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Abstract
Studies relating sensory hearing impairment to lead (Pb) exposure in children have presented
inconsistent results. The objective of this study was to measure distortion product otoacoustic
emissions (DPOAE), sounds emanating from the outer hair cells of the inner ear, in Pb-exposed
children to determine the effects of Pb poisoning on the inner ear. DPOAE were recorded for 9 f2
frequencies from 1187 to 7625 Hz on 102 ears of 53 Pb-exposed children (aged 6–16 years)
residing in Pb-contaminated environments in the Andes Mountains of Ecuador where Pb-glazing
of ceramics is the primary livelihood. Blood lead (PbB) levels ranged from 4.2 to 94.3 µg/dl
(mean: 37.7; SD: 25.7; median: 36.4). The median PbB level was significantly higher than the
CDC and WHO’s 10 µg/dl action level. Spearman rho correlation analyses of the relation between
PbB level and DPOAE amplitude, and between PbB level and DPOAE signal-to-noise ratio
revealed no significant associations at any of the f2 frequencies tested. In addition, no significant
correlation (Spearman rho) between PbB level and hearing sensitivity for 6 pure-tone test
frequencies from 1000–8000 Hz was found. Although the study group was found to have
abnormally elevated PbB levels, in contrast to some earlier reports, the results of the current study
showed no consistent Pb-induced sensory effects on the cochlea of Pb-intoxicated children.
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INTRODUCTION
Lead (Pb) exposure has been associated with adverse neurocognitive and neurobehavioral
outcomes in children (Bellinger, 1996; Cole & Winsler, 2010), as well as with pediatric
auditory neurosensory impairment (Holdstein et al., 1986; Schwartz & Otto, 1987, 1991;
Dietrich et al., 1992; Osman et al., 1999; Lin et al., 2008). A number of recent review
articles on the developmental consequences of Pb exposure, and a policy statement by the
American Academy of Pediatrics conclude that Pb exposure induces hearing impairment or
subclinical auditory sensory deficits (Markowitz, 2000; Lidsky & Schneider, 2003;
American Academy of Pediatrics, 2005; Olympio et al., 2009; Rosin, 2009). However,
studies of Pb exposure and auditory sensory function have shown mixed results. Some
studies report an association between Pb exposure and cochlear (inner ear) hearing
impairment in both children and adults (Schwartz & Otto, 1987; 1991; Farahat, et al., 1997;
Forst et al., 1997; Osman, et al., 1999; Wu et al., 2000; Chuang et al., 2007; Lin et al., 2008;
Hwang, et al., 2009; Park et al., 2010), leading some investigators to suggest that Pb-
induced hearing loss in children may contribute to the neurodevelopmental learning
disabilities that are associated with pediatric Pb exposure (Schwartz & Otto, 1987; Anderson
et al., 1996; Bellinger, 1996). Other studies found no unequivocal association between Pb
exposure and sensory hearing loss or any change in auditory sensitivity (Baloh et al., 1979;
Otto et al., 1985; Counter et al., 1997a, 1997b; Buchanan et al., 1999; Counter & Buchanan,
2002; Alvarenga et al., 2003; Martins et al., 2007). Our previous investigations of children
living in highly Pb-contaminated environments in rural Andean villages of Ecuador revealed
extremely elevated blood lead (PbB) levels (median: 40–52 µg/dl; range: 6–128 µg/dl), but
the results showed no statistical association between PbB levels and auditory sensory
function (Counter et al., 1997a, 1997b; Buchanan et al., 1999; Counter & Buchanan, 2002).
These disparate findings on the effects of Pb poisoning on the auditory system suggest that
Pb exposure is not invariably associated with hearing impairment, and that behavioral
auditory sensitivity measures may not be a reliable marker of Pb toxicity.

A more direct, and objective technique for examining inner ear integrity involves the
physiologic measurement of otoacoustic emissions, a noninvasive procedure that is routinely
used to screen infants’ hearing as part of universal newborn hearing screening programs.
Otoacoustic emissions refer to sounds generated by the active mechanoelectric transduction
processes of intact cochlear sensory cells, the outer hair cells of the inner ear. These low
intensity level sounds are transmitted in a retrograde manner from the inner ear to the ear
canal, where they are recorded in a noninvasive manner via a miniature microphone placed
at the entrance to the ear canal. (Kemp, 1978; Brownell, 1990; Lonsbury-Martin et al., 1991;
Trautwein et al., 1996). The outer hair cells are quite susceptible to acoustic trauma or
certain toxic agents resulting in a reduction or absence of otoacoustic emissions (Lonsbury-
Martin et al., 1991). In fact, otoacoustic emissions were found to be diminished in
individuals treated with ototoxic medications, such as aminoglycoside antibiotics or
cisplatin, even before changes in behavioral auditory thresholds become apparent (Mulheran
& Degg, 1997; Lonsbury-Martin & Martin, 2001; Stavroulaki et al., 2001, 2002). Thus, if Pb
exposure exerts and adverse effect on the inner ear, otoacoustic emissions may be a more
sensitive index of Pb-induced auditory sensory impairment than behavioral pure-tone
thresholds, which were used in most previous Pb-exposure studies to assess hearing status.
A preliminary otoacoustic emissions study by Buchanan et al. (1999) on 14 Pb-exposed
children found no unequivocal associations of Pb-exposure with hearing impairment.
However, in light of more recent investigations (Wu, et al., 2000; Chuang, et al., 2007; Lin,
et al., 2008; Hwang et al., 2009; Park et al., 2010) that continue to implicate Pb-exposure as
a cause of hearing impairment, it was thus scientifically germane to conduct an otoacoustic
emissions study of inner ear function on a larger sample, and a different group of Pb-
exposed children.
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The clinically advanced otoacoustic emissions technique for measuring the status of outer
hair cells of the inner ear has rarely been used to examine Pb-exposed ears, especially in
children. The primary aim of the current study was to evaluate the impact of Pb exposure at
the cochlear level by examining possible subclinical effects through observation of
distortion product otoacoustic emissions (DPOAE) in a large sample of children with
chronic exposure to Pb.

METHODS
Study Area

The results in this field study were obtained from participants who resided in two rural
ceramic production and Pb-glazing Ecuadorian Andean villages, La Victoria and Racar. La
Victoria is a village of several neighborhoods in Pujilí County, Cotopaxi Province, and is
located about 125 km south of Quito, Ecuador at an altitude of approximately 2,800 m in the
Andes Mountains. The village of Racar is located approximately 15 km west of the southern
Ecuadorian city of Cuenca in Azuay Province at an altitude of approximately 2,500 m above
sea level. The inhabitants of these villages were exposed to Pb from a ceramics Pb-glazing
cottage industry that produces artisan crafts and roofing tiles. The Pb-glazing process
involves extracting the Pb acid from used automobile storage batteries, as well as utility
batteries, churning the extracted Pb into a slurry, and manually applying the suspension to
the ceramic objects. The Pb-coated items are then baked at a high temperature in open kilns
or ovens. The Pb-laden, thick smoke resulting from the baking process pollutes the
immediate environment, and contributes to the high Pb contamination of the air, soil, dust,
and food produce. As a consequence, the inhabitants of the study area have chronically
elevated PbB levels (Counter et al., 1997a, 2000, 2008, 2009a, 2009b; Vahter et al., 1997).
The children and adult inhabitants of the study area are essentially a homogeneous
population in that they reside in rural communities in the Andes Mountains of Ecuador, are
of low socioeconomic and educational status, engage in similar Pb-glazing occupational
practices, and have identical pathways of environmental Pb exposure.

Study Participants
Informed consent was obtained from the parents of the children who participated in the
study. The study was conducted under the auspices of Universidad San Francisco de Quito,
and was approved by the Comité de Bioética (Human Studies Committee) of Universidad
San Francisco de Quito. Audiologic testing was performed on both ears of 60 children as
part of a comprehensive medical examination at our temporary field clinics. The children
had no known family history of hereditary hearing loss, and showed no apparent evidence of
vestibular dysfunction. Children with ear canal or middle ear pathology, as determined by
otoscopy, acoustic immittance of the middle ear, and pure-tone threshold measurements,
were not included in the data analysis for the current study. Seven of the 60 children tested
were not included in the data analysis because of ceruminosis, conductive hearing loss,
abnormal tympanometric results bilaterally, unreliable pure-tone threshold data, or
unreliable otoacoustic emissions recordings. Data included in this study are from 102 ears
(52 right and 50 left ears) of 53 Pb-exposed children. The children ranged in age from 6–16
years (median: 10.8 years.; mean: 10.8 years.; SD: 2.8), and included 28 males (mean age:
10.7 years.; SD: 3; age range: 6.5–16) and 25 females (mean age: 10.9 years; SD: 2.7; age
range: 6–15). The Pb-exposed children are mainly of Ecuadorian indigenous Quechua
Indian and Mestizo (mixture of Spanish and indigenous Indian ethnicity) backgrounds. The
results for the Pb-exposed children were compared to 33 ears of a DPOAE reference group
(age range: 7.3–30 years.; median: 12.9 yrs.; mean: 15.6 years.; SD: 6.5) with normal
hearing (hearing level ≤ 20 dB) as determined by pure-tone threshold testing, and a negative
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history of exposure to noise, Pb or other neurotoxic or ototoxic agents. The non-Pb-exposed
group consisted of U.S. and Ecuadorian children and young adults.

Blood Lead Analysis
Blood samples were collected by trained Ecuadorian medical personnel. Following a
thorough cleaning of the skin using isopropanol swabs, 2–4 ml of blood were drawn from
the antecubital vein of each participant and stored in 4 ml-Vacutainer tubes with Li-heparin.
All blood samples were stored in a refrigerated container and later analyzed for Pb
concentrations by graphite furnace atomic absorption spectrometry (GFAAS) with Zeeman
background correction at Boston Children’s Hospital Department of Laboratory Medicine,
or by inductively coupled plasma mass spectrometry (ICP-MS) at the Channing Trace
Metals Laboratory of the Harvard School of Public Health. Previous investigations found
that these two PbB analysis procedures are comparable (Counter et al., 1998, 2000). In the
current study, PbB levels were determined for 29 of the participants using both the ICP-MS
and GFAAS procedures. The high correlation coefficients obtained using both Spearman rho
(rho = 0.944, p = < 0.0001) and Pearson r (r = 0.961, p = < 0.0001) correlation analyses on
the PbB levels for the 29 participants showed that the two PbB analysis techniques provided
comparable results for the current study. The PbB data for the children were summarized by
grouping them in accordance with the classification system of the Centers for Disease
Control and Prevention (CDC, 1991),which is as follows: Classes I (< 10 µg/dl : not
considered Pb-poisoned), IIA (10–14.9 µg/dl: abnormally elevated PbB level; frequent re-
screening and community Pb prevention activities recommended), IIB (15–19.9 µg/dl :
nutritional, educational and environmental interventions and frequent screening
recommended), III (20–44.9 µg/dl : environmental evaluation and remediation, and medical
evaluation recommended; pharmacological treatment may be indicated), IV (45–69.9 µg/dl :
environmental and medical interventions, including chelation therapy recommended), and V
(≥ 70 µg/dl : medical emergency; immediate medical and environmental management
recommended).

Audiologic Test Procedures
Otoscopy, and acoustic immittance testing were performed to rule out ear canal, tympanic
membrane or middle ear pathology. Pure-tone bone conduction thresholds were obtained
only in cases where air conduction thresholds were abnormal. All audiologic test data were
obtained concurrently with the collection of blood samples from the study participants, thus
precluding any inadvertent audiologic assessment bias.

Pure-Tone Thresholds
Participants were instructed in Spanish to respond to the tonal stimuli no matter how faint.
Pure-tone air conduction threshold data were collected in the field in a quiet location using
the Interacoustics (Model AD 12, Copenhagen, Denmark) and the Tegner (Model PTA-8,
Stockholm, Sweden) portable audiometers with standard TDH 39 and TDH 49 earphones
(calibrated to ANSI S3.6–1996/ISO-1998). In addition to the electroacoustic calibration of
the audiometers in the lab, biological calibration checks of the audiometers were performed
in the lab, and on a daily basis in the field on a staff member whose thresholds had been
determined in the lab prior to field deployment. Pure-tone threshold data were obtained
using a conventional descending-ascending threshold crossing procedure in which the
stimulus intensity was decreased in 10-dB steps, and increased in 5-dB steps. The pure-tone
threshold was defined as the minimum hearing level (HL) at which the participant responded
accurately at least two times on ascending trials. The a priori intra-test reliability was set at 5
dB at 1000 Hz.
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Distortion Product Otoacoustic Emissions
DPOAE results were recorded for both ears following pure-tone threshold determination.
The 2f1–f2 cubic difference frequency distortion product was measured in the field in a quiet
test environment using the GSI-60 DPOAE system (Grason-Stadler, Inc., Eden Prairie, MN,
USA). To elicit the 2f1–f2 distortion product, primary tone pairs (f1 and f2) were presented
via a non-invasive probe tip placed at the entrance to the ear canal, and a miniature
microphone housed in the probe tip was used to record the responses. The f1 primary tone
was presented at 65 dB sound pressure level (SPL) (L1), and the f2 primary tone was
presented at 55 dB SPL (L2). The L1/L2 (65/55 dB SPL) ratio was maintained within 1-dB
in the ear canal of each participant, and the f2/f1 ratio was held constant at 1.2. DPOAE data
were obtained for both ears of most participants in a three-octave range encompassing the
frequency region of 1000–2000, 2000–4000, and 4000–8000 Hz, and plotted as a function of
the f2 frequency, since the response of the cochlear sensory cells corresponds more closely
with the f2 tonotopic location. Unlike a controlled clinical environment, in field
investigations, there are inherent uncontrollable variables and constrains, such as
participants’ availability, work and school schedules, and time limitations. Because of some
of these constraints, replicate DPOAE data could not be obtained on 7 (13%) of the 53
participants. Therefore, the mean of the replicate DPOAE recordings obtained on 87% of the
participants and the single DPOAE recordings obtained on 13% of participants were
analyzed for the following f2 frequencies: 1187, 1500, 1906, 2406, 3031, 3812, 4812, 6031,
and 7625 Hz. A sampling rate of 16,000 Hz and three data points per octave were used for
DPOAE analysis. A DPOAE was accepted as a response if the amplitude of the emission
was 6 dB or greater than the average noise floor recorded from the ear canal.

Statistical Analysis
Means, standard deviations, medians, and ranges were computed for PbB level, pure-tone
threshold, DPOAE amplitude, DPOAE noise floor, and DPOAE signal-to-noise ratio. Since
many of the variables had skewed distributions, nonparametric statistical tests, as well as
parametric tests, were used for data analysis. The Mann-Whitney U test and the unpaired t-
test were used to analyze differences in DPOAE amplitude between the Pb-exposed children
and a non-Pb-exposed reference group. The associations of PbB level with pure-tone
threshold, and PbB level with DPOAE variables (amplitude, and signal-to-noise ratio) were
probed with the Spearman correlation coefficient. An a priori alpha level of ≤ 0.05 was
accepted as indicative of statistical significance.

RESULTS
Blood lead levels

The PbB levels for the 53 children ranged from 4.2 to 94.3 µg/dl with a mean PbB level of
37.7 µg/dl (SD: 25.7; median: 36.4 [CDC Classification III]). The data distribution indicated
that 11 of the children had PbB levels of less than 10 µg/dl (CDC I or action line). Of the
remaining 42 children, 10 had PbB levels in the CDC II (10–19.9 µg/dl), 8 in the CDC III
(20–44.9 µg/dl), 20 in the CDC IV (45–69.9 µg/dl), and 4 had PbB levels that placed them in
the CDC V Classification (≥ 70 µg/dl), which calls for emergency medical attention.

Pure-Tone Thresholds
Mean hearing thresholds (dB HL) for 102 ears of the 53 Pb-exposed children are illustrated
in a traditional audiogram format in Figure 1 for 1000, 2000, 3000, 4000, 6000 and 8000 Hz.
The results indicated normal hearing (HLs ≤ 20 dB) for the children despite their high PbB
levels and chronic environmental Pb exposure. Mean HLs for the children ranged from 5.9
dB (SD: 4.8) at 2000 Hz to 11.2 dB (SD: 6.8) at 6000 Hz. To determine if auditory
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sensitivity correlated with Pb exposure, the relation of pure-tone threshold to PbB level for
the 102 ears at each test frequency was probed with the Spearman rho correlation analysis.
As shown in Table 1, the resulting analysis revealed no significant associations between
PbB level and hearing threshold for any of the pure-tone test frequencies.

Distortion Product Otoacoustic Emissions
Mean DPOAE amplitude as a function of f2 frequency for the 102 ears of the Pb-exposed
children are shown in Figure 2. The results for the Pb-exposed children are compared to 33
ears of a non-Pb-exposed DPOAE reference group. The prevalence of DPOAE meeting the
6-dB or greater S/N ratio acceptance criterion for the Pb-exposed children ranged from 94%
to 100% for f2 frequencies from 1187 to 4812 Hz. For f2 frequencies of 6031 and 7625 Hz,
the prevalence was 78% and 85%, respectively. These prevalence rates are similar to the
DPOAE data of the reference group, which also ranged from 94–100% for f2 frequency
from 1187 to 4812 Hz, and 91% for f2 frequencies 6031 and 7625 Hz. The mean DPOAE
amplitude for the Pb-exposed children ranged from a low of 2.5 dB SPL at f2 6031 Hz to a
high of 9.5 dB SPL at f2 1500 Hz. The mean DPOAE amplitude for the reference group
ranged from a low of 4.5 dB SPL at f2 6031 Hz to a high of 9.2 dB SPL at f2 2406 and 3812
Hz. The mean DPOAE amplitude levels of −0.7 and −7.1 dB SPL at f2 7625 Hz for the Pb-
exposed and reference groups, respectively, are rather low and thus, may not reliably
represent true DPOAE, especially for the reference group. Using the Mann-Whitney U test
and the unpaired t-test for statistical analyses, mean DPOAE amplitude for the Pb-exposed
children were found to be significantly different from the reference group at f2 frequencies
of 2406 Hz (tied Z = −3.58, tied p = 0.0003; t = −3.56, p = 0.0005), 3031 Hz (tied Z =
−2.69, tied p = 0.007; t = −2.60, p = 0.010), 3812 Hz (tied Z = −2.72, tied p = 0.006; t =
−2.53, p = 0.012), and 4812 Hz (tied Z = −2.53, tied p = 0.012; t = −2.19, p = 0.030). The
statistically significant differences notwithstanding, further inspection of Figure 3 reveals
that the DPOAE amplitudes for the Pb-exposed children were never unequivocally outside
of the normal ± 1 SD range of the reference group. There were no significant differences in
DPOAE amplitudes between the Pb-exposed children and the reference group at f2
frequencies of 1187, 1500, 1906, and 6031 Hz. Because of the small number of ears (7) for
the reference group at f2 7625, a statistical comparison was not made at this frequency.

The association between PbB level and DPOAE amplitude for the Pb-exposed children was
analyzed using the Spearman rho correlation coefficient. The results of this analysis are
presented in Table 2, which shows no significant associations between PbB level and
DPOAE amplitude at any of the f2 frequencies tested for the Pb-exposed children. Figure
3A, 3B presents a comparison of results obtained in the current study (A) to those obtained
in a previous investigation (B) by the authors on a smaller group of Pb-exposed children
from the same Pb-glazing area (Buchanan et al., 1999). As can be seen from Figure 3, the
otoacoustic emissions data obtained in the current investigation on a larger group of children
are remarkably similar to those obtained in the earlier field study (B).

DPOAE responses were also examined by analyzing the DPOAE signal-to-noise (S/N) ratio,
which is calculated as the DPOAE amplitude level in dB SPL minus the noise floor level in
dB SPL. The noise floor level refers to the noise in the enclosed ear canal that is generated
by the participant’s breathing and movement, environmental noise, test microphone noise, or
blood flow noise. As seen in Figure 2, the DPOAE amplitude for the Pb-exposed children
are well above the noise floor of the ear canal, with mean S/N ratios ranging from 8.8 dB at
f2 7625 Hz to 23.0 dB at f2 3812 Hz. These levels were similar to those of the reference
group, which ranged from 4.6 dB at f2 7625 Hz to 27.2 dB at f2 4812 Hz. To ascertain if the
S/N ratio was associated with PbB level, Spearman rho correlation analyses were performed.
Similar to the analysis for DPOAE amplitude, the Spearman correlation coefficients did not
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show any statistically significant relations between PbB level and DPOAE S/N ratio at any
of the f2 frequencies (see Table 3).

DISCUSSION
The current study, which used DPOAE to investigate the outer hair cell system of the inner
ear in Andean children with chronic Pb poisoning from Pb-contaminated living
environments, found no unequivocal evidence to support the notion that Pb exposure is
associated with sensory or cochlear hearing impairment. The results are consistent with
other investigations conducted by the authors on different groups of Pb-exposed children
from the same study area, using otoacoustic emissions, pure-tone thresholds and auditory
brainstem responses as outcome measures (Counter et al., 1997a; 1997b; Buchanan et al.,
1999; Counter, 2002). While the Pb-exposed children in the current study showed DPOAE
amplitudes that were within the normal ±1 SD range of the reference group, their DPOAE
amplitudes were significantly reduced relative to the reference group at the f2 frequencies of
2406, 3031, 3812, and 4812 Hz. Since DPOAE amplitude was not correlated with PbB level
in the Pb-exposed children, the amplitude difference in DPOAE between the Pb-exposed
children and the reference group is presumed to be related to other variables not evaluated in
this study. The most likely explanation is that the reference group had significantly better
hearing thresholds than the Pb-exposed children for the 1000–6000 Hz pure-tone test
frequency range. There was no significant difference in pure-tone thresholds between the
groups at 8000 Hz. The difference in pure-tone thresholds between the Pb-exposed children
and the reference group is not surprising, since the reference group was chosen on the basis
of having normal hearing (pure-tone thresholds ≤ 20 dB HL), whereas, the Pb-exposed
children were excluded from the study only if there were indications of ear canal or middle
ear pathology or family history of deafness. As a result, some of the Pb-exposed children
included in the study had HL of 25 and 30 dB.

Of the previous studies that showed an association between PbB level and auditory sensory
function, the ones that are most relevant to the current investigation are the 4 studies that
found a relation between pediatric Pb exposure and sensory hearing dysfunction (Schwartz
& Otto, 1987, 1991; Osman et al., 1999; Lin et al., 2008). An analysis of PbB and hearing
threshold data collected during the second U.S. National Health and Nutrition Examination
Survey (NHANES II, 1976–1980) (Schwartz & Otto, 1987) and the Hispanic Health and
Nutrition Examination Survey (HHANES, 1982–1984) (Schwartz & Otto, 1991) for 4,519
and 3,262 children and adolescents, respectively, indicated that hearing thresholds were
significantly elevated by Pb exposure. Despite the fact that median hearing thresholds for all
test frequencies were ≤ 10 dB HL in both surveys, it was concluded that Pb exposure (even
below 10 µg/dl) was associated with “subtle” or “minor” hearing loss (Schwartz & Otto,
1987, 1991). For example, the HNANES results showed a 2-dB increase in hearing
threshold for increments in PbB levels from 7–18 µg/dl (Schwartz & Otto, 1991).
Considering the NHANES and HHANES results (Schwartz & Otto, 1987, 1991), one would
have expected the children in the current study and in our previous studies, who were both
chronically Pb-exposed and high PbB levels, to have clinically significant sensory hearing
impairment, since the effects of ototoxic agents are dose-related. As previously indicated,
the children in the current study had normal mean hearing thresholds with no statistically
significant threshold-PbB or DPOAE-PbB associations. The NHANES and HHANES
(Schwartz & Otto, 1987, 1991) results are somewhat difficult to interpret because
audiometer nonlinearities at low intensity levels necessitated that all HLs less than 0 dB be
grouped together at 0 dB HL, or required a constant to be added to the threshold. It is
unclear how this may have affected the hearing threshold-PbB relation. The NHANES and
HHANES (Schwartz & Otto, 1987, 1991) data may be examples of large sample sizes
producing significant, but small 1–2 dB effects that would have no clinical, biological or
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medical significance, and would not be detected in the clinic since pure-tone audiometric
hearing thresholds are obtained in 5-dB steps. Unfortunately, at the time the NHANES
(1976–1980) and HHANES (1982–1984) survey data were collected, otoacoustic emissions
were either not discovered or were not in general clinical use for assessment of inner ear
sensory impairment.

Osman et al. (1999) using pure-tone thresholds as an outcome measure, also reported that
hearing thresholds increased significantly with increasing PbB levels at all test frequencies
for 155 children (aged 4–14 years) with low PbB concentrations (median PbB: 7.2 µg/dl)
living in Katowice, Poland. Most of the children in the Katowice study (Osman et al., 1999)
had low PbB levels (approximately 69% of the children had PbB levels less than 10 µg/dl,
61% had PbB levels less than 5 µg/dl, and 88% of children had PbB levels ≤ 15 µg/dl),
indicating a rather restricted exposure range. It was concluded that auditory function in the
Katowice children was impaired even at PbB levels below 10 µg/dl, despite the fact that the
children had normal mean hearing thresholds ranging from 10.3 dB HL at 1000 Hz to 15.1
dB HL at 6000 Hz. Furthermore, 43 of the 155 children in the Katowice study showed
evidence of middle ear pathology, which can adversely affect pure-tone thresholds.
Interestingly, in the Katowice study, the highest regression coefficient for pure-tone
threshold and PbB level occurred at 500 Hz. This is inconsistent with ototoxic damage,
considering that ototoxins usually damage the basal end of the cochlea partition (the high
frequency place) more prominently than its apical end (the low frequency place), at least
initially. Otoacoustic emissions, which would have been a more direct measure of the effects
of Pb on the sensory status of the inner ear, were not recorded in the Katowice investigation.

Aside from the current study and Buchanan et al. (1999), only one other study, Lin et al.
(2008), used otoacoustic emissions to investigate sensory hearing impairment in Pb-exposed
children. Unfortunately, only the English abstract of the Lin et al. (2008) study is available
(the full text is published in an inaccessible Chinese journal). According to the abstract,
results obtained on 256 children (aged 6–7 years) living near a Pb and zinc mining area in
China revealed a significantly negative correlation between PbB level and DPOAE S/N
ratio. The PbB distribution or mean PbB level was not specified in the abstract. Because no
mention is made in the abstract of the Lin et al. (2008) study of an association between PbB
level and DPOAE amplitude, or PbB level and pure-tone threshold, it may be assumed that
no significant relations were found among these variables. Since the DPOAE S/N ratio is an
indirect reflection of the DPOAE amplitude, it is difficult to understand why the S/N ratio
would be significantly correlated with PbB level and the DPOAE amplitude would not.

There are several nonhuman primate experimental studies that are relevant to the issue of
whether Pb exposure produces sensory hearing impairment. Lasky et al. (1995) investigated
DPOAE in monkeys (Macaca mulatta) exposed to Pb early in life and found that only 2 of
11 Pb-exposed monkeys had abnormal DPOAE (1 of the 2 monkeys was later discovered to
have a conductive hearing loss [Lasky et al., 2001a]). In follow-up investigations, using
DPOAE and other physiologic auditory measures with monkeys, no evidence was found for
Pb effects on middle ear, auditory sensory or auditory neural functioning (Lasky et al.,
2001a, 2001b). In a recent investigation by Laughlin, et al. (2009), mean behavioral pure-
tone thresholds for 5 monkeys (Macaca mulatta) exposed to Pb during early development
were observed to be elevated compared to 5 control monkeys for frequencies from 125–
8000 Hz, but this difference was statistically significant only at 250 Hz. As previously
indicated, if one assumes that Pb is an ototoxin, significant effects would be expected at the
higher frequencies more so than lower frequencies. It is difficult to draw any firm
conclusions from the Laughlin, et al. (2009) study because of the small sample size, and
because the Pb-exposed monkeys were reported to be more difficult to test and less engaged
in the auditory threshold task than controls. The less than optimal task performance
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behaviors by the Pb-exposed monkey may have contributed to suprathreshold responses
unrelated to Pb exposure. Another study (Rice, 1997) found 3 of 6 monkeys (Macaca
fascicularis) with chronic (lifetime) Pb exposure to have quantitatively elevated pure-tone
thresholds relative to non-Pb-exposed control monkeys, but the threshold configuration was
not consistent with that typical of ototoxicity. Other animal studies also found no significant
Pb-related effects on the cochlea. Experimental studies using guinea pigs exposed to Pb, or
in vitro experiments on dissociated guinea pig outer hair cells bathed in Pb acetate found no
apparent morphological changes in the cochlea, no marked effects on the endocochlear
potential or the cochlear microphonic response, and no significant effects on outer hair cell
electromotility (the process leading to the generation of otoacoustic emissions) (Gozdzik-
Zolnierkiewicz & Moszynski, 1969; Yamamura, et al., 1989; Tuncel, et al., 2002; Liang et
al., 2004). Because the cochlear microphonic response (or receptor potential) is generated
primarily by the outer hair cells of the inner ear, ototoxic effects should be manifested in
both a diminished cochlear microphonic response and abnormal DPOAE, although DPOAE
may be more hair cell place-specific than the cochlear microphonic.

Recent studies relate delta-aminolevulinic acid dehydratase (ALAD) gene polymorphisms to
Pb poisoning susceptibility, indicating that ALAD2 genotype carriers may be less
susceptible to the neurotoxic effects of Pb (Gao et al., 2010). ALAD gene polymorphisms
may not explain the lack of association between auditory sensory functioning and Pb
exposure found in the Andean children in the current study, since children from the same
study area showed no apparent genetic protection against Pb-related adverse neurocognitive
effects (Counter et al., 2008). Individuals living in high-altitude environments have an
elevation in oxygen-carrying capacity of the blood because of increased hemoglobin
concentration. However, there is no indication from the current study that this physiological
adaptation to high-altitude living made the Andean children less susceptible to Pb-related
auditory sensory impairment. Studying the effects of hemoglobin concentration of
otoacoustic emissions in these children may yield informative data in this regard.

In conclusion, the current study further explored the issue of Pb-induced sensory hearing
impairment by eliciting distortion product otoacoustic emissions, physiologic responses
emanating from the sensory outer hair cells of the cochlea. The results showed no significant
evidence of a Pb-exposure mediated effect on the electromotility function of the outer hair
cells of the cochlea, and suggests that Pb uptake in the inner ear is not great enough to
reduce significantly the amplitude of otoacoustic emissions. These findings also confirm the
results of our previous auditory studies, and are in agreement with some experimental
animal studies.

This study was part of an on-going medical and educational program related to the
prevention of Pb exposure for inhabitants of rural communities in the Andes Mountains of
Ecuador. The results of the current study were presented to the parents of the children who
participated in the study. The parents of the children who participated in this study were
counseled concerning their children’s Pb exposure levels, and were referred to local health
officials for medical treatment where appropriate. It is noteworthy that since data in the
current study were collected, the PbB levels of some of the children in this study have been
reduced through preventative measures and chelation therapy.
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Figure 1.
Mean hearing levels (HL) with standard deviation bars are plotted as a function of frequency
(1000, 2000, 3000, 4000, 6000 or 8000 Hz) using a traditional audiogram format for 102
ears of 53 lead (Pb) exposed children residing in rural Pb-glazing areas in the Andes
Mountains of Ecuador. Note that on the traditional audiogram, zero is plotted at the top of
the graph. The audiogram shows that the Pb-exposed children’s mean hearing thresholds are
well within the normal range (≤ 20 dB HL).
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Figure 2.
Mean distortion product otoacoustic emissions (DPOAE) amplitude (dB SPL) for 102 ears
of 53 lead (Pb)-exposed children living in rural Pb-glazing villages in the Andes Mountains
of Ecuador. Mean DPOAE amplitude data for the Pb-exposed children are compared to
mean DPOAE data of 33 ears of a reference group of non-Pb exposed children and young
adults. The broken lines in the upper portion of the graph represent the ± 1 standard
deviation range for the reference group. Mean DPOAE noise floors (NF) are shown as solid
and dotted lines at the bottom of the graph for the Pb-exposed and reference groups,
respectively. The N at 7625 Hz consists of 45 ears of the Pb-exposed group and 7 ears of the
reference group. Mean DPOAE amplitude for the Pb-exposed children were significantly
different from the reference group at f2 frequencies of 2406 Hz (p = 0.0003), 3031 Hz (p =
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0.007), 3812 Hz (p = 0.006), and 4812 Hz (p = 0.012). See text for details of the statistical
analyses.
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Figure 3.
Mean distortion product otoacoustic emissions (DPOAE) amplitude (dB SPL) data obtained
in the current study (A) for 102 ears of 53 lead (Pb)-exposed children residing in rural Pb-
glazing villages in the Ecuadorian Andes are compared to DPOAE results obtained in a
previous study (B) on a different group of 28 ears of 14 Pb-exposed children residing in the
same study area. For both graphs, mean DPOAE amplitude for the Pb-exposed children are
compared to mean DPOAE amplitude of a reference group (N = 33 and 26 for graph A and
B, respectively) of non-Pb exposed children and young adults. The broken lines in the upper
portion of the graphs represent the ± 1 standard deviation range for the reference group.
Mean DPOAE noise floors (NF) are shown as solid and dotted lines at the bottom of each
graph for the Pb-exposed and reference group, respectively. Note that graph A includes the
f2 frequency of 7625 Hz, which is not included in graph B. Figure 2B is adapted from
Buchanan et al. (1999).
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Table 1

Spearman rho correlation coefficients for blood lead (PbB) level and hearing level (HL) [pure-tone threshold]
for 102 ears of Pb-exposed Andean children for the frequencies 1000, 2000, 3000, 4000, 6000 and 8000 Hz.
The values for rho are corrected for ties, and the p-values are tied p-values. NS = non-significant

Comparison Variables rho P Significance

PbB (µg/dL), HL at 1000 Hz −0.170 0.088 NS

PbB (µg/dL), HL at 2000 Hz −0.073 0.462 NS

PbB (µg/dL), HL at 3000 Hz 0.002 0.982 NS

PbB (µg/dL), HL at 4000 Hz −0.005 0.959 NS

PbB (µg/dL), HL at 6000 Hz −0.060 0.546 NS

PbB (µg/dL), HL at 8000 Hz −0.176 0.079 NS

J Toxicol Environ Health A. Author manuscript; available in PMC 2012 November 06.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Buchanan et al. Page 18

Table 2

Spearman rho correlation coefficients for blood lead (PbB) level and distortion product otoacoustic emissions
(DPOAE) amplitude at the f2 frequencies 1187, 1500, 1906, 2406, 3031, 3812, 4812, 6031 and 7625 Hz for
Pb-exposed Andean Children. N = 102 ears, except at 7625 Hz where N = 45. The values for rho are corrected
for ties, and the p-values are tied p-values. NS = non-significant.

Comparison Variables rho P Significance

PbB (µg/dL), DPOAE at f2 1187 Hz 0.104 0.295 NS

PbB (µg/dL), DPOAE at f2 1500 Hz 0.025 0.803 NS

PbB (µg/dL), DPOAE at f2 1906 Hz 0.036 0.715 NS

PbB (µg/dL), DPOAE at f2 2406 Hz −0.114 0.251 NS

PbB (µg/dL), DPOAE at f2 3031 Hz −0.117 0.239 NS

PbB (µg/dL), DPOAE at f2 3812 Hz −0.140 0.161 NS

PbB (µg/dL), DPOAE at f2 4812 Hz −0.147 0.139 NS

PbB (µg/dL), DPOAE at f2 6031 Hz −0.072 0.467 NS

PbB (µg/dL), DPOAE at f2 7625 Hz −0.232 0.123 NS
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Table 3

Spearman rho correlation coefficients for blood lead (PbB) level and distortion product otoacoustic emissions
signal-to-noise ratio (S/N) at the f2 frequencies 1187, 1500, 1906, 2406, 3031, 3812, 4812, 6031 and 7625 Hz
for Pb-exposed Andean children. N = 102 ears, except at 7625 Hz where N = 45. The values for rho are
corrected for ties, and the p-values are tied p-values. NS = non-significant.

Comparison Variables rho P Significance

PbB (µg/dL), S/N at f2 1187 Hz 0.168 0.091 NS

PbB (µg/dL), S/N at f2 1500 Hz 0.135 0.174 NS

PbB (µg/dL), S/N at f2 1906 Hz 0.128 0.197 NS

PbB (µg/dL), S/N at f2 2406 Hz −0.018 0.854 NS

PbB (µg/dL), S/N at f2 3031 Hz −0.112 0.259 NS

PbB (µg/dL), S/N at f2 3812 Hz −0.140 0.159 NS

PbB (µg/dL), S/N at f2 4812 Hz −0.153 0.125 NS

PbB (µg/dL), S/N at f2 6031 Hz −0.072 0.467 NS

PbB (µg/dL), S/N at f2 7625 Hz −0.211 0.162 NS
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