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Abstract

Objective—Bone lead is a cumulative measure of lead exposure that can also be remobilized.
We examined repeated measures of bone lead over 11 years to characterize long-term changes and
identify predictors of tibia and patella lead stores in an elderly male population.

Methods—Lead was measured every 3-5 years by k-x-ray fluorescence and mixed-effect models
with random effects were used to evaluate change over time.

Results—554 participants provided up to 4 bone lead measurements. Final models predicted a
—1.4% annual decline (95%CI: —2.2,—0.7) for tibia lead and piecewise linear model for patella
with an initial decline of 5.1% per year (95%CI: —6.2,—3.9) during the first 4.6 years but no
significant change thereafter (—0.4% (95% CI: —2.4, 1.7)).

Conclusions—These results suggest that bone lead half-life may be longer than previously
reported.

Introduction

Bone lead (Pb) has been widely used in epidemiologic studies as a surrogate measure of
long-term, chronic lead exposure. While blood lead provides an integrated measure of
circulating lead, representative both of recent and chronic exposures, over 94% of lead is
stored in bone where it has a half life of years to decades.! Bone lead can be assessed using
minimally invasive technology such as k-xray fluorescence (K-XRF),2 but the rate at which
bone lead changes over time in individuals with historical exposure but low current exposure
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remains unclear. This has implications for the use of bone lead as an exposure metric in
subjects with varying ages, particularly in the setting of cohort studies designed to assess
chronic health effects.

Regulatory efforts beginning in the 1970s directly resulted in dramatic decreases in ambient
exposures to lead. However, among older adults with higher cumulative body burden, bone
lead remains a critical source of exposure through bone remodeling.3 Studies have shown
that bone lead levels among older adults are associated with numerous adverse health effects
including decrements in cognitive function and risk of cardiovascular disease. Furthermore,
these harmful effects have been associated with lead levels once considered safe, and no
threshold for the effect of lead has been identified.> 8 Although biokinetic models have been
developed to assess the toxicokinetics of bone lead over time,”- & there is little data from
environmentally exposed human populations. Moreover, implementation of these models
requires knowledge of the appropriate exposure and kinetic parameters. Thus, the utility of
these models in predicting lead mobilization in observational settings remains limited.®

The purpose of this study was to characterize the longitudinal change in cortical and
trabecular bone lead levels within a population of community exposed elderly men.
Turnover is thought to occur at a higher rate in trabecular bone than in cortical bone, due to
its higher rate of metabolic activity.10: 11 A previous study within this population
investigated changes in bone lead after only 3 years of follow up among 70 subjects.}1 We
expanded upon this study to include additional measures obtained during the period at which
ambient exposures had virtually ceased. We hypothesized that lead levels over an 11 year
period would follow a trajectory similar to the one seen after 3 years, whereby trabecular
bone would decrease slowly over years to decades and little or no change in cortical bone
lead would be observed. We also sought to determine key dietary, socioeconomic and
lifestyle factors which would influence changes in bone lead levels during the time of low
exogenous exposures. We then reasoned that cortical bone in an older population could be a
surrogate for lifetime exposure which could be utilized to assess exposure-response
relationships in health effects studies.

Study population

This study utilizes data from the Normative Aging Study (NAS), a longitudinal closed-
cohort study of aging established by the Veterans Administration in 1963, which enrolled
men ages 21 to 80 living in the Boston metropolitan area. Participants were recruited to
represent a broad range of socioeconomic characteristics in terms of education and
occupation.2 Every 3 to 5 years, participants returned for follow up visits and filled out
questionnaires on smoking history, education level, food intake and other risk factors for
chronic disease. This study was approved by the Human Research Committees of Brigham
and Women’s Hospital, the Department of Veterans Affairs Outpatient Clinic in Boston, and
the Harvard School of Public Health and all participants provided written informed consent.
Age, smoking, medication use, physical activity, and dietary intake were assessed at the time
of each visit. The cumulative number of pack-years smoked was calculated for current and
former smokers. Micro- and macronutrient information was obtained from food frequency
questionnaire data, which has been shown to more accurately reflect usual dietary intake
than 24 hour recall.13 Information on the reproducibility of this method in men has been
published elsewhere.14
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Bone lead measurement by K-XRF

Beginning in 1991, participants were invited to undergo bone and blood lead measurements
at the Ambulatory Clinical Research Center of the Brigham and Women’s Hospital. K-XRF
was used to assess bone lead levels for each participant at 2 sites: mid-tibia shaft and patella.
These sites have been selected for bone lead measurement because they are comprised of
primarily cortical and trabecular bone respectively.

The K-XRF instrument provides an unbiased estimate of bone lead levels normalized to
bone mineral content and expressed as micrograms of lead per gram of bone mineral (ug/
9).15 Measurements from 1991 through the first half of 1999 were obtained using the
Abiomed technology (ABIOMED, Inc., Danvers, Massachusetts), while those performed
later were obtained using a newly designed K-XRF instrument and methodology and
intercalibrated with the ABIOMED through a standardized and validated set of calibration
procedures. Both of these technologies provide a measure of uncertainty that is calculated
using repeated measures taken over a 30-minute session and is equivalent to a single
standard deviation if multiple measurements were done. Negative estimates of bone lead
concentrations may occur when lead values are close to zero. Use of all point estimates
without imposition of a minimum detectable limit has been identified as the most
appropriate method of using these data in epidemiologic studies; therefore negative values
were included in our analyses.16 A 15-parts per million (ppm) lead-doped phantom was
positioned and measured 20 consecutive times a week to check the precision and accuracy
of the result as a quality control. Once every 3 to 6 months, a set of lead-doped phantoms
with different lead concentrations was measured to check the calibration of the system.

Statistical methods

All statistical analyses were conducted using Statistical Analysis System (SAS) software
(SAS institute Inc, Cary NC, Version 9.2). Univariate and bivariate summary statistics as
well as distributional plots were examined for all variables to identify potential outliers and
influential points. Expected ranges for variables were designated a priori and bone lead
uncertainty values greater than 10 and 15 pg/g for tibia and patella, respectively, were
excluded. All statistical tests were two-sided with an alpha-level of 0.05. Nutrient variables
were calorie-adjusted in order to minimize the confounding by total caloric intake. This was
done by regressing a model in which total caloric intake is the independent variable and the
nutrient of interest is the dependent variable and then adding the residuals from this model to
a constant equal to the expected intake of the nutrient for mean total caloric intake of the
study participants.

Non-linear mixed modeling was used to analyze changes in bone lead over time as a first-
order decay function. Uncertainty measurements provided by XRF were utilized to weight
observations using an inverse-variance approach (1/uncertainty?). In these models, change in
bone lead over time was modeled using a two-level hierarchical approach such that:

Yi=exp(bp+u;+covariate model+(b;+v;) Year,)+e;;

Where Yj; is the bone lead of subject i at time t, by is the mean intercept and u; is the
subject-specific intercept. For the model of the change over time, by represents the mean
effect of time and v; describes the subject-specific deviation from this slope around the
mean.

Next we examined subject specific factors that modify the rate of decline of bone lead in a
model that takes the form:
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Where hj represents the coefficient of susceptibility factor Z; and d represents the portion of
the subject specific intercept for subject i which is not explained by Z;. This model allows us
to examine factors at the individual level which affect the random slopes (and similarly for
the intercepts) as they vary by subject and is equivalent to testing for interaction between
susceptibility factor Z and time in the model, while recognizing that this may explain all of
the heterogeneity in slope.

An initial model was developed using linear regression of the logarithm of bone lead to
obtain starting values for the non-linear model of the decay function of lead in both tibia and
patella. We have included a term for machine in addition to using a conversion factor for the
bone lead measures obtained using the newly designed K-XRF instrument to preserve
comparability between the two metrics to account for variability in the nature of the signal.
The individual models included terms for years of follow up, age at baseline (1991) and K-
XRF machine used. Bone lead measures made after 1999 using the XRF machine were
calibrated using a correction factor of 0.87. Dietary and lifestyle covariates of interest
determined from previous studies were added into the model individually to test for
significance, and significant effects were included in the final model. The nutritional factors
that were tested include calcium, vitamin D, vitamin C, iron, protein, total fat, as well as
pack-years smoked and body mass index (BMI) based on previous studies of factors
predicting lead levels.1”-19 We also investigated non-linearity in the rate of decline of bone
lead using piecewise linear models with knots at the 25t, 50t and 75t percentile of follow
up time since 1991, when the K-XRF measures began. Sensitivity models were also
constructed in which we tested effect modification by age at baseline. We also tested
whether rate of decline differed by smoking status (never versus current and former
smokers). Finally, we tested effects in models excluding the participants with 4 study visits,
who we hypothesized could differ from the majority of the population with only 2 or 3
repeated measures.

Between June 1991 and December 2002 a total of 554 subjects completed at least 2 tibia or
patella bone lead XRF measurements, 283 participants had 3 measurements and 73 had 4
measurements. The primary reason that subjects reported for not participating in the K-XRF
sub-study was the inconvenience of coming back to the clinic on an additional day. Subjects
with tibia and patella bone lead levels which were accompanied by measurement
uncertainties greater than 10 and 15 pg/g, respectively, were not included in the analysis in
order to minimize measurement error. The mean year of first visit was 1993 (standard
deviation=1.3 years) and ranged from 1991 — 1999.

The distribution of bone lead and demographic characteristics is presented in Table 1 by
visit number during the study period (visits 1-4). Participants in the study had a mean
patella lead measurement of 31.1 (SD=19.9) ug/g and mean tibia lead measurement of 21.6
(SD=13.6 ug/g) at the first visit at which lead was measured. The average age of participants
at first visit was 65.8 (SD=6.6) years and the average BMI was 27.9 (SD=3.7) kg/m2. We
also constructed plots of the mean lead levels in the study population by year stratified by
age in 1991) shown in Figure 1. These plots show the trends in bone lead levels over time by
age category, whereby older individuals in the study population have, on average, higher
bone lead levels across the study period.
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Crude models (adjusted for age in 1991, time since baseline and machine used only) and
final adjusted models are presented in Table 2. The final models were adjusted for age at
baseline, BMI, years of education, pack-years smoked, 2 or more alcoholic drinks/day,
machine used (Abiomed or Harvard k-XRF) and vitamin C intake. These results from these
models included a total of 538 participants with 1394 and 1383 observations in tibia and
patella models respectively. There were 16 individuals missing information on years of
education and they were therefore excluded.

The rate of change in tibia was found to be —1.4% decline per year (95% CI: —2.2,-0.7).
The best model fit for patella based on Akaike’s Information Criteria (AIC) was a piecewise
model with a knot at the median follow up time, 4.6 years. We observed a rate of change for
patella lead of —5.1% per year initially (95% CI: —6.2,—3.9), however after 4.6 years
(February 29, 1996) the piecewise model predicted no significant change (—0.4% (95% CI:
—2.4,1.7)) in patella lead level. Including a piecewise term for tibia lead did not improve
model fit.

No significant age at baseline-by-time interactions were observed for either patella or tibia
lead. Non-smoking participants were found to have 15.3% lower baseline patella lead levels
(95% CI: —23.9,—5.4) than former smokers and had less steep rates of decline. No
significant differences by smoking status were observed for tibia lead. Finally, models
excluded the 73 participants with 4 study visits changed tibia and patella lead rates of
decline by less than 1%.

Discussion

Over 11 years of study, we observed a slow log-linear decline for tibia and a piecewise log-
linear decline with a single knot at the median follow-up time for patella bone lead. While
initial declines were more than twice as fast in patella as compared to tibia lead, the patella
lead did not change significantly after February 29, 1996. Although we observed higher lead
levels among older individuals, we did not observe any interaction on the log scale between
age at study baseline and yearly declines in our models.

Between 1976 and 2002, blood levels in the United States declined by more than 90%, in
large part, due to the removal of lead from gasoline, which was complete by 1987 in the
Northeast United States. Because the rate of turnover in bone lead is known to occur over a
period of years, it is likely that an equilibration of bone and blood lead occurs over a similar
timescale. We interpret the initial rapid rate of fall of trabecular bone lead in our population
as capturing that equilibration process. The cessation of this rapid decline 10-15 years after
the complete cessation of leaded gasoline use suggests that at that point a new equilibrium
had been reached between trabecular bone lead, cortical bone lead, and exogenous exposure.
We believe this has implications for the use of these two measures as markers of lead
exposure. Specifically, these two measures of bone lead represent distinct exposure profiles.
Trabecular lead, represented here by the patella measures, appears to be a reflection of a
moving average of exogenous exposure in the last 10 years. In contrast, the very slow rate of
decline in cortical bone lead —even during a period when environmental lead levels fell
dramatically -- indicates that it is an index of lifetime exposure. In an elderly population,
such as is studied for cardiovascular effects or cognitive decline, these are not the same
thing, and this offers us insight into the timing of lead health effects.

The directionality of predictors we identified in this study were generally consistent with
associations observed in previous investigations. We observed significant correlations
between bone lead level with age,11- 20 whereby older individuals had higher cumulative
exposures. We also observed differences in bone lead levels across measures of
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socioeconomic position, as indicated by lower bone lead with higher levels of education, as
was previously observed in this population.2! With regards to the effects of smoking, we
observed lower baseline bone lead levels among non-smokers. This is consistent with
observations that cigarette smoking has been associated with higher lead levels,?? likely due
to the lead content of cigarettes.23 The smaller decrement among never smokers may be due
to the fact that they start at lower levels than current smokers and former smokers, who
represent the largest sector of this population. Finally, vitamin C, was the only dietary factor
we observed to meet significance in our final models, and has been identified as a mild
chelator,2* and therefore was associated with modest decrements in bone lead levels,

Generally, the magnitude of the effects we observed in the current study corresponds to the
release of bone lead through the process of bone turnover. Previously, adult tibia turnover
rate has been reported as 2% per year, while trabecular lead turnover was reported to be
greater than 8% per year.10 While our 5.1% decline in trabecular lead is lower than that
figure, we note that it was observed at the tail end of the equilibration with the decline in
exogenous lead (that is, in the 1990s, not the 1980s), and the rate of fall may have been
greater in earlier years. The previous investigation within this cohort examined a limited
sample size of 70 subjects and observed an association between the decreasing exogenous
exposure to lead in recent years with bone lead increases with age and decreases over
time.11 In this earlier study, Kim and colleagues extrapolated from 3 years of follow-up to
calculate a half life for patella lead of 8 years and no change in tibia lead. Here we extended
the previous investigation to include over 11 years of data from 554 individuals. In contrast
to Kim and colleagues, our study predicts a significantly longer half-life in patella bone lead
using a piecewise model and no net change after 4.6 years. Additionally, our findings
suggest that the rate of decline in patella lead over time is not constant, as previously
proposed. If we assume a constant rate of decline for tibia lead and assume that the beta
coefficient in our model approximates A, the decay constant, we estimate the tibia half life of
48.6 years. Thus, tibia lead burden does appear to remain relatively stable over time, but is
reduced over the life course in the setting of low exogenous exposure.

Results of this study provide new insight into the temporal variability of tibia and patella
lead levels and therefore are important to the interpretation of studies in which these
measures are used to estimate long-term population lead exposures. However, there are
limitations to our study. Over the course of 11 years of study, new technology was adopted
to measure bone lead. Bone lead was measured using Abiomed technology initially, and
later measurements were obtained using new Harvard designed in-house XRF. We
investigated the comparability of these methods and developed an appropriate approach to
combining data from the two machines which relies on repeated calibration of each machine
against inductively coupled plasma mass-spectrometry (ICP-MS)-derived values, the gold
standard for lead measurement.2

Our participants are male residents of the Boston area and were free from serious illness at
the time they entered into the study. Therefore these results may not be generalizable to
other populations of environmentally exposed men and women. In particular, bone turnover
rates may be higher in older women, who are not included in this study. Previous studies of
lead toxicity have focused primarily on exposures to men in occupational settings and have
observed age effects on longitudinal lead levels as well as evidence that higher exposure is
associated with longer half life.20 Here we focused on examining the changes in bone lead
within an environmentally exposed population of elderly men. It is possible that men who
came in for more measurements are different from the general population due to a
survivorship effect in the cohort. We tested this hypothesis by performing sensitivity
analyses where we excluded the participants with 4 study visits (n=73) and this did not alter
the rates of decline substantially. Disentangling the effects of age and baseline lead level is
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more difficult within this environmentally exposed population due to the fact that age is
such a strong predictor of environmental exposure.

In conclusion, we observed slower rates of decline in bone lead levels than have been
previously reported, indicating that lead exposure due to mobilization from bone continues
for decades after exogenous exposures decline. The repeated measures and completeness of
the data in an environmentally exposed population is unique and having detailed information
on covariates of interest allowed us to efficiently address the relationship between
endogenous lead stores and effects of time. Because adverse health effects associated with
bone lead have been observed at levels once considered safe, it is particularly important to
clarify the time period of exposure reflected in this exposure measure to better understand
the dose-response relation of chronic lead exposure with prevalent chronic disease in the
elderly. Most importantly, our findings suggest that, among older adults, exposure to lead
from release of endogenous bone stores may continue for decades after exogenous exposure
sources have been mitigated.
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Figure 1. Age-Stratified means and Standard deviations for tibia and patella Pb levels over the
study period
Over the 11 years included in the study, older individuals in the study population maintain

consistently higher tibia and patella bone lead levels.
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