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ABSTRACT

To determine the state of the research on ototoxic properties of Pb, evaluate possible synergistic
effects with concurrent noise exposure, and identify opportunities to improve future research, we
performed a review of the peer-reviewed literature to identify studies examining auditory damage
due to Pb over the past 50 years. Thirty-eight studies (14 animal and 24 human) were reviewed. Of
these, 24 suggested potential ototoxicity due to Pb exposure, while 14 found no evidence of
ototoxicity. More animal studies are needed, especially those investigating Pb exposure levels that
are occupationally and environmentally relevant to humans. Further investigations into potential
interactions of Pb in the auditory system with other hazards and compounds that elicit ototoxicity
are also needed in animal models. To better assess the effects of Pb exposure on the human
auditory system and the possibility of a synergism with noise, future epidemiological studies need
to carefully consider and address four main areas of uncertainty: (1) hearing examination and
quantification of hearing loss, (2) Pb exposure evaluation, (3) noise exposure evaluation, and (4)
the personal characteristics of those exposed. Two potentially confounding factors, protective
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factors and mixtures of ototoxicants, also warrant further exploration.

Introduction

A wide variety of adverse social, psychological, occu-
pational, and educational outcomes stem from one
disease process: hearing loss (HL) (Seidman and
Standring 2010). HL is the third most disabling global
disease (World Health Organization 2008), with
about 466 million sufferers globally (World Health
Organization 2018). The increasingly high prevalence
of adult-onset HL in developing nations (Stevens et al.
2013) is due at least in part to occupational noise
exposures (Nelson et al. 2005). While HL is often
only thought of as a disease of the elderly, HL affects
those of all ages, and is especially damaging to the
quality of life and academic and social performance in
children, even when cases are mild (Tharpe et al. 2009,
Wake et al. 2004). Once damaged, the sense of hearing
cannot be fully restored. Even with our furthered
understanding of ototoxicants and improvements in
deciphering the mechanism behind noise-induced
HL, workers continue to suffer from occupational
HL at alarming rates (Masterson et al. 2016). This
may be due to a combination of potentially ototoxic
chemicals in the workplace alongside poor levels of

compliance with programs to protect workers” hear-
ing (Rabinowitz et al. 2018); many traditional chal-
lenges to occupational HL prevention continue to
threaten workers’ hearing health today (Kerr et al.
2017).

A number of types of substances have demon-
strated ototoxic properties, including organic sol-
vents, certain medications, asphyxiants, metals
(Campo, Morata, and Hong 2013), and pesticides
(Mac Crawford et al. 2008). Of the various metals
linked to ototoxicity, lead (Pb) has been most exten-
sively examined, though evidence and mechanisms
for Pb-induced damage still have not been fully elu-
cidated. Pb ototoxicity is more heavily researched
than other toxicant metals (e.g. Cd or Hg); however,
the impacts of Pb on the auditory system have not
been as extensively studied as are its well-known
effects on the nervous (Mason, Harp, and Han 2014)
and cardiovascular systems (Solenkova et al. 2014),
and, at high doses, on the hepatic and renal systems
(Goswami, Gachhui, and Bandopadhyay 2005). Pb is
ubiquitous in many occupational and community
settings due to its main current industrial purpose,
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use in Pb-acid storage batteries, and environmental
contamination from past uses in gasoline, plumbing,
and paint. Given these factors, a better understanding
of combined exposures to ototoxic agents in settings
where vulnerable populations may be exposed is
essential for developing plans to prevent HL.

In the past, HL was traditionally associated with
age or noise exposures. Today, research has
demonstrated that chemicals such as styrene and
aminoglycosides contribute to auditory damage as
well (Morata et al. 2011, Schacht, Talaska, and
Rybak 2012). Additionally, epidemiological studies
have indicated that exposures to heavy metals,
including arsenic, cadmium, Pb, manganese, and
mercury, may be associated with an increased risk
of HL (Anniko and Sarkady 1978, Rybak 1992).
These toxic metals cross the blood-brain barrier
(Karri, Schuhmacher, and Kumar 2016) and can
also cross into the inner ear and cochlea.
Significant increases in toxic metals in the cochlear
tissues of animals treated with arsenic and Pb have
been established (Carlson, Schacht, and Neitzel
2018, Li et al. 2017).

Exposures to hazardous chemical mixtures repre-
sent an important area in risk assessment toxicology,
as well as occupational health research (Simmons
1995). The US National Institute for Occupational
Safety and Health (NIOSH) has highlighted the need
for further research examining the relationship of
metals to HL, especially those occurring in mixtures
(Morata 2003). However, the impacts of Pb in com-
bination with other hazards on the auditory system
have not been extensively studied. Improvements in
our understanding of the role of chemical agents
causing HL are critical to preventing HL and identi-
fying vulnerable workers in industries with multiple
ototoxic exposures, as well as vulnerable commu-
nities and populations. As with Pb, noise is also
ubiquitous in occupational and community settings
(Lewis, Gershon, and Neitzel 2013), and interactions
between physical and chemical hazards in toxicology
are underappreciated (Rider et al. 2014).

Reviews of Pb-induced ototoxicity are few and
have not included a thorough examination of study
methodologies evaluating ototoxicity (Araki et al.
2000, Johnson and Morata 2010a, Otto and Fox
1993, Repko and Corum 1979). A recent paper briefly
reviewed a wide variety of divalent metals for ototoxic
properties (Roth and Salvi 2016). However, that

review focused on delineating potential mechanisms,
and not on identifying opportunities for improving
the design of future studies, as our review does.
Another recent publication examining hearing
impairment caused by occupational chemical expo-
sures did assess ototoxicity of Pb, but did not evaluate
study methodologies, as our review does (Johnson
and Morata 2010b). In order to extensively review
and thoroughly analyze both the methods and results
of past studies on metal toxicity, this review focuses
solely on Pb exposures to non-developmental life-
stages, both alone and in combination with other
agents. To capture all related studies, we have
included studies on animals and humans. Animal
studies can provide evidence of harm unconfounded
by other variables, so we discuss these findings first. In
contrast, epidemiological studies explore combina-
tions of variables in uncontrolled, real-life settings,
and offer insights that are more directly relevant to
human exposures. Examining both types of literature
is critical to determining the degree to which Pb
contributes to HL in humans.

Methods

Firstly, the authors wish to make a point about
modern search engines. While these are convenient
and advantageous in many ways, they fall short in
overcoming some of the deficiencies of the English
language, namely heteronyms. While two search
engines, Google Scholar and PubMed, were
employed in our review, the use of tabulated search
criteria resulted in a more accurate and efficient
search of the literature. PubMed searches usually
returned relevant papers, whereas Google Scholar
searches were highly confounded by the heteronym
lead, as in a horse to water. The heteronym hearing,
as in a legal setting, also obfuscated the topic of
interest. Over 122,000 hits were returned using key-
words “lead” AND “hearing loss” on Google
Scholar. For this reason, we relied heavily on
PubMed’s tabulated search criteria which, when
refined, returned under 200 hits.

Our PubMed search used both keywords and
Medical Subject Heading (MeSH) terms relating to
topics of metals, ototoxicity, and Pb in both ani-
mal and human studies. Articles found were eval-
uated for references to additional literature of
interest. Reports and review articles on general



ototoxicants (some of which addressed combina-
tions of noise and chemical exposure) were also
consulted to compile references (Cary, Clarke, and
Delic 1997, European Agency for Health and
Safety at Work 2009, Haider et al. 1990, Johnson
and Morata 2010b, Prasher 2009, Rybak 1992).

To determine that a paper appropriately
addressed HL, six MeSH terms were used in
a Boolean search with an OR operator. These are
listed below. Establishing the paper’s relevance to
Pb was more difficult. The NCBI MeSH term
repository was essential for this aspect of the
search due to the issues with heteronyms. The
keyword “Pb” was also introduced to capture stu-
dies using the chemical abbreviation for “lead”.

The main NCBI Boolean search used is below
for reproducibility of our findings:

(“Hearing”[Mesh]

OR “Hearing Loss, Mixed Conductive-Sensorineural
”[Mesh]

OR “Hearing Loss”[Mesh]

OR “Persons With Hearing Impairments”[Mesh]
OR “Auditory Diseases, Central”[Mesh]

OR “Auditory Threshold”[Mesh])

AND

(“Lead” [Mesh] OR “Pb”)

Only literature published in English was considered in
our search. Studies were excluded from this review if
the outcome assessed was the vestibular system, con-
ductive HL, or tinnitus; if auditory tests were used to
measure cognition; if the goal of a study was reporting
on the prevalence of hearing disorders; and if occupa-
tional or noise-induced HL were evaluated with no
measure of Pb exposure. We next excluded all studies
relating to developmental Pb exposures and auditory
function including studies on animals in utero or in
human children, though these studies have also
shown inconsistent results (Buchanan, Counter, and
Ortega 2011, Osman et al. 1999). While these studies
may serve as additional evidence, the mechanisms
and pathology are likely to be different, so we omitted
these papers from our review. From the articles
remaining, the references listed within the articles
themselves, and literature found from previous
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reviews on ototoxicants, 38 papers were selected for
inclusion in this review. These papers were grouped
by the nature of research into studies performed with
animals (n = 14) and human studies (n = 24).

From each selected study, key information was
abstracted regarding the methodology used to
perform and measure all predictor and outcome
variables of interest, as well as study results. Each
paper was analyzed for strengths and weaknesses,
particularly with regards to the ototoxic mixtures
and potential confounding factors. All studies
were reviewed by a single author (KC).

Results
Animal experimental evidence

Thirteen studies in whole animals and one study in
animal tissues were identified. Table 1 summarizes
methods of animal study designs; the lengths of the
studies, dosing regimens, and animal types are
shown for comparison. Study results, along with
noteworthy outcomes, are shown in Table 2.
Tables 1 and 2 are arranged in chronological order
overall, and alphabetical order for studies occurring
in the same year. To summarize these studies, lit-
erature was classified into high dose studies in which
animals were observed to suffer acute Pb poisoning
symptoms and low dose studies which utilized
chronic exposure conditions to evaluate lower Pb
levels over time. Due to the differences in animals
and the differences in time periods tested, no spe-
cific dose of Pb was used to delineate high from low.
Overall, the majority (9 of 14 in vivo studies; the
in vitro study did not support ototoxicity) support
an ototoxic property of Pb. The animal studies
identified in this review which provide evidence in
favor of ototoxicity point to a neurological source of
damage caused by Pb.

High Pb dose studies

Historic exploration into Pb ototoxicity involved
high doses of Pb that caused frank toxicity. Of the
thirteen in vivo studies, nine involved high doses of
Pb. Eight of these caused animal death or weight loss
due to Pb treatment, while one study used a high dose
of Pb and euthanized animals two hours after treat-
ment. Six of these eight studies established the strong
possibility of alterations in the auditory system, and
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possible neural damage, following Pb exposure; how-
ever, these findings may have been confounded by
systemic toxicity effects. Two studies noted no audi-
tory effects (Fazakas, Lengyel, and Nagymajtényi
2005, Wilpizeski 1974), though these negative results
could have resulted from very small sample size (i.e.,
Wilpizeski 1974), or the use of uncommon testing
procedures (i.e., the auditory cortical evoked poten-
tials and electrocorticography used by Fazakas,
Lengyel, and Nagymajtényi 2005).

Studies displaying positive results for auditory dys-
function following high doses of Pb predominately
used auditory brainstem response (ABR) and analysis
of thresholds or waveforms. ABR can be performed in
humans and rodents; five main waves are measured as
neuronal signals pass from the cochlea to the auditory
cortex in the brain. These main waves comprise an
afferent pathway traveling sequentially through five
major components of auditory processing: Eighth
cranial nerve fibers beginning in the cochlea; eighth
cranial nerve fiber upon entry to the Cochlear
nucleus; action potentials exiting the cochlear nucleus
and projecting to the superior Olivary complex; the
signal in the Lateral lemniscus; and finally the Inferior
colliculus within the midbrain of the brainstem (easily
remembered as the underlined text shows ECOLI)
(Jewett and Williston 1971; Picton et al. 1974).
Following this succession of action potentials, the
afferent signal is sent to the medial geniculate within
the thalamus and further to the auditory cortex where
processing occurs within the temporal lobe (Bartlett
2013). These last processing steps are essential for
understanding and recognition of human speech.

Alterations in the amplitude or latency of these
waves can be signals of pathology. Hearing thresh-
olds, interpreted as waveforms present, but dimin-
ishing in amplitude as the stimulus presented
quiets, are another measure of hearing ability. In
humans, thresholds from 0 to 19 dB are considered
within the normal hearing range. Thresholds of 20
dB or more demonstrate different degrees of HL;
thresholds of 20-34 dB show mild HL, 35-49 dB
show moderate HL, 50-64 moderately severe,
65-79 dB show severe, 80-94 dB show profound
HL, and 95 dB and over show complete HL (Vos
et al. 2015). The World Health Organization defines
HL as thresholds at or above 25 dB in one or both
ears for pure-tone single frequency audiometry
(World Health Organization 1991). Mean auditory

thresholds vary by species and stimuli (particularly
the frequency or pitch), but are similar to humans
(Zheng, Johnson, and Erway 1999).

Takahashi, Okamoto, and Saito (1984) found
a significant increase in latency of N1 and
a significant increase in P1-N1 amplitude after
the sixth day of treatment. A significantly longer
latency of N1 action potential was observed by
Yamamura et al. (1984). Output voltage lowered
under 20 dB in the highest Pb treatment group of
Yamamura et al. (1987). Whole nerve action
potentials were elevated to 25 dB (the authors
did not specify baseline or final levels) after five
weeks of treatment in results from Yamamura
et al. (1989). Histopathology explored by
Gozdzik-Zolnierkiewicz and Moszynski (1969)
showed axonal degradation and demyelination
in the wvestibulocochlear nerve (VIII cranial
nerve), but no pathology in inner ear cells or in
the spiral ganglion.

The study that used a terminal procedure
explored the effects of Pb, both Pb acetate
(PbAc) and tetraethyl Pb on cochlear micro-
phonic and compound action potentials thresh-
olds. In guinea pigs, auditory nerve compound
action potentials were disrupted due to admin-
istration of Pb acetate and increased thresholds
by 5-10 dB at high and mid frequencies
(Tuncel, Clerici, and Jones 2002). Threshold
shifts in the tetraethyl Pb group were signifi-
cantly greater than controls.

Low Pb dose studies

The four studies that administered lower doses of
Pb employed different measures of auditory func-
tion and generally demonstrated ototoxicity.
Nagymajtenyi, Schulz, and Desi (1996) used elec-
trocorticography, but in contrast to the study with
negative results in a high dose of Pb, found
a significant decrease in electrocorticography
index in the auditory centers, and a significant
increase in mean frequencies for the study’s high-
est and longest treatment group. Liu et al. (2011)
found changes in ABR wave I-V latencies in rats
exposed to Pb acetate via gavage. Jamesdaniel et al.
(2018) used ABR in mice to determine significant
8-12 dB shifts from baseline threshold at 4, 16, 24,
and 32 kHz. In contrast, Carlson, Schacht, and
Neitzel (2018) did not find significant changes in



threshold shifts or distortion product otoacoustic
emissions (DPOAESs) after Pb treatment, and no
outer hair cell loss in the cochlea.

In vitro studies

The majority of animal studies included in this
review are laboratory in vivo studies. However, one
in vitro study of cochlear outer hair cells from adult
guinea pigs is summarized in Tables 1 and 2. This
study showed alterations of neural signaling neces-
sary for auditory processing following exposure to
Pb. PbAc decreased outward potassium currents in
adult pigmented guinea pigs outer hair cell explants
(Liang et al. 2004).

Further, in vitro studies on neurological tissues
indicate possible mechanisms for Pb toxicity in the
auditory system, though the following studies were
not performed with auditory tissues. Nerve terminals
from rat brains receiving Pb treatment impacted the
crucial proton gradient of synaptic vesicles and
decreased glutamate accumulation inside these
synaptic vesicles (Borisova et al. 2011); this is related
to auditory processing, as glutamate is the primary
neurotransmitter used in ascending auditory neu-
rons (Raphael and Altschuler 2003).

Mixed exposures

While metals are often tested alone under con-
trolled laboratory conditions, environmental and
occupational exposures usually contain a mixture
of different types of metals and different combina-
tions of metals. Results from studies which
manipulated the Pb-exposures via the addition of
another agent, either protective or harmful, have
been summarized here.

In combinations with other agents, several studies
still showed ototoxic effects for Pb; for example,
acute low Pb doses of PbAc caused delayed auditory
wave latencies in rats, which were alleviated through
doses of copper (Liu et al. 2011). Phenyl-tert-butyl-
nitrone administration alleviated threshold shifts
from tetraethyl Pb to some degree (Tuncel, Clerici,
and Jones 2002). Other studies found negative
results. Fazakas, Lengyel, and Nagymajtényi (2005)
suggested that alcohol administration counteracted
the effects due to Pb, but changes in electrocortico-
graphy in the auditory center due to a combination
of Pb, mercury, and alcohol administration were not
significantly different from a control group.
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In vivo studies are necessary to understand the
combination of physical and chemical hazards that
have been explored only in two recent studies.
Carlson, Schacht, and Neitzel (2018) did not
observe any significant changes in thresholds
from combinations of Pb and cadmium; Pb, cad-
mium, and noise; or Pb and noise. Jamesdaniel
et al. (2018) observed greater threshold shifts to
animals exposed to both Pb and noise compared to
mice exposed to Pb alone, suggesting potentiation.

Human studies

We reviewed 24 epidemiological studies. The
methodological features of these studies are sum-
marized in Table 3, and study findings are sum-
marized in Table 4. In reviewing these papers, we
identified four areas of uncertainty and weakness
in this literature: 1) hearing examination and HL
quantification; 2) Pb exposure assessment; 3) noise
exposure assessment; and 4) participant character-
istics. We describe each of these in areas in detail
in the sections below.

Hearing examination and HL quantification

The largest area of concern and variation with
epidemiologic study methodology was the varying
quality and type of hearing examinations. Good
hearing requires a functional outer, middle, and
inner ear, and unimpeded transmission of neural
signals from the vestibulocochlear nerve, through
the brainstem, to the primary auditory cortex in
the cerebral cortex of the brain. An important
need for both toxicological and epidemiological
studies is to examine the location and mechanism
of hearing damage due to Pb exposure, and its
interaction with noise. For example, while noise-
induced damage typically manifests as cochlear
hair cell death in the basal region, the toxicological
studies suggest damage due to Pb takes place in
the neural processing networks. Without this
knowledge, the optimal measure (or measures) of
hearing is unclear.

The 24 included human studies used a range
of hearing tests, including DPOAEs, pure-tone
audiometry, and brainstem auditory evoked
response (BAER), each of which measures dif-
ferent aspects of the hearing system. DPOAEs,
used in two human studies, are best used to
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assess cochlear outer hair cell function.
Audiometry, used in 15 studies summarized
for this review, identifies the lowest level of
subjectively detectable sound. Finally, BAER,
also called brainstem auditory evoked potentials
(BAEP), used in 11 studies, measures neuronal
transmission of action potentials to the auditory
center of the brain. As Pb is a known neuro-
toxicant, further exploration into modification
of auditory neural processing through BAER is
likely worth investigation in Pb ototoxicity stu-
dies. Past studies have found that correlations
between pure-tone audiometry and DPOAE:s
may be poor (Engdahl, Tambs, and Hoffman
2013). Determining the best auditory function
measures for epidemiological analysis will
require a more complete understanding of
mechanisms surrounding Pb ototoxicity.

Regardless of the test used, a quiet environ-
ment is necessary to ensure accurate hearing
measurements. Four studies described the envir-
onment where tests occurred; background noise
levels during these tests ranged from a “quiet
area” (Counter and Buchanan 2002) to a sound-
treated chamber (Park et al. 2010). The back-
ground levels of 30 (Hwang et al. 2009) and 50
dB (Wu et al. 2000) in two human studies are
troubling, as normal thresholds are in the range
of 0-20 dB. Prior to testing, tympanometry and
visual inspection of the tympanic membrane to
rule out ear infections or obstructions are
needed. However, these tests were only described
by one (Farahat et al. 1997) of the 24 studies.

Temporary threshold shifts due to noise expo-
sure are another important consideration that
could substantially alter the results of hearing
tests and attenuate potential relationships
between Pb, noise, and HL. Only two of the 24
human studies gave details on the timing of tests
after the last exposure to high noise: 14 (Wu
et al. 2000) and 16 (Chuang et al. 2007) hours
of quiet, respectively.

Finally, due to the resilient nature of the hearing
system (Pepler et al. 2014), it may be essential to rely
on multiple tests to determine deficits in hearing
function. To address this limitation, we recommend
the use of BAER to evaluate auditory neural proces-
sing, in combination with pure-tone audiometry to
evaluate the perception of sound.

Pb exposure analysis

Biological Pb levels were measured in all of the 24
studies. Blood lead levels (BLLs) were the most
frequently used assessment technique reported by
22 studies. Other techniques included measure-
ments of airborne concentrations of Pb (used in
addition to biological Pb), measurement of blood
Pb in fingernails, and measurements of bone Pb.
While blood lead levels (BLLs) may be representa-
tive of recent exposures, they do not account for
the accumulation of Pb in the bones following
chronic exposure. Blood Pb has a half-life of
about 30 days (Roberts et al. 2001), depending on
initial levels, but also represents an equilibrium of
the body burden carried in the bone. Bone Pb has
a half-life over decades or longer (Wilker et al.
2011). Two epidemiological studies used time-
weighted averaging approaches to address the cri-
tical issues of exposure timing and intensity
(Bleecker et al. 2003, Hirata and Kosaka 1993).
One study measured the duration of exposure
and Pb concentrations in ambient air (Hirata and
Kosaka 1993), and both studies investigated the
gold standard: individual monitoring of past
BLLs from workers’ five-year history. Park et al.
(2010) took advantage of a recent development in
measuring cumulative Pb exposure and used X-ray
fluorescence to quantify Pb in bone. Use of this
approach should increase the ability to accurately
estimate metals exposure over long periods of time
where BLLs are not especially meaningful.

Noise exposure assessment

Noise exposure is a major concern in studies of
workers, since noise is a nearly ubiquitous occupa-
tional exposure. In some workplaces, Pb and noise
exposure may co-occur, requiring an even more
thoughtful exposure assessment to evaluate the
exposures concurrently. Five (Bleecker et al. 2003,
Chuang et al. 2007, Farahat et al. 1997, Hwang et al.
2009, Wu et al. 2000) of the 24 included occupa-
tional studies suggested HL in workers exposed to
both noise and metals greater than expected for the
amount of noise exposure alone. However, none of
these studies provided sufficient information on the
levels of occupational noise to which workers were
exposed. Only one study investigated a link between
noise exposure and heavy metals exposures, in this
case among mining occupations (Saunders et al.
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2013). The findings were inconclusive due to con-
founding issues of poor health as well as the large
number of statistical analyses performed on multi-
ple metals.

Quantification of environmental or leisure noise
exposure is also critical. Of the 24 epidemiological
studies included, two (Choi et al. 2012, Huh, Choi,
and Moon 2016) included some adjustments and
exploration into sources of noise that were non-
occupational. Firearms create unique blast noise
exposure, which is a threat to the entirety of the
hearing system. There is also potential of addi-
tional Pb exposure from the use of firearms.
Moreover, the use of guns is often correlated
with high occupational noise exposure (Agrawal,
Niparko, and Dobie 2010). Determination of lei-
sure activities and community settings where loud
noise exposures occur is essential. Communities
feature multiple sources of noise exposure - e.g.
multiple modes of transportation, recreational
activities, etc. (Neitzel et al. 2012) - and all of
these sources must be assessed to comprehensively
evaluate the risk of HL with or without the pre-
sence of Pb.

Participant characteristics

Demographic information for participants was diffi-
cult to evaluate in a number of the human studies we
reviewed. Every study listed participant age ranges
and accounted for increased HL with age; however,
this was often confounded by Pb exposure metrics
that also increased with age or duration of employ-
ment. Given the correlation between these factors,
more thoughtful analysis is needed. As HL levels
have been found to vary by race (Hoffman et al.
2017, Sun et al. 2014) and income level (Chou et al.
2015), detailed information on participants charac-
teristics is necessary for a clear understanding of
possible confounders. Choi et al. (2012) had a great
deal of information on their participants and
detailed hearing outcomes as significantly different
for non-Hispanic whites and non-Hispanic blacks;
this study also found borderline significant differ-
ences between BLL and threshold levels for Mexican-
Americans and non-Hispanic whites.

Potential confounders
In addition to these four sources of uncertainty in
the identified studies described above, there are
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two major areas of potential confounding (protec-
tive factors and exposures to mixtures of ototox-
icants) that need to be addressed more
systematically. These are described below.

Protective factors

Factors which could improve the health of the
hearing system and/or lower levels of Pb in the
system must also be accounted for in human stu-
dies. High dietary intakes of iron and zinc have
been shown to decrease the absorption of Pb
(Goyer 1997). This may modify the effects of
exposure to Pb in the ambient environment.
Chuang et al. (2007) examined possible protective
levels of selenium and found them significant.
Araki et al. (1992) and Hwang et al. (2009) both
accounted for levels of zinc and copper in the
blood, which are essential metals and can limit
uptake of more non-essential metal uptake by the
body. To account for these dietary factors,
a dietary survey must be used, as levels of zinc
and iron in the blood are generally held in strict
homeostatis and are not reflective of intake.
Hearing protection offers workers and other
exposed individuals protection against high noise,
and can dramatically modify ambient exposure
levels. None of the studies in this review accounted
for hearing protection, even though this can
attenuate exposures over 30 dB (Sayler et al.
2018). Therefore, assessment of exposure attenua-
tion provided by hearing protectors must be
included in epidemiological studies.

Exposure to mixtures of ototoxicants. The number
of known ototoxicants has increased in recent
years; a partial list of the most relevant exposures
that should be considered includes: smoke, drugs,
solvents, and other potential metals. Adequate
control of these measures in epidemiological stu-
dies requires large data sets and extensive partici-
pant information. Choi et al. (2012) used a large
data set and included measures of Pb, cadmium,
occupationally related noise exposures, and non-
occupational noise exposures. Smoking and envir-
onmental tobacco smoke are important exposures,
although self-reported exposures have been shown
to be unreliable (George et al. 2006). Both active
and passive exposures to smoke should be
assessed, as literature has shown a link between
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secondhand smoke and HL in adolescents
(Lalwani 2011). One study we summarized had
detailed questionnaire data on participant smoking
and was able to use pack-years in linear regression
models (Park et al. 2010).

Powerful pharmaceutical agents, including cis-
platin and aminoglycoside antibiotics, can cause
damage to the auditory system (Schacht, Talaska,
and Rybak 2012). Other drugs, including the
commonly used pain medications aspirin and
ibuprofen, as well as the angiotensin-converting
enzyme (ACE) inhibitor Ramipril, can cause tin-
nitus, temporary HL, or permanent HL (Bisht
and Bist 2011). One of the studies from our
review documented participant ototoxic drugs
by self-report (Choi et al. 2012) and one study
discussed likely exposures to ototoxic medica-
tions for their participants (Saunders et al.
2013).

Solvents, including toluene, styrene, xylene,
carbon disulfide, and trichloroethylene, exhibit
ototoxic properties (Hughes and Hunting
2013). Styrene, for example, exacerbates HL in
the presence of concurrent noise exposures
(Mékitie et al. 2003), and jet fuel (a mixture of
chemicals) can cause HL (Fechter and Pouyatos
2011) and has potentiated HL from noise
(Fechter et al. 2012, Guthrie et al. 2015, 2014).
None of these 24 human studies assessed possi-
ble solvent exposure.

While properties of lead ototoxicity are unclear at
this time, ototoxic properties of other metals have
been reported and are less researched. The degree
that metals other than Pb - e.g., mercury, cadmium,
and arsenic — may influence hearing outcomes needs
to be evaluated in epidemiological studies. Dietary
reports and occupational histories, which were not
assessed by any of these studies, are needed to account
for comprehensive exposure assessment of essential
and non-essential metal exposures. Of the five studies
considering other metal exposures (both toxic and
essential), all of them used biological markers. Hair
levels of arsenic were recorded (Baloh et al. 1979),
metal levels in fingernails was used in one study
(Saunders et al. 2013), plasma zinc and copper were
used in another study (Araki et al. 1992), and all
others measured levels of arsenic, manganese, sele-
nium, and cadmium in whole blood (Baloh et al. 1979,
Choi et al. 2012, Chuang et al. 2007).

Future opportunities

Accurately examining potential modification and
confounding of Pb ototoxicity by noise exposures
will allow for more protective health policies and
procedures. Workers exposed to Pb have been
shown to have higher levels of oxidative stress
(Khan et al. 2008). These levels may have negative
effects on their hearing ability. Encouragingly,
changes to neurobehavioral performance have
been shown to be reversible in Pb workers when
exposures were reduced (Chuang, Chao, and Tsai
2005). This may also be the case for negative
effects of Pb on hearing.

Relevant health policy changes have recently
occurred for environmental Pb exposures. In
2012, the CDC lowered the community action
limit of Pb in the blood to 5 ug/dL (CDC (US
Centers for Disease Control and Prevention)
2012). Conversely, the Occupational Safety and
Health Administration has not updated its BLL
standards since 1978 (40 Fed. Reg. 52952 [1978]).
This agency requires workers whose BLL are at or
above a 40 pg/dL limit to receive medical exam-
inations. The medical provisions of 29 CFR §
1910.1025 could be amended to require a hearing
examination to assess the possible influence of Pb
on auditory outcomes. This modification could
assist in investigating the links of Pb and HL.
Improving the safety of workers exposed to lead
in the US can be improved as NIOSH has recently
lowered their definition of an elevated BLL in
adults to 5 pg/dL (NIOSH (US National Institute
for Occupational Safety and Health) 2018).

Publication of all studies exploring the ototoxic
nature of Pb is needed, whether outcomes are
positive or negative. While the results of the avail-
able literature suggest some consensus of ototoxic
findings, it is worth considering that these results
may have been influenced by publication bias and
the relative absence of published studies with
negative results (Song, Loke, and Hooper 2014).

Conclusions

As our understanding of the impacts of ototoxic
exposures on the auditory system expands, and we
better understand complex interactions in dynamic
biological systems, it is important to evaluate the role
that both chemical and physical agents play in the



hearing system and how they interact together.
Overall, the 38 studies included in this review did
not show a clear relationship between Pb exposure
and auditory health outcomes. At environmentally
and occupationally relevant doses, the epidemiologi-
cal evidence from 24 human studies seems to pro-
vide stronger support at this time than data from the
14 animal studies, many of which focused on much
higher exposures. Collectively, the majority of these
38 studies suggest a possible relationship between Pb
and HL, and five studies hint at an interaction with
noise-related HL pathology. However, it is important
to note that the majority of the human studies
included in this article are cross-sectional studies,
which contributes to the weakness in establishing
a direct link between lead exposures and hearing
loss in epidemiological studies. Future studies should
incorporate longitudinal study designs where possi-
ble and address the four areas of uncertainty identi-
fied here: hearing and HL
quantification; Pb exposure assessment; noise expo-
sure assessment; and participant characteristics.
Additionally, studies must better address potential
confounding from protective factors and exposures
to mixtures of ototoxicants. Further studies on HL
and Pb exposure are essential to developing a better
comprehension of the Pb exposure levels of concern
and the physiological processes that are most vulner-
able to the possibility of Pb ototoxicity.
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