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Abstract

Background—Higher long-term cumulative lead exposure predicts faster cognitive decline in
older men, but evidence of an association in women is lacking.

Objective—To determine if there is an association between lead exposure and cognitive decline
in women.

Methods—This study considers a sample of 584 women from the Nurses’ Health Study who live
in or near Boston, Massachusetts. We quantified lead exposure using biomarkers of lead exposure
assessed in 1993-2004 and evaluated cognitive decline by repeated performance on a telephone
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battery of cognitive tests primarily assessing learning, memory, executive function, and attention
completed in 1995-2008. All cognitive test scores were z-transformed for use in analyses. We
used linear mixed models with random effects to quantify the association between each lead
biomarker and change in cognition overall and on each individual test.

Results—Consideration of individual tests showed greater cognitive decline with increased tibia
lead concentrations, a measure of long-term cumulative exposure, for story memory and category
fluency. The estimated excess annual decline in overall cognitive test z-score per SD increase in
tibia bone lead concentration was suggestive, although the confidence intervals included the null
(0.024 standard units, 95% confidence interval: —0.053 , 0.004 — an additional decline in function
equivalent to being 0.33 years older). We found little support for associations between cognitive
decline and patella or blood lead, which provide integrated measures of exposure over shorter
timeframes.

Conclusions—Long-term cumulative lead exposure may be weakly associated with faster
cognitive decline in community-dwelling women, at least in some cognitive domains.
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1. Introduction

Poor or declining cognitive function adversely affects health and quality of life of both
patients (Bassuk et al., 2000; Gaugler et al., 2007) and caregivers (Schulz and Beach, 1999;
Shaw et al., 1997). This burden is growing as the population ages. Lead has direct
neurotoxic effects including disruption of calcium-dependent enzymes and
neurotransmission (Braga et al., 1999; Lasley and Gilbert, 2000), promotion of oxidative
stress (Adonaylo and Oteiza, 1999; Ahamed and Siddiqui, 2007), and alteration of cell
membrane fluidity or permeability (Adonaylo and Oteiza, 1999), which may lead to central
nervous system dysfunction and cognitive decline in older adults. Lead may also have
indirect effects on cognition through its association with hypertension and other
cardiovascular outcomes (Navas-Acien et al., 2007) that are associated with worse cognition
(Manolio et al., 2003; Qiu et al., 2005). While lead exposures have declined over time
(Muntner et al., 2005), sources remain, and due to long-term storage of lead in bone, past
exposures may exert effects later in life (Hu et al., 1998).

Previous studies support an association between higher current or past occupational lead
exposure and lower current cognitive performance (e.g. cognitive test scores assessed at a
single point in time) in older adults (Shih et al., 2007). Studies of the association between
current or prior environmental lead exposures and current cognitive performance in older,
community-dwelling populations, who typically have lower levels of exposure, are less
consistent (Bandeen-Roche et al., 2009; Gao et al., 2008; Muldoon et al., 1996; Shih et al.,
2006; van Wijngaarden et al., 2009; van Wijngaarden et al., 2011; Weisskopf et al., 2007;
Weisskopf et al., 2004; Weuve et al., 2009; Wright et al., 2003). Only two studies have
exclusively considered women (Muldoon et al., 1996; Weuve et al., 2009), and while one of
these only assessed associations with blood lead, a measure of recent exposure, they do
suggest an association, notwithstanding the relatively lower lead burden typically
experienced by women.

The association between exposure to lead and rate of change in cognition is less well
studied, but is potentially more relevant. Associations between lead and cognitive decline
are less susceptible to confounding bias and imply a relationship between lead and the
pathological process leading to a diagnosis of dementia. Higher lead does appear to be
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associated with faster cognitive decline in predominately male occupational and community-
dwelling cohorts (Khalil et al., 2009; Schwartz et al., 2005; Schwartz et al., 2000; Weisskopf
et al., 2007; Weisskopf et al., 2004). Data from the only study to include a significant
number of women, the Baltimore Memory Study, also suggest an association between
higher cumulative lead exposure and faster cognitive decline in several cognitive domains;
however, these associations were significantly attenuated after adjustment for race and
socioeconomic status (Bandeen-Roche et al., 2009).

The association between lead and cognitive decline may be different in community-dwelling
women for several reasons. First, community-dwelling women typically have lower lead
exposures, possibly due to relative lack of occupational exposure. Second, women may
experience several periods of rapid bone turnover during pregnancy, lactation, and
menopause, leading to release of stored lead from bone (Jackson et al., 2010; Machida et al.,
2009). The impact of this is uncertain. It may depend on changes in bioavailable lead during
and after these events (i.e. we would expect higher levels of bioavailable lead during rapid
bone turnover, and there is potential for lower levels of bioavailable lead following such
events, absent changes in external exposures) and whether there is a susceptible period for
the adverse effects of lead on cognition coincidental with rapid bone turnover events. Third,
sex differences in response to lead exposure have been noted in other contexts
(Jedrychowski et al., 2009; Schneider et al., 2011).

To date, no study has investigated the relationship between lead exposure and cognitive
decline exclusively in community-dwelling women, and the single analysis considering a
substantial number of such women failed to strongly support an association (Bandeen-Roche
et al., 2009). The current analyses extends previous work evaluating the association between
past lead exposure and current cognitive performance in a sample of older, community-
dwelling women (Weuve et al., 2009) to explore whether exposure to lead is associated with
cognitive decline.

2. Materials and methods

2.1. Study sample

The current sample is a subset of Nurses’” Health Study (NHS) participants who had been
previously evaluated for lead exposure. The NHS is a large cohort of women who were
registered nurses at recruitment in 1976. Participants complete extensive surveys on
healthrelated behaviors and medical history every two years (Colditz et al., 1997). Lead
exposure had been assessed in 1993-1995 for 301 nurses recruited for a case-control study
of lead and hypertension, and in 2001-2004 for 320 nurses recruited for a study of lead and
osteoporosis and selected to be similar to the controls in the prior case-control study
(Korrick et al., 1999; Weuve et al., 2009). Eligibility criteria for both groups required
residence in the greater Boston area, as well as no history of major chronic disease (with the
exception of hypertension in the cases from the case-control study) or obesity (Weuve et al.,
2009). To be eligible for inclusion in the current study, each participant had to complete at
least one cognitive assessment, be free of stroke, Alzheimer’s disease, and Parkinson’s
disease at the time of the first cognitive assessment, and have complete information on age
and education. Over the course of cognitive follow-up, participants were censored at the
time of stroke. Of the 621 nurses who completed lead exposure assessment, 584 met our
eligibility criteria.

2.2. Exposure assessment

Bone lead concentrations (micrograms lead per gram bone mineral) were measured using K-
x-ray fluorescence (K-XRF) at two sites, the mid-tibial shaft and the patella (Weuve et al.,
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2009), and reflect cumulative lead exposure over periods of several years, with tibia bone
lead representing a longer time period than patella bone lead (Wilker et al., 2011). Negative
estimates of bone lead concentration are possible when lead concentrations are close to zero
and were used in this analysis without imposition of a minimum detectable limit (Kim et al.,
1995). The K-XRF analysis also provides uncertainty estimate for each bone lead
concentration that is theoretically equivalent to the SD of repeated measures. Bone lead
measurements in the first 301 nurses were done using a prototype instrument developed by
ABIOMED (Danvers, Massachusetts) that was replaced by an improved instrument used on
the remaining nurses. Data from the two machines were combined using a linear correction
factor, determined through a calibration analysis (Nie et al., 2008).

We measured lead concentrations in whole blood collected in trace-metal-free tubes with
ethylenediaminetetraacetic acid using graphite furnace atomic absorption with Zeeman
background correction (ESA Laboratories, Chelmsford, MA, USA). Instrument calibration
occurred after every 20 samples using the National Institute of Standards and Technology
Standard Reference Material (NIST SRM 9554, lead in blood). 10% of samples were
duplicates, 10% were controls, and 10% were blanks. Coefficients of variation ranged from
8% for lead concentrations of 10-30 pg/dl to 1% for higher concentrations (Weuve et al.,
2009). Blood lead levels below the minimum detection limit of 1 pg/dl (107/584, or 18% of
the current sample) were re-coded to 0.71 pg/dl (the detection limit divided by the square
root of two).

2.3. Cognitive assessment

Of the 584 nurses who were eligible for the current study, 72 were members of a separate
NHS sub-study of cognitive decline, and completed up to four waves of cognitive testing
between 1995 and 2007. The remaining 512 were invited to complete up to two waves of
cognitive testing between 2002 and 2008, either for this study (n=498) or through a
combination of unrelated pilot studies in the NHS and additional testing for this study
(n=14). We combined all these sources to provide the largest possible sample for the current
analysis; please see Figure A.1 for additional information.

Regardless of data source, trained interviewers administered cognitive tests using telephone
interviews. Up to seven cognitive tests were administered during the interview, with each
interview yielding up to 9 cognitive scores and assessing a variety of domains: (i) the
Telephone Interview for Cognitive Status (TICS) (overall function), (ii) immediate recall of
a 10 word list, a subtask of the Telephone Interview for Cognitive Status (short term
memory) (iii) delayed recall of a 10 word list (learning and memory), (iv) East Boston
Memory test, immediate, (story recall -short term episodic memory), (v) East Boston
Memory test, delayed (story recall - episodic learning and memory), (vi) category fluency
(naming animals - executive function and memory) and (vii) phonemic fluency (haming
words beginning with the letter F - executive function and memory), (viii) alphabetizing
span test (repeat a list of words in alphabetical order - working memory and attention), and
(ix) digit span backwards (repeat a string of digits in reverse order -working memory and
attention). While these tasks cover a variety of domains, they do not assess spatial cognition.

Telephone-based cognitive assessment has previously been shown to be a valid and reliable
method by which to assess cognition in domains commonly affected by dementia (Brant et
al., 1988; Monteiro et al. 1998; Rankin et al. 2005; Rapp et al., 2012; Unverzagt et al.,
2007). Other studies have reported good validity relative to in-person administration of the
same or similar tests and good reliability across repeated telephone administration for
several of the tests included in the current battery. In 4,757 persons age 55-80, age and
depression adjusted correlations across in-person and telephone administration of cognitive
tests within 12 months of each other were 0.71 for phonemic fluency, 0.82 for category
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fluency, and 0.79 for digit span backwards; the adjusted correlation between the in-person
Modified Mini Mental State Examination and the TICS, administered via telephone was
0.89 (Rankin et al. 2005). In a randomized controlled trial of modality of repeated cognitive
testing in 110 community-dwelling older women (mean age 72.4), test-rest reliability for
telephone administered cognitive tests over six months for category fluency, verbal fluency,
and digit span backwards was 0.88, 0.71, and 0.57 (Rapp et al. 2012). Correlations between
initial in-person examination at baseline and telephone testing at 6 months for these three
tests ranged from 0.33 to 0.71 while correlations between initial telephone testing followed
by in-person examination ranged from 0.51 to 0.88.

In a larger subset of NHS participants with cognitive assessments, inter-interviewer
reliability on this telephone administered cognitive battery was greater than 0.95 on all tests
(Lee et al. 2003). In a validation study among 61 women of similar age and education to our
participants from the Religious Orders Study (Bennet et al. 2002), the correlation between
overall performance on our telephone battery and overall performance on an in-person
cognitive battery was 0.81. Moreover, performance on this telephone cognitive assessment
is associated with apolipoprotein E genotype (Kang et al., 2005) and subsequent dementia
diagnosis (Weuve et al. 2009), supporting its validity as a measure of cognitive function in
domains related to dementia in this cohort.

The cognitive battery differed slightly by date of administration and data source; in
particular, the 72 nurses who underwent cognitive assessment as part of another sub-study
were not asked to complete either the phonemic fluency test or the alphabetizing span test.
We z-transformed each set of cognitive test scores based on the distribution of test scores at
the first assessment, with higher values indicating better performance. During the data
cleaning process we also identified one participant with implausible improvement from the
third to fourth assessment on several cognitive tests; we excluded all data from the fourth
assessment for this individual.

2.4, Statistical analysis

We used linear mixed models with random effects and sandwich variance estimates to
evaluate the association between baseline lead exposure and rate of change during follow-up
in each individual test, overall cognitive function, and overall verbal memory performance,
one of the first domains to decline in Alzheimer disease (Tabert et al., 2006). Separate
models were used for each combination of a single lead biomarker (blood, patella, or tibia)
and a single metric of cognitive performance (individual cognitive test performance, overall
cognition, or verbal memory performance). Mixed models allow for differences in the
number of repeat measures across participants; therefore, both persons with a single
cognitive assessment and those with 2, 3, or 4 assessments are included in our dataset and
contribute to our primary estimates.

As we were concerned that sampling for and re-use of data from the original case-control
study of lead and hypertension could induce bias, we weighted all analyses by empirically
derived sampling weights (Richardson et al., 2007). We identified NHS participants who
had been eligible for the original case-control study of lead and hypertension, eligible for the
study of lead and osteoporosis, or both. We then used information from NHS questionnaires
and logistic regression models to predict each nurse’s probability of participation and
computed weights as the inverse of the predicted probability of participation. Predictors used
in these models were chosen to capture known sampling strategy (Korrick et al., 1999;
Weuve et al., 2009) and factors that may predict the decision to participate: age, body mass
index, husband’s education, education, presence of depressive symptoms based on the five
item SF-36 Mental Health Inventory (Ware et al., 1993), smoking status, alcohol intake,
usual blood pressure, whether the participant had previously provided toenail samples, and
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presence of emphysema, osteoporosis, balance problems, and bodily pain. We evaluated
model fit using the c-statistic and the Hosmer-Lemeshow test. Prior to using the weights, we
normalized the weights by dividing each individual weight by the mean weight.
Characteristics of the weights prior to normalization and a comparison of weighted and un-
weighted analyses are available in Tables A.1. and A.2.

To assess the association between lead and individual test performance, we used a model
including a random intercept for individual. To assess the association between lead and
overall cognitive function we used a model including a random intercept for individual and
fixed effects for each cognitive test. This model provides a single estimate of the association
between lead and rate of change in overall cognitive test performance. We used a similar
approach for analyses of verbal memory, treating the four tests of verbal memory,
immediate and delayed recall of the 10 word list and immediate and delayed recall of the
East Boston Memory test, as repeat measures of verbal memory.

The trajectory of cognitive test scores over time is complex. Our final models included a
linear and quadratic term for age at first cognitive assessment, an indicator for second or
subsequent assessment (to capture improvement due to practice effects), a linear term for
change in age from the first cognitive assessment, interactions between the linear and
quadratic terms for age at first cognitive assessment and indicator for second or subsequent
assessment, and interactions between the linear and quadratic terms for age at first cognitive
assessment and the linear term for change in age. For all three biomarkers, lead was modeled
linearly, and we included cross-product terms for lead by change in age from first cognitive
assessment and lead by indicator for second or subsequent assessment. All analyses were
adjusted for predictors of cognitive function and potential confounders identified a priori
and measured at the NHS questionnaire closest to lead assessment, including source of
cognitive and lead data, alcohol consumption, smoking status, education, husband’s
education, menopausal status/hormone therapy use, physical activity, ibuprofen use, aspirin
use, vitamin E supplementation, the % of the participant’s census tract that is self-reported
white race/ethnicity, and the median household income of the participant’s census tract. For
each covariate, we included a main effect as well as interactions between each covariate and
both change in age from the first cognitive test and the indicator for second or subsequent
assessment, to account for confounding of both starting level and change in cognitive test
scores over time. We used missing indicators to account for missing covariate data;
however, if fewer than five participants were missing data for a variable, we re-coded
missing data to the median value. An example of the form of our final models,
corresponding to a generic model for the association between lead biomarker and change in
individual test performance over time, is provided as Equation A.

(A)  Yij=Bg+ By* baselineage; +B,*baselineage;? + Bg*notfirsttest;j +
B4*changeinage;jj + Bs*baselineagej*changeinagej;
+Be*baselineageiz*changeinageij + By*baselineagej*notfirsttest;j
+Bg*baselineage;2* notfirsttest;; + Bg*leadbiomarker; +
Bio*leadbiomarkerj*changeinagejj + By, *leadbiomarker;*notfirsttestjj +
Byoik*Covariatejx + Bysjk*Covariatej *changeinage;j +
Busik*Covariatej*notfirsttest;j+ bj

Where Yijj is the cognitive test score for person i at time j, baselineage; is the age for
each person i at baseline, notfirsttest;j is an indicator for whether the cognitive
assessment was a first or subsequent assessment for person i at time j, changeinage;; is
the difference between baseline age and current age for person i at time j,
leadbiomarkers; is the value of the lead biomarker for person i at baseline, covariatejy is
the value of covariate k for person i at baseline, and bj is a random intercept for each
person.
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The cross-product term for lead by change in age from the first cognitive assessment (B10 in
Equation A) is of primary interest as it corresponds to the association between lead exposure
and rate of change in cognitive test scores over time and is reported in the results section and
Tables 2 and 3 below. We report associations corresponding to a one SD unit increase in
lead biomarker level, and 95% confidence intervals (Cl).

Figure 1 illustrates how our statistical model captures the complex relationships among time,
lead, and cognitive test scores. This figure plots trajectories of predicted overall cognitive
test z-scores for two theoretical women, one with the mean tibia lead concentration and one
with a tibia lead concentration one SD (9.7 pg/g) above the mean, assuming these women
complete cognitive assessments every 3 years starting at age 65 and are described by the
reference value of all covariates. An adverse association between higher lead exposure and
faster cognitive decline would be visible as steeper decline in cognitive test scores from the
second to fourth cognitive assessments for the woman with a higher tibia lead concentration.
The modeled practice effect can be observed in the improvement in scores from visit 1 to
visit 2.

2.5. Sensitivity analyses

3. Results

We performed several sensitivity analyses. First, we excluded participants with high
uncertainty for either bone lead measurement (>15 g/g bone for tibia and/or >10 ug/g bone
for patella, n=28). Second, we excluded persons who reported diagnosis of Parkinson’s
disease or Alzheimer’s disease during follow-up (n=3). Third, we performed additional
analyses to confirm that the association was not dependent on the combination of
participants with different followup intervals (the primary models include all persons,
regardless of the number of follow-up assessments). To do so, we repeated our analyses to
ensure that the association persisted in this subset by (a) excluding data from the initial visit,
and (b) excluding persons who did not complete at least three assessments. Fourth, we
evaluated the possibility of a log-linear relationship between lead and change in cognition
through use of log-transformed lead measures.

The institutional review boards of the Brigham and Women’s Hospital and the Harvard
School of Public Health approved this study. Participants provided written informed consent
prior to participation in the original studies of lead exposure and provided verbal consent
prior to participation in telephone cognitive testing. All analyses were completed using SAS
(Cary, NC), version 9.2.

3.1. Descriptive Statistics

Of the 621 with lead measurements, 584 (94%) women met our eligibility criteria. The mean
tibia lead concentration was 10.5 pg/g bone mineral (SD: 9.7), the mean patella lead
concentration was 12.6 ug/g bone mineral (SD: 11.7), and the mean blood lead
concentration was 2.9 pg/dL (SD: 1.9). Characteristics of our sample and mean lead
concentrations by various characteristics are shown in Table 1. Variation in lead levels by
age, alcohol, and menopausal status/hormone replacement therapy are consistent with
previous reports (Korrick et al., 2002). On average, participants were 61 years old (SD: 6) at
lead assessment and 67 years old (SD: 6) at the first cognitive assessment. The mean time
between cognitive assessments was 3 years (SD: 0.6). Of the 584 participants who
completed at least one cognitive assessment, 59 completed one, 462 completed two, 20
completed three, and 43 completed four cognitive assessments. This pattern is principally
attributable to design, not drop-out. Additional information on the distribution of lead
biomarkers and cognitive test scores is available in Appendix B.
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3.2. Sampling weights

Models used to create sampling weights satisfactorily predicted participation, and Hosmer-
Lemeshow tests failed to suggest lack of fit. Summary measures describing the weights prior
to normalization are available in Table A.1. Compared to the weighted associations between
measures of lead exposure and rate of cognitive change, the un-weighted associations were
often further from the null (Table A.2), suggesting that sampling for and re-use of case-
control data for our alternate outcome, cognition, may have introduced bias. As such, we
report weighted analyses throughout.

3.3. Association with decline on individual cognitive tests

When considering the association between lead and rate of change in cognitive test scores
on individual cognitive tests, we found adverse associations between tibia lead
concentrations and cognitive decline in scores on the East Boston Memory Test, immediate
recall, a measure of story memory, and category fluency (naming animals), a measure of
executive function and memory (Table 2). We found suggestive, but non-significant,
adverse associations between tibia lead concentration on the East Boston Memory Test,
delayed recall, a measure of story learning and memory, and the alphabetizing span test,
which primarily assesses working memory and attention. Surprisingly, we observed a
positive association between tibia lead and change in scores on immediate recall of the 10
word list, a measure of short term memory. There was little support for an association
between patella or blood lead and cognitive decline on any individual test. These results
were materially unchanged across our sensitivity analyses.

3.4. Association with decline in overall cognitive function

Our analyses suggest a weak association between higher levels of tibia lead and faster rate of
decline in overall cognitive function over time, although the confidence interval crosses the
null (Table 3). To put the effect size of the estimate in context, we compared the predicted
one year cognitive decline associated with every one SD increase in tibia bone lead
concentration to the average one year cognitive decline in our cohort and found that the
magnitude of the lead association was 33% of the average yearly cognitive decline in our
data. In other words, a woman would have to age an additional 0.33 years to produce the
same additional decline in cognitive test score predicted for a one SD increase in tibia lead
exposure. Higher tibia lead concentrations did not appear to be associated with decline in
verbal memory. There was little evidence to support an association between patella lead or
blood lead and rate of decline in overall cognition or verbal memory.

3.5. Sensitivity Analyses

Our results were similar across sensitivity analyses excluding those with high bone lead
measurement uncertainty or diagnosed neurodegenerative disease (data not shown). The
association between tibia lead and overall cognitive decline was stronger in analyses limited
to those 63 nurses with three or more tests (difference in 1 year change in total cognitive test
z-score for a 1 SD increase in tibia lead: —0.040, 95% CI: —0.068, —0.012) and in analyses
excluding data from the initial visit, which did not require modeling practice effects
(difference in 1 year change in total cognitive test z-score for a 1 SD increase in tibia lead:
-0.033, 95% ClI: —0.062, — 0.004). Associations from models assuming a log-linear
association between lead and change in cognitive test were generally consistent, but less
statistically significant, than models assuming a linear relation.
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4. Discussion

Our findings suggest that lead, particularly long-term cumulative exposure to lead, may be
related to cognitive decline in community-dwelling women. However, the size of the effect
is small and appears to be limited to certain cognitive domains. The suggestion of an
association between tibia lead and overall cognition is consistent with findings from the
Normative Aging Study, a cohort of community-dwelling older men, where higher tibia and
patella bone lead concentrations predicted a decline in Mini Mental State Examination
scores (Weisskopf et al., 2004), a test of general cognitive function. While previous work in
largely male-dominated cohorts has implicated lead in change in cognition in a variety of
domains, use of different cognitive tests, focus on different cognitive domains, and report on
summary domain measures rather than individual tests makes comparison to previous work
difficult. However, past studies have noted associations or point estimates suggesting an
adverse association between tibia bone lead concentrations and change in measures of
learning and memory (Bandeen-Roche et al., 2009; Schwartz et al., 2000; Weisskopf et al.,
2007), working memory and attention (Weisskopf et al., 2007), and executive function
(Bandeen-Roche et al., 2009; Khalil et al., 2009; Schwartz et al., 2005; Weisskopf et al.,
2007), which is consistent with our findings.

The magnitude of our association between tibia lead concentrations and cognitive decline is
relatively weak. While this may be a function of the relatively low levels of lead exposure
experienced by our community-dwelling sample, other factors may also contribute.
Misclassification of lead levels in post-menopausal women (>90% of the study sample) may
play a role. Women often experience a period of rapid bone mineral density loss during and
after menopause (Seeman, 2003). While there is little evidence suggesting this changes bone
lead concentrations, low bone mineral density can make measurements of lead
concentrations less precise (McNeill et al., 1999), which would likely result in bias towards
the null. Similarly, while neurobehavioral tests are generally reliable, small changes in
cognition can be difficult to detect without extensive testing, and we were limited to looking
at cognitive tests that could be assessed via telephone within a short amount of time. While
previous work in men has noted associations between lead and change in measures of spatial
cognition (Khalil et al., 2009; Schwartz et al., 2000), visuosapatial/visuomotor tasks
(Weisskopf et al., 2007), reaction time (Schwartz et al., 2000; Weisskopf et al., 2007), eye-
hand coordination (Bandeen-Roche et al., 2009), and manual dexterity (Schwartz et al.,
2005; Schwartz et al., 2000), we were unable to assess these domains individually or as a
part of our measure of overall cognition given our use of telephone-administered cognitive
tests. Finally, we were unable to closely investigate the impact of timing of exposure, given
the timing of collection and nature of the biomarkers used to quantify lead exposure.

Our study has some limitations. The strongest threat to study validity is the possibility of
selection bias. First, participants meeting the original eligibility criteria were extremely
healthy, possibly selecting for a non-susceptible population. This cannot account for the
presence of an adverse association, but may contribute to the small magnitude of the adverse
associations. Second, re-use of case-control data could induce bias. To address this, we
weighted our analyses by empirically derived sampling weights (Richardson et al., 2007).
Finally, loss to follow-up could induce selection bias. However, although we have many
fewer participants with three or four cognitive assessments, this is largely by design. In
addition, the possibility of residual or unmeasured confounding remains, although we
adjusted for many potential confounders, including several measures of socio-economic
status; moreover, the homogeneity of our population in terms of profession at enroliment
reduces potential for confounding by socioeconomic factors. We have relatively few persons
with 3 or 4 cognitive assessments. Nonetheless, our sensitivity analyses indicate that the
effects are similar when we restrict to persons with a larger number of assessments. Finally,
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the exposure to lead experienced by these women is relatively low and we cannot exclude a
stronger association at higher exposures; however, the exposures experienced by our cohort
reflect those experienced by a community-dwelling female population, making our results
more relevant to the general population of women.

In conclusion, our study suggests that lead exposure is weakly associated with cognitive
decline in women, at least in some domains. This is in line with previous findings of adverse
associations between lead and cognitive decline in predominately male cohorts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Comparison of the predicted overall cognitive test z-score trajectory for a participant with
the mean tibia lead concentration and a participant with a tibia lead concentration one SD
(9.7 ug/g) above the mean, assuming completion of the first cognitive testing session at age
65, subsequent sessions at three year intervals, and reference level values for all covariates.
An adverse association between higher lead and cognitive trajectory would be evident by
steeper downward slope from interviews 2 through 4 in predicted cognitive test scores for
the woman with a higher tibia lead concentration. The rise from interview 1 to 2 combines
the impact of the adverse association between higher lead and cognitive trajectory and a
positive impact of modeled practice effects common to repeated neuropsychological tests.
Please note that this figure plots two hypothetical trajectories over four assessments
estimated using the analytical model, not an observed trajectory from any of the 43 (7%) of
the 584 women in our analytical sample that had four assessments.
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Adjusted Difference in One Year Change in Cognitive Test Z-Score for Each Cognitive Test per One SD
Increase in Lead Biomarker Concentration? in Weighted Analyses

Differencein One
Year Changein Z-

ScoreP (95% CI)
Tibia Lead
Telephone Interview for Cognitive Status 0.010 -0.039, 0.058
Immediate recall of the 10 word list 0.058 0.000, 0.107
Delayed recall of the 10 word list -0.019 -0.068, 0.039
East Boston Memory Test, immediate recall -0.058 -0.107, 0.000
East Boston Memory Test, delayed recall -0.058 -0.127, 0.010
Category fluency -0.058 -0.097, -0.010
Phonemic fluency 0.136 -0.584, 0.847
Alphabetizing span test -0.711 -1.539,0.117
Digit span backwards 0.010 -0.058, 0.078
Patella Lead
Telephone Interview for Cognitive Status 0.000 -0.058, 0.047
Immediate recall of the 10 word list 0.012 -0.023, 0.058
Delayed recall of the 10 word list -0.012 -0.070, 0.047
East Boston Memory Test, immediate recall -0.047 -0.093, 0.012
East Boston Memory Test, delayed recall -0.023 -0.105, 0.058
Category fluency -0.035 -0.082, 0.023
Phonemic fluency 0.548 -0.140, 1.224
Alphabetizing span test 0.280 -0.443, 0.991
Digit span backwards 0.000 -0.058, 0.070
Blood Lead
Telephone Interview for Cognitive Status -0.026 -0.077, 0.024
Immediate recall of the 10 word list 0.038 -0.026, 0.104
Delayed recall of the 10 word list 0.004 -0.051, 0.060
East Boston Memory Test, immediate recall -0.026 -0.087, 0.034
East Boston Memory Test, delayed recall 0.017 —-0.068, 0.102
Category fluency -0.013 -0.060, 0.032
Phonemic fluency 0.727 -0.379, 1.835
Alphabetizing span test 0.196 -0.750, 1.142
Digit span backwards -0.049 -0.124, 0.026

Abbreviations: confidence interval, CI

a9.7 ug/g bone mineral for tibia, 11.7 ug/g bone mineral for patella, and 1.9 ug/dL for blood lead.

In addition to variables for time, adjusted for data source (cognitive and lead), alcohol consumption, smoking status, education, husband's
education, menopausal status/hormone replacement therapy use, aspirin use, physical activity, ibuprofen use, aspirin use, vitamin E

supplementation, % of residential census tract of white race/ethnicity, and median income of residential census track, including both main effects

and interactions with change in age from baseline cognitive test and a marker for second or subsequent interview
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Table 3

Adjusted Difference in One Year Change in Cognitive Test Z-Score for a One SD Increase in Lead Biomarker

Concentration® in Weighted Analyses

Overall Cognition Verbal Memory
Differencein Differencein
OneYear OneYear
Changein Z- Changein Z-
Score? (95% ClI) Score? (95% ClI)

Tibia Lead -0.024 -0.053, 0.004 -0.017 -0.058, 0.025
Patella Lead -0.014 -0.044,0.016 -0.017 -0.057, 0.023
Blood Lead -0.013 -0.044, 0.017 0.006 -0.037, 0.050

Abbreviations: Confidence interval, Cl

a9.7 ug/g bone mineral for tibia, 11.7 ug/g bone mineral for patella, and 1.9 ug/dL for blood lead.

bIn addition to variables for time, adjusted for data source (cognitive and lead), alcohol consumption, smoking status, education, husband's
education, menopausal status/hormone replacement therapy use, aspirin use, physical activity, ibuprofen use, aspirin use, vitamin E
supplementation, % of residential census tract of white race/ethnicity, and median income of residential census track, including both main effects
and interactions with change in age from baseline cognitive test and a marker for second or subsequent interview.
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