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Abstract

Oxidative stress has been found to play an important role in the pathogenesis of cognitive decline,
and emerging evidence also suggest the involvement of oxidative stress in psychiatric disorders. These
findings have raised the potential for antioxidants to have beneficial influences on cognition and mental
health. Uric acid, the final product in the metabolism of purines, is one particular antioxidant that has
been associated with neuroprotection in several neurodegenerative conditions.

We first revisited the association between serum uric acid and cognitive function in the
Normative Aging Study and examined factors that could have contributed to the inconsistent findings
from previous studies, including specific exposure windows for uric acid, differences in cognitive
outcomes, and the role of cardiovascular health. As lead exposures can induce oxidative stress and has
been associated with cognitive decline and psychological disorders in adults, we evaluated whether uric
acid could modify the associations between lead exposures and cognitive changes over time and
psychological disorders. Cognitive outcomes and psychological symptoms were assessed using
established instruments; cumulative biomarker measures of lead were assessed in the tibia and patella
bone and recent biomarker measure of lead was assessed in the blood.

We did not find a clear association between uric acid and cognitive function, but found that uric
acid modified the associations between lead exposures and cognitive decline and psychological symptoms
such that the adverse associations were less pronounced at higher levels of uric acid. These results suggest
that strategies involving antioxidants could potentially mitigate the detrimental effects of lead exposures

on cognitive decline and psychological symptoms.
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Chapter 1

Uric Acid and Cognitive Function in Elderly Men



Introduction

Cognitive impairment is estimated to affect 10% to 20% of people ages 65 and older and
increases in prevalence with age (1). Evidence from animal and epidemiological studies suggests that
oxidative stress can lead to the pathologies seen in aging and cognitive decline (2), raising the possibility
of antioxidants having opposing beneficial effects. One particular antioxidant that has been studied is uric
acid, which has been associated with protection in several neurodegenerative conditions in which
oxidative stress is suggested to play a major role, including Parkinson’s disease (3-5), amyotrophic lateral
sclerosis (6), and Huntington’s disease (7).

Epidemiological studies on cognitive function, however, have reported both protective (8-17) and
harmful associations with uric acid (15,18-25). Several factors could contribute to these conflicting
conclusions, including the assessment of cognitive function at a single time point versus over time and the
timing of uric acid measurement in relation to the cognitive assessment. Along with its beneficial
antioxidant effects, uric acid has been shown to stimulate reactive oxygen species in adipocytes (26) and
induce vascular smooth muscle cells proliferation (27), and has been adversely linked to the metabolic
syndrome, cerebrovascular disease, and hypertension (28,29), conditions associated with poorer cognition
(30,31). It is thus possible that uric acid could be related to cognitive function through a cardiovascular-
mediated pathway operating in an opposing direction to the direct pathway.

With longitudinal data on cognitive assessments and on uric acid and cardiovascular measures for
more than 20 years prior to cognitive testing in the Normative Aging Study (NAS), we investigated
whether the timing of uric acid measurement and cardiovascular health contributed to the conflicting

results from previous studies on uric acid and cognitive function.

Methods
Study Population
The NAS, a longitudinal closed cohort conducted by the Department of Veterans Affairs, consists

of 2,280 predominantly White men in the Greater Boston area who were between the ages 21 and 80 at
2



the time of enrollment starting in 1961, and has been further described previously (32). In short,
participants at NAS entry were free of adverse health conditions including heart disease, diabetes, gout,
and systolic blood pressure greater than 140 mmHg or diastolic blood pressure greater than 90 mmHg.
Participants were followed up every 3-5 years, with an attrition rate of less than 1% per year. In the
current analyses, participants who died before the introduction of cognitive testing in 1992 were excluded
due to truncation by death (n=413). After additionally excluding participants with a history of dementia
(n=3), multiple sclerosis (n=2), or Parkinson’s disease (n=15), there were 1,847 eligible participants at the
entry visit were included in the analyses. Of these participants, 1,040 underwent cognitive testing at least
once and 782 at least twice.

The study was approved by the Institutional Review Boards at Boston Veterans Affairs, Brigham
and Women’s Hospital, and Harvard T.H. Chan School of Public Health, and all participants gave

informed consent.

Outcome Assessment

Cognitive testing was introduced in the NAS in 1992 and included tests from established
batteries, namely the Neurobehavioral Evaluation System-2 (NES2), Wechsler Adult Intelligence Scale-
Revised (WAIS-R), and Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) (33).
Seven cognitive tests with repeated assessments were included in the analyses: Mini-Mental State
Examination (MMSE), a pattern comparison task (NES2), digit span backwards (WAIS-R), word list
memory (CERAD), delayed word list recall (CERAD), verbal fluency (CERAD), and a spatial copying
test (CERAD).

The MMSE, a dementia-screening tool and measure of cognitive function in many research
settings (34), was the most commonly used instrument in previous studies. The question “What county
are we in?” on the MMSE was excluded due to inconsistent administration in the NAS; thus, the

maximum score was 29. The MMSE has some relatively poor metric properties including non-linear



sensitivity to change in different parts of the distribution (35). To correct for this, we normalized the raw
scores as suggested to those ranging from 0 to 100 (35).

A composite z-score was calculated as the mean of standardized scores from the other cognitive
tests taken. The pattern comparison task score was subtracted from the maximum observed value so that
higher values across all tests reflected better performance. The cognitive tests were additionally grouped
into domain-specific z-scores: visuospatial (pattern comparison, spatial copying), short-term memory
(word list memory, delayed word list recall), and working memory/executive function (digit span
backwards, verbal fluency). Prospective changes in MMSE and z-scores were calculated as the difference
between two repeated assessments and mean of standardized differences, respectively, divided by years

between the assessments.

Exposure and Covariate Assessment

Information on serum uric acid and most anthropometric and laboratory covariates were collected
at every study visit since the start of the NAS. Serum uric acid was determined by the colorimetric
phosphotungstic acid method before 1970, which was afterward adapted to the colorimetric method of the
Technicon Autoanalyzer, and both methods were highly comparable (36). The NAS uses standards
provided by the College of American Pathologists and has consistently passed quarterly quality control
testing. In the current analyses, hypertension was defined as systolic blood pressure greater than 140
mmHg, diastolic blood pressure greater than 90 mmHg, physician diagnosis of hypertension, or use of
anti-hypertensive medications; diabetes was defined as fasting glucose greater than 126 mg/dL, physician
diagnosis of diabetes, or use of diabetes medications. Body mass index, fasting glucose, total cholesterol,

and blood urea nitrogen were log-transformed; uric acid in each time interval was centered at its mean.

Statistical Analyses
The number of years prior to the baseline cognitive assessment was categorized into six intervals:

0, 1-5, 6-10, 11-15, 16-20, and >21 (minimum: 24; mean: 29; maximum: 47). For participants who did
4



not undergo cognitive testing, we defined the time intervals for when study visits occurred from the
median date of the first cognitive testing. Among participants with a baseline MMSE (n=1,040) and z-
score (n=994), 824 (79%) and 798 (80%) participants had a study visit in all six time intervals,
respectively. For the remaining participants with a baseline cognitive assessment but without a study visit
in all six time intervals, we used multiple imputation by fully conditional specification methods to impute
uric acid and covariates in the missing time intervals, allowing for two or fewer consecutive missed
intervals. We considered those with more than two consecutive missed visits as lost to follow-up and
censored participants at the last non-missing study visit. Missingness with allowed missed time intervals
was highest for body mass index (33.8% in the 16-20 years interval and 20.7% in the >21 years interval)
and blood urea nitrogen (19.0% in the >21 years interval), but was otherwise less than 11% (Table S1).
All results were pooled from 10 imputations.

To account for loss to follow-up before the baseline (n=807 for MMSE; n=853 for z-score) or
second cognitive assessment (n=1,065 for MMSE; n=1,107 for z-score), we used inverse probability of
weighting methods (37). Weights were derived from all 1,847 eligible participants by modeling the
probability of remaining by the next time interval, adjusted for uric acid, age (linear and squared),
education (less than high school, some college, college graduate or more), cigarette smoking status
(never, current, former), alcohol intake (>2 drinks a day), history of hypertension and diabetes, systolic
blood pressure, body mass index, fasting glucose, and total cholesterol. Censoring weights stabilized by
observed uric acid were multiplied across all time intervals to obtain final censoring weights and
truncated at the 1°' and 99" percentiles to minimize the influence of extreme weights (38).

Separate Multiple Regression Models: We first considered uric acid separately in each time

interval using generalized estimating equations with robust standard errors, weighted by the final
censoring weights. Separate analyses were conducted for baseline cognitive score and prospective change
in cognitive scores. The base models were adjusted for covariates assessed concurrently with uric acid:
age (linear and squared), education, cigarette smoking status, alcohol intake, and blood urea nitrogen as a

marker of kidney function since uric acid is primarily eliminated through the kidneys. The cardiovascular
5



(CV)-adjusted model additionally included history of hypertension and diabetes, systolic blood pressure
(linear and squared), total cholesterol, body mass index, and fasting glucose.

Marginal Structural Models (MSM): Because repeated uric acid measurements were correlated

(intraclass correlation for repeated measurements over time: 0.46), results from a specific time interval
analyzed separately could be influenced by uric acid in other time intervals. Therefore, we also examined
models mutually adjusted for uric acid in all time intervals in order to explore specific time windows for
associations with uric acid. Mutually adjusted models, however, could be problematic in the presence of,
for example, cardiovascular factors if they 1) could be affected by prior uric acid levels; 2) could affect
future uric acid levels; and 3) could be associated with cognitive function independent of uric acid,
introducing potential time-varying confounding. Thus, we jointly estimated uric acid in each time interval
with marginal structural models, which handle time-varying confounding with weighting techniques
instead of regression adjustment (37,39,40). Exposure weights were obtained by linearly regressing uric
acid in each time interval, adjusted for history of time-varying covariates up to the prior time interval and
stabilized by history of observed uric acid. We considered the same time-varying covariates from the
multiple regression CV-adjusted models with a linear term only for systolic blood pressure and additional
squared terms for body mass index and fasting glucose; cigarette smoking status, history of hypertension
and diabetes, and alcohol intake were updated in each time interval for stability of weights. The final
stabilized weights from exposure and censoring weights multiplied across time intervals were truncated at
the 1%t and 99" percentiles (Table S1).

Mediation Analysis: We further examined whether cardiovascular health mediated the

relationship between uric acid and cognitive function using causal mediation analysis (41). Overall
cardiovascular health at the time of the baseline cognitive assessment was calculated from the
Framingham Heart Study 10-year risk of cardiovascular disease (42). We did not find evidence of
significant interaction between the log-transformed cardiovascular risk score and uric acid on the
cognitive outcomes and thus did not include exposure-mediator interactions. The total effect can be

decomposed as the sum of two components: the natural direct effect (effect of uric acid independently of
6



cardiovascular health) and indirect effect (effect of uric acid through cardiovascular health). As these two
effects could be in opposing directions, potentially creating a null total effect within any given time
interval, we conducted the mediation analysis in each of the time intervals separately for each cognitive
outcome. The models were adjusted for education and the full set of covariates considered in the CV-
adjusted model assessed in the prior time interval. Estimates of censoring-weighted mediation
components and bias-corrected bootstrap (1000 replicates) confidence intervals were obtained using
PROC CAUSALMED (43).

Sensitivity Analyses: Since high blood pressure and heart disease were explicitly part of the

exclusion criteria, older participants enrolled in the NAS were likely healthier and less susceptible to
exposures affecting cardiovascular health and health outcomes related to cardiovascular health (44). To
minimize this possible selection, we restricted to 1,396 participants who were 45 years old or younger at
NAS enrollment, an age when cardiovascular morbidity is less likely to manifest in men, as has been
previously done (44,45).

To assess whether the imputed values influenced our results, we censored participants before the
first missed time interval, not allowing for missed time intervals even if participants were present in a
later time interval. In additional sensitivity analyses, we excluded one outlier identified from the extreme
studentized deviate statistics in the analysis of the prospective changes in MMSE and participants with a
history of stroke. To assess the robustness of our results we additionally adjusted for serum albumin and
bilirubin, two other common antioxidants.

All statistical analyses were conducted in SAS 9.4 (Cary, NC).

Results

Of the 1,040 participants with a baseline MMSE, 782 had a second MMSE that was on average
4.0 (SD: 1.9) years apart. There were 994 and 740 participants who took the other cognitive tests at least
once and twice, respectively, that were on average 4.1 (SD: 2.0) years apart. The Spearman correlation

between the baseline MMSE and global z-score was 0.42. Among the 782 participants with two MMSE
7



assessments, the mean (SD) rescaled score was 66.9 (10.6) and 68.3 (10.7) at the baseline and second
assessment, respectively.

Characteristics of participants with and without the baseline MMSE at the earliest time interval
were overall similar, except for a higher proportion of current smokers and less education among
participants who did not complete the baseline MMSE (Table 1-1). At the time of the baseline MMSE
assessment, participants at higher quartiles of uric acid were more likely to have higher systolic blood
pressure, body mass index, total cholesterol, and history of hypertension compared to participants at the
lowest quartile (Table 1-2). The mean (SD) uric acid levels over time first increased from 6.34 (1.11)
mg/dL in the >21 years interval to 6.80 (1.31) mg/dL in 6-10 years interval and then decreased to 6.20
(1.23) mg/dL at the time of the baseline MMSE.

In the Base model analyses of baseline MMSE when uric acid in each time interval was modeled
separately, an increase of 1 mg/dL in uric acid was only significantly associated with worse MMSE
scores in the 1-5 years interval [-0.60 (-1.13, -0.07)] (Figure 1-1). This association was attenuated after
accounting for cardiovascular factors in the CV-adjusted model. Results from MSM with mutually
adjusted uric acid in all time intervals showed similar trends across time intervals as Base and CV-
adjusted models, although with wider confidence intervals, but did not show significant associations in
any time interval (Figure 1-1).

In the Base model analyses of prospective cognitive changes in MMSE scores, a 1 mg/dL
increase in uric acid measured at the time of cognitive assessment (year 0) and 1-5 years interval before
was associated with a positive 0.28 (0.07, 0.49) and 0.30 (0.09, 0.52) points per year, respectively,
indicating slower decline in cognitive function (Figure 1-2). The estimate in the 1-5 years interval, but not
at the time of cognitive assessment, remained statistically significant in the MSM [0.45 (0.03, 0.87)].

Uric acid was not significantly associated with the baseline global z-score or cognitive domain-
specific z-scores in the MSMs (Figure 1-3). Higher levels of uric acid measured at the baseline cognitive

assessment and measured in the 11-15 years interval were marginally significantly associated with slower



Table 1-1. Characteristics of the study population visit among participants with and without baseline
MMSE, >21 years before cognitive testing

Participants with baseline Participants without
MMSE (n=1,040) baseline MMSE (n=807)
Mean (sd)
Age (years) 45.4 (7.9) 46.6 (10.4)
Uric acid (mg/dL) 6.4 (1.1) 6.3 (1.1)
Body mass index (kg/m?) 26.2 (2.8)° 26.1 (3.1)°

Systolic blood pressure (mmHg)

122.1 (13.2)°

122.9 (13.8)

Total cholesterol (mg/dL) 218.7 (46.4) 216.2 (47.8)°
Fasting glucose (mg/dL) 104.2 (10.9) 104.1 (12.3)
Blood urea nitrogen (mg/dL) 16.6 (3.9)f 17.1 (4.2)°
Number (%)
Smoking status
Never 293 (28.2) 179 (22.2)
Former 473 (45.5) 286 (35.4)
Current 274 (26.4) 273 (33.8)
Missing 0(0) 69 (8.6)
Education at baseline
Less than high school 77 (7.4) 95 (11.8)
Some technical school or college 583 (56.1) 409 (50.7)
College graduate or more 380 (36.5) 227 (28.1)
Missing 0(0) 76 (9.4)
Alcohol intake (>2 drinks a day)
No 784 (75.4) 581 (72.0)
Yes 222 (21.4) 162 (20.1)
Missing 34 (3.3) 64 (7.9)
History of hypertension 179 (17.2) 127 (15.7)
History of diabetes 36 (3.9) 37 (4.6)
Gout diagnosis 16 (1.5) 7(0.9)
Uric acid medications use 6 (0.6) 6 (0.7)

Data were missing for *n=155; n=228; *n=8; ‘n=17; °n=1; 'n=123



Table 1-2. Characteristics of participants at the baseline MMSE assessment, by quartiles of uric acid

Uric acid (mg/dL)*
2.6-5.3 5.4-6.1 6.2-7.0 7.1-11.7
(n=267) (n=255) (n=268) (n=245)
Mean (SD)
Age (years) 70.2 (7.2) 68.1(7.2) 68.9 (7.6) 68.0 (7.3)
Body mass index (kg/m?) 26.9 (3.7) 27.7 (4.0) 28.5(3.9) 29.0 (3.6)
Systolic blood pressure (mmHg) 136.8(19.0) 137.9(17.2) 138.9(17.1) 139.5 (17.1)
Total cholesterol (mg/dL) 217.8 (40.2)  227.5(40.5) 227.3(38.9)  236.0(41.3)
Fasting glucose (mg/dL) 107.0 (35.4)* 103.3(28.8) 103.2(22.7)° 107.6 (23.2)°
Blood urea nitrogen (mg/dL) 17.1 (4.2) 16.6 (3.8)° 18.0 (4.6)° 19.0 (5.7)*
Number (%)

Smoking status

Never 86 (32.2) 69 (27.1) 71 (26.5) 63 (25.7)

Former 170 (63.7) 166 (65.1) 180 (67.2) 164 (66.9)

Current 11 (4.1) 20 (7.8) 17 (6.3) 18 (7.4)
Education

Less than high school 20 (7.5) 23 (9.0) 20 (7.5) 13 (5.3)

Some technical school or college 150 (56.2) 133 (52.2) 152 (56.7) 144 (58.8)

College graduate or more 97 (36.3) 99 (38.8) 96 (35.8) 88 (35.9)
Alcohol intake (>2 drinks a day) 48 (18.0) 41 (16.1) 57 (21.3) 71 (29.0)
History of hypertension 183 (68.5) 175 (68.6) 201 (75.0) 194 (79.2)
History of diabetes 56 (21.0) 45 (17.7) 46 (17.2) 56 (22.9)
Gout diagnosis 17 (6.4) 14 (5.5) 14 (5.2) 28 (11.4)
Taking uric acid medications 22 (8.2) 15(5.9) 13 (4.9) 8(3.3)

The total number of participants is n=1,035 because uric acid was missing for n=5 participants at the time

of the baseline MMSE. Data were missing for *n=1; ®n=2; °n=3
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Figure 1-1. Adjusted difference (95% CI) in baseline MMSE by time interval. Difference in baseline
cognitive score per 1 mg/dL increase in uric acid. Uric acid in each time interval was modeled separately
in Base and CV-adjusted models. Base models were adjusted for age, education (less than high school,
some college, college graduate or more), smoking status (never, current, former), alcohol intake (>2
drinks a day), and blood urea nitrogen. CV-adjusted models were additionally adjusted for history of
hypertension and diabetes, body mass index, systolic blood pressure, fasting glucose, and total
cholesterol. Marginal structural model (MSM) included uric acid in all time intervals.
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Figure 1-2. Adjusted difference (95% CI) in prospective rate of changes in MMSE by time interval.
Difference in rate of change per 1 mg/dL increase in uric acid. Uric acid in each time interval was
modeled separately in Base and CV-adjusted models. Base models were adjusted for age, education (less
than high school, some college, college graduate or more), smoking status (never, current, former),
alcohol intake (=2 drinks a day), and blood urea nitrogen. CV-adjusted models were additionally adjusted
for history of hypertension and diabetes, body mass index, systolic blood pressure, fasting glucose, and
total cholesterol. Marginal structural model (MSM) included uric acid in all time intervals.
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13



decline in the working memory/executive function domain and short-term memory domain, respectively
(Figure 1-3). Results were similar in the Base and CV-adjusted models (Figure S1-1).

Uric acid assessed in time intervals closer to the cognitive assessment were associated higher
cardiovascular risk score at the time of the cognitive assessment (Table S1-3), but the cardiovascular risk
score was not significantly associated with baseline MMSE or prospective changes in MMSE (Table S1-
4). As aresult, the natural indirect effect of uric acid through the cardiovascular risk score on both
baseline MMSE and prospective changes in MMSE from mediation analyses was close to zero in all time
intervals (Table 1-3).

Results from sensitivity analyses for prospective changes in MMSE (Figure S1-2) were overall
similar were similar to the main results. Adjusting for bilirubin and albumin slightly attenuated the

association at higher levels of uric acid in the 1-5 years interval (Figure S1-2).

Discussion

We explored the association between uric acid and cognitive function over time in a cohort of
elderly men. We did not find a clear pattern over time in either analyses using the MMSE or the z-score
of all other cognitive tests, but our results suggested slower decline in MMSE scores at higher levels of
more recent uric acid. We also did not find that cardiovascular health mediated these associations.

Results from MSMs suggested that the slowing of decline on changes in MMSE at higher levels
of uric acid could be exposure window-specific. Base and CV-adjusted models that considered uric acid
in each time interval separately indicated beneficial associations for uric acid measured at baseline
cognitive assessment and 1-5 years interval before, but not in earlier time intervals. The association with
uric acid measured at baseline cognitive assessment, however, was likely a result of the positive
correlation with uric acid levels in the 1-5 years interval prior, since only the association in the 1-5 years
interval remained after accounting for uric acid in all time intervals in the MSM. These results suggest

that assessing the relationship between uric acid and cognitive function at a single time point
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Table 1-3. Mediation component effects for the effect of uric acid on baseline and prospective change in
MMSE scores with cardiovascular risk score as mediator

Years before baseline Natural Direct Effect Natural Indirect Effect Total Effect

cognitive assessment

Baseline MMSE
0 years 0.03 (-0.53, 0.58) -0.03 (-0.12, 0.06) -0.0002 (-0.54, 0.54)
1-5 years -0.30 (-0.87, 0.28) -0.01 (-0.06, 0.04) -0.30 (-0.88, 0.27)
6-10 years -0.04 (-0.57, 0.50) -0.005 (-0.06, 0.05) -0.04 (-0.57, 0.49)
11-15 years 0.29 (-0.24, 0.82) -0.02 (-0.07, 0.03) 0.27 (-0.25, 0.80)
16-20 years -0.27 (-0.86, 0.31) -0.02 (-0.07, 0.04) -0.29 (-0.87, 0.29)
>21 years 0.46 (-0.19, 1.10) -0.01 (-0.04, 0.03) 0.45 (-0.19, 1.09)

Prospective change in MMSE
0 years 0.21 (-0.01, 0.42) -0.003 (-0.04, 0.03) 0.20 (-0.01, 0.41)
1-5 years 0.30 (0.07, 0.53) -0.006 (-0.03, 0.02) 0.30(0.07, 0.53)
6-10 years 0.01 (-0.22, 0.23) 0.001 (-0.03, 0.03) 0.01 (-0.21, 0.23)
11-15 years 0.03 (-0.18, 0.24) -0.001 (-0.02, 0.02) 0.03 (-0.18, 0.24)
16-20 years 0.20 (-0.03, 0.43) -0.007 (-0.03, 0.02) 0.19 (-0.04, 0.42)
>21 years 0.02 (-0.23, 0.26) -0.002 (-0.02, 0.01) 0.01 (-0.23, 0.26)

The cardiovascular risk score was calculated from the Framingham Heart Study 10-year risk of
cardiovascular disease at the time of the baseline cognitive assessment.
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independently could result in associations that are driven by correlations between uric acid at different
time points. Some studies have shown slower cognitive declines with higher uric acid (15-17), but other
studies reported no associations between uric acid and change in cognitive function (14,25) or faster
cognitive decline (15). Differences in the populations under study or distributions of factors that could
modify uric acid could contribute to these conflicting results. Potential sex differences have been noted in
several studies (8,10,15,17,19). Among the previous studies of cognitive decline, slower declines were
observed among men (15,17)—although the same study also found faster declines among men in a
different cognitive domain (15)—and the one finding no association was among women (25). On the
other hand, one study did not observe sex differences (14).

The role of cardiovascular health has also been explored because uric acid can act as a pro-
inflammatory factor and has been associated with numerous adverse cardiovascular morbidity and
mortality, including increased risk of hypertension, diabetes, myocardial infarction, and stroke (46,47).
Uric acid was positively associated with cognitive function and lower risk of dementia after adjusting for
cardiovascular factors in one study (12), but in other studies was negatively associated with cognitive
function that was potentially mediated by white matter hyperintensities (22) and modified by history of
cardiovascular diseases (19). We did not observe significant interactions between uric acid and the
cardiovascular risk score at the time of the cognitive assessment in our study. We additionally did not find
evidence of mediation by the cardiovascular risk score using formal mediation analyses. However, it may
be that the cardiovascular risk score did not accurately fully capture the cardiovascular effects of uric
acid. These results could also possibly be related to characteristics of our population, such as being
generally more educated and healthy men at recruitment.

Unlike results for prospective changes in MMSE, there were no significant associations for
prospective changes in global z-score. This difference between the MMSE and z-score could partly reflect
differences in the cognitive instruments themselves. The MMSE is a screening tool for dementia, whereas
the other cognitive tests making up the global z-score assess specific cognitive abilities, and these two
measures were only moderately correlated. In addition, there was evidence of a learning or practice effect
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in repeated assessments of the MMSE, with a higher mean score at the second assessment than at
baseline. The beneficial association that we observed with prospective changes in the MMSE could
reflect the learning effects in taking the MMSE at a second visit. While typically treated as an error, the
learning effect could be informative in predicting long-term cognitive outcomes (48).

There are limitations in this study that should be considered. This study consisted of only men,
and differences by sex were observed in prior studies. We also relied on imputed values for uric acid and
covariates in the missing time intervals; however, results from sensitivity analyses that censored
participants before the first missed time interval were similar to the main analyses. We excluded 413
participants who died before the cognitive testing in creating the censoring weights, which could have
introduced additional selection bias, but the characteristics of these participants at the entry NAS visit,
besides being older [(mean age (SD): 49.3 (11.1)], were overall similar to participants who underwent
cognitive testing. Although we included various relevant predictors in our models, the models could have
been misspecified by omission of other important factors that could underlie the associations. Lastly,
given that we did not observe similar results for both prospective changes in MMSE and z-score, the
finding of slower decline in MMSE scores at higher levels of uric acid in the 1-5 years prior may be due
to chance.

The mechanisms underlying the association between uric acid and cognitive function are not fully
understood. Oxidative stress is believed to contribute to cognitive impairment, with higher levels of
protein oxidation and lipid oxidation and DNA damage by reactive oxygen species in mild cognitive
impairment (49,50). Our findings that relatively recent uric acid may be beneficial for cognitive decline
support the involvement of oxidative stress. Since uric acid concentrations can be increased by eating
diets rich in purines or taking supplements, it may have a therapeutic role in improving cognitive health in
older ages, although the potential adverse cardiovascular effects of raising uric acid need to be taken into

consideration as well.
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Supplemental Materials

Table S1-1. Number (%) missing in each of the time intervals among uncensored participants in each time
interval, allowing for missed time intervals in the analysis of MMSE

>21 years 16-20 11-15 6-10 years  1-5 years 0 years
(n=1,847) years years (n=1,371) (n=1,242) (n=1,040)
(n=1,582) (n=1,471)
Uric acid 0(0) 148 (9.4) 59 (4.0) 111 (8.1) 72 (5.8) 5(0.5)
Body mass index 383 (20.7) 534 (33.8) 81 (5.9) 108 (7.9) 70 (5.6) 0(0)
Systolic blood 25(1.4) 150 (9.5) 58 (3.9) 122 (8.9) 74 (6.0) 0(0)
pressure
Total cholesterol 1 (0.05) 148 (9.4) 57 (3.9) 109 (8.0) 71 (5.7) 1(0.1)
Fasting glucose 0(0) 148 (9.4) 57 (3.9) 109 (8.0) 71 (5.7) 9(0.9)
Blood urea nitrogen 351 (19.0) 148 (9.4) 58 (3.9) 110 (8.0) 71 (5.7) 7(0.7)
Cigarette smoking 69 (3.7) 164 (10.4) 56 (3.8) 108 (7.9) 70 (5.6) 0(0)
status
Alcohol intake 98 (5.3) 172 (10.9) 59 (4.0) 108 (7.9) 70 (5.6) 0(0)
History of 0(0) 142 (9.0) 56 (3.8) 108 (7.9) 70 (5.6) 0(0)
hypertension
History of diabetes 0(0) 142 (9.0) 56 (3.8) 108 (7.9) 70 (5.6) 0(0)

Participants were allowed to have two or fewer consecutive missed time intervals before their last non-missing study
visit, when they were censored if they did not go on to take the baseline cognitive assessment. All participants had a
study visit in the >21 years interval; 142 uncensored participants did not have a study visit in the 16-20 years
interval and thus covariates were imputed. 56, 108, and 70 uncensored participants did not have a study visit in the

11-15, 6-10, and 1-5 years interval, respectively.
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Table S1-2. Mean (standard error) of stabilized exposure and censoring weights from 10 imputed datasets

Final
. Weight
Outcome  Weight 221 16-20 11-15 6-10 1-5 0 years Final =y ncated
years years years years years Weight at 1509t
Percentile
Exposure 103 1.00 1.00 1.00 1.00 1.01
Baseline (0.023)  (0.005)  (0.005) (0.005) (0.008) (0.022)  1.06 0.99
MMSE (g 100 1.00 1.00 0.99 1.00 ) (0.055)  (0.022)
(0.004)  (0.001)  (0.001) (0.002)  (0.004)
b e 1.01 1.00 1.00 1.00 1.00 1.00
rﬁSp““.Ve XPOSUTE - 0.019)  (0.005)  (0.006)  (0.009) (0.009) (0.012)  1.01 0.98
CI\ZII\‘/%SGEm Consort 1.01 1.00 1.00 0.98 0.98 1.00  (0.053)  (0.031)
enSOTNE 0.005)  (0.001)  (0.001)  (0.002) (0.004) (0.011)
Exposure 103 1.00 1.00 1.00 1.00 1.00
Baseline z- (0.034)  (0.005)  (0.005) (0.005) (0.011) (0.011)  1.02 0.98
score . 1.00 1.00 1.00 0.99 1.00 0.039)  (0.022)
Censoring ) 004)  (0.001)  (0.001)  (0.002)  (0.006) )
Prospective  Exposure 0 1.00 1.00 1.00 1.00 1.00
e (0.021)  (0.005)  (0.006) (0.006) (0.011) (0.009)  0.99 0.98
& . 1.01 1.00 1.00 0.98 0.98 099  (0.038)  (0.033)
Z-score Censoring

(0.005)  (0.001) (0.002) (0.001) (0.005) (0.010)
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Table S1-3. Adjusted change in log-transformed cardiovascular risk score at the time of the cognitive
assessment per 1 mg/dL increase in uric acid by time interval

Years before cognitive assessment Estimate (95% CI) p-value
0 years 0.03 (0.01, 0.04) 0.005
1-5 years 0.02 (0.009, 0.05) 0.03
6-10 years 0.02 (-0.003, 0.03) 0.09
11-15 years -0.001 (-0.02, 0.02) 0.89
16-20 years 0.01 (-0.007, 0.04) 0.21
>21 years 0.005 (-0.02, 0.03) 0.61

Models were adjusted for age (linear and squared), education, alcohol intake, smoking status, blood urea
nitrogen (linear and squared), fasting glucose (linear and squared), total cholesterol, body mass index,
systolic blood pressure (linear and squared), history of diabetes and hypertension concurrently with uric
acid in each time interval
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Table S1-4. Adjusted change in baseline MMSE and prospective rate of change in MMSE per 1 unit
increase in log-transformed cardiovascular risk score

Qutcome Estimate (95% CI) p-value
Baseline MMSE -0.56 (-2.87, 1.74) 0.63
Prospective change in MMSE -0.02 (-0.87, 0.83) 0.96

Models were adjusted for age, education, alcohol intake, smoking status, body mass index, uric acid, and
blood urea nitrogen
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Figure S1-1. Adjusted difference (95% CI) in baseline and prospective changes in z-score by time interval
from Base and CV-adjusted models. Uric acid in each time interval was modeled separately in Base and
CV-adjusted models. Base models were adjusted for age, education (less than high school, some college,
college graduate or more), smoking status (never, current, former), alcohol intake (>2 drinks a day), and
blood urea nitrogen. CV-adjusted models were additionally adjusted for history of hypertension and
diabetes, body mass index, systolic blood pressure, fasting glucose, and total cholesterol.
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Figure S1-2. Adjusted difference (95% CI) in prospective changes in MMSE scores by sensitivity
analysis. Results from marginal structural models with uric acid in all time intervals mutually adjusted.
Numbers of participants with prospective change outcome in sensitivity analyses: 45 or younger at entry,
n=675; censored at first missed visit, n=519; history of stroke excluded, n=762; outlier excluded, n=781.
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Chapter 2

Lead and Uric Acid in Cognitive Function

27



Introduction

The prevalence of dementia increases markedly with age and poses a critical public health
concern. Global estimates for the elderly population indicate the number of affected individuals doubles
every 20 years and is expected to rise from 65 million in 2030 to 115 million in 2050 (1). Alzheimer’s
disease and other forms of dementia are often preceded by mild cognitive impairment, the intermediate
stage between normal aging and dementia where cognitive deficits that have not yet caused a functional
disturbance in everyday living (2,3). As such, identifying modifiable risk factors that contribute to poor
cognitive function could allow for interventions to alleviate the burden of mild cognitive impairment and
dementia.

Lead exposure has been consistently associated with decreased cognitive abilities in adults, with
more pronounced associations from cumulative lead exposure as measured in bone than from current lead
levels as measured in blood (4,5). One mechanism through which lead exposure is thought to impair
cognitive function is oxidative stress (4). Lead exposure can induce membrane lipid oxidation and deplete
antioxidant activity (6,7), and evidence supports a role for oxidative stress in cognitive impairment and
dementia (8,9).

Exposure to lead has been linked to increased levels of uric acid in blood (10-19), which has in
turn been associated with reduced risk and progression of several neurodegenerative diseases (20-22). The
suggested neuroprotection of uric acid has been attributed to its antioxidant actions in scavenging reactive
oxygen species (23). Whether uric acid could modify the detrimental consequences of lead exposure on
cognitive change has not been studied. We assessed the role of uric acid in the association between lead,
as measured by concentrations in bone and blood, and cognitive changes in the Normative Aging Study

(NAS).

28



Methods
Study Population

The NAS is a longitudinal closed cohort of 2,280 Greater Boston-area men conducted by the
Department of Veterans Affairs starting in 1961. Exclusion criteria for enrollment included chronic
conditions such as heart disease, recurrent asthma, bronchitis, sinusitis, cancer, gout, diabetes, and
systolic blood pressure >140 mmHg or diastolic blood pressure >90 mmHg. Enrolled participants were
between 21 to 80 years old at NAS entry and were followed up every three to five years with on-site
examinations with approximately 1% attrition per year.

From 1991 to 2002, 878 participants were assessed for lead at the tibia and patella bones. After
excluding participants with diagnoses of dementia (n=1) and Parkinson’s disease (n=5) and with unstable
bone lead measurements at both tibia and patella bone (n=1), a total of 871 eligible participants were
considered in the analyses, among whom 622 had subsequent repeated cognitive assessments.

The study was approved by the Institutional Review Boards at Boston Veterans Affairs, Brigham
and Women’s Hospital, and Harvard T.H. Chan School of Public Health, and all participants gave

informed consent.

Outcome Assessment

Developed as a brief screening test for dementia, the Mini-Mental State Examination (MMSE)
has been used extensively in epidemiological studies as a measure of cognitive function (24). The MMSE
assesses orientation, attention, memory, language, and ability to copy a design, with items summing to a
maximum of 30 points. However, the maximum score in our analyses was 29 because we did not include
the question “What county are we in?”” due to inconsistent administration in the NAS. The MMSE has
some relatively poor metric properties; it exhibits a ceiling effect where the maximum score can be easily
achieved and potential non-linear sensitivity to change. To correct for these properties, we normalized the

scores to those ranging from 0 to 100 as has been suggested (25).
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Bone Lead Assessment

In vivo measurements of bone lead were taken with a K-shell x-ray fluorescence (KXRF)
instrument (Abiomed, Danvers, MA) (26). During subject measurement, the collimator of the KXRF
instrument was positioned perpendicular to the flat surface of the midtibial shaft and patella for a 30-
minute measurement at each site. Measurements were targeted at the patella and tibia bone because these
sites were comprised of predominantly trabecular and cortical bone, respectively. The half-life of lead in
trabecular bone is estimated on the order of years and in cortical bone much longer on the order of
decades (27,28). Measurements were normalized to bone mineral, expressed in units of micrograms of
lead per gram of bone mineral (nug/g). Negative values are possible if the true value is close to zero due to
measurement error and were retained in the analyses instead of imposing a minimal value, which has been
shown to introduce bias (29).

Bone lead measurements with measurement uncertainties greater than 10 pg/g of tibia bone (n=7)
and 15 pg/g of patella bone (n=2) were excluded because these high uncertainties usually indicate
excessive leg movement during the measurement. After excluding missing tibia lead (n=1) and patella
lead (n=7), there were a total of 863 and 862 participants with valid tibia and patella lead measurements,
respectively, among the 871 participants overall. If there were repeated bone lead assessments, we
considered the closest bone lead assessment that occurred before cognitive testing for each participant.
The average (SD) years between bone lead and cognitive assessment considered in the analyses was 0.5

(1.3) years.

Blood Lead Assessment

Blood was collected in a trace metal- and lead-free tube containing EDTA
(ethylenediaminetetraacetic acid) for analyses of lead (30,31). Lead was analyzed at ESA Laboratories
(Bedford, MA) using Zeeman background-corrected flameless atomic absorption (graphite furnace). The

instrument was calibrated using standards from the National Bureau of Standards and Technology. At

30



least 10% of the analyzed samples included controls and blanks and were run in duplicate. We considered

the blood lead collected at the initial MMSE test among participants with bone lead assessments.

Uric Acid and Covariate Assessment

Anthropometric and laboratory data, including serum uric acid determined by the colorimetric
method of the Technicon Autoanalyzer (32), were collected at every regular NAS visit. The NAS uses
standards provided by the College of American Pathologists and has consistently passed quarterly quality
control testing. History of gout and kidney diseases were defined based on self-reported physician

diagnosis. Uric acid and covariates at the time of the initial MMSE test were considered in the analyses.

Statistical Analyses

We used inverse probability of weighting methods to account for censoring for participants who
without eligible MMSE tests (n=73) and secondly for participants who did not have at least two MMSE
assessments (n=176) (33). Information from all 871 eligible participants were used to derive weights from
logistic regression models predicting the probability of not being censored. Censoring models were
adjusted for covariates selected from stepwise selection, with age, education (less than high school, some
college, college graduate or more), and lead biomarker forced in. Covariates that were selected included:
cigarette smoking status (never, former, current), cumulative smoking (pack-years), uric acid (linear and
squared), and log-transformed fasting glucose. Missingness in covariates (<2%) was accounted for using
missing indicators. The two sets of censoring weights were stabilized by the observed lead biomarker
levels and multiplied to obtain final censoring weights (Table S2-1).

Cognitive change was defined as the annualized rate of change in MMSE scores, calculated from
the difference in the normalized scores between the two repeated assessments divided by the number of
years between the two assessments. Separate analyses were conducted for each lead biomarker.
Generalized additive models for cognitive change with smoothing splines indicated non-linearity for tibia
and patella lead at the highest concentrations. Extreme studentized deviate statistics identified 10 patella
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lead concentrations (=97 pg/g) and 9 tibia lead concentrations (>67 png/g) as extreme values. After
excluding these extreme bone lead values, there was no evidence of non-linearity for lead biomarker, uric
acid, or the interaction between lead and uric acid. As a result, we conducted the main analyses without
these extreme values.

We fit generalized estimating equations with robust standard errors to account for censoring
weights. Models included continuous lead biomarker, continuous uric acid (centered at its mean), and an
interaction term between bone lead and uric acid, adjusted for age (linear and squared), education,
cigarette smoking status, alcohol intake (>2 drinks a day), log-transformed serum creatinine (linear and
squared) as a marker of kidney function, and years between bone lead measurement and cognitive testing.
An indicator for whether the first MMSE in the analyses was the participant’s first ever assessment was
also included to account for potential learning effects.

As a secondary analysis, we used causal mediation methods allowing for exposure-mediator
interaction to examine whether uric acid mediated the effects of lead on cognitive changes (34). Estimates
for the total effect of lead on cognitive change were decomposed into four components: controlled direct
effect (the effect of lead on cognitive change that is neither due to mediation through nor interaction with
uric acid), reference interaction (where there is interaction but no mediation with uric acid), mediated
interaction (where there are both mediation and interaction with uric acid), and pure indirect effect (where
there is mediation but no interaction with uric acid). We evaluated these component effects at the 75™
percentile compared with the 25" percentile of lead biomarker with uric acid at its mean. Because
estimation of the controlled direct effect is dependent on the level that uric acid is set at, we also
estimated the controlled direct effect at deciles of uric acid. We assessed the linearity of the associations
between lead biomarkers and uric acid using generalized additive models and did not find evidence of
nonlinearity. In addition to the covariates in the outcome model, we included log-transformed fasting
glucose, body mass index (linear and squared), and total cholesterol. Mediation component effects and
bias-corrected bootstrap (1000 replicates) confidence intervals were obtained using PROC
CAUSALMED (35).
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We performed several sensitivity analyses. Firstly, due to the NAS exclusion criteria, older
enrolled participants at entry would likely be generally healthier and less susceptible to cardiovascular-
related health effects of lead exposure (36). To minimize the selection of healthier men, we restricted the
analyses to participants who were 45 years old or younger at the NAS entry visit. Secondly, we excluded
participants with a history of kidney disease, as uric acid is primarily filtered through the kidneys.
Thirdly, we additionally for history of gout and several cardiovascular factors. Lastly, we truncated the
censoring weights at the 1% and 99™ percentiles to minimize the influence of extreme weights on our
results.

All analyses were conducted in SAS 9.4 (Cary, NC).

Results

Among the 871 with bone lead data, there were 176 participants with one MMSE test, 622 with
least two MMSE tests, and 73 participants without MMSE tests after available bone lead assessments. At
the time of the first MMSE, participants with at least two MMSE tests were on average younger, had
lower levels of bone lead, and were less likely to be a current smoker than participants with one MMSE
test or participants without MMSE tests (Table 2-1).

Tibia, patella, and blood lead concentrations were correlated, with Spearman correlations of 0.64
between tibia and patella, 0.36 between tibia and blood, and 0.40 between patella and blood. None of the
lead biomarkers was significantly associated with cognitive changes when uric acid was at the mean value
at 6.2 mg/dL (Table 2-2). The statistical interaction between tibia lead and uric acid was significantly
positive, such that the negative rate of change in MMSE scores as a function of lead was attenuated at
higher levels of uric acid (Figure 2-1; confidence bands for the 25" and 75" percentile in Figure S2-1).
The interaction between blood lead and uric acid was also significantly positive (Table 2-2). Results were
robust among participants who were 45 years old or younger at NAS entry and in other sensitivity

analyses (Table S2-2).
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Table 2-1. Participant characteristics at the first MMSE among participants with bone lead (n=871)

Participants with at  Participants with one  Participants without

least two MMSE tests MMSE test MMSE tests
(n=622) (n=176) (n=73)*
Mean (standard deviation)

Age, years 67.6 (6.6) 72.2(7.1) 71.4(7.9)
Lead,

Patella [IQR], pg/g 27.9 (19.3) [16-35]° 32.7(16.9) [20-417° 35.5(17.0) [22-431°

Tibia [IQR], pg/g 20.8 (13.5) [12-27]¢ 24.1 (13.0) [16-31] 23.7 (13.3) [16-28]

Blood [IQR], pg/dL 5.3(2.9) [3-6]¢ 5.3 (2.5)[4-6]° 6.0 (3.4) [3.6-8]°
Uric acid, mg/dL 6.2 (1.2) 6.3(1.3) 6.6 (1.5)
Serum creatinine, mg/dL 1.1(0.2) 1.1(0.3) 1.4 (1.0)

Number (%)

Smoking status

Never smoker 187 (30.1) 45 (25.6) 22 (30.1)

Former smoker 404 (65.0) 113 (64.2) 41 (56.2)

Current smoker 31 (5.0) 18 (10.2) 10 (13.7)
Education

Less than high school 46 (7.4) 9(5.1) 7 (9.6)

Some college 335(53.9) 100 (56.8) 41 (56.2)

College graduate or more 241 (38.8) 67 (38.1) 21 (28.9)

Missing 0(0) 0(0) 4(5.5)
Alcohol intake (=2 drinks a day) 132 (21.2) 39 (22.2) 12 (16.4)
History of gout 86 (13.8) 23 (13.3) 10 (13.7)
History of kidney disease 10 (1.6) 2(1.1) 1(1.4)
Computer experience 268 (43.1) 53 (30.1)f -8
English as first language 555 (89.2) 158 (89.8)° -8

Data missing for: *n=7; ®n=1; °n=8; ‘n=9; °n=2; 'n=3; ¢These variables were assessed during cognitive testing and
missing for participants who did not undergo cognitive testing
*n=9 participants whose MMSE test was administered before bone lead assessments were considered in this group.
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Table 2-2. Parameter estimates for difference in rate of change in MMSE scores per interquartile
increment in lead biomarker

Tibia (per 15 ng/g of bone; Patella (per 19 pg/g of bone; Blood (per 3 mg/dL;
n=604) n=607) n=613)
Parameter Estimate (95% CI) p Estimate (95% CI) p Estimate (95% CI) p
Lead -0.24 (-0.65, 0.18) 0.26 -0.27 (-0.66, 0.12) 0.17  -0.06 (-0.40,0.27)  0.70
Uric acid -0.58 (-0.99, -0.16) 0.01 -0.09 (-0.47, 0.28) 0.62  -0.41(-0.87,0.04) 0.07

Lead x uric acid 0.43 (0.17, 0.69) 0.001 0.10 (-0.12, 0.33) 0.38 0.26 (0.02, 0.51) 0.04
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Figure 2-1. Adjusted rate at change in MMSE scores by tibia lead, at the 25th (5.3 mg/dL), 50th (6.1
mg/dL) and 75th (6.9 mg/dL) percentile of uric acid
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An interquartile increase in tibia and blood lead were associated with an increase in uric acid by
0.14 (0.005, 0.28) and 0.16 (0.06, 0.26) mg/dL, respectively. Since patella lead was not significantly
associated with uric acid [0.03 (-0.09, 0.15)], we conducted mediation analyses for tibia and blood lead
only. There was no significant overall effect of tibia lead on rate of change in MMSE scores (Table 2-3).
When uric acid was at its mean value, the controlled direct effect and reference interaction for tibia lead
evaluated at the 75" percentile compared with the 25" percentile were -0.20 (-0.61, 0.20) and -0.009
(0.07, 0.04), respectively. When evaluating the controlled direct effect of tibia lead at other levels of uric
acid, the controlled direct effect was significantly negative at low percentiles of uric acid and attenuated
at percentiles levels of uric acid (Figure 2-2). The mediated interaction was significantly positive,
indicating that the effect of tibia lead on the rate of change in MMSE scores was positive and beneficial
when tibia lead increased the uric acid levels (Table 2-3). The mediated interaction was also positive in

analyses of blood lead (Table 2-3).

Discussion

We found that uric acid modified the association between lead exposure and cognitive change
such that the association was most harmful at the lowest levels of uric acid, but not at the highest levels of
uric acid. The modification was most robust for lead measured in the tibia bone and blood. Mediation
results also suggested that a small portion of association between lead and cognitive changes could be a
beneficial effect through lead’s interaction and mediation with uric acid.

Extensive evidence supports an association between both environmental and occupational
cumulative lead exposure and impaired cognitive function in adults (4). Results from prior NAS studies
on cognitive decline were more robust for patella than tibia and blood lead (31,37). We similarly observed
a significant adverse association for patella lead after minimizing the potential bias from enrollment of
healthier men into the NAS that would have attenuated health effects (36), and overall did not find
evidence of interaction between patella lead and uric acid. Our present analyses indicating that the
association between lead and cognitive changes could be modified by uric acid, particularly for tibia and
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Table 2-3. Component effects of lead marker on rate of change in MMSE scores due to mediation and
interaction with uric acid

Component Tibia Lead Blood Lead

Total effect -0.18 (-0.58, 0.21) -0.07 (-0.42, 0.27)
Controlled direct effect -0.20 (-0.61, 0.20) -0.08 (-0.43, 0.26)
Reference interaction -0.009 (-0.07, 0.04) -0.01 (-0.06, 0.02)
Mediated interaction 0.05 (0.002, 0.15) 0.04 (0.0009, 0.11)
Pure indirect effect -0.03 (-0.11, 0.001) -0.02 (-0.09, 0.02)

Component effects were evaluated comparing the 75" percentile to 25" percentile of lead biomarker with
uric acid set to its mean.
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Figure 2-2. Controlled direct effect of tibia lead at the 75" percentile compared to the 25" percentile on
rate of change in MMSE scores by percentiles of uric acid. Error bars represent 95% confidence intervals.
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blood but not patella lead, may help to explain their weaker associations in the prior studies. These prior
studies had suggested that the more rapid mobilization and re-release of lead from the trabecular bone
such as the patella into circulation was most relevant for cognitive changes. Our results argue tibia lead
levels, representing much longer-term cumulative exposures in cortical bone, and blood lead levels,
representing current exposures, also appear relevant after accounting for uric acid.

Previous studies have shown associations between lead exposure and higher uric acid levels (11-
18) and increased risk of hyperuricemia (10,11,19) and gout (10). An earlier study in the NAS found that
patella lead was associated with higher uric acid (16). While we did not find this in our subpopulation, we
found that lead in blood and longer-term lead exposures in the tibia could also be associated with
increased uric acid levels. It is thought that higher uric acid from lead exposure was due to lead-induced
nephrotoxicity decreasing the renal tubular secretion of uric acid (38). As a result, increases in uric acid in
response to lead exposure have been considered to be a consequence of renal dysfunction (39). Our
analyses attempted to account for influences of renal function by adjusting for serum creatinine in the
models and excluding participants with a history of kidney diseases in sensitivity analyses, which showed
similar results to the main findings. In addition, it would be unlikely for lead-induced renal dysfunction to
underlie the pattern of results we observed since kidney disease has been associated with cognitive
impairment (40).

The attenuation of the adverse association between lead and cognitive changes at higher levels of
uric acid, however, indicates a more protective role of uric acid in the presence of higher lead exposures.
Higher uric acid could instead reflect the increased need for antioxidant defense against the oxidative
damage incurred by lead exposure, as subchronic lead exposure was associated with higher blood levels
of uric acid as well as total antioxidant capacity (13). Our mediation results further raise the potential for
the increased uric acid by lead exposure to interact with lead and protect against cognitive decline.

There are limitations to this study that should be considered. The results here are shown in a
cohort of predominantly White men. While the levels of uric acid were comparable to men in the Health
Professionals Follow-up Study (41), levels of uric acid in men are generally higher than those in women,
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so whether similar relations would be found in women who typically have lower levels of both lead and
uric acid remains a question. There was some evidence of a learning effect since among participants with
two MMSE tests considered in the analyses, 13% had the maximum score at the first testing and 15% at
the second testing. However, the learning effect would have likely underestimated the associations with
lead exposures. Lastly, we addressed a number of factors that might affect lead concentrations and
changes in MMSE scores in the main models and additionally various cardiovascular factors in mediation
analyses to further control for mediator-outcome confounding, but there could remain unmeasured
confounding.

Our study results suggest that accounting for uric acid may be needed in order to understand the
full association between lead exposure and cognitive changes. Given that current uric acid was found to
modify the harmful effects of long-term cumulative exposure to lead, and that uric acid levels can be
relatively easily altered through diet or supplement, this opens the possibility of interventions to protect
against harmful effects of past lead exposure on cognitive decline. Such possible beneficial effects of
increasing uric acid, however, would need to be weighed against the potential cardiovascular effects of

high uric acid (42).
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Figure S2-1. Confidence bands for adjusted rate at change in MMSE scores by tibia lead, at the 25th (5.3
mg/dL) and 75th (6.9 mg/dL) percentile of uric acid
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Table S2-1. Descriptive figures for final stabilized censoring weights among participants with two MMSE
assessments

Tibia (n=614) _ Patella (n=615) _ Blood (n=613)

Minimum 0.63 0.52 0.67
1* percentile 0.74 0.72 0.73
25" percentile 0.84 0.85 0.83
Median 0.91 0.92 0.91
75™ percentile 1.03 1.04 1.03
99 percentile 1.93 1.70 2.03
Maximum 341 3.29 3.66
Mean (SD) 0.98 (0.24) 0.98 (0.23) 0.98 (0.25)

Mean (SD), truncated at 1°/99"

percentile 0.98 (0.22) 0.98 (0.20) 0.98 (0.23)
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Table S2-2. Parameter estimates for rate of change in MMSE scores in sensitivity analyses

Tibia Patella Blood
Parameter Estimate (95% CI) p Estimate (95% CI) D Estimate (95% CI) p

Exclude participants 46 years old or older at NAS entry (n=79)

Lead -0.34(-0.76,0.07)  0.11  -0.43(-0.82,-0.04) 0.03  -0.08(-0.42,0.26) 0.64
Uric acid 0.72 (-1.15,-03)  <0.001  -0.19(-0.6,0.23) 038  -0.6(-1.05,-0.15)  0.01
Lead x uricacid  0.52(0.24,0.81)  <0.001  0.14(-0.14,0.42)  0.34 0.36(0.1,0.62)  0.01

Exclude participants with history of kidney disease (n=10)

Lead 026 (-0.67,0.16) 023  -0.26(-0.65,0.13)  0.19  -0.09(-0.42,0.25) 0.6
Uric acid 0.57(-0.99,-0.16)  0.01  -0.08 (-0.46,0.29)  0.66  -0.46 (-0.91,-0.01) 0.05
Lead x uric acid ~ 0.42(0.15,0.68)  0.002  0.08(-0.14,0.3) 048  0.28(0.03,0.52)  0.03

Weights truncated at 1% and 99" percentiles

Lead 024 (-0.65,0.17) 025  -0.28(-0.67,0.11) 0.16  -0.07(-0.4,0.26)  0.68
Uric acid -0.58(-0.99,-0.16)  0.01  -0.09 (-0.47,0.28)  0.62  -0.42(-0.87,0.04) 0.07
Lead x uric acid ~ 0.43(0.17,0.69)  0.001 0.1 (-0.13,0.32) 0.4 0.26 (0.01,0.51)  0.04

Additional adjustment for history of gout, hypertension, diabetes, body mass index, fasting glucose

Lead 0.21(-0.62,021) 032  -025(-0.64,0.14) 021  -0.07(-0.4,026) 0.68
Uric acid 0.5(-0.92,-0.07)  0.02  -0.06(-0.45,033) 075  -0.34(-0.82,0.14) 0.17
Lead x uricacid  0.41(0.14,0.67)  0.002  0.11(-0.12,0.34) 034  0.24(-0.01,0.5)  0.06
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Chapter 3

Lead and Uric Acid in Mental Health



Introduction

Mental health disorders are prevalent among the elderly. In the United States, the estimated
proportion of people with any mental health disorder within the past year is 26.2% (1) and in their
lifetime is 46.5% (2), with depression and anxiety typically co-occurring in late life (3). Both depression
and anxiety are common in mild cognitive impairment (4,5) and have been associated with greater risk of
dementia (6-8). It has been thought that these associations could reflect early markers of an underlying
neurodegenerative process (9,10).

A known neurotoxin, lead even at low exposure levels has been associated with increased
psychiatric symptoms in adults (11-15). In prior studies of psychological symptoms among older
environmentally-exposed men in the Normative Aging Study (NAS), higher lead exposure was associated
with worse symptom scores in anxiety, phobic anxiety, and depression dimensions (11). Some of these
association were modified by the d-aminolevulinic acid dehydratase genotype, which is believed to be
involved in lead toxicokinetics (15).

In this study we further evaluated the modulation of lead exposure on psychiatric symptoms,
specifically by serum uric acid, a byproduct of purine metabolism and a natural antioxidant. Uric acid has
shown neuroprotective effects in both epidemiological (16,17) and animal studies (18,19). Some evidence
suggests a beneficial role for uric acid in mental health: lower uric acid was found in those with major
depressive and anxiety disorders (20,21) and higher uric acid was associated with reduced risk of
depression hospitalization and antidepressant medication use (22). Better understanding of the mechanism
linking lead exposure to mental health outcomes could point to potential modifiable factors to counteract

the adverse effects of lead exposures.

Methods
Study Population

The NAS, conducted by the Department of Veterans Affairs, is a closed cohort of 2,280
predominantly White men in the Greater Boston area who were between the ages 21 and 80 at the time of
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enrollment starting in 1961. Participants were free of chronic conditions at baseline, namely heart disease,
cancer, peptic ulcer, gout, hypertension, diabetes, pancreatitis, cirrhosis, recurrent asthma, bronchitis, and
sinusitis. Participants were followed up with on-site medical examinations every three to five years, with
an attrition rate of less than 1% per year. For this analysis, we followed 877 participants with bone lead
assessments for psychological symptom assessments. All participants gave informed consent, and the
study was approved by the Institutional Review Boards at Boston Veterans Affairs, Brigham and

Women’s Hospital, and Harvard T.H. Chan School of Public Health.

Bone Lead Assessment

From 1991 to 2002, a subset of the NAS had their lead concentrations at the tibia and patella
bones measured with an ABIOMED K-shell x-ray fluorescence instrument (23). Measurements were
targeted at the patella and tibia bones because these sites are comprised of predominantly trabecular and
cortical bone, respectively. Lead concentrations in both trabecular and cortical bones reflect cumulative
exposure; the estimated half-life in trabecular bone is on the order of years, whereas the half-life is much
longer in cortical bone, on the order of decades (24,25). Measurements were normalized to bone mineral,
expressed in units of micrograms of lead per gram of bone mineral (ug/g). Negative values are possible if
the true value is close to zero due to measurement error and were retained in the analyses instead of
imposing a minimal value, which has been shown to introduce bias (26).

There were 878 participants with bone lead assessments. Uncertainties in bone lead
measurements greater than 10 pg/g of tibia (n=8) and 15 pg/g of patella bone (n=3) were excluded, as
these measurements usually indicate excessive patient movement during subject measurement. One
participant had high uncertainties at both sites and was thus excluded, leaving 877 participants overall
with valid lead measurements. In addition, tibia lead was missing for 1 participant and patella lead was
missing for 7 participants. As a result, there were a total of 868 participants with valid tibia lead
measurements and 867 participants with valid patella lead measurements out of the total 877 participants.
The closest bone lead assessment that was administered before the psychological symptom assessments
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was used in the analyses. The mean (SD) number of years between the bone lead assessment and first

eligible psychological symptom assessment was 0.33 (1.26) years.

Blood Lead Assessment

Blood was collected in a trace metal- and lead-free tube containing EDTA
(ethylenediaminetetraacetic acid) for analyses of lead (27,28). Lead was analyzed at ESA Laboratories
(Bedford, MA) using Zeeman background-corrected flameless atomic absorption (graphite furnace). The
instrument was calibrated using standards from the National Bureau of Standards and Technology. At
least 10% of the analyzed samples included controls and blanks and were run in duplicate. For the current
analyses, we considered blood lead samples collected at the first psychological symptom assessment

among participants who also had bone lead assessments.

Outcome Assessment

The Brief Symptom Inventory (BSI) is a validated 53-item self-report symptom inventory
assessing psychological symptoms in nine primary dimensions (29). Symptom items are rated on a five-
point scale (0 to 4, ranging from “not at all” to “extremely”) to indicate the distress level within the last
week. Three global indices of distress were examined in the main analyses: global severity index (GSI),
calculated as the mean of all symptom items; positive symptom total (PST), calculated as the count of
non-zero symptom responses; and positive symptom distress index (PSDI), calculated as the mean of the
non-zero symptom responses. In additional analyses we evaluated five dimensions that have been
associated with lead exposures and were reported in previous studies: anxiety, depression, phobic anxiety,
somatization, and hostility (15). These dimension scores were calculated as the mean of the symptom
items corresponding to those dimensions.

Participants completed psychological symptom assessment questionnaires starting in 1987, but
for this analysis we used the psychological symptom assessments that were administered after available
bone lead measurements starting in 1991. Up to three outcome assessments were considered per
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individual due to small numbers of participants with a fourth repeated assessment (n=783 with one,

n=595 two, n=370 with three, n=154 with four repeated assessments).

Uric Acid and Covariate Assessment

Serum uric acid levels were determined by the colorimetric method of the Technicon
Autoanalyzer in the NAS. The NAS uses standards provided by the College of American Pathologists and
has consistently passed quality control testing (30). History of gout and kidney diseases was defined
based on self-reported physician diagnosis. Hypertension was defined as systolic blood pressure greater
than 140 mmHg, diastolic blood pressure greater than 90 mmHg, physician diagnosis of hypertension, or
use of anti-hypertensive medications; diabetes was defined as fasting glucose greater than 126 mg/dL,
physician diagnosis of diabetes, or use of diabetes medications. We defined duration of hypertension
based on our definition of hypertension. Uric acid and covariates assessed at the time of the first

psychological symptom assessment were considered in the analyses.

Statistical Analysis

The BSI global indices and dimensions were dichotomized at one standard deviation above the
mean, as has been described before (11). Those scoring above one standard deviation from the mean were
considered to have high psychological symptoms in that index or domain. The number of participants for
each dimension was not uniform due to missingness in symptom items corresponding to the dimension.

For each lead biomarker, we conducted separate analyses for each global index or dimension
using repeated measures generalized estimating equations with logit link and robust standard errors. We
assessed the functional form of continuous variables with generalized additive models with smoothing
splines, which did not suggest significant deviation from linearity for uric acid or bone lead. However,
there was high uncertainty at extreme bone lead values. As a result, we excluded 12 extreme values for
tibia lead (>60 pg/g of bone) and 9 extreme values for patella lead (>100 pg/g of bone) identified from
extreme studentized deviate statistics in the analyses. Models were adjusted for age (linear and squared),
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years at BSI visit since lead measurement, and covariates assessed at the first BSI measurement used:
education (less than high school, some technical school or college, college graduate or more), cigarette
smoking status (never, former, current), cumulative smoking (pack-years), history of white collar job,
marital status, alcohol intake (>2 drinks a day), and log-transformed serum creatinine. We centered uric
acid at its mean in the models so that the main effect of lead can be interpreted when uric acid is at the
mean level.

To account for missing baseline or repeated BSI assessments, we created censoring weights
derived from all 877 participants with lead assessments. We used stepwise selection to inform which
covariates at the time of lead assessment to include in the censoring models to predict the probability of
not being censored. Lead concentration, age, and education were forced into the censoring model.
Additional covariates selected through the stepwise process were age squared, cigarette smoking status,
cumulative smoking, log-transformed fasting glucose, and hypertension duration. Censoring weights were
stabilized by the probability of having the observed lead concentration values and multiplied across
repeated BSI visits (Table S3-1).

As uric acid is primarily metabolized through the kidneys and could be influenced by renal
dysfunction, we excluded 13 participants with a history of kidney disease in sensitivity analyses. In
another sensitivity analysis, we restricted the study population to 646 participants who were 45 years old
or younger at NAS entry to minimize possible selection bias related to the NAS exclusion criteria (31).
For instance, participants recruited at age 60 who did not have any of the chronic conditions meeting the
exclusion criteria may represent a select group of heathier men that are inherently less susceptible to
adverse health effects associated with the exposure. Factors affecting participation would be less likely to
lead to selection effects when considering a younger age group at time of study recruitment. In additional
sensitivity analyses, we adjusted for history of hypertension, diabetes and gout, and truncated the
censoring weights at the 1% and 99™ percentiles to minimize the influence of extreme weights.

All statistical analyses were conducted using SAS 9.4 (Cary, NC).
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Results

Of the total 877 participants with either tibia or patella lead assessment, 793 participants had at
least one psychological symptom assessment. Participants were on average 68.0 (SD: 7.0) years old at the
first eligible BSI visit (Table 3-1). The small number of participants without any eligible BSI assessment
had higher uric acid and blood lead levels, were more likely to be a current smoker, and were less
educated. The prevalence of high psychological symptoms ranged from 7.3% for phobic anxiety to 14.9%
for the PST. The dichotomized indices of distress and specific dimensions were moderately to highly
correlated (Table 3-2).

The statistical interaction between patella lead and uric acid was statistically significant for all
three global indices (Table 3-3). The odds ratios for the interaction terms were less than 1, indicating an
attenuation of the adverse main effect of lead at higher levels of uric acid. That is, the probability of
having high GSI, as in Figure 3-1, increased at higher levels of patella lead when uric acid levels were
low, but increased less when uric acid levels were high. When estimated at the 25™ and 75™ percentile of
uric acid, the odds ratio for high GSI for an IQR (20 pg/g of bone) increase in patella lead was 1.36 (95%
CI: 1.01, 1.84) and 1.00 (95% CI: 0.73, 1.36), respectively (Table 3-4). Results for high PST and PSDI
show similar patterns (Table 3-4).

The statistical interactions between the other two lead biomarkers, tibia and blood, and uric acid
were not significant for any of the global indices (Table 3-3). For the other dimensions considered in
additional analyses, the statistical interactions between patella lead and uric acid were significant for most
domains except hostility (Table S3-2). The statistical interactions between tibia and blood lead and uric
acid were not significant for any of the dimensions considered.

Results from sensitivity analyses excluding participants with history of kidney diseases,
additionally adjusting for history of hypertension, diabetes, and gout, and using truncated weights were
not materially different (Table S3-3). Among 646 participants who were 45 years old or younger at entry,

patella lead and blood lead were associated with high PSDI when uric acid was at its mean, while there
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Table 3-1. Characteristics of study population at first Brief Symptom Inventory visit, 1991-2002

Characteristic Participants with at Participants without
least one BSI assessment any BSI assessment*
(n=793) (n=84)
Mean (SD)
Age, years 68.0 (7.0) 69.5(9.3)
Uric acid, mg/dL 6.3 (1.2) 6.6 (1.3)
Serum creatinine, mg/dL 1.2 (0.2) 1.3(0.9)
Patella lead, ng/g 30.4 (19.4)* 33.1(19.2)
Tibia lead, png/g 21.5(13.4)° 22.4(12.6)
Blood lead, pg/dL 5.4 (3.3 6.0 (4.1)
Number (%)
Smoking status
Never 233 (29.4) 24 (28.6)
Former 512 (64.6) 49 (58.3)
Current 48 (6.1) 11 (13.1)
Education
Less than high school 57 (7.2) 5(6.0)
Some technical school or college 421 (53.1) 57 (67.9)
College graduate or more 311 (39.2) 22 (26.2)
Missing 4(0.5) 0(0)
History of white collar job 473 (60.1) 47 (56.0)
Alcohol intake (> 2 drinks a day) 163 (20.6) 15 (17.9)
History of gout 111 (14.0) 8(9.5)
History of kidney disease 13 (1.5) 1(1.2)
Global severity index (>0.56) 84 (10.6)
Positive symptom total (>20.3) 118 (14.9)
Positive symptom distress index (>1.52) 66 (8.3)¢
Depression (>0.60) 93 (11.7)¢
Anxiety (>0.54) 84 (10.6)°
Phobic anxiety (>0.31) 58 (7.3)f
Somatization (>0.63) 79 (10.0)
Hostility (>0.58) 106 (13.4)°

Data missing for: *n=9; ®n=8; °n=>5; ‘n=110, among 683 participants who had non-zero responses; *n=6; 'n=7
*n=13 participants who had BSI assessments prior to the bone lead assessment were considered in this group
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Table 3-2. Correlations between having high psychological symptoms across global indices and

dimensions

GSI

PST

PSDI
Depression
Anxiety

Phobic Anxiety
Somatization
Hostility

GSI: global severity index; PST: positive symptom total; PSDI: positive symptom distress index

1.00
0.83
0.34
0.66
0.69
0.50
0.50
0.57

PST

1.00
0.23
0.65
0.66
0.48
0.47
0.56

PSDI

1.00
0.29
0.24
0.25
0.30
0.25

Depression

1.00
0.52
0.38
0.33
0.42
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Anxiety

1.00
0.43
0.44
0.50

Phobic Anxiety

1.00
0.34
0.32

Somatization

1.00
0.37

Hostility

1.00



Table 3-3. Odds ratio (95% CI) of high psychological symptoms per interquartile increase in lead
biomarker with uric acid interaction

Tibia (per 13 pg/g of bone)

Patella (per 20 pg/g of bone)

Blood (per 4 mg/dL)

Parameter Estimate (95% CI)
Global Severity Index
Lead 1.05 (0.81, 1.36)
Uric acid 1.12 (0.80, 1.57)

Lead x uric acid

Positive Symptom Total

Lead 1.03 (0.81, 1.31)
1.10 (0.80, 1.52)
0.95 (0.79, 1.15)

Uric acid
Lead x uric acid

Positive Symptom Distress Index

Lead 1.29 (0.97, 1.70)
1.12 (0.81, 1.54)
0.91 (0.76, 1.10)

Uric acid
Lead x uric acid

0.92 (0.75, 1.12)

p

0.71
0.52
0.41

0.81
0.57
0.61

0.08
0.49
0.35

Estimate (95% CI)

1.15 (0.88, 1.52)
1.30 (0.96, 1.76)
0.83 (0.71, 0.99)

1.02 (0.79, 1.30)
1.33 (1.00, 1.77)
0.84 (0.71, 0.99)

1.43 (1.13, 1.82)
1.24 (0.93, 1.66)
0.84 (0.72, 0.99)

56

p

0.30
0.09
0.03

0.89
0.05
0.04

0.003
0.15
0.04

Estimate (95% CI)

1.03 (0.80, 1.32)
1.00 (0.76, 1.33)
0.96 (0.82, 1.13)

1.04 (0.84, 1.29)
1.01(0.79, 1.31)
0.98 (0.85, 1.15)

1.21 (0.96, 1.52)
1.09 (0.82, 1.45)
0.89 (0.76, 1.05)

p

0.76
0.85
0.55

0.66
0.80
0.79

0.10
0.58
0.15



Table 3-4. Odds ratio (95% CI) of high psychological symptoms score per interquartile increase in patella
lead (per 20 pg/g of bone) at the 25th and 75th percentile of uric acid

Index Uric Acid at 25" Uric Acid at 75" p-
Percentile Percentile interaction
Global Severity Index 1.36 (1.01, 1.84) 1.00 (0.73, 1.36) 0.03
Positive Symptom Total 1.19 (0.91, 1.56) 0.88 (0.66, 1.19) 0.04
Positive Symptom Distress Index 1.67 (1.29,2.17) 1.25 (0.95, 1.66) 0.04
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Figure 3-1. Probability of having high global severity index score by levels of patella lead at the 25th
percentile (5.4 mg/dL), median (6.2 mg/dL), and 75th percentile (7.1 mg/dL) of uric acid.
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were no significant statistical interactions between the lead biomarkers and uric acid for any of the global

indices (Table S3-3).

Discussion

In this study we found that the association between lead exposure and psychological symptoms
was modified by uric acid. The adverse association between patella lead exposure and the odds of high
psychological symptoms was attenuated at higher levels of uric acid when lead levels were high. Of the
three global indices, the GSI is considered the best indicator for current distress levels as it combines
information on the number of symptoms and intensity of perceived stress (29). The PST and PSDI also
provide additional insight into the number of self-reported symptoms and intensity of those self-reported
symptoms, respectively.

We additionally observed significant modification by uric acid in the associations between patella
lead and anxiety, depression, phobic anxiety, and somatization. These multiple findings could be driven
by the moderate to high correlations between the dimensions. Associations of lead in bone and blood with
these domains have been reported in previous studies, specifically depression (11,12,32), somatization
(15), and phobic anxiety (13), and combined measure of anxiety, depression, and phobic anxiety (11). A
prior study in the NAS also reported blood lead on hostility symptoms (15), but this was not robustly
observed in our study, possibly due to the smaller number of repeated measures considered in this current
analysis.

Evidence from animal studies suggest a role of oxidative stress in mental disorders. Markers of
oxidative disturbances, including depletion of antioxidants, increase in lipid peroxidation, and altered
expression of genes involved in antioxidant metabolism were observed in stress-induced depression and
anxiety-like behavior (33). Epidemiological studies have also shown associations between the oxidative
markers 8-hydroxy-2’-deoxyguanosine and F2-isoprostanes and depression (34), and between antioxidant

enzymes and malondialdehyde, a marker of lipid peroxidation, and anxiety disorders (35,36).
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One of the major mechanisms of toxicity from acute and chronic lead exposure is oxidative stress
from generation of reactive oxygen species and depletion of antioxidants (37). Our results that the adverse
associations of high lead exposures were reduced at higher levels of uric acid suggest that there could be
compensatory antioxidant defense against high lead exposures. Uric acid is a potent scavenger of free
radicals in hydrophilic conditions and accounts for at least 50% of the antioxidant capacity in blood (38).
The statistical interactions were most apparent with patella lead, and not tibia or blood lead, suggesting
that the potential mitigating effects of uric acid at high levels of lead on psychological symptoms are
more pronounced when considering longer-term lead exposures as measured in bone as opposed to acute
lead exposures as measured in blood. In addition, the trabecular bone in the patella has a faster turnover
rate than the cortical bone in the tibia and represents a more mobilizable internal store of lead dose (25).
This mobilization from the bone may best reflect exposures particularly at older ages (39).

Results from our sensitivity analysis restricted to participants who were 45 years old or younger
at entry did not show similar interactions between patella lead and uric acid. These participants at the time
of the first eligible BSI assessment overall had similar distributions of uric acid [mean (SD): 6.3 (1.2)]
and lead biomarkers [tibia: 20.3 (12.2), patella: 28.6 (17.8), blood: 5.4 (3.4)] as participants in the main
analyses. We did see a more robust association between patella and tibia lead and high PSDI, reflecting
an effect of lead exposure that had been attenuated when including all participants. Since these
participants were younger at the first eligible BSI assessment with mean (SD) age of 65.7 (5.4), it may be
because the modification by uric acid on psychological symptomology is more apparent at older ages.

Limitations of our study include the relatively high attrition rate between BSI visits that could
influence the results if attrition was also related to participants’ lead levels. We attempted to account for
such potential informative censoring through weighting techniques in our analyses. In addition, the NAS
consists of only men, in whom both lead and uric acid levels are generally higher than in women.
Cumulative exposures to low lead levels were also associated with psychological symptoms in women

(13), but whether the modification of uric acid is apparent in women is unclear.
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Our study overall suggests that uric acid modified the associations between cumulative lead
exposures and psychological symptoms. Since uric acid is an easily modifiable risk factor through diet or
medications, it could be a potential avenue to mitigate the detrimental effects of lead, especially for past

lead exposures.
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Supplemental Materials

Table S3-1. Descriptive statistics for final stabilized censoring weights

Tibia Patella Blood
Minimum 041 043 0.47
1¥ percentile 0.66 0.66 0.68
25™ percentile 0.87 0.95 0.87
Median 0.95 1.06 0.94
75™ percentile 1.06 1.87 1.05
99 percentile 1.85 1.87 1.93
Maximum 3.68 3.37 3.17
Mean (SD) 0.99 (0.22) 0.99 (0.23) 0.99 (0.23)
s th
Mean (SD), truncated at 1%/99 0.99 (0.20) 0.99 (0.21) 0.99 (0.21)
percentile
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Table S3-2. Odds ratio (95% CI) of high psychological symptoms per interquartile increase in lead

biomarker with uric acid interaction for BSI dimensions

Tibia (per 13 pg/g of bone)

Patella (per 20 pg/g of bone)

Blood (per 4 mg/dL)

Parameter

Anxiety
Lead
Uric acid
Lead x uric acid

Depression
Lead
Uric acid
Lead x uric acid

Phobic Anxiety
Lead
Uric acid
Lead x uric acid

Somatization
Lead
Uric acid
Lead x uric acid

Hostility
Lead
Uric acid
Lead x uric acid

Estimate (95% CI)

1.04 (0.80, 1.36)
1.01 (0.72, 1.41)
1.01 (0.83, 1.23)

1.10 (0.86, 1.40)
1.12 (0.81, 1.56)
0.90 (0.74, 1.10)

1.14 (0.86, 1.53)
1.10 (0.77, 1.58)
0.92 (0.74, 1.15)

1.11 (0.87, 1.43)
1.18 (0.87, 1.61)
0.98 (0.81, 1.20)

1.04 (0.81, 1.32)
1.11 (0.80, 1.55)
0.96 (0.80, 1.16)

p

0.78
0.97
0.91

0.43
0.49
0.31

0.36
0.59
0.48

0.40
0.28
0.88

0.78
0.53
0.70

Estimate (95% CI)

1.18 (0.90, 1.54)
1.35(0.99, 1.84)
0.83 (0.70, 0.99)

1.09 (0.84, 1.42)
1.44 (1.06, 1.95)
0.77 (0.65, 0.92)

1.13 (0.82, 1.58)
1.59 (1.13, 2.25)
0.73 (0.59, 0.90)

1.06 (0.84, 1.35)
1.52 (1.15,2.01)
0.82 (0.69, 0.97)

1.01 (0.80, 1.27)
1.16 (0.85, 1.60)
0.93 (0.77, 1.13)

66

p

0.23
0.06
0.03

0.53
0.02
0.004

0.45
0.01
0.003

0.62
0.003
0.02

0.96
0.35
0.47

Estimate (95% CI)

1.20 (0.98, 1.47)
0.99 (0.77, 1.28)
1.00 (0.87, 1.15)

1.03 (0.81, 1.32)
1.06 (0.79, 1.43)
0.92 (0.76, 1.12)

1.13 (0.89, 1.45)
1.20 (0.89, 1.60)
0.85 (0.70, 1.03)

1.11 (0.89, 1.37)
1.04 (0.80, 1.36)
1.03 (0.88, 1.21)

1.06 (0.86, 1.31)
0.99 (0.76, 1.29)
1.03 (0.88, 1.21)

p

0.09
0.98
0.88

0.77
0.58
0.37

0.35
0.21
0.07

0.32
0.69
0.70

0.61
0.97
0.75



Table S3-3. Odds ratio (95% CI) of high psychological symptoms per interquartile increase in lead

biomarker with uric acid interaction in sensitivity analyses

Tibia (per 13 pg/g of bone) Patella (per 20 pug/g of bone) Blood (per 4 mg/dL)
Parameter Estimate (95% CI) D Estimate (95% CI) P Estimate (95% CI) p
Excluding participants 46 years old or older at entry (n=147)
Global Severity Index
Lead 0.97 (0.70, 1.34) 0.86 1.05(0.73, 1.50) 0.80 1.07 (0.81, 1.42) 0.62
Uric acid 1.01 (0.69, 1.48) 0.95 1.19 (0.81, 1.75) 0.38 0.99 (0.71, 1.38) 0.94
Lead x uric acid 1.01 (0.80, 1.27) 0.96 0.90 (0.71, 1.14) 0.38 1.01 (0.82, 1.24) 0.92
Positive Symptom Total
Lead 0.97 (0.72, 1.29) 0.81 0.93 (0.68, 1.26) 0.62 1.06 (0.84, 1.35) 0.61
Uric acid 0.96 (0.67, 1.37) 0.83 1.11 (0.78, 1.58) 0.56 0.94 (0.70, 1.27) 0.69
Lead x uric acid 1.04 (0.84, 1.29) 0.70 0.94 (0.75, 1.18) 0.61 1.05 (0.87, 1.26) 0.62
Positive Symptom Distress Index
Lead 1.38 (1.01, 1.89) 0.05 1.55 (1.16, 2.07) 0.002 1.28 (0.99, 1.66) 0.06
Uric acid 0.86 (0.60, 1.21) 0.38 0.99 (0.69, 1.43) 0.97 0.97 (0.70, 1.35) 0.85
Lead x uric acid 1.05 (0.86, 1.28) 0.65 0.95(0.77,1.17) 0.65 0.97 (0.81, 1.17) 0.77
Excluding participants with history of kidney diseases (n=13)
Global Severity Index
Lead 1.05 (0.81, 1.37) 0.70 1.15(0.87, 1.52) 0.33 1.03 (0.81, 1.32) 0.80
Uric acid 1.11 (0.79, 1.56) 0.56 1.28 (0.95, 1.74) 0.11 1.02 (0.77, 1.35) 0.89
Lead x uric acid 0.93 (0.75, 1.14) 0.48 0.84 (0.71, 1.00) 0.05 0.95 (0.81, 1.12) 0.58
Positive Symptom Total
Lead 1.03 (0.81, 1.31) 0.82 1.01 (0.79, 1.30) 0.93 1.04 (0.84, 1.29) 0.70
Uric acid 1.10 (0.79, 1.53) 0.56 1.31(0.98, 1.74) 0.07 1.02 (0.79, 1.32) 0.88
Lead x uric acid 0.95 (0.78, 1.16) 0.62 0.85(0.72, 1.01) 0.06 0.98 (0.84, 1.14) 0.81
Positive Symptom Distress Index
Lead 1.30(0.98, 1.73) 0.07 1.45 (1.14, 1.84) 0.003 1.21 (0.96, 1.52) 0.11
Uric acid 1.11 (0.81, 1.53) 0.51 1.24(0.92, 1.67) 0.16 1.10 (0.83, 1.46) 0.50
Lead x uric acid 0.92 (0.76, 1.11) 0.39 0.85 (0.72, 1.00) 0.05 0.89 (0.75, 1.04) 0.15
Additional adjustment for history of hypertension, diabetes, and gout
Global Severity Index
Lead 1.06 (0.82, 1.37) 0.67 1.15(0.88, 1.51) 0.29 1.03 (0.8, 1.32) 0.83
Uric acid 1.15(0.81, 1.63) 0.43 1.31 (0.96, 1.79) 0.09 1.03 (0.76, 1.38) 0.86
Lead x uric acid 0.91 (0.74, 1.12) 0.37 0.83(0.70, 0.99) 0.04 0.95 (0.80, 1.13) 0.55
Positive Symptom Total
Lead 1.03 (0.81, 1.31) 0.82 1.02 (0.80, 1.30) 0.87 1.22 (0.97, 1.52) 0.72
Uric acid 1.10 (0.79, 1.54) 0.55 1.33(0.99, 1.78) 0.06 1.10 (0.82, 1.47) 0.90
Lead x uric acid 0.95 (0.78, 1.15) 0.61 0.84 (0.71, 0.99) 0.04 0.89 (0.76, 1.06) 0.82
Positive Symptom Distress Index
Lead 1.29 (0.98, 1.68) 0.07 1.42 (1.12, 1.80) 0.003 1.04 (0.84, 1.29) 0.09
Uric acid 1.10 (0.80, 1.52) 0.56 1.23 (0.92, 1.66) 0.17 1.02 (0.78, 1.33) 0.54
Lead x uric acid 0.93 (0.77, 1.12) 0.42 0.85 (0.72, 1.00) 0.04 0.98 (0.84, 1.15) 0.19
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Table S3-3 (Continued)

Weights truncated at 1st and 99th percentiles

Global Severity Index
Lead 1.04 (0.80, 1.35) 0.50 1.14 (0.87, 1.50) 0.34 1.03 (0.80, 1.32) 0.82
Uric acid 1.12 (0.80, 1.58) 0.39 1.30 (0.96, 1.76) 0.09 1.01 (0.76, 1.33) 0.96

Lead x uricacid  0.92(0.75,1.12)  0.50  0.83(0.70,0.99)  0.03  0.96(0.81,1.13)  0.59

Positive Symptom Total
Lead 1.02 (0.80, 1.29) 0.90 1.01 (0.79, 1.3) 0.91 1.04 (0.84, 1.29) 0.71
Uric acid 1.10(0.79, 1.51) 0.58 1.33 (.001, 1.77) 0.05 1.02 (0.79, 1.31) 0.91
Lead x uric acid 0.95(0.79, 1.15) 0.63 0.84 (0.71, 0.99) 0.04 0.98 (0.84, 1.14) 0.83

Positive Symptom Distress Index
Lead 1.31(1.00, 1.71) 0.05 1.43 (1.13, 1.81) 0.003 1.21 (0.96, 1.52) 0.11
Uric acid 1.10 (0.80, 1.52) 0.54 1.23(0.92, 1.65) 0.17 1.09 (0.82, 1.44) 0.57
Lead x uric acid 0.92 (0.76, 1.11) 0.37 0.85(0.72, 0.99) 0.04 0.89 (0.76, 1.05) 0.17
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