
Cumulative Lead Exposure and Age-related Hearing Loss: The VA
Normative Aging Study

Sung Kyun Parka, Sahar Elmarsafawyb, Bhramar Mukherjeec, Avron Spiro IIId,e, Pantel S.
Vokonasd,f, Huiling Nieg, Marc G. Weisskopfh, Joel Schwartzh, and Howard Hua,h
aDepartment of Environmental Health Sciences, University of Michigan School of Public Health, Ann
Arbor, MI, USA
bFaculty of Medicine, Mansoura University, Mansoura, Egypt
cDepartment of Biostatistics, University of Michigan School of Public Health, Ann Arbor, MI, USA
dVA Normative Aging Study, Veterans Affairs Boston Healthcare System, Boston, MA, USA
eDepartment of Epidemiology, Boston University School of Public Health, Boston, MA, USA
fDepartment of Medicine, Boston University School of Medicine, Boston, MA, USA
gSchool of Health Sciences, Purdue University, West Lafayette, IN, USA
hDepartment of Environmental Health, Harvard School of Public Health, Boston, MA, USA

Abstract
Although lead has been associated with hearing loss in occupational settings and in children, little
epidemiologic research has been conducted on the impact of cumulative lead exposure on age-related
hearing loss in the general population. We determined whether bone lead levels, a marker of
cumulative lead exposure, are associated with decreased hearing ability in 448 men from the
Normative Aging Study, seen between 1962 and 1996 (2,264 total observations). Air conduction
hearing thresholds were measured at 0.25 to 8 kHz and pure tone averages (PTA) (mean of 0.5, 1, 2
and 4 kHz) were computed. Tibia and patella lead levels were measured using K x-ray fluorescence
between 1991 and 1996. In cross-sectional analyses, after adjusting for potential confounders
including occupational noise, patella lead levels were significantly associated with poorer hearing
thresholds at 2, 3, 4, 6 and 8 kHz and PTA. The odds of hearing loss significantly increased with
patella lead levels. We also found significant positive associations between tibia lead and the rate
change in hearing thresholds at 1, 2, and 8 kHz and PTA in longitudinal analyses. Our results suggest
that chronic low-level lead exposure may be an important risk factor for age-related hearing loss and
reduction of lead exposure could help prevent or delay development of age-related hearing loss.
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INTRODUCTION
Since lead was phased out of gasoline, environmental lead exposure has decreased considerably
in the United States: geometric means of blood lead levels in adults declined from 13.1 µg/dL
in the second National Health and Nutrition Examination Survey (NHANES-II, 1976–1980)
to 1.64 µg/dL in NHANES 1999–2000 (Muntner et al., 2005; Pirkle et al., 1994). However,
lead toxicity still has a significant public health concern in particular among older adults
because they were already exposed to high levels of lead which accumulates in bone and stays
there for decades (Hu et al., 2007). With advancing age, lead can be mobilized from bone into
the circulation which may damage the central nervous and cardiovascular systems. A number
of recent epidemiologic studies have demonstrated that cumulative lead exposure is associated
with age-related diseases, such as cognitive decline, hypertension, age-related cataract,
myocardial infarction and cardiovascular mortality (Hu et al., 1996; Jain et al., 2007;
Schaumberg et al., 2004; Weisskopf et al., 2004; Weisskopf et al., 2009).

Lead exposure could also increase the risk of hearing loss, a leading chronic health condition
experienced by older adults (Liu et al., 2007). Experimental studies suggest that lead exposure,
even at low levels, can impair the inner ear receptor cells and the auditory neuronal function
(Bertoni et al., 1988; Lasky et al., 1995; Yamamura et al., 1989). Epidemiologic studies of
occupationally exposed workers have shown associations of lead exposure with hearing loss
and impaired hearing ability (Chuang et al., 2007; Counter et al., 2002; Discalzi et al., 1993;
Discalzi et al., 1992; Forst et al., 1997; Hwang et al., 2009; Wu et al., 2000). Studies of children
have also demonstrated associations with hearing impairment (Schwartz, 1991; Schwartz et
al., 1987). No study of lead and age-related hearing loss has been conducted in the general
adult population, however, and it is not clear whether chronic, nonoccupational, low-level
exposure to lead contributes to the development of hearing loss among older populations.

Hearing loss is one of the most profound common disabling conditions that older adults can
suffer. It is estimated that more than 35 million among individuals aged 18 and older have
hearing trouble in the U.S. in 2008 (age-adjusted prevalence 15.1%), and the prevalence of
hearing loss increase dramatically with advancing age (27.8% in age 65–74 years; 42.7% in
age 75 years and over) (Pleis et al., 2009). Hearing loss, by itself, lowers the quality of life,
and for most hearing-impaired people the hearing loss has psychological, physical and social
consequences (Gates et al., 2005).

In the present study, we investigated whether cumulative lead exposure, as measured in either
cortical bone (tibia) or trabecular bone (patella) using K x-ray fluorescence (KXRF) between
1991 and 1996, was associated with elevations in hearing thresholds and higher prevalence of
hearing loss in a community-based cohort of men, the Normative Aging Study. We also
examined the relationship between tibia lead levels and the rate of change in hearing thresholds
which had been measured between 1962 and 1996 with the median follow-up of 23 years.
Because the bone lead measurements were conducted at the end of the follow-up time, the
decades-long half-life of lead in cortical bone may be more relevant for exposure assessment
than the shorter half-life of lead in trabecular bone (Hu, 1998;Hu et al., 2007). For this reason,
we used lead measured in cortical bone (tibia lead) as the exposure variable in longitudinal
analyses. The present study controlled for occupational noise exposure and audiometric notch,
important potential confounding factors, using participants’ job titles and notch criteria (Coles
et al., 2000).
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METHODS
Study Population

The Normative Aging Study is a multidisciplinary longitudinal study of 2280 healthy,
community-dwelling men aged 21 to 80 years in Eastern Massachusetts established by the
Veterans Administration in the 1960s (Bell et al., 1966). The participants have undergone
detailed evaluation every five years since their enrollment and every three years since 1984
including extensive physical examinations, laboratory tests and completion of questionnaires
on smoking history and other factors that may influence health. Between 1962 and 1969,
audiometric tests commenced and were repeated every 3–5 year through April 1996.
Occupation was ascertained at all visits from the enrollment until 1980. The verbatim response
regarding occupation was recorded and later coded into one of 45 possible categories.

Beginning in 1991, the active cohort members (n=1171) were invited to participate in a study
of bone lead measurement; 801 (68%) gave informed consent and completed bone lead
measurements. Of these, 539 men had audiometric test results within 5 years before the bone
lead measurement and were considered the base population of the present study. 5 subjects
who had an audiometric test 2–3 years after the bone lead measurements were included. We
excluded 73 subjects with unilateral loss which was defined as pure-tone mean thresholds at
0.5, 1.0, 2.0, and 4.0 kHz that differed between ears by more than 10 decibel hearing level (dB
HL); 3 subjects who had tibia and patella bone lead measurements with estimated uncertainties
greater than 10 and 15 µg/g of bone, respectively, indicators of unreliable measurement (Hu,
1998); 15 who had missing values in the potential confounding factors. Hence, 448 participants
were included in the cross-sectional data analyses. Those 448 men had repeated audiometric
test measurements since 1962, resulting in a total of 2420 observations. We excluded 107
observations with unilateral loss at any visit and 49 observations with missing data in the
potential confounders, and thus, 2264 observations were available for the longitudinal data
analyses. Most subjects (94%) had at least 4 repeated audiometric data (median=5 and
maximum=6) and the follow-up time ranged from 13 to 32 years with the median follow-up
time of 23 years. All participants had given written informed consent. This study was reviewed
and approved by the institutional review boards of all participating institutions.

Hearing Threshold Examination
Pure-tone audiometric examinations with the modified Hughson-Westlake procedure were
obtained under standard conditions in a double-walled sound-proof chamber by audiologists.
Air conduction hearing thresholds in decibels were measured for each ear at the following
frequencies (kHz) 0.25, 0.5, 1, 2, 3, 4, 6 and 8, using either a Beltone 15C (Beltone Electronics
Corp., Chicago, IL) or a Grason-Stadler 1701 (Grason-Stadler, Inc., Milford, NH) audiometer,
both calibrated to the 1964 ISO 389 standard reference zero and followed standard clinical
audiometric procedures. We used the better (lower) hearing thresholds between the left and
right ears for each frequency. We also calculated a pure-tone average (PTA) of thresholds at
0.5, 1, 2 and 4 kHz for each ear, and defined hearing loss as a PTA greater than 25 dB HL in
either ear (Cruickshanks et al., 1998).

Bone Lead Measurement
Bone lead levels were measured with a KXRF instrument at two sites: the mid-tibial shaft and
the patella. The physical principles, technical specifications, and validation of this instrument
were described in detail elsewhere (Burger et al., 1990). The KXRF instrument provides an
unbiased estimate of bone lead levels (normalized for bone mineral contents as micrograms of
lead per gram of bone mineral) and an estimate of the uncertainty associated with each
measurement. The tibia and patella are targeted for bone lead research because they consist
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mainly of pure cortical and pure trabecular bone, respectively, and thus represent the two main
bone compartments.

Assessment of Occupational Noise and Audiometric Notch
Occupational noise exposure might be an important potential confounder in the association
between lead and hearing loss. Direct measurements of noise at workplaces had not been taken
in this cohort. Because crude occupation categories were available, we used their job titles as
a surrogate for occupational noise exposure. A recent study conducted by Tak and Calvert
using data from the National Health Interview Survey reported differential risks of hearing
difficulty by 41 occupational categories (Tak et al., 2008). This study showed 41 occupation-
specific adjusted prevalence ratio of hearing difficulty compared to the reference category
(finance, commodities and sales representatives). For example, mechanics/repairers, machine
operators, and transportation equipment operators had highest occupation-specific adjusted
prevalence ratios of hearing difficulty (1.7 to 2.6). We, therefore, used the reported occupation-
specific adjusted prevalence ratios as occupational noise indices of each occupation group in
our cohort, and then categorized our 45 occupation groups into three noise exposure groups
(low, medium, high). Administrative, managerial, and professional occupations were classified
into the low group; protective service (e.g., police and firefighter), sales (e.g., salesman and
retail), motor vehicle operators and mail delivery occupations into the medium group; and most
blue collar occupations (e.g., construction, mechanics, farming, etc.) into the high group.

A notch in the high frequencies of the audiogram may be evidence of noise-induced hearing
loss. Audiometric notch was defined as a high-frequency notch where the hearing threshold at
3, 4, and/or 6 kHz is at least 10 dB HL greater than at 1 or 2 kHz and at least 10 dB HL greater
than at 6 or 8 kHz (Coles et al., 2000). We used the Coles et al. (2000) criteria because their
agreement with expert consensus was highest and because they essentially quantify what
physicians and audiologists are taught in training (Rabinowitz et al., 2006).

Statistical Analysis
We determined the distributions of demographic and clinical characteristics at the times of the
first audiometric test and the bone lead measurement. We computed age-adjusted means and
standard errors (SEs) of bone lead levels by the characteristics of the study participants, and
assessed the significance of a linear trend using linear regression models for ordinal variables
and the significance of difference using t-tests for dichotomous variables.

In cross-sectional analyses, hearing threshold outcomes (continuous variables) were handled
as linear models. Distributions of hearing thresholds at low frequencies (0.25, 0.5, 1 and 2 kHz)
appeared to be right-skewed but those at high frequencies (3, 4, 6 and 8 kHz) seemed to be
normal. Because zero and negative values in hearing thresholds exist (better-than-normal
hearing) which precluded log-transformations for the low frequency hearing thresholds, we
used absolute measured values (non-log-transformed) for all frequencies, but we also
performed analyses using log-transformed hearing thresholds for low frequencies after adding
a constant as a sensitivity analysis. For hearing loss, we determined the odds ratio (OR) and
95% confidence interval (CI) using logistic regression models. We developed three sequential
models to identify the influence of potential confounders: a) age-adjusted; b) models
additionally adjusted for body mass index (BMI), race (white or other), education (college
graduate or not), cumulative cigarette smoking (pack-years), and status of diabetes and
hypertension; c) models additionally adjusted for occupational noise (low, medium, high) and
audiometric notch (yes or no). In each model, we computed β coefficients of hearing thresholds
and OR of hearing loss for an interquartile range (IQR) increase in each bone lead marker. To
evaluate whether occupational noise modified the association between bone lead and hearing
loss outcomes, we introduced interaction terms between three categories of noise exposure and
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each lead marker along with the main effects in the models. Effect modification by noise notch
was not evaluated because of the small number of subjects with noise notch (n=42) and thus
low power.

In longitudinal associations between tibia lead and hearing thresholds, we used linear mixed
effects models. To test whether lead affected the rate of change in hearing thresholds over time,
an interaction term between time elapsed from the first audiometric test and tibia lead was
included in the models. To make the regression coefficient for the time trend variable
interpretable, tibia lead was centered so that the main effect of time is at the mean tibia lead
concentrations, not at the tibia lead concentration of 0. We fit time as linear because a linear
term is easier to interpret and understand and the nonlinear change in subjects’ thresholds over
time can vary from individual to individual which would make it difficult to draw an overall
conclusion. However, we also add a square of time into the model to examine graphical
associations (and possible nonlinear associations) of the change in hearing threshold over time
by quartiles of tibia lead levels. We also included random intercepts to capture correlation in
audiometry tests within subject and random slopes for the time variable to capture differences
in the rate of decline of hearing across subjects not explained by lead. The likelihood ratio tests
and Akaike Information Criterion were used to compare different models. On the joint
disbribution of the random intercept and random slope corresponding to time, we assumed an
unstructured covariance whereas the measurement error correlation structure was decaying
exponentially across time as specified by the power family of correlation structures. All
statistical analyses were performed using SAS (version 9.1; SAS Institute, Inc., Cary, North
Carolina) and R (version 2.9.2; R Foundation for Statistical Computing,
http://www.w-project.org).

RESULTS
Table 1 shows characteristics of the study population at the times of bone lead measurement
and the first audiometric test. Means of age at the times of the first audiometric test and bone
lead measurement were 42.5 (SD=8.4) and 64.9 (SD=7.3) years, respectively. During the
follow-up, PTA increased from 11.7 (SD=8.5) dB HL to 20.5 (SD=10.3) dB HL and the
prevalence of hearing loss increased from 15.2% to 45.3%. Mean concentrations of tibia lead
and patella lead were 22.5 (SD=14.2) and 32.5 (SD=20.4), respectively.

Because bone lead levels and hearing thresholds were highly correlated with age, we computed
age-adjusted bone lead levels and age-adjusted PTA by study characteristics (Table 2). Older
age, non-white, lower educational attainment, a greater number of pack-years of cigarette
smoking, higher occupational noise exposure, and having a noise notch were associated with
both higher tibia and patella lead levels (p<0.05). Older age, lower educational attainment, and
higher occupational noise exposure were also associated with higher PTA (p<0.05).

Table 3 presents associations between hearing thresholds at each frequency and lead marker
in different covariate-adjusted models. In age-adjusted models (Model 1), both tibia lead and
patella lead were significantly associated with elevations in hearing thresholds at 2, 3 and 4
kHz and PTA. Patella lead was also associated with poorer hearing thresholds at 1, 6 and 8
kHz. The magnitudes of the associations were attenuated after additional adjustment for race,
education, BMI, cigarette smoking, history of diabetes and hypertension (Model 2). All such
the statistical significances except at 1 kH were retained in patella lead, but the statistical
significance of the association with tibia lead remained only at 4 kH. After further controlling
for occupational noise exposure and noise notch (Model 3), both tibia lead and patella lead
remained significant predictors of poorer hearing thresholds at the frequencies found in Model
2. In Model 3, IQR increases in tibia lead (15 µg/g) and patella lead (21 µg/g) were associated
with 2.18 (95% CI, 0.13, 4.23) dB HL and 3.43 (95% CI, 1.46, 5.41) dB HL increases in hearing
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thresholds at 4 kH, respectively. An IQR increase in patella lead was associated with a 1.58
(95% CI, 0.62, 2.55) dB HL increase in air conduction PTA.

We also found similar trends in the associations between bone lead and the risk of hearing loss
(Table 4). An IQR increment in patella lead was associated with a 48% (OR = 1.48, 95% CI,
1.14, 1.91) higher odds of hearing loss in air conduction PTA after controlling for all covariates
including occupational noise exposure and noise notch. There was no significant association
between tibia lead and hearing loss after adjusting for confounders.

We evaluated whether the associations between bone lead levels and hearing outcomes (hearing
thresholds and loss) were modified by occupational noise exposure. Figure 1 shows adjusted
associations of air conduction PTA with lead markers by three occupational noise exposure
groups. There were significant differences in the association of patella lead with PTA hearing
thresholds between low and medium noise groups, but no differences were found between low
and high noise groups. The associations in other high frequencies (2 kH and higher) and in the
risk of hearing loss were similar to those in PTA (data not shown).

Table 5 shows adjusted associations of air conduction PTA with time, tibia lead and the
interaction between time and tibia lead from the linear mixed effects models with a total of
2,264 observations (median observations/participant=5; median follow-up=23 years). We
found that the interaction terms between time and tibia lead for the frequencies at 1, 2 and 8
kH and PTA were positive and statistically significant, suggesting that the higher tibia lead
levels, the faster the rate of elevation in hearing thresholds. For air conduction PTA, for
example, the annual rate of elevation in hearing thresholds for subjects with average tibia lead
levels (23 µg/g) was 0.406 (SE=0.017) dB HL/yr and it increased by 0.05 dB HL/yr per one
IQR increase (15 µg/g) in tibia lead after adjustment for potential confounders. We also
examined if the changes of hearing thresholds over time were linear by adding linear and
quadratic time terms into the model. Figure 2 shows that for subjects in the lowest quartile of
tibia lead, hearing thresholds didn’t change until 10 years since baseline and then the rate
increased gradually next 20 years. There were gradual increases in the rate of hearing thresholds
over the follow-up across the upper three quartiles of tibia lead.

DISCUSSION
In this study, chronic cumulative lead exposure, as measured in bone by KXRF, was
significantly associated with poorer hearing thresholds, especially in the frequency of 4 kHz,
in a community-based cohort of men. Higher patella bone lead levels were also associated with
an elevated risk of hearing loss: 48% higher odds of hearing loss in air conduction PTA. The
odds were roughly equivalent to an increased risk of hearing loss associated with aging of about
4 years in our sample. We also found a significant positive interaction between tibia bone lead
and age (time) in the longitudinal analysis followed up for up to 32 years. This finding suggests
that cumulative lead exposure may accelerate age-related hearing loss. Adjustment for
occupational noise exposure attenuated those associations, but the statistical significances were
retained. There was no dose-dependent increasing trend in the association between bone lead
and hearing loss by occupational noise exposure.

This is the first study to evaluate the impact of chronic lead exposure on age-related hearing
loss in both cross-sectional and longitudinal settings in the general population. Furthermore,
this study utilized an advanced exposure assessment technique for lead biomarkers, which
measures lead levels in tibia bone and patella bone by KXRF. This method allows us to
investigate age-related diseases, which take many years to develop. Approximately 95% of the
total body burden of lead is present in the skeleton and, consequently, measurement of bone
lead levels can provide an integrated picture of more long-term exposure (Hu, 1998;Hu et al.,
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2007). In epidemiologic studies, use of KXRF has revealed evidence of the impact of long-
term low-level lead exposure on age-related diseases, such as hypertension (Cheng et al.,
2001;Hu et al., 1996;Korrick et al., 1999), cardiac conduction,(Cheng et al., 1998) cognitive
declines (Weisskopf et al., 2004;Wright et al., 2003), and cataract formation (Schaumberg et
al., 2004). The present study is in line with the fact that cumulative lead exposure may be linked
to age-related pathological changes.

It is difficult to compare our findings to other studies because no study of the association
between environmental lead exposure and hearing loss in older adults has been published. Two
early studies using the national survey data (NHANES-II and Hispanic Health and Nutrition
Examination Survey (HHANES)) examined the association between blood lead and hearing
thresholds among children and adolescents (6 to 19 years of age) and they found significant
positive associations at all 4 frequencies (0.5, 1, 2, and 4 kHz) even at blood lead levels less
than 10 µg/dL (Schwartz et al., 1987; Schwartz et al., 1991). These studies and our findings
suggest that low-level lead exposure may have a detectable impact on hearing ability among
persons in susceptible periods of age (the young and the old). In addition, our study also
provides evidence that those associations were seen among young and middle-aged adults; we
observed significant positive associations with tibia lead levels at the time of the first
audiometric test when age ranged from 23 to 69 years (mean age 41 years) (data not shown).
Therefore, the auditory effect of lead even at non-occupational low-lead exposures may not
depend on age, but further investigation is needed to verify our results.

Most hearing loss results from degeneration of the cochlea, including degeneration of the organ
of Corti, ganglion cell loss, strial atrophy and basilar membrane stiffness (Liu et al., 2007).
Although significant progress has been made to identify the biological mechanisms of hearing
loss, the exact mechanism is not conclusive. Among the various mechanisms, the hypothesis
of oxidative stress in mitochondria and reduced blood flow in the cochlea is the most intriguing
one (Le Prell et al., 2007; Seidman et al., 2004). With aging, hypoperfusion of the cochlear
tissue occurs, which results in ischemia and the formation of reactive oxygen species (ROS).
These ROS damage cochlea mitochondrial DNA, leading to the production of specific mtDNA
deletion as well as decreased mitochondrial membrane potential. Lead exposure is known to
generate ROS (Ahamed et al., 2007; Gurer et al., 2000): (a) inhibition of delta-aminolevulinic
acid dehydratase by lead can cause accumulation of delta-aminolevulinic acid, which can be
readily oxidized to generate ROS; (b) high affinity for sulfhydryl groups by lead may lead to
depletion of glutathione and protein-bound sulfhydryl groups, resulting in the production of
ROS; (c) lead can provoke ferrous ion-initiated membrane lipid peroxidation. Other potential
mechanisms have been proposed, such as neuro-ototoxic effects of lead on the auditory
brainstem and cochlea (Bertoni et al., 1988; Lasky et al., 1995; Yamamura et al., 1989). Lead
also has the ability to inhibit ion flow through calcium channels (Audesirk, 1993; Garza et al.,
2006), and disrupted plasma membrane calcium pump is associated with loss of sensory hair
cells and hearing loss (Brini, 2009; Schultz et al., 2005; Shull et al., 2003; Spiden et al.,
2008).

Occupational noise exposure is a well-known risk factor for noise-induced hearing loss. The
National Institute for Occupational Safety and Health (NIOSH) estimates that 5–30 million
workers who are exposed to noise levels at work are at risk of hearing loss (NIOSH, 1996).
Although lead exposure in the study participants was mostly unrelated to their occupations, it
is possible that people with high exposure to lead were more exposed to noise at their
workplaces. We used occupation titles and the occupation-specific adjusted prevalence ratio
of hearing difficulty from the National Health Interview Survey (Tak et al., 2008) to assess
individual’s occupational noise exposure because direct measure of noise in workplaces or
information on occupational noise exposure was not available. We also tried to identify hearing
loss cases induced by noise using audiometric notch (noise notch) and controlled for it in the
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regression analyses. In the age-adjusted model, we found a significant dose-dependent
association of hearing loss with the occupational noise variable (Table 2). In the analyses of
bone lead-hearing outcomes, adjustment for this occupational noise variable slightly attenuated
those associations (Tables 3 and 4). Despite its limitation (e.g. exposure misclassification),
utilization of risk of hearing difficulty from the national survey and noise notch might be useful
to control for the potential confounding effect of occupational noise in a study of ototoxicity
other than noise where occupational noise information is not available.

A study conducted with Andean adults in the ceramic lead-glazing industry found that lead
exposure alone is not the cause of the sensory-neural hearing impairment, whereas the intense
occupational noise levels or the combination of lead intoxication and noise exposure may
induce hearing loss (Counter et al., 2002). We, therefore, assessed effect modification by
occupational noise, and found a positive significant association between patella lead and
hearing loss only among the medium noise exposure group but not in the high noise group.
The major occupations in the medium noise group include protective service occupations, sales
occupations, and motor vehicle operators, whereas most blue collar jobs were included in the
high noise group. In this cohort, those two groups had significantly higher air conduction PTA
than the low noise group at the time of bone lead measurement, but there was no difference
between the medium and the high groups (Table 2). There were similar patterns in bone lead
levels among the occupational noise groups. It is possible that the observed differential
associations by occupational noise groups indicate differential use of personal protective
equipment, that is, subjects in the high noise group were more likely to use personal protective
equipment than those in the medium group; however, no such information was available in
this cohort to examine this possibility. If this were the case, subjects in the medium noise group
might be exposed to higher biologically effective noise than those in the higher group, which
would lead to a significant association between cumulative lead and hearing loss only in the
medium noise group but not in the high group. Further investigation is needed in properly
designed studies to confirm the interaction between noise and lead.

Important strengths of this study include the community-based longitudinal design with a large
number of subjects, providing sufficient power to detect small changes in hearing thresholds.
In longitudinal analyses, most subjects had at least 4 repeated measures of hearing thresholds
to account for longitudinal changes over time and subject-specific variations in hearing
thresholds. We also treated age, BMI, and pack-years of cigarette smoking as time-dependent
confounding factors, affording better control for them relative to cross-sectional studies.

There are a number of limitations in this study. We cannot exclude a possibility of selection
bias resulting from selective survival of participation in the bone lead measurement. If subjects
who failed to follow-up (e.g., death) or declined to participate in the bone lead study were more
or less susceptible to lead-induced hearing impairment, we could expect either underestimation
or overestimation of the association between bone lead and hearing loss. Nonparticipants were
older and more likely to be heavy smokers at the times of the first audiometric test and the
bone lead measurement, but there was no difference in hearing threshold levels in all
frequencies and other characteristics, such as education and occupational noise exposure (see
supplemental table). In addition, there was no difference in blood lead levels despite many
missing values on blood lead levels. This suggests that selection bias due to selective survival
is unlikely.

Although we adjusted many important potential confounders in regression models, we cannot
rule out a possibility of bias due to residual or unmeasured confounding factors. Because noise
is present in every human activity at home, at leisure, during sleep, during traveling, and at
work (Babisch, 2005), non-occupational noise, such as traffic noise, loud music and firearms,
exposures to which are not available in this cohort, also contributes to decreased hearing ability.
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Other potential confounders that were not considered in the present study include use of
ototoxic medication (e.g., aminoglycoside antibiotics, chemotherapy agents, loop diuretics),
exposure history to ototoxic chemicals and metals (e.g., toluene, xylene, cadmium), use of
personal protective equipment at work, and genetic variants.

The Normative Aging Study consists of all males of predominantly white race. Gender and
race are important determinants of hearing loss. A recent study found that age-related hearing
loss differs by gender and race (Helzner et al., 2005). Hence, these results may not be
generalizable to women or other racial/ethnic groups.

Finally, it should be noted that although we conducted a prospective cohort study of age-related
hearing loss in relation to lead exposure, our biomarker for bone lead did not come from the
beginning of the period under study. Instead, our biomarker was measured at a point in time
closer to the study terminus date; as a result, this level may not have closely reflected the body
burden of lead present during the initial NAS subject visit. Nonetheless, despite these
limitations, use of tibia bone lead of which concentrations in this population have been shown
to decline by only 0.8% per year (t1/2 = 79 years) (Wilker et al., 2007) suggest that the bone
lead levels likely served as a useful proxy for what the bone lead levels likely were at the
beginning of the interval. In addition, a reverse causality scenario (i.e., that hearing loss or a
process associated with hearing loss causes more lead to be retained in bone) seems highly
unlikely.

In conclusion, our results provide evidence that long-term low-level lead exposure, such as
that commonly experienced by adults in the United States, may be an important risk factor for
age-related hearing loss. This research suggests that reduction of lead exposure could help
prevent or delay development of age-related hearing loss.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Adjusted effect estimates and 95% confidence intervals in pure tone average hearing thresholds
(dB) with one interquartile range increment in bone lead measure by occupational noise groups.
The regression models were adjusted for age, race (white or other), education (>12 yr of
education or not), body mass index (kg/m2), pack-years of cigarettes (0, <30, 30+), diabetes
and hypertension.
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Figure 2.
The longitudinal changes in hearing thresholds over time by quartiles of tibia lead. The model
was adjusted for baseline age, race (white or other), education (>12 yr of education or not),
occupational noise (low, medium, high), time varying covariates of body mass index (kg/
m2), pack-years of cigarettes (0, <30, 30+), noise notch (yes or no), diabetes and hypertension,
and random intercepts and random slopes for time. The spatial exponential correlation structure
was considered the covariance matrix. To capture nonlinear trajectories, linear and quadratic
time terms were fit.
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Table 1

Characteristics [mean ± SD or N (%)] of study participants at the times of bone lead measurement and the first
audiometric test (n=448).

At bone lead measurement At the first audiometric test

Time varying variables

  Age, yrs 64.9 ± 7.3 42.5 ± 8.4

  Body mass index, kg/m2 27.5 ± 3.8 25.9 ± 2.8

  Smoking (pack-yrs)

    0 150 (33.5) 151 (33.7)

    <30 173 (38.6) 220 (49.1)

    ≥30 125 (27.9) 77 (17.2)

  Diabetes 58 (13.0) 9 (2.0)

  Hypertension 175 (39.1) 23 (10.5)**

  Hearing threshold, dB HL

    0.25 kHz 12.5 ± 7.6 6.5 ± 7.3

    0.5 kHz 9.8 ± 7.3 6.5 ± 7.5

    1 kHz 10.4 ± 8.6 5.5 ± 7.0

    2 kHz 17.4 ± 14.9 7.6 ± 10.1

    3 kHz 30.2 ± 18.8 24.0 ± 18.6

    4 kHz 39.7 ± 20.5 23.4 ± 18.8

    6 kHz 44.7 ± 20.6 36.1 ± 23.0

    8 kHz 49.3 ± 22.6 21.4 ± 20.7

    Pure-tone average 20.5 ± 10.3 11.7 ± 8.5

  Hearing loss* 203 (45.3) 68 (15.2)

  Noise notch 42 (9.4) 114 (25.5)

Time invariant variables

  Nonwhite 14 (3.1) –

  Education (>12 yrs) 234 (52.2) –

  Occupational noise

    Low 144 (32.1) –

    Medium 175 (39.1) –

    High 129 (28.8) –

  Tibia lead, µg/g 22.5 ± 14.2 –

  Patella lead, µg/g 32.5 ± 20.4 –

*
Hearing loss is defined as pure-tone average ≥ 25 dB HL. The prevalence of hearing loss at the time of first audiometric test was based on 447 subjects

(1 missing).

**
Hypertension at the time of first audiometric test was based on 220 (228 missing).
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Table 2

Age-adjusted mean bone lead levels by characteristics of the study participants.

N (%) Mean (SE)

Tibia lead, µg/g Patella lead, µg/g PTA, dB HL

Age (yrs)*

    <60 127 (28.4) 17.1 (1.2)§ 24.9 (1.8)§ 14.8 (0.84)§

    60–69 207 (46.2) 23.6 (0.96) 34.1 (1.4) 21.0 (0.66)

    70+ 114 (25.5) 26.6 (1.3) 38.1 (1.9) 25.8 (0.89)

Race

    White 434 (96.9) 22.3 (0.65)† 32.2 (0.95) 20.6 (0.45)

    Non-white 14 (3.1) 30.1 (3.6) 41.2 (5.3) 16.8 (2.5)

Education (yrs)

    ≤12 214 (47.8) 26.3 (0.90)§ 37.7 (1.3)§ 21.5 (0.64)†

    >12 234 (52.8) 19.0 (0.86) 27.8 (1.3) 19.5 (0.61)

Smoking (pack-yrs)

    0 150 (33.5) 19.7 (1.1)§ 28.8 (1.6)§ 20.2 (0.76)

    <30 173 (38.6) 22.4 (1.0) 31.7 (1.5) 19.5 (0.71)

    30+ 125 (27.9) 26.1 (1.2) 38.1 (1.8) 22.1 (0.83)

Occupational noise

    Low 144 (32.1) 18.2 (1.1)§ 26.3 (1.6)§ 18.8 (0.78)†

    Medium 175 (39.1) 24.4 (1.0) 34.6 (1.5) 21.2 (0.71)

    High 129 (28.8) 24.8 (1.2) 36.7 (1.7) 21.4 (0.82)

Noise notch

    No 406 (90.6) 22.0 (0.68)† 31.8 (0.98)† 20.2 (0.46)

    Yes 42 (9.4) 27.5 (2.1) 39.7 (3.1) 22.7 (1.4)

BMI

    <25 104 (23.2) 19.4 (1.3) 28.0 (1.9) 19.2 (0.92)

    25–29.9 254 (56.7) 23.8 (0.85) 34.3 (1.2) 20.8 (0.59)

    30+ 90 (20.1) 22.3 (1.4) 32.6 (2.1) 21.2 (0.99)

Hypertension

    No 273 (60.9) 22.1 (0.83) 31.1 (1.2) 19.9 (0.57)

    Yes 175 (39.6) 23.2 (1.0) 34.7 (1.5) 21.3 (0.71)

Diabetes

    No 390 (87.1) 22.2 (0.69) 32.1 (1.0) 20.3 (0.47)

    Yes 58 (12.9) 24.8 (1.8) 35.3 (2.6) 21.4 (1.2)

*
For the age category, unadjusted mean bone lead levels and pure-tone average (PTA) (SE) were presented.

†
p<0.05,

‡
p<0.01,

§
p<0.001.
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Table 4

Adjusted odds ratios and 95% confidence intervals in hearing loss.

Tibia lead (n=448; IQR=15 µg/g) Patella lead (n=447; IQR=21 µg/g)

OR 95% CI OR 95% CI

Model 1 1.30 1.03, 1.65† 1.59 1.25, 2.02§

Model 2 1.22 0.95, 1.57 1.52 1.18, 1.96‡

Model 3 1.19 0.92, 1.53 1.48 1.14, 1.91‡

*
Model 1: adjusted for age; Model 2: Model 1 + race (white or other), education (>12 yr of education or not), body mass index (kg/m2), pack-years

of cigarettes (0, <30, 30+), diabetes and hypertension; Model 3: Model 2 + occupational noise (low, medium, high) and noise notch (yes or no).

†
p<0.05,

‡
p<0.01,

§
p<0.001
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Table 5

Adjusted effect estimates and standard errors in hearing thresholds with one interquartile range increment in tibia
lead (15 µg/g) from linear mixed effects models (No=448; total observations=2264).

Effect estimate [beta (SE)], dB HL

Frequency Time Tibia lead Time×tibia lead

0.25 kHz 0.263 (0.019)§ −0.129 (0.319) 0.026 (0.018)

0.5 kHz 0.157 (0.019)§ −0.067 (0.364) 0.026 (0.018)

1 kHz 0.244 (0.017)§ 0.429 (0.336) 0.038 (0.017)†

2 kHz 0.468 (0.027)§ 0.740 (0.543) 0.082 (0.026)‡

3 kHz 0.727 (0.031)§ 1.250 (0.954) 0.045 (0.030)

4 kHz 0.748 (0.028)§ 1.767 (0.980) 0.049 (0.026)

6 kHz 0.868 (0.034)§ 0.913 (1.139) 0.058 (0.033)

8 kHz 1.204 (0.036)§ 0.452 (1.103) 0.090 (0.035)†

PTA 0.406 (0.017)§ 0.756 (0.431) 0.050 (0.017)‡

All linear mixed effects models included an interaction between time elapsed from the baseline and tibia lead along with the main effects, adjusting
for baseline age, race (white or other), education (>12 yr of education or not), occupational noise (low, medium, high), time varying covariates of

body mass index (kg/m2), pack-years of cigarettes (0, <30, 30+), noise notch (yes or no), diabetes and hypertension, and random intercepts and random
slopes for time. The spatial exponential correlation structure was considered the covariance matrix.

†
p<0.05,

‡
p<0.01,

§
p<0.001.
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