147 chemicals. We observed that elevated 
levels of cotinine, cadmium, and tungsten were associated with lower cognitive 
measures and mono-benzyl phthalate was associated with greater risk of cognitive 
impairment. On the other hand, we observed that higher biomarker concentrations of 
benzophenone-3, m-/p-xylene, and 2-methylhippuric acid were associated with higher 
cognitive scores. Similarly, PFOA and combined 3-methylhippuric acid/4-methylhippuric 
acid were associated with lower risk of cognitive impairment. These hypothesis-
generating findings broaden the landscape of chemicals for testing with 
neurodegenerative outcomes, and these chemicals may be modifiable prevention 
factors.  
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Our findings are consistent with the literature in several respects. We observed 
cotinine levels were associated with lower cognition. Cotinine itself is a nicotine 
metabolite that weakly activates nicotinic acetylcholine receptors.36 More broadly, 
cotinine is a biomarker with high sensitivity and specificity for recent (3-4 days) cigarette 
smoke exposure.37 Cigarette smoke exposure is well recognized as a risk factor for 
cognitive impairment and dementia, and cessation even in later life is preventative.5 
Smoking in later life is estimated to account for 5% of dementia cases.5 In epidemiologic 
studies, it can be challenging to study the relationship between cigarette smoke 
exposure and dementia due to mortality from competing risks of other health effects 
such as lung cancer and cardiovascular disease that may occur at younger ages.38 
Cigarette smoke is a complex exposure mixture of over 9,500 compounds, including 
metals, gases, and particulate matter.39 Particulate matter is well-replicated as a 
dementia risk factor.40,41 Inhalation of smoking-related compounds results in absorption 
and toxicity in the lungs. The lungs are also highly vascularized, and these compounds 
can have systemic vascular impacts, which can impact cognition.42 These compounds 
can also circulate in the bloodstream and cross the blood-brain-barrier for direct 
neurotoxic effects.43 Our findings related to cotinine and cognition align with the current 
toxicologic and epidemiologic literature. 

We also observed that urinary cadmium was associated with lower cognition in a 
sensitivity analysis. Cadmium is a metal with no normal physiologic function in the 
body.44 The primary cadmium exposure routes are through cigarette smoke (tobacco 
plants bioaccumulate cadmium from the soil) and diet (rice, leafy green vegetables, 
grains).45,46 Our findings were robust to adjustment for potential confounding due to 
cigarette smoke exposure (through self-reported smoking status and cotinine levels) 
and fish consumption. Cadmium exposure has neurotoxic effects in animal models and 
in cell culture.47–49 In human studies, cadmium has previously been associated with 
impaired cognition or dementia. Specifically, in NHANES (1999-2006, n=2,023) data 
linked to the National Death Index, an interquartile range increase (0.78 ng/mL) in 
urinary cadmium was associated with 1.58 times higher hazard of Alzheimer’s disease 
mortality over 7.5 years of follow up.6 Similarly, among 4,064 NHANES participants 
(1999-2004) the highest quartile of blood cadmium (>0.6ug/L) was associated with 3.76 
times higher hazard of Alzheimer’s disease mortality relative to the lowest quartile.50 
Notably, these studies were prospective and showed cadmium exposure preceded 
Alzheimer’s mortality by several years. Our findings, though cross-sectional, are 
consistent with this direction of association.  

One of the new findings in our study is that elevated tungsten levels were 
associated with lower cognition. Tungsten is a dense metal that is widely used in 
industrial applications due to its thermal, electrical, and anti-corrosive properties.51 It 
replaced lead in bullets and is detected in environmental samples near military and 
mining sites.52 A primary occupational route of exposure is inhalation.52 Lung cell 
models have demonstrated tungsten toxicity with implications for tumorigenesis.53,54 
Pulmonary, cardiometabolic, bone, and immune toxicity have also been noted with 
tungsten exposure.55 To date, little research has been conducted on tungsten 
neurotoxicity. A previous NHANES analysis (2011-2014, n=888) of multiple metals and 
cognition observed log-transformed urinary tungsten levels were associated with lower 
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cognition on the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) 
immediate (-0.38 points, 95% CI: -0.75, -0.01) and delayed (-0.19 points, 95% CI: -0.38, 
-0.004) recall tests.56 Because the CERAD test was only available in two NHANES 
waves, we elected to focus on the DSST measures. Nonetheless, the direction of 
tungsten association in this previous study is consistent with our findings. 

The present ExWAS approach also discovered that higher concentrations of 
certain biomarkers were linked to better cognition scores or lower prevalences of 
cognitive impairment. Some of these findings were unexpected, and we cannot rule out 
the possibility that they occurred by chance. The findings for mercury and PFOA were 
not surprising as similar associations have been reported.57–61 One potential explanation 
is the presence of negative confounding. Fish consumption, a major source of 
methylmercury and PFAS,62,63 is also known to protect against memory loss and 
neurodegeneration.64 Kidney function is another critical factor as poor kidney function 
can influence biomarker concentrations.34 Poor kidney function has also been 
associated with worse cognitive function.35 To address the potential impact of these 
factors, we adjusted for fish consumption and conducted a sensitivity analysis restricted 
to normal kidney function,62,65 but the associations remained unchanged. We were also 
surprised that well documented neurotoxicants, such as lead7, were not associated with 
cognition in our study. Perhaps the exposure timing in our study did not align with the 
window of susceptibility of lead exposure’s impacts on cognition, or the exposure 
distribution was too narrow to be adequately powered to detect an association. These 
findings require further investigation through a targeted approach using a carefully 
designed study.   

 Limitations of this study point to potential future directions. Most notably, the 
design was cross-sectional (exposure and outcome measured at the same time point). 
This limits our ability to understand the temporal sequence between exposure and 
outcome and findings may be subject to reverse causation. For example, while elevated 
chemical exposure levels may be risk factors for cognitive impairment, it is also possible 
that prevalent cognitive impairment alters participant behaviors, which in turn alters 
chemical exposure levels. Findings from this cross-sectional discovery analysis will 
allow for follow up studies to examine a more targeted list of chemicals in a longitudinal 
or prospective design. In the NHANES design, chemical measures are not measured on 
all participants. While our analyses captured all available participants with measures, for 
some chemicals, the analytic sample size was quite limited. We may have been 
underpowered to detect associations for these chemicals. It will be important to test for 
replication and meta-analyze with additional studies. In the ExWAS framework, 
chemicals are analyzed with the same regression model. In our case, we elected to use 
a log-linear model, which is a common dose response curve in cognitive studies. 
However, for a given chemical the true dose-response curve may differ (linear, 
exponential, etc.). Follow up studies of individual chemicals may be able to explore 
additional model forms, which may better fit the specific data. We also evaluated 
chemicals individually, though their exposure levels may be correlated, and they may 
occur in complex mixtures.66 Additional analyses may consider mixtures analyses.67 
Mixtures analyses were not implemented in the current paper because the research 
question related to chemical discovery, which is more appropriately addressed in the 
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ExWAS framework. Logistical considerations in this study also impeded the 
implementation of potential mixtures analyses, including minimal overlap of participants 
across exposure measures. Another potential limitation relates to the specificity of the 
DSST, which requires participant vision, physical mobility, and coordination for 
completion. Lower scores on this DSST may not purely reflect cognitive function but 
also other impairments. Lastly, though we accounted for several common confounders 
of exposures and cognition (smoking status, cotinine levels, fish consumption, kidney 
function, alcohol consumption, waist circumference), it is still possible that we have 
unmeasured confounding between exposures and cognition. We think this is particularly 
likely for chemicals whose exposure levels are associated with increased cognition, and 
for chemicals which these relationships do not have a biologic plausibility. Future 
studies of individual chemicals may be able to explore additional confounders or 
mechanisms.  

 This study had key strengths. First, the study population was diverse and 
nationally representative to the United States. This is important for generalizability of 
findings. Analytically, we accounted for sample weights and clustering strategies. 
Second, the analysis included assessment of many chemicals from several chemical 
classes. Examining a wide array of chemicals is important for hypothesis generation. 
These chemicals were all measured in either blood or urine using rigorous standards. 
Third, the cognition measure used in this study is broadly applicable and has been 
implemented in other settings, enabling comparability across studies. For greatest 
statistical power we examined continuous cognition and for clinical translation we 
examined cognition dichotomized by impairment status. Fourth, we used current 
ExWAS analytic standards to test and visualize associations and account for multiple 
comparisons.10 We also used multiple imputation approaches to account for missing 
data in covariate and outcome measures, so that we retained the largest possible 
sample size. Fifth, we performed several sensitivity analyses which improved the 
robustness of our findings, including restricting on kidney function status, as some 
chemicals are metabolized by renal tissues, influencing measured biomarker 
concentration levels. Together, this study advances the field of environmental 
epidemiology of cognition among older adults.  

 In summary, this study examined the independent relationships between 147 
chemicals with cross-sectional cognition in a large and nationally representative sample 
of 4,982 adults over age 60 in the United States. We confirmed previous observations 
that elevated levels of cotinine and cadmium are associated with lower cognition. Using 
this discovery approach, we also identified novel associations between tungsten and 
mono-benzyl phthalate and cognition. These findings can inspire new laboratory 
toxicologic investigations as well as longitudinal epidemiologic studies to examine the 
windows of chemical susceptibility. This paper adds to a building scholarship on 
environmental risk factors for impaired cognition among older adults. Identifying 
environmental contributors to Alzheimer’s disease and related dementias is part of the 
2023 updated National Plan to Address Alzheimer’s Disease.68 Together, these studies 
offer opportunities for public health prevention through policy and practice to reduce 
chemical exposures and disparities.  
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Acronyms 

DSST: Digit Symbol Substitution Test 

ExWAS: Exposome-Wide Association Study 

FDR: False Discovery Rate 

GED: General Education Development 

IRB: Institutional Review Board 

LOD: Limit of Detection 

MCI: Mild Cognitive Impairment 

MICE: Multiple Imputation by Chained Equations 

NCHS: National Center for Health Statistics 

NHANES: National Health and Nutrition Examination Survey 

US: United States 
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Primary Tables and Figures 

Figure 1. Inclusion criteria for participants (A.) and chemical biomarker measures (B.) in the National Health and Nutrition Exami
Survey (NHANES). The Digit Symbol Substitution Test (DSST) was administered to participants aged 60+ years in the cycles 199
2000, 2001-2002, 2011-2012, and 2013-2014. Cycle 2001-2002 was not considered because a key covariate (fish and seafood 
consumption) was not measured in the population of interest.  
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Table 1. Weighted descriptive statistics of included participants in the National Health and Nutrition Examination Survey 
(NHANES), overall and stratified by earlier (1999-2000) versus later (2011-2014) cycles of participation (N = 4,982). 

Variable 
Overall  

(N = 4,982)1 
1999-2000  

(N = 1,562)1 
2011-2014  

(N = 3,420)1 p-value2 

Digit Symbol Substitution Test (DSST) 50.42 (17.38) 45.94 (17.92) 51.89 (16.95) <0.001 
Missing 721 291 430   

Age (years) 69.79 (6.98) 70.28 (7.40) 69.62 (6.82) 0.12 

Sex 
   

0.6 

Male 44.98% 44.46% 45.16%   

Female 55.02% 55.54% 54.84%   

Race/ethnicity 
   

0.2 

Mexican American 3.61% 2.94% 3.85%   

Other Hispanic 4.59% 6.62% 3.88%   

Non-Hispanic White 78.23% 80.26% 77.53%   

Non-Hispanic Black 8.52% 7.53% 8.86%   

Other Race 5.05% 2.64% 5.88%   

Education 
   

<0.001 

Did not complete high school 23.00% 35.01% 18.87%   

Completed high school or above 77.00% 64.99% 81.13%   

Missing 15 9 6   

Smoking status 
   

0.3 

Never smoker 49.06% 47.13% 49.73%   

Former smoker 39.16% 39.58% 39.02%   

Current smoker 11.78% 13.28% 11.26%   

Missing 7 4 3   

Serum cotinine (ng/mL) 35.94 (104.97) 36.06 (99.61) 35.90 (106.71) >0.9 

Missing 295 119 176   

Alcohol consumption 
   

0.066 

0-4 drinks per month 70.56% 74.48% 69.20%   

>4 drinks per month 29.44% 25.52% 30.80%   

Missing 280 74 206   

Waist circumference (cm) 101.52 (14.66) 99.38 (13.97) 102.30 (14.83) <0.001 

Missing 370 69 301   

Urinary creatinine (mg/dL) 104.80 (67.91) 107.46 (71.20) 103.88 (66.72) 0.4 

Missing 139 44 95   
Fish and seafood consumption in past 30 
days 

   
0.13 

0 times 14.38% 15.61% 13.93%   

1-3 times 33.68% 36.64% 32.61%   

4+ times 51.94% 47.75% 53.46%   

Missing 444 53 391   
Estimated glomerular filtration rate (eGFR; 
ml/min/1.73 m2) 

   
<0.001 

eGFR < 60 21.33% 11.96% 24.52%   

eGFR >= 60 78.67% 88.04% 75.48%   

Missing 288 92 196   
1Mean (SD); %; unweighted N 
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2t-test adapted to complex survey samples; Chi-squared test with Rao & Scott's second-order correction 
Missing data for education, DSST, smoking status, cotinine, alcohol consumption, waist circumference, and creatinine 
imputed prior to analyses. 
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Figure 2. Volcano plot of associations between chemical exposures and Digit Symbol Substitution Test (DSST) scores among 
participants aged 60+ in the National Health and Nutrition Examination Survey (NHANES) cycles 1999-2000, 2011-2012, and 2013-
2014. Beta coefficients of the chemical exposure are plotted on the x-axis and represent the difference in DSST score per 1-standard 
deviation increase of the log2-transformed exposure measure. The black vertical line indicates a beta coefficient of 0, representing no 
difference in DSST score. P-values are plotted on the y-axis on a -log10 scale, so that p-values closer to 1 are at the bottom of the plot. 
The red horizontal line indicates the threshold of p = 0.05 and the blue horizontal line indicates the threshold of p = 0.01. 
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Table 2. Summary of survey-weighted linear regression models evaluating the association between chemical exposure biomarkers and Digit 
Symbol Substitution Test (DSST) scores, NHANES 1999-2000 and 2011-2014 (overall N = 4,982), with p-values < 0.05. 

Factor n β (95% CI) p-value (unadj) p-value (adj) 

Metals         

Methylmercury (ug/L) 2431 1.12 (0.21, 2.02) 0.03 0.30 

Blood mercury, total (ug/L) 2439 1.20 (0.39, 2.01) 0.01 0.28 

Antimony, urine (ng/mL) 1560 -1.54 (-2.85, -0.23) 0.03 0.30 

Cadmium, urine (ng/mL) 1549 -1.99 (-3.53, -0.46) 0.02 0.29 

Molybdenum, urine (ng/mL) 1549 -1.21 (-2.22, -0.21) 0.03 0.30 

Tungsten, urine (ng/mL) 1573 -1.34 (-2.11, -0.56) 0.002 0.08 

Per- and Polyfluoroalkyl Substances (PFAS)         

Perfluorooctanoic acid (ng/mL) 1384 1.56 (0.23, 2.89) 0.03 0.30 

Personal Care & Consumer Product Compounds         

Benzophenone-3, urine (ng/mL) 1134 2.03 (0.96, 3.09) 0.002 0.08 

Methyl paraben (ng/mL) 1134 1.52 (0.22, 2.82) 0.04 0.35 

Pesticides         

3-phenoxybenzoic acid (ug/L) 1047 1.42 (0.26, 2.58) 0.03 0.30 

Phosphate Flame Retardants (PFR)         

Bis(1,3-dichloro-2-propyl) phosphate (ug/L) 957 1.31 (0.40, 2.23) 0.01 0.28 

Diphenyl phosphate (ug/L) 967 1.67 (0.43, 2.92) 0.02 0.29 

Smoking Related Compounds         

Serum cotinine (ng/mL) 4687 -2.71 (-3.69, -1.73) 8.9x10-6 0.001 

Volatile Organic Compounds (VOC)         

Blood 1,4-Dichlorobenzene (ng/mL) 1475 -1.48 (-2.77, -0.19) 0.04 0.35 

m-/p-Xylene, blood (ng/ml) 1442 1.68 (0.92, 2.43) 4.8x10-4 0.03 

2-Methylhippuric acid, urine (ng/mL) 1022 2.27 (1.00, 3.55) 0.003 0.10 

N-acetyl-s-(3-hydroxypropyl-1-methyl)-L-cysteine (ng/mL) 1068 1.94 (0.51, 3.37) 0.02 0.29 

Models adjusted for: age, sex, race/ethnicity, education, smoking status, blood cotinine, seafood consumption, NHANES cycle, and urinary 
creatinine (urinary measures only) 

Chemical exposure, blood cotinine, and urinary creatinine were log2 transformed and z-score standardized 

P-values adjusted by controlling for the False Discovery Rate (FDR) 
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Figure 3. Volcano plot of associations between chemical exposures and mild cognitive impairment (MCI) among participants aged 60+ in the 
National Health and Nutrition Examination Survey (NHANES) cycles 1999-2000, 2011-2012, and 2013-2014. Relative risks (prevalence ratios) 
derived from modified Poisson regression models are plotted on the x-axis and represent a 1-standard deviation increase of the log2-transformed 
exposure measure. The black vertical line indicates a relative risk of 1, representing no association with MCI. P-values are plotted on the y-axis on a 
-log10 scale, so that p-values closer to 1 are at the bottom of the plot. The red horizontal line indicates the threshold of p = 0.05 and the blue 
horizontal line indicates the threshold of p = 0.01. 
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Table 3. Summary of survey-weighted modified Poisson regression models evaluating the association between chemical exposure biomarkers 
and binary mild cognitive impairment status, NHANES 1999-2000 and 2011-2014 (overall N = 4,982), with p-values < 0.05. 

Factor n Prevalence ratio (95% CI) p-value (unadj) p-value (adj) 

Metals         
Serum zinc (ug/dL) 1065 0.82 (0.70, 0.98) 0.04 0.64 

Per- and Polyfluoroalkyl Substances         

Perfluorooctanoic acid, blood (ng/mL) 1384 0.81 (0.70, 0.93) 0.008 0.24 

Personal Care & Consumer Product Compounds         

Urinary triclosan (ng/mL) 1134 0.81 (0.69, 0.96) 0.03 0.64 

Phthalates & Plasticizers         

Mono-2-ethyl-5-carboxypentyl phthalate (ng/mL) 1134 1.29 (1.04, 1.59) 0.04 0.64 

Mono-benzyl phthalate, urine (ng/mL) 1647 1.23 (1.07, 1.41) 0.008 0.24 

Mono-n-butyl phthalate (ng/mL) 1647 1.16 (1.01, 1.34) 0.046 0.64 

Smoking Related Compounds         

Cotinine, blood (ng/mL) 4687 1.18 (1.07, 1.31) 0.004 0.24 

Volatile Organic Compounds (VOC)         

Blood m-/p-Xylene (ng/mL) 1442 0.80 (0.67, 0.95) 0.02 0.56 

2-Methylhippuric acid, urine (ng/mL) 1022 0.71 (0.61, 0.83) 8.8x10-4 0.13 

3-methylhippuric acid & 4-methylhippuric acid, urine (ng/mL) 1070 0.74 (0.62, 0.89) 0.008 0.24 

Models adjusted for: age, sex, race/ethnicity, education, smoking status, blood cotinine, seafood consumption, NHANES cycle, urinary creatinine 
(urinary measures only) 

Chemical exposure, blood cotinine, and urinary creatinine were log2 transformed and z-score standardized 

P-values adjusted by controlling for the False Discovery Rate (FDR) 
 

 . 
C

C
-B

Y
-N

C
-N

D
 4.0 International license

It is m
ade available under a 

 is the author/funder, w
ho has granted m

edR
xiv a license to display the preprint in perpetuity. 

(w
h

ich
 w

as n
o

t certified
 b

y p
eer review

)
T

he copyright holder for this preprint 
this version posted July 21, 2024. 

; 
https://doi.org/10.1101/2024.07.19.24310725

doi: 
m

edR
xiv preprint 

https://doi.org/10.1101/2024.07.19.24310725
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 
 

References 

1. Gauthier S, Reisberg B, Zaudig M, et al. Mild cognitive impairment. Lancet. 
2006;367(9518):1262-1270. doi:10.1016/S0140-6736(06)68542-5 

2. Hale JM, Schneider DC, Mehta NK, Myrskylä M. Cognitive impairment in the U.S.: Lifetime 
risk, age at onset, and years impaired. SSM Popul Health. 2020;11:100577. 
doi:10.1016/j.ssmph.2020.100577 

3. Sanford AM. Mild Cognitive Impairment. Clin Geriatr Med. 2017;33(3):325-337. 
doi:10.1016/j.cger.2017.02.005 

4. Cao Q, Tan CC, Xu W, et al. The Prevalence of Dementia: A Systematic Review and Meta-
Analysis. J Alzheimers Dis. 2020;73(3):1157-1166. doi:10.3233/JAD-191092 

5. Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention, intervention, and care: 
2020 report of the Lancet Commission. Lancet. 2020;396(10248):413-446. 
doi:10.1016/S0140-6736(20)30367-6 

6. Peng Q, Bakulski KM, Nan B, Park SK. Cadmium and Alzheimer’s disease mortality in U.S. 
adults: Updated evidence with a urinary biomarker and extended follow-up time. Environ 
Res. 2017;157:44-51. doi:10.1016/j.envres.2017.05.011 

7. Farooqui Z, Bakulski KM, Power MC, et al. Associations of cumulative Pb exposure and 
longitudinal changes in Mini-Mental Status Exam scores, global cognition and domains of 
cognition: The VA Normative Aging Study. Environ Res. 2017;152:102-108. 
doi:10.1016/j.envres.2016.10.007 

8. Evans BJ. The Streetlight Effect: Regulating Genomics Where the Light Is. J Law Med 
Ethics. 2020;48(1):105-118. doi:10.1177/1073110520916998 

9. Zheng Y, Chen Z, Pearson T, Zhao J, Hu H, Prosperi M. Design and methodology 
challenges of environment-wide association studies: A systematic review. Environ Res. 
2020;183:109275. doi:10.1016/j.envres.2020.109275 

10. Chung MK, House JS, Akhtari FS, et al. Decoding the exposome: data science 
methodologies and implications in exposome-wide association studies (ExWASs). 
Exposome. 2024;4(1):osae001. doi:10.1093/exposome/osae001 

11. Centers for Disease Control and Prevention (CDC). National Center for Health Statistics 
(NHCS). National Health and Nutrition Examination Survey Data. U.S. Department of Health 
and Human Services, Centers for Disease Control and Prevention; 1999. 
https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx 

12. Nguyen VK, Middleton LYM, Huang L, et al. Harmonized US National Health and Nutrition 
Examination Survey 1988-2018 for high throughput exposome-health discovery. Published 
online February 8, 2023:2023.02.06.23284573. doi:10.1101/2023.02.06.23284573 

13. Nguyen VK, Middleton LYM, Huang L, et al. NHANES 1988-2018. Published online 2023. 
doi:10.34740/kaggle/dsv/8434877 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 21, 2024. ; https://doi.org/10.1101/2024.07.19.24310725doi: medRxiv preprint 

https://doi.org/10.1101/2024.07.19.24310725
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

14. Nguyen VK, Middleton LYM, Huang L, et al. Cleaned NHANES 1988-2018. Published online 
2023. doi:doi:10.57967/hf/0260 

15. Nguyen V, Middleton LYM, Huang L, et al. Cleaned NHANES 1988-2018. Published online 
January 9, 2023. doi:10.6084/m9.figshare.21743372.v7 

16. Centers for Disease Control and Prevention (CDC). Laboratory Data - Continuous 
NHANES. Accessed May 10, 2024. 
https://wwwn.cdc.gov/nchs/nhanes/search/datapage.aspx?Component=Laboratory 

17. Middleton LYM, Nguyen VK, Dou J, et al. Environmental chemical-wide associations with 
immune biomarkers in US adults: A cross-sectional analysis. Environmental Research. 
2024;252:118956. doi:10.1016/j.envres.2024.118956 

18. Nguyen VK, Kahana A, Heidt J, et al. A comprehensive analysis of racial disparities in 
chemical biomarker concentrations in United States women, 1999-2014. Environ Int. 
2020;137:105496. doi:10.1016/j.envint.2020.105496 

19. National Center for Health Statistics. National Health and Nutrition Examination Survey 
1999-2000 Data Documentation, Codebook, and Frequencies. Metals - Urine (LAB06HM). 
Published September 2023. Accessed April 1, 2024. 
https://wwwn.cdc.gov/Nchs/Nhanes/1999-2000/LAB06HM.htm 

20. National Center for Health Statistics. National Health and Nutrition Examination Survey 
2001-2002 Data Documentation, Codebook, and Frequencies Metals - Urine (L06HM_B). 
Published September 2023. Accessed May 13, 2024. 
https://wwwn.cdc.gov/Nchs/Nhanes/2001-2002/L06HM_B.htm 

21. Jaeger J. Digit Symbol Substitution Test: The Case for Sensitivity Over Specificity in 
Neuropsychological Testing. J Clin Psychopharmacol. 2018;38(5):513-519. 
doi:10.1097/JCP.0000000000000941 

22. National Center for Health Statistics. National Health and Nutrition Examination Survey 
1999-2000 Data Documentation, Codebook, and Frequencies Cognitive Functioning (CFQ). 
Published January 2005. Accessed May 14, 2024. 
https://wwwn.cdc.gov/Nchs/Nhanes/1999-2000/CFQ.htm 

23. Kim KS, Lee YM, Lee HW, Jacobs DR, Lee DH. Associations between organochlorine 
pesticides and cognition in U.S. elders: National Health and Nutrition Examination Survey 
1999-2002. Environ Int. 2015;75:87-92. doi:10.1016/j.envint.2014.11.003 

24. Barr DB, Wilder LC, Caudill SP, Gonzalez AJ, Needham LL, Pirkle JL. Urinary creatinine 
concentrations in the U.S. population: implications for urinary biologic monitoring 
measurements. Environ Health Perspect. 2005;113(2):192-200. doi:10.1289/ehp.7337 

25. Levey AS, Stevens LA, Schmid CH, et al. A New Equation to Estimate Glomerular Filtration 
Rate. Ann Intern Med. 2009;150(9):604-612. 

26. Eneanya ND, Yang W, Reese PP. Reconsidering the Consequences of Using Race to 
Estimate Kidney Function. JAMA. 2019;322(2):113-114. doi:10.1001/jama.2019.5774 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 21, 2024. ; https://doi.org/10.1101/2024.07.19.24310725doi: medRxiv preprint 

https://doi.org/10.1101/2024.07.19.24310725
http://creativecommons.org/licenses/by-nc-nd/4.0/


3 
 

27. Vaidya SR, Aeddula NR. Chronic Kidney Disease. In: StatPearls. StatPearls Publishing; 
2024. Accessed May 10, 2024. http://www.ncbi.nlm.nih.gov/books/NBK535404/ 

28. R Core Team. R: A Language and Environment for Statistical Computing. Published online 
2023. https://www.R-project.org/ 

29. Lumley T, Gao P, Schneider B. survey: Analysis of Complex Survey Samples. Published 
online March 20, 2024. Accessed May 20, 2024. https://cran.r-
project.org/web/packages/survey/index.html 

30. van Buuren S, Groothuis-Oudshoorn K. mice: Multivariate Imputation by Chained Equations 
in R. Published online December 12, 2011. Accessed February 5, 2024. 
https://doi.org/10.18637/jss.v045.i03 

31. van Buuren S. Flexible Imputation of Missing Data, Second Edition. 2nd ed. Chapman and 
Hall/CRC; 2018. doi:10.1201/9780429492259 

32. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful 
Approach to Multiple Testing. Journal of the Royal Statistical Society Series B 
(Methodological). 1995;57(1):289-300. 

33. Kataria A, Trasande L, Trachtman H. The effects of environmental chemicals on renal 
function. Nat Rev Nephrol. 2015;11(10):610-625. doi:10.1038/nrneph.2015.94 

34. Jin R, Zhu X, Shrubsole MJ, Yu C, Xia Z, Dai Q. Associations of renal function with urinary 
excretion of metals: Evidence from NHANES 2003-2012. Environ Int. 2018;121(Pt 2):1355-
1362. doi:10.1016/j.envint.2018.11.002 

35. Berger I, Wu S, Masson P, et al. Cognition in chronic kidney disease: a systematic review 
and meta-analysis. BMC Med. 2016;14(1):206. doi:10.1186/s12916-016-0745-9 

36. Tan X, Vrana K, Ding ZM. Cotinine: Pharmacologically Active Metabolite of Nicotine and 
Neural Mechanisms for Its Actions. Front Behav Neurosci. 2021;15:758252. 
doi:10.3389/fnbeh.2021.758252 

37. Benowitz NL. Biomarkers of environmental tobacco smoke exposure. Environ Health 
Perspect. 1999;107 Suppl 2(Suppl 2):349-355. doi:10.1289/ehp.99107s2349 

38. Chang CCH, Zhao Y, Lee CW, Ganguli M. Smoking, death, and Alzheimer disease: a case 
of competing risks. Alzheimer Dis Assoc Disord. 2012;26(4):300-306. 
doi:10.1097/WAD.0b013e3182420b6e 

39. Li Y, Hecht SS. Carcinogenic components of tobacco and tobacco smoke: A 2022 update. 
Food Chem Toxicol. 2022;165:113179. doi:10.1016/j.fct.2022.113179 

40. Peters R, Ee N, Peters J, Booth A, Mudway I, Anstey KJ. Air Pollution and Dementia: A 
Systematic Review. J Alzheimers Dis. 2019;70(s1):S145-S163. doi:10.3233/JAD-180631 

41. Abolhasani E, Hachinski V, Ghazaleh N, Azarpazhooh MR, Mokhber N, Martin J. Air 
Pollution and Incidence of Dementia: A Systematic Review and Meta-analysis. Neurology. 
2023;100(2):e242-e254. doi:10.1212/WNL.0000000000201419 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 21, 2024. ; https://doi.org/10.1101/2024.07.19.24310725doi: medRxiv preprint 

https://doi.org/10.1101/2024.07.19.24310725
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 
 

42. You R, Ho YS, Chang RCC. The pathogenic effects of particulate matter on 
neurodegeneration: a review. J Biomed Sci. 2022;29(1):15. doi:10.1186/s12929-022-00799-
x 

43. Cory-Slechta DA, Sobolewski M. Neurotoxic effects of air pollution: an urgent public health 
concern. Nat Rev Neurosci. 2023;24(3):129-130. doi:10.1038/s41583-022-00672-8 

44. Bakulski KM, Seo YA, Hickman RC, et al. Heavy Metals Exposure and Alzheimer’s Disease 
and Related Dementias. J Alzheimers Dis. 2020;76(4):1215-1242. doi:10.3233/JAD-200282 

45. Pokharel A, Wu F. Dietary exposure to cadmium from six common foods in the United 
States. Food Chem Toxicol. 2023;178:113873. doi:10.1016/j.fct.2023.113873 

46. Satarug S, Garrett SH, Sens MA, Sens DA. Cadmium, environmental exposure, and health 
outcomes. Environ Health Perspect. 2010;118(2):182-190. doi:10.1289/ehp.0901234 

47. Wang H, Abel GM, Storm DR, Xia Z. Adolescent cadmium exposure impairs cognition and 
hippocampal neurogenesis in C57BL/6 mice. Environ Toxicol. 2022;37(2):335-348. 
doi:10.1002/tox.23402 

48. Wang H, Matsushita MT, Abel GM, Storm DR, Xia Z. Inducible and conditional activation of 
ERK5 MAP kinase rescues mice from cadmium-induced olfactory memory deficits. 
Neurotoxicology. 2020;81:127-136. doi:10.1016/j.neuro.2020.09.038 

49. Pak EJ, Son GD, Yoo BS. Cadmium inhibits neurite outgrowth in differentiating human SH-
SY5Y neuroblastoma cells. Int J Toxicol. 2014;33(5):412-418. 
doi:10.1177/1091581814550338 

50. Min JY, Min KB. Blood cadmium levels and Alzheimer’s disease mortality risk in older US 
adults. Environ Health. 2016;15(1):69. doi:10.1186/s12940-016-0155-7 

51. Brown T, Pitfield P. Tungsten. In: Critical Metals Handbook. John Wiley & Sons, Ltd; 
2014:385-413. doi:10.1002/9781118755341.ch16 

52. Wasel O, Freeman JL. Comparative Assessment of Tungsten Toxicity in the Absence or 
Presence of Other Metals. Toxics. 2018;6(4):66. doi:10.3390/toxics6040066 

53. Laulicht F, Brocato J, Cartularo L, et al. Tungsten-induced carcinogenesis in human 
bronchial epithelial cells. Toxicol Appl Pharmacol. 2015;288(1):33-39. 
doi:10.1016/j.taap.2015.07.003 

54. Bolt AM, Sabourin V, Molina MF, et al. Tungsten targets the tumor microenvironment to 
enhance breast cancer metastasis. Toxicol Sci. 2015;143(1):165-177. 
doi:10.1093/toxsci/kfu219 

55. Bolt AM. Tungsten toxicity and carcinogenesis. Adv Pharmacol. 2023;96:119-150. 
doi:10.1016/bs.apha.2022.10.004 

56. Sasaki N, Carpenter DO. Associations between Metal Exposures and Cognitive Function in 
American Older Adults. Int J Environ Res Public Health. 2022;19(4):2327. 
doi:10.3390/ijerph19042327 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 21, 2024. ; https://doi.org/10.1101/2024.07.19.24310725doi: medRxiv preprint 

https://doi.org/10.1101/2024.07.19.24310725
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 
 

57. Gallo V, Leonardi G, Brayne C, Armstrong B, Fletcher T. Serum perfluoroalkyl acids 
concentrations and memory impairment in a large cross-sectional study. BMJ Open. 
2013;3(6):e002414. doi:10.1136/bmjopen-2012-002414 

58. Power MC, Webster TF, Baccarelli AA, Weisskopf MG. Cross-Sectional Association 
between Polyfluoroalkyl Chemicals and Cognitive Limitation in the National Health and 
Nutrition Examination Survey. Neuroepidemiology. 2013;40(2):125-132. 
doi:10.1159/000342310 

59. Shrestha S, Bloom MS, Yucel R, et al. Perfluoroalkyl substances, thyroid hormones, and 
neuropsychological status in older adults. International Journal of Hygiene and 
Environmental Health. 2017;220(4):679-685. doi:10.1016/j.ijheh.2016.12.013 

60. Lu K, Liu T, Wu X, Zhong J, Ou Z, Wu W. Association between serum iron, blood lead, 
cadmium, mercury, selenium, manganese and low cognitive performance in old adults from 
National Health and Nutrition Examination Survey (NHANES): a cross-sectional study. 
British Journal of Nutrition. 2023;130(10):1743-1753. doi:10.1017/S0007114523000740 

61. Weil M, Bressler J, Parsons P, Bolla K, Glass T, Schwartz B. Blood Mercury Levels and 
Neurobehavioral Function. JAMA. 2005;293(15):1875-1882. doi:10.1001/jama.293.15.1875 

62. Stern AH, Korn LR. An Approach for Quantitatively Balancing Methylmercury Risk and 
Omega-3 Benefit in Fish Consumption Advisories. Environmental Health Perspectives. 
2011;119(8):1043-1046. doi:10.1289/ehp.1002824 

63. Christensen KY, Raymond M, Blackowicz M, et al. Perfluoroalkyl substances and fish 
consumption. Environ Res. 2017;154:145-151. doi:10.1016/j.envres.2016.12.032 

64. Sun H. Fish and Shellfish Consumption, Cognitive Health and Mortality from Alzheimer’s 
Disease among US Adults Aged 60 and Older. J Prev Alzheimers Dis. 2024;11(3):632-638. 
doi:10.14283/jpad.2024.57 

65. Park SK, Ding N, Han D. Perfluoroalkyl substances and cognitive function in older adults: 
Should we consider non-monotonic dose-responses and chronic kidney disease? 
Environmental Research. 2021;192:110346. doi:10.1016/j.envres.2020.110346 

66. Hamra GB, Buckley JP. Environmental exposure mixtures: questions and methods to 
address them. Curr Epidemiol Rep. 2018;5(2):160-165. doi:10.1007/s40471-018-0145-0 

67. Hao W, Cathey AL, Aung MM, Boss J, Meeker JD, Mukherjee B. Statistical methods for 
chemical mixtures: a roadmap for practitioners. Published online March 4, 
2024:2024.03.03.24303677. doi:10.1101/2024.03.03.24303677 

68. U.S. Department of Health and Human Services. National Plan to Address Alzheimer’s 
Disease: 2023 Update. 
https://aspe.hhs.gov/sites/default/files/documents/3c45034aec6cf63414b8ed7351ce7d95/na
pa-national-plan-2023-update.pdf 

 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 21, 2024. ; https://doi.org/10.1101/2024.07.19.24310725doi: medRxiv preprint 

https://doi.org/10.1101/2024.07.19.24310725
http://creativecommons.org/licenses/by-nc-nd/4.0/

