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Preface

The main task of the Nordic Expert Group for Criteria Documentation of Health
Risks from Chemicals (NEG) is to produce criteria documents to be used by the
regulatory authorities as the scientific basis for setting occupational exposure
limits for chemical substances. For each document, NEG appoints one or several
authors. An evaluation is made of all relevant published, peer-reviewed original
literature found. The document aims at establishing dose-response/dose-effect
relationships and defining a critical effect. No numerical values for occupational
exposure limits are proposed. Whereas NEG adopts the document by consensus
procedures, thereby granting the quality and conclusions, the authors are
responsible for the factual content of the document.

The present document on Occupational exposure to chemicals and hearing
impairment was developed within an agreement between the United States,
National Institute for Occupational Safety and Health (NIOSH)' and NEG.

The evaluation of the literature and the drafting of the document were done by

Dr. Ann-Christin Johnson, Karolinska Institutet, Sweden and Dr. Thais C. Morata,
NIOSH. The draft versions were discussed within NEG and the final version was
accepted by the present NEG experts on December 15, 2009. Editorial work and
technical editing were performed by the NEG secretariat. The following present
and former experts participated in the elaboration of the document:

Present NEG experts
Gunnar Johanson Institute of Environmental Medicine, Karolinska Institutet, Sweden
Kristina Kjarheim Cancer Registry of Norway
Anne Thoustrup Saber National Research Centre for the Working Environment, Denmark
Tiina Santonen Finnish Institute of Occupational Health, Finland
Vidar Skaug National Institute of Occupational Health, Norway
Mattias Oberg Institute of Environmental Medicine, Karolinska Institutet, Sweden
Former NEG experts
Maria Albin Department of Occupational and Environmental Medicine,
Lund University Hospital, Sweden
Vidir Kristjansson Administration of Occupational Safety and Health, Iceland
Kai Savolainen Finnish Institute of Occupational Health, Finland
Karin Sgrig Hougaard National Research Centre for the Working Environment, Denmark
NEG secretariat
Jill Jarnberg and Swedish Work Environment Authority, Sweden

Anna-Karin Alexandrie

This work was financially supported by the Swedish Work Environment
Authority, the former Swedish National Institute for Working Life, and the
Norwegian Ministry of Labour.

All criteria documents produced by the Nordic Expert Group may be down-
loaded from www.nordicexpertgroup.org.

Gunnar Johanson, Chairman of NEG John Howard, M.D. Director, NIOSH

! Disclaimer: The findings and conclusions in this document are those of the authors and NEG.
They do not necessarily represent the views of US NIOSH.
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Terms as used in this document

Action level

A guideline used by many international occupational health bodies to express the
level of a harmful or toxic substance/activity which requires medical surveillance,
increased industrial hygiene monitoring or biological monitoring. For chemicals,

it is usually 50 % of the occupational exposure limit. For noise, it indicates the
sound level which, when reached or exceeded, necessitates implementation of
activities to reduce the risk of noise-induced hearing loss. The new European noise
directive has two exposure action levels (See Section 2.3).

Continuous noise

Noise of a constant level as measured over at least one second using the “slow”
setting on a sound level meter. Note that a noise which is intermittent, e.g. on for
over a second and then off for a period, would be both variable and continuous.

Decibel (dB)
A dimensionless unit expressing the relative loudness (intensity) of sound on a
logarithmic scale. The decibel was named after Alexander Graham Bell.
A-weighted decibels, dBA or dB(A). A-weighting is the most commonly used
of a family of curves defined in various standards relating to the measurement of
perceived loudness, as opposed to actual sound intensity. The others are B, C and
D-weighting (for dBB, dBC and dBD). The A-weighting is the most used in noise
measurements since its corrections are aimed to replicate the sensitivity of the
average human ear to sound at different frequencies.

Equivalent sound pressure level (Leq)

The steady sound level that, over a specified period of time, would produce

the same energy equivalence as the fluctuating sound level actually occurring.
Occupational exposure limits for a hazard expressed as an 8-hour time-weighted
average value includes the total exposure during a shift exposure. For noise, a
single number gives the value in decibels that represents the equivalent average
level of the actual changing noise levels. When the exchange rate (see below) of
3 dB is used in this calculation, the average noise level is called the Legq.

Exchange rate

The amount of decrease (or increase) in noise level which would allow doubling
(or require halving) of the exposure time in order to have the same risk. The 3-dB
exchange rate is also known as the “equal-energy” exchange rate because the equi-
valent acoustic energy is preserved when the sound level changes by 3 dB and the
exposure duration changes by a corresponding factor of 2. Most countries use a 3-
dB exchange rate, thus, if the intensity of an exposure increases by 3 dB, the dose
doubles or the allowable time is halved.



Hazardous noise
Any sound for which any combination of frequency, intensity or duration is
capable of causing permanent hearing loss in a specified population.

Hazard Index (HI)

A single chemical hazard index (also called hygienic or additive effect) is the ratio
of a hazardous air pollutant concentration divided by its reference concentration,
or safe exposure level. If this “hazard index” exceeds one, people are exposed to
levels of that substance that may pose health risks. A cumulative hazard index

or total hazard index is the result of the summation of the hazard quotients for

all chemicals to which an individual is exposed. It is calculated according to the
formula HI=C1/T1+C2/T2+ C3/T3 ... where C1, C2, C3, etc. are the measured
exposure levels of the different agents, and T1, T2, T3, etc. are the individual
occupational exposure limits of the corresponding agent. If the hazard index
exceeds 1, the total exposure load is considered excessive.

Hearing loss

Hearing loss is often characterised by the area of the auditory system responsible
for the loss. For example, when injury or a medical condition affects the outer or
middle ear (i.e. from the pinna, ear canal and ear drum to the cavity behind the ear
drum - which includes the ossicles) the resulting hearing loss is referred to as a
conductive hearing loss. When an injury or medical condition affects the inner ear
or the auditory nerve that connects the inner ear to the brain (i.e. the cochlea and
the vestibulo-cochlear nerve) the resulting hearing loss is referred to as a sensori-
neural loss. Because noise can damage the hair cells located in the cochlea, it
causes a sensorineural hearing loss (see also Section 3.1). Hearing loss that results
from damage or impairment to the central nervous system, especially the brain
itself, is called central hearing loss. Unless stated otherwise, hearing loss means
sensorineural hearing loss in this document.

Mid- and high-frequency hearing loss. Hearing loss can be defined by audio-
metric frequency bands, but these definitions are species specific. In humans, the
terms mid- and high-frequency hearing loss, refer to hearing losses affecting
frequencies at 1-3 kHz and above 3 kHz, respectively. In rats, high-frequency
hearing loss is usually defined as affecting frequencies above 16 kHz, whereas a
hearing loss at 4-12 kHz is considered as a mid-frequency hearing loss. Other
animal models may have other definitions depending on the hearing frequency
range of that particular species.

Hearing threshold level

The hearing level, above a reference value, at which a specified sound or tone is
heard by an ear in a specified fraction of the trials. It corresponds to the minimum
sound level of a pure tone that an ear can hear. The International Organization for
Standardization (ISO) specifies in ISO 389 a standard reference zero dB for the
scale of hearing threshold level applicable to air conduction audiometers, which



corresponds to the threshold of hearing in the mid-frequencies for young adults.
Audiometric zero was determined by the average hearing of young adults who
have never been exposed to loud noise or suffered ear disease or injury. However,
in the clinic, because people differ considerably in their hearing, hearing thresholds
up to 25 dB are considered to be in the normal range.

Hertz (Hz)

The Hertz is a unit of frequency. One Hertz simply means one cycle per second
(typically what is being counted is a complete cycle). Hertz can be prefixed and
commonly used multiples are kHz (kilohertz), MHz (megahertz), etc. The frequency
range for human hearing lies between approximately 20 and 20 000 Hz. The sen-
sitivity of the human ear drops off sharply below about 500 Hz and above 4 000
Hz. Different animal species have different hearing frequency ranges. Guinea pigs
have the same frequency range as humans (20 Hz-20 kHz), whereas rats hear
between 500 Hz and 40 kHz. Bats can hear above 100 kHz.

Noise
Any unwanted sound.

Noise dose

The noise exposure expressed as a percentage of the allowable daily exposure.

If 85 dBA is the maximum permissible level, an 8-hour exposure to a continuous
85-dBA noise would equal a 100 % dose. If a 3-dB exchange rate is used in con-
junction with an 85-dBA maximum permissible level, a 50 % dose would equal a
2-hour exposure to 88 dBA or an 8-hour exposure to 82 dBA.

Noise-induced hearing loss

A sensorineural hearing loss attributed to noise exposure, bilaterally symmetrical
and often irreversible. In humans, it has its onset in the frequency range between
3 and 6 kHz and for which no other aetiology can be determined.

Ototoxic
A term typically associated with drugs or other substances that are toxic to audi-
tory and/or vestibular systems, affecting the senses of hearing and/or balance.

Ototraumatic

A broader term than the term ototoxic. As used in hearing loss prevention,
ototraumatic refers to the potential of an agent (e.g. noise, drugs or industrial
chemicals) to cause permanent hearing loss subsequent to acute or prolonged
exposure.

Sound pressure level (SPL)
A measure of the ratio of the pressure of a sound wave relative to a reference
sound pressure. Sound pressure level in decibels is typically referenced to 20 mPa.



When used alone (e.g. 90 dB SPL), a given decibel level implies an unweighted
sound pressure level.

Time-weighted average (TWA) concerning noise

A normalised 8-hour average sound level expressed in dBA which is computed
so that the resulting average would be equivalent to an exposure resulting from
a constant noise level over an 8-hour period.

Tinnitus

Tinnitus is a perception of sound that has no external source. It is normal for
almost all people to perceive a transient noise in the ear either spontaneously
or associated with temporary hearing loss after exposure to loud noise. These
temporary auditory sensations are reversible and resolved after a few minutes.
For a sound without an external source to be defined as tinnitus it has to last at
least 5 minutes per day more than once a week. For most patients with tinnitus,
the internal sound is constantly present. The prevalence of tinnitus is 10-15 %
in adult populations.

Tinnitus is often associated with noise exposure and hearing loss and usually
of neurophysiological origin. Tinnitus can also be generated by vascular, muscular
or teeth disorders. Another underlying cause of tinnitus is depressive disorders.
Whatever the cause of tinnitus is, signals are processed in the central auditory
system and perceived as a sound.



1. Introduction and problem identification

Noise is often present in occupational settings where also chemical exposures
occur. As a consequence, hearing disorders observed in several occupations are
often attributed to noise exposure alone and not much consideration, if any, is
given to the possibility of involvement of other agents. The term occupational or
work-related hearing loss has been used as a synonym for noise-induced hearing
loss, which may not be accurate. Current standard hearing conservation practices
do not take into account the potential risk to hearing posed by chemical exposures.

Before the 1980s, no research programme had systematically focused on chemical-
induced hearing loss and only isolated studies reported such effects. This scenario
started changing following reports from groups dedicated to investigations of the
neurotoxic properties of chemicals (309). Since then, progress has been consider-
able towards understanding the effects of certain environmental and occupational
chemicals on the auditory system and their interactions with noise (62, 121, 208,
225, 229, 251, 257, 351).

Chemicals such as organic solvents, metals and asphyxiants are known for their
neurotoxic effects on both the central and peripheral nervous systems. Researchers
therefore hypothesised that these agents could injure the sensory cells and peripheral
nerve endings of the cochlea (23). A more central effect on the auditory system could
also be expected due to the general neurotoxicity of these classes of chemicals.

A 20-year longitudinal study of hearing sensitivity in 319 employees revealed
that a large proportion of the workers in the chemical division showed a hearing
loss severe enough to be regarded and compensated as a work-related hearing loss
(23 %) as compared to groups working in non-chemical environments (5-8 %).
This effect was found despite the lower noise levels in the chemical division
(80-90 dBA) when compared to the other divisions (95-100 dBA). Thus, the
exposure to industrial solvents was suggested as an additional causative factor
for the observed hearing losses (30).

Since the early 1980s, a few research groups began investigating the ototoxic
properties of chemical agents systematically, and ototoxic properties have been
identified among metals, solvents, asphyxiants, organotins, nitriles, polychlori-
nated biphenyls (PCBs) and pesticides. It has also been shown that if these
chemicals occur in sufficiently high concentrations, hearing may be affected
despite the lack of exposure to noise. Increased prevalence of hearing loss has
been reported following occupational as well as environmental exposures, in-
cluding ingestion of contaminated fish and water and environmental exposures
to lead or mercury. Reports on the auditory effects of exposures to chemicals
in the (outdoor) environment as well as reports on intentional or accidental
inhalation are not included in this document.

The objective of the present document is to describe the currently available
evidence regarding exposure to chemicals found in the workplace and their
auditory effects. No observed adverse effect levels (NOAELSs) and lowest
observed adverse effect levels (LOAELS) in this document relate to effects



on hearing if not stated otherwise and may thus be lower for other end-points.
When chemical exposure at a certain level does not potentiate noise-induced
hearing loss, that level is regarded as the NOAEL for the combined exposure to
the chemical and noise.

2. Occurrence of occupational hearing loss

2.1 Estimates of noise-exposed working population

It is difficult to estimate the number of workers exposed to potentially hazardous
noise in the Nordic countries, in Europe and in the world. Most scientific studies
focus on noise levels from different workplaces or economic sectors. To get an
overall picture from different countries or regions, self-report questionnaire
surveys are often used. In the year 2000, such surveys were collected in the 15
European Union (EU) member states (EU-15) and in 2001 in the 9 member states
(EU-9) that joined the EU in 2004. The results from the questions on noise ex-
posure at work from these surveys were published by the European Agency for
Safety and Health at Work (104). Self-estimated noise levels were based on
assumptions like “if it is necessary to shout to converse with someone 2 metres
away in the workplace, noise levels are potentially hazardous”. The surveys showed
that in the year 2000, about one third of the working population in Europe (29 %
in EU-15 and 35 % in EU-9) was exposed to hearing damaging noise at least 25 %
of their work time. The figures for all day exposures were 11 % for EU-15 and

15 % for EU-9. The figures from EU-15 were similar for Denmark and Finland,
the two Nordic countries whose data appear in the report. The Statistics Norway
estimated the percentage of the working population exposed to damaging noise
for most of their working hours to be 7 % (354). The latest Swedish work environ-
ment survey showed that 30 and 15 % of the men and women, respectively, were
exposed to noise that made conversation impossible more than 25 % of their work
shift (self-estimated figures) (360).

In a recent publication, the proportion of the global population exposed to
occupational noise was estimated (274). The calculations were performed using
data from the United States (US) National Institute for Occupational Safety and
Health (NIOSH) (282). Between 1981 and 1989, NIOSH conducted nationwide
surveys in which inspectors visited and conducted measurements on various
workplaces in the US. These surveys provided the basis for an estimation of the
proportion of workers exposed to noise above 85 dBA. The data suggest that 12 %
of service workers, 20 % of fishermen, agriculture and forestry workers, 18-22 %
of construction and manufacturing workers and 85 % of workers in the mining
industry were commonly exposed to noise levels above 85 dBA during working
hours. Nelson ef al (274) combined these data with several scientific studies of
occupational noise exposure from third world countries and adjusted the values
by the distribution of work force in different occupational settings and regions of
the world according to a method established by the World Health Organization



(WHO) (275). Since the noise levels in third world countries according to the

cited studies were higher than those in the US data, the proportions of exposed
workers were estimated to be higher in regions outside the developed countries
even when the criterion of noise-induced hearing loss was set to >41 dB (274).

2.2 Estimates of noise-induced hearing loss

In Europe, 4 068 cases of noise-induced hearing loss were recognised as an
occupational disease in 2001 in ten of the member states. Extrapolation of these
data to EU-15 makes 6 700 cases per year (188). Thus, noise-induced hearing loss
is the 4th most common recognised occupational injury in Europe. The total pre-
valence is approximately 4.7 in 100 000 workers. This is not an exact figure of the
prevalence since the European countries have different criteria for recognising and
reporting occupational diseases. In Sweden, the number of recognised occupational
noise-induced hearing loss cases has been around 1200 each year during the late
1990s. This is about 7 % of the total number of occupational diseases and makes
noise-induced hearing loss the 4th most common occupational condition in Sweden
(361, 363, 364). Approximately the same figures appear in the other Nordic
countries. In Denmark, around 400 cases are recognised annually (367) and in
Finland, 800 cases (188).

Nelson et al estimated that the prevalence of noise-induced hearing loss (> 41
dB) attributable to occupational exposure in the world was 16 % of the work force
(22 % in males and 11 % in females, all ages and regions) ranging from 9 % in
Europe and the US to 18-19 % in Africa and South East Asia. The highest pre-
valences were found in the age groups between 15 to 30 years, in the eastern
European countries, countries from the former Soviet Union, China and South
East Asia (274).

2.3 Regulations for noise exposure in Europe

In 2003, the EU passed a new noise directive concerning noise exposure at work-
places (108). In summary, two exposure action levels and one exposure limit level
were given. The lower exposure action level is 80 dBA Leq8h (time-weighted
average (TWA) of the noise exposure levels for a nominal 8-hour working day).
At this level, workers are entitled to a hearing test and to information about
hearing conservation and the risk of hearing loss. Hearing protection should be
provided on demand. The upper exposure action level is 85 dBA Leq8h at which
technical measures to reduce noise exposure and hearing conservation programmes
including obligatory use of hearing protection should be implemented. The ex-
posure limit value is 87 dBA Leq8h measured inside the hearing protectors. The
directive indicates that this value must not be exceeded under any circumstances.

According to the new EU directive, the employer is obligated to give particular
attention to any effects on workers’ health and safety due to interactions between
noise and work-related ototoxic substances, and between noise and vibrations
(108).



The EU directive has been implemented in Finland (289). The new directive
was taken also in Denmark (83), Sweden (362) and Norway (285), but in these
countries the old threshold limit value of 85 dBA Leq8h was kept.

3. Definitions

In this session, general descriptions are given on hearing loss, the effects of noise
and ototoxic substances.

Abbreviations used and the definitions of terms used in the document are found
at the beginning of the document. Descriptions of methods used to assess auditory
effects are presented in Chapter 4.

3.1 Hearing loss

The sense of hearing is essential for communication between people and hearing
loss is a common handicap that can severely affect the well-being of the individual.
The physiology of hearing is rather complex and it is not within the scope of this
review to explain that mechanism. However, for clarity, it is necessary to mention
some aspects of hearing physiology. The inner ear houses the cochlea (Figure 1),
the structure responsible for the conversion of the physical sound waves of
different frequencies and different amplitudes into electrical nerve signals. The
cochlea is tonotopically organised, which means that sounds of different fre-
quencies stimulate different regions of the cochlea. These regions are also con-
nected to different parts of the cochlear nerve. This tonotopic organisation is pre-
sent also in the different nuclei in the brainstem, as well as in the auditory cortex
in the central nervous system where the nerve signals are perceived.

Hearing loss can be divided in conductive hearing loss and sensorineural
hearing loss (92). Conductive hearing loss is the impairment of the sound con-
duction on the way to the inner ear. Sensorineural hearing loss is defined as
hearing loss caused by changes in the cochlea, the auditory nerve or the auditory
nervous system. Hearing loss that results from damage or impairment to the
central nervous system, especially the brain itself, are sometimes also referred to
as central hearing loss. The sensorineural hearing loss may affect only certain
frequency regions of our hearing due to the tonotopical organisation of the hearing
system. Unless stated otherwise, hearing loss means sensorineural hearing loss
in this document. If the impairment affects only the auditory nerves or the brain
itself, we refer to it as a central hearing loss. The most common form of sensori-
neural hearing loss involves structural effects in the cochlea. Cochlear hearing loss
is mostly caused by an injury to the outer hair cells of the cochlea. This damage
usually develops gradually and starts at the high frequencies of hearing from where
it progresses towards the lower frequencies.

Age-related changes and exposure to noise are the most common causes of
damage to cochlear hair cells. Sensorineural hearing loss may also be hereditary,
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Figure 1. Overview and details of the anatomy in the inner ear.

either manifested as complete deafness or as a gradual deterioration during early
life. Hearing loss may be caused by diseases such as Meniere’s disease or by viral
infections that affect the auditory nerve. Damage to the auditory nervous system
may also happen as a consequence of a benign or non-cancerous growth that arises
from the vestibulo-cochlear nerve (called acoustic neuroma, neurinoma or vesti-
bular schwannoma (270).

Even if ageing and noise exposure are the most common causes, several other
factors such as exposure to ototoxic substances may also cause hearing loss. The
hearing loss caused by noise can be potentiated or additive to the effects caused by
exposure to e.g. chemical agents.

3.2 Noise

Sound is a prerequisite for oral communication between people and it provides

us with many pleasant experiences that are essential to our well-being. However,
sound can also disturb our work, sleep and communication, cause annoyance and
even damage our physical health. Unwanted, unpleasant or loud sound is defined
as noise (Cambridge advanced learner’s dictionary). When sound is measured at
workplaces, an assessment is made of its potential effects on humans. These
effects include elevated blood pressure, annoyance, disturbed performance, stress,



speech interference and tinnitus but the far best documented health effect of loud
sounds is irreversible hearing damage, i.e. noise-induced hearing loss (381).

The damaging properties of noise exposure to hearing depend partly on the
characteristics of the sound reaching the sensory structures in the inner ear of
the person exposed. However, a great variation in individual susceptibility exists.
The characteristics of noise considered as critical are the intensity (Figure 2),
usually measured as sound pressure level (SPL) in decibels (dB, a logarithmic
measurement unit that describes a sound’s relative loudness), sound spectrum
(distribution of sound energy by frequency), duration and temporal distribution
during a typical workday, and the expected cumulative exposure over a given
duration of days, weeks or years (1).

The variability in susceptibility to noise-induced hearing loss may be due to
both endogenous and exogenous factors. Among the endogenous factors that have
been shown to influence the degree of hearing loss, genetic factors, health status,
and physical characteristics of the ear should be mentioned. Exogenous factors, in
addition to noise and ototoxic drugs and chemicals that are the main subject of this
review, are e.g. vibrations and smoking (314, 372). Also physical exercise has
been shown to increase the susceptibility to noise (87, 224).

In some environments, in particular at work, noise can reach damaging levels to
the ear. With 10 or more years of noise exposure, 8 % of the workers exposed to
85 dBA, 22 % of the workers exposed to 90 dBA, 38 % of the workers exposed to
95 dBA and 44 % of those exposed to 100 dBA are estimated to develop hearing

Time in noise
8h
4h
2h
1h

30 min

15 min

7.5 min

4 min

2 min

1 min

80 85 90 95 100 105 110 115

Sound pressure level dB (A)

Figure 2. The principle of equal energy. If the permissible noise level of 85 dB is
allowed for 8 hours, then the double noise level 85+ 3 dB =88 dB can be allowed
for 4 hours, etc. The principle is described in ISO 1999:1990 (175).
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Figure 3. Calculated percentages of the population at risk for developing noise-induced
hearing loss at different exposure levels and exposure time in years. Calculations made
according to ISO 1999:1990 (175).

impairment (302). The population at risk can also be calculated according to the
International Organization for Standardization (ISO) who describes a practical
relation of occupational noise exposure (dBA) and an estimation of the percentage
of personnel at risk for a noise-induced hearing loss (=25 dB, averaged from 0.5,
1 and 2 kHz) based on duration of exposure within a normal 40-hour working
week (Figure 3) (175).

Noise-induced hearing loss is a specific condition with established symptoms
and objective findings (21, 337). It is an irreversible hearing loss, often bilateral
and sensorineural with damage mainly to the cells in the peripheral auditory organ,
which are responsible for transforming the sound waves into neural signals. Noise-
induced hearing loss develops gradually after a long period (8-10 years) of ex-
posure to intense levels of noise. This means exposure to continuous noise levels
greater than 85 dBA for 8 hours/day or exposure to impact noise (a noise that
arises as the result of the impact between two objects), even if for shorter periods,
sufficient to cause the degree and pattern of hearing loss found in pure-tone audio-
metry. The results are displayed as an audiogram. An audiogram indicates the
individual’s hearing detection thresholds. The results are given in decibels, which
indicate the intensity, or how loud a sound has to be for the listener to be able to
detect it. Thresholds up to 20-25 decibel hearing level ({BHL) are considered as
normal. Several frequencies are tested. Frequency determines the pitch of a sound.
Noise-induced hearing loss is usually not a profound hearing loss but may reach
up to 75 dBHL in the higher frequencies such as 4 and 6 kHz and up to 40 dBHL
in the lower frequencies of 1 and 2 kHz. An example audiogram of noise-induced
hearing loss is shown in Figure 4.
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Figure 4. Typical audiogram showing a noise-induced hearing loss.

A noise-induced hearing loss usually develops most rapidly during the first 6-10
years of exposure, and the rate of loss decreases as hearing thresholds increase, in
contrast to age-related loss. In a noise-exposed population, a marked individual
variability is seen within groups exposed to the same noise levels regardless of age
differences. A common scientific opinion is that hearing loss due to noise exposure
should not continue to progress if the patient is removed from noise exposure.
There is however limited knowledge about how noise-induced hearing impairment
is influenced by, or interacts with, age-related hearing impairment. In a recent in-
teresting animal study, Kujawa and Lieberman showed that mice exposed to noise
at different ages (4-124 weeks) demonstrated differences in their sensitivity to
noise exposure. The mice exposed when young acquired a larger hearing impair-
ment in comparison to elderly mice. Another finding was that when the young
mice aged, and their hearing was measured between 8 and up to 96 weeks after the
noise exposure, they had a more divergent and more severe age-related hearing
loss than the non-noise exposed mice of the same age. According to the authors,
the results show that sub-lethal changes caused by the noise exposure made the
mice more sensitive to age-related hearing changes (198).

The degree of hearing loss is usually defined by the average value of the
audiometric measure dBHL for a range of frequencies (Table 1).



Table 1. The World Health Organization classification system for hearing impairment
using the frequencies 0, 0.5, 1,2 and 4 kHz and the audiometric values shown below (382).

Grade of impairment Corresponding audiometric ~ Performance
ISO value
Slight hearing impairment 26-40 dBHL Able to hear and repeat words

spoken in normal voice at 1 metre.

Moderate hearing impairment 41-60 dBHL Able to hear and repeat words
spoken in raised voice at 1 metre.

Severe hearing impairment 61-80 dBHL Able to hear some words when
shouted into better ear.

Profound hearing impairment >81 dBHL Unable to hear and understand
even shouting.

dBHL: decibel hearing level, ISO: the International Organization for Standardization.

Many studies use slight impairment (26-40 dBHL) as a definition for noise-
induced hearing loss since early detection is essential to any preventive initiative.
WHO uses moderate hearing impairment or worse (>41 dBHL) as a definition for
hearing loss since this is easier to detect in e.g. self-report studies (274).

3.3 Ototoxicity

Ototoxicity is a selective organ toxicity directed towards the inner ear. An ototoxic
agent is defined as a drug or other chemical substance that causes functional im-
pairment or cellular damage in the inner ear, especially upon the end organs and
neurons of hearing or balance, or the vestibulo-cochlear nerve.

The mechanisms of action of ototoxic substances may involve the entire organ,
specific cells within the organ, components of specific cells or individual bio-
chemical pathways. Drugs and other substances that alter hearing or equilibrium
by acting primarily at the level of the brainstem or the central auditory pathways
are considered to be neurotoxic and not strictly ototoxic (151, 370). In this docu-
ment we will, however, consider also some substances for which the mode of
action is primarily neurotoxic but the functional adverse effect is hearing loss.

Ototoxins are of interest in the work environment, not only because of their
actions on the hearing system of man but also because they may interact with each
other and with noise when exposure is combined (simultaneously or sequentially).
It is well known that the effects of many drugs or agents when given concurrently
cannot necessarily be predicted on the basis of their individual effects (264). In
such instances, the damage incurred by agents acting together may exceed the
simple summation of the damage each agent produces alone (166, 303). Since
noise is the most common exposure that causes hearing loss in humans, special
attention has been given to the combined exposure to noise and agents with
ototoxic effects.

The ototoxicity of therapeutic drugs has been a concern in the health field for
a long time. In comparison, only since the 1980s has the ototoxicity of chemicals
found as contaminants in air, food or water, and in the workplace become a con-
cern for health professionals and researchers.



Currently, the only hearing test required by the Organization for Economic
Cooperation and Development (OECD) when a chemical is to enter the market
is the qualitative assessment of the startle reflex (115 dB SPL click). This test
is not sufficiently sensitive for the detection of ototoxicity (presented as an
abstract) (235). For this reason, existing ototoxicity information is restricted to

a limited number of substances.

Chemicals with confirmed ototoxic properties and with some significance for
the work environment and therefore within the scope of the present document are

listed in Table 2.

The classes of chemicals investigated as potential ototoxicants include organic
solvents, heavy metals, nitriles, organotins, asphyxiants and pesticides. These
chemicals have diverse structures suggesting a number of targets for injury within
the auditory system and an array of possible underlying mechanisms (113).

Among the solvents, primarily the aromatic solvents have been found to be
ototoxic. Some aliphatic solvents like n-hexane and n-heptane have been shown
to affect the auditory system (34, 286, 287, 344) but in these cases the effect is
connected to the neurotoxicity of these solvents. Also carbon disulphide is known
to be a neurotoxicant that affects the central auditory system (251, 323, 324).

Table 2. Examples of substances confirmed to be ototoxic (36, 37, 253, 335, 338).

Class of medicinal drug
Aminoglycoside antibiotics

Other antibiotics
Chemotherapeutics
Diuretics

Malaria prophylaxes
Non-steroidal anti-inflammatory drugs

Antimicrobials

Chelating agents
Arsenicals

Class of chemical
Organic solvents

Metals
Asphyxiants

Other substances

Examples

Streptomycin, dihydrostreptomycin, neomycin,
amikacin, gentamicin, kanamycin, tobramycin,
nentilmicin, sisomycin

Erythromycin, minocyclin

Cisplatin, carboplatin, mechloroethamine, vincristine,
bleomycin, nitrogen mustard, vinblastine

Ethacrynic acid, furosemid, bumetanid, azoseamid,
ozolinone

Quinine, chloroquine

Acetyl salicylic acid, ibuprofen, indomethacin,
naproxen, phenylbutazone, sulindac
Chloramphenicol, colistin, erythromycin,
minocycline, polymyxin B, vancomycin
Deferoxamine

Atoxyl, salvarsan

Examples

Styrene, toluene, p-xylene, ethylbenzene, chloro-
benzene, trichloroethylene, n-hexane, n-heptane,
carbon disulphide, solvent mixtures

Lead, mercury, organotins

Carbon monoxide, hydrogen cyanide, acrylonitrile,
3,3"-iminodipropionitrile

Pesticides (organophosphates, paraquat, pyrethroids,
hexachlorobenzene), polychlorinated biphenyls
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4. Methods used to assess auditory effects

4.1 Audiometry

4.1.1 Pure-tone audiometry (PTA)

Pure-tone audiometry is a clinical test used to determine a person’s hearing
sensitivity at specific frequencies, i.e. the softest sound which can be perceived
in a quiet environment. Most audiograms cover 0.125-8 kHz.

Pure tones are played to a person via earphones to right and left ears separately.
The test results are summarised in a curve, in a frequency continuum, in an audio-
gram (Figure 4). The reason pure-tone thresholds form the core of the hearing
test battery is that these tones are easily generated, calibrated and controlled.
Additionally, pure-tone audiometry, if performed properly, has a very high intra-
clinic and interclinic reliability (231). In several countries, workers who are
exposed to noise levels above 85 dBA are required to have their hearing tested
periodically by means of pure-tone air-conduction audiometry. Subjects must be
tested in a room that meets the background noise requirements for audiometric
testing environment. The equipment calibration records should be recent and
available, and biologic calibration checks should also be performed everyday
immediately before testing the subjects.

4.1.2 High-frequency audiometry

Pure-tone audiometry testing can be extended to include the frequencies of 10,

12.5, 14 and 16 kHz, which is known as high-frequency audiometry. This pro-

cedure has been suggested to be an early indicator of hearing deficits following
the administration of ototoxic drugs (111).

4.1.3 Immittance audiometry

This is a routine clinical audiology test. It consists of a physical volume test,
tympanometry, static compliance, contra and ipsilateral acoustic reflex testing,
and contralateral acoustic reflex decay testing. The main objective in performing
immittance audiometry and middle ear compliance is to obtain information on
the type of hearing loss and the site of lesion.

4.1.4 Reflex modification audiometry (RMA)

RMA is used in experimental animals to determine sensory detection thresholds by
finding the lowest intensity sensory stimuli which modifies the amplitude of the
acoustic startle reflex (392). Within each test chamber, a cage is mounted on a coil
to which a magnet is attached (through the centre of the wire coil). Ballistic ver-
tical movements by the animals such as a startle response cause the magnet to
move with the cage. This induces a voltage with the coil, which is proportional to
cage velocity and, hence, to the amplitude of the startle response. The extent of
such modification is related to the intensity of the initial low-intensity stimulus. A
smooth function can be fitted illustrating the relationship between startle response
amplitude and the intensity of the inhibiting stimulus. The resulting audiometric
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curves closely approximate audiometric data obtained from traditional operant
methods both in sensitivity and shape.

4.1.5 Behavioural audiometry (BA) or conditioned avoidance response (CAR)
This test can be used for multisensory stimuli. The animal is taught to pull or
climb from the ceiling of the test chamber to avoid or escape a 1-mA shock on
the grill floor (309). The aversive current is preceded by a pure-tone from the
loudspeaker in the ceiling of the chamber. A response during the warning signal
terminates the trial and is scored as a successful avoidance.

4.2 Otoacoustic emissions

Otoacoustic emissions are spontaneous or evoked acoustical signals that are
produced by the cochlea and travel laterally out through the middle ear (190).
Otoacoustic emission testing measures the reflection of sounds that are generated
by the cochlear hair cells. These signals provide important objective information
about the functional health of cochlear outer hair cells and can be analysed by
placing a small microphone inside the ear canal.

Otoacoustic emissions facilitate the differentiation between sensory and neural
hearing disorders. They can be measured by presenting a series of very brief
sounds (clicks or tones) to the ear through a probe that is inserted in the outer
portion of the ear canal. The probe contains a loudspeaker that generates clicks
and a microphone that measures the resulting sounds that are produced in the
cochlea and are then reflected back through the middle ear into the outer ear canal.
The resulting sound that is picked up by the microphone is digitised and pro-
cessed. If there is damage to the outer hair cells or problems with the eardrum
or middle ear, the emissions will not be present. They are a sensitive measure
of outer hair cell integrity and provide an indication of cochlear damage before
hearing loss is observed. Transient (click) evoked otoacoustic emissions (TEOAE)
and distortion product otoacoustic emissions (DPOAE) offer information on the
status of the cochlea. The former provide an overview of cochlear function, while
the latter provide frequency-specific data. Contralateral suppression of the TEOAE
evaluates the auditory efferent function (239).

4.3 Central auditory processing tests

Tests that can be used to assess central auditory function fall into two categories,
electrophysiological and behavioural tests.

4.3.1 Electrophysiological tests

Electrocochleography

Cochlear and auditory nerve electrical activity can be recorded from electrodes
advanced through the tympanic membrane and placed on the otic capsule. This
method allows assessment of cochlear and auditory nerve function independent
of the patient’s subjective response. Two electrical events are recorded from the
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inner ear in response to sound: the cochlear microphonic (receptor) potential and
the compound action potential of the auditory nerve. Distortion of the waveform
of either of these potentials is an indication of inner ear disease. The cochlear
microphonic is an alternating current signal recorded from the cochlea that exactly
reproduces the auditory signal.

Generally, the results are reported as a ratio of the summating potential (SP)
to the action potential (AP) (the SP/AP ratio), for which a ratio of 0.5 or greater
is considered abnormal. The endocochlear potential (EP), a direct current resting
potential in the scala media, is a constant positive potential in the endolymphatic
space with respect to the surrounding tissues. This potential is present in all
healthy cochleas and is not dependent upon the presence of auditory stimulation.
The other three electrical potentials depend on the presence of sound. The vestibulo-
cochlear nerve action potential is typical of other nerve responses. For a given
nerve fibre, it has a discrete threshold of stimulus. The polarity and shape of
the signal are identical from stimulus to stimulus, and it is an “all or none”
phenomenon.

Auditory brainstem response (ABR)

The auditory brainstem response is an evoked potential test of auditory brainstem
function in response to auditory stimuli, a brief click or tone beep transmitted
from an acoustic transducer in the form of an insert earphone or headphone. The
waveform response is detected by surface electrodes typically placed at the vertex
of the scalp and ear lobes. The amplitude of the signal is averaged and charted
against time. The waveform peaks are labelled I to VII. These waveforms norm-
ally occur within a 10-millisecond time period after a click stimulus presented at
high intensities (70-90 dB normal hearing level).

Middle latency evoked functions
Middle latency-response testing is similar to the brainstem auditory evoked
response but evaluates the auditory system central to the brainstem.

Late latency evoked functions
The cortical response audiometry (CRA) and the P300-potential are electro-
physiological measures that test the central pathways of the auditory system.

4.3.2 Behavioural tests

While the electrophysiological tests provide information on the integrity of specific
sites within the auditory system, behavioural tests measure the response of the
entire auditory system and evaluate the hearing function. Behavioural tests are
generally broken down into four subcategories, including monoaural low-re-
dundancy speech tests, dichotic speech tests, temporal resolution or patterning
tests, and binaural interaction tests.

13



Random gap detection test (RGDT)

This behavioural test of central auditory function is designed to measure an im-
portant aspect of audition called temporal resolution. A random gap detection task
is one in which a short silent gap (inter-pulse interval) is inserted between a pair
of stimuli and the listener reports whether the stimulus is heard as one or two.

Speech tests

The ability to understand speech is a very important and complex function of the
human auditory system and is typically affected in varying degrees in people with
cochlear and central auditory dysfunction. The most accurate assessment of this
function is achieved with hearing tests that use speech material as stimuli. Speech
tests, by evaluating speech discrimination, assist in the determination of the site
of lesion. They are accomplished through the use of standardised recorded speech
materials.

Northwestern University auditory test No. 6

This test uses lists of phonetically balanced monosyllabic words for assessing
speech discrimination. The test result is expressed in percentage of words correct-
ly identified and reflects the relationship of understanding to changes in intensity.

Dichotic digits test

The use of dichotic speech tests has proven effective in the evaluation of central
auditory processing. This test consists of two digits presented simultaneously in
each ear at a comfortable listening level, utilising a free-recall response mode. It
has a reported high sensitivity and specificity for the detection of central auditory
dysfunction and only requires approximately five minutes to administer and score.

5. Mechanisms for inner ear damage after exposure to different
ototraumatic agents

The different ototraumatic agents considered in this document damage the
auditory function by several different mechanisms. However, some common
features can be found for the physical agent noise and some of the ototoxic
chemicals. The most common finding in sensorineural hearing loss affecting the
inner ear is the degeneration of the sensory hair cells in the cochlea (for details

of inner ear anatomy, see Figure 1 in Section 3.1). In animal studies, both noise
and solvent exposure have been shown to cause a loss of hair cells. A hypothesis
is that the damage to the hair cells is caused by the formation of free radicals,

so called reactive oxygen species (ROS) (see e.g. references (64, 152)). Other
chemicals such as metals and pesticides may affect both the cochlea (331) and the
central auditory pathways (89, 204, 293) depending on the substance. A schematic
overview of the site of action for some chemicals is shown in Figure 5. More
details will be given below.
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Figure 5. Schematic picture of the auditory system showing the possible site of action of
some ototoxic chemicals. Figure adapted with permission from presentation by Mariola
Sliwifiska-Kowalska at the Transfer of Knowledge “NoiseHear” Meeting at the Nofer
Institute of Occupational Medicine, £.6dz, Poland, November 15-16, 2006.

Noise-induced hearing loss causes a degeneration of the sensory hair cells of
the cochlea. The degenerative process starts within the outer hair cells and then
continues to affect the inner hair cells and the supporting cells. The destruction
may spread over the entire cochlea, leaving the basilar membrane naked (38).
Morphologic studies have shown that the severity of hair cell damage and loss
increases with the duration of the noise exposure (222).

Two different mechanisms, mechanical and metabolic, may cause this damage
to the hair cells as supported by several studies (220, 283, 313). Mechanical injury
occurs due to acoustic overstimulation of the stereocilia of the hair cells or, if the
intensity of the noise is high enough, of the membranes of the inner ear (220).
This overstimulation disrupts structures in the cells and kills the hair cells by
necrosis or apoptosis (243, 263, 380).

Such damage to a cell causes a high level of metabolic activity and may initiate
the formation of ROS (135). It has been shown that ROS form in the inner ear
following noise exposure (152, 390) and appear to be involved in cell death (109,
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152). It has also been shown that scavengers of ROS can reduce the effect of noise
trauma on hearing (152, 215). Le Prell et al also reported that the formation of free
radicals after noise trauma continued up to 10 days after cessation of the exposure
(215), which could explain why the loss of hair cells gets worse also after exposure.
Toxic insults on the cochlea have been shown to continue also after cessation of
exposure to solvents (184).

There is solid evidence from experimental animal studies that exposure to
solvents such as toluene, styrene and xylene produces cochlear lesions (48, 184,
310, 358). An example of loss of outer hair cells after exposure to toluene is seen
in Figure 6. Clinical and occupational studies have linked exposures to a variety
of solvents (e.g. styrene, solvent mixtures and jet fuels) also with disorders in the
central auditory pathway (2, 137, 147, 187, 214, 254, 272, 397, 398). Metals such
as lead and mercury and organophosphate pesticides may affect both the cochlea
(331, 333) and the central auditory pathways (89, 204, 205, 293) depending on the
substance.

The outer hair cells are electromotile, i.e. the cells change their length in re-
sponse to sound stimulation. This process is dependent on the calcium con-
centration within the hair cell. Thus, outer hair cells may be vulnerable to ototoxic
agents that interfere with intracellular calcium regulation. In vitro studies with
isolated outer hair cells exposed to toluene have shown dysmorphia and impaired
regulation of intracellular levels of free calcium. Changes occurred rapidly at the
low concentration of 100 uM toluene, a level predicted to occur in the brain of
humans exposed to 80-100 ppm toluene in air (228).

Certain criteria have been shown to be necessary for the aromatic solvents to
exhibit ototoxicity in the rat animal model. Gagnaire and Langlais studied 21
different aromatic solvents and found that only 8 (toluene, para-xylene, ethyl-
benzene, n-propylbenzene, styrene, a-methylstyrene, trans-p-methylstyrene and
allylbenzene) caused loss of hair cells. Within those 8 solvents, the degree of
hair cell loss differed. The degree of ototoxicity was not clearly related to the
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Figure 6. Scanning electron micrograph showing 3 rows of outer hair cells and 1 row of

inner hair cells in the middle turn of the cochlea in a control rat (left) and in a rat exposed
to toluene (1 000 ppm, 16 hours/day during 5 days).
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octanol/water partition of the solvent but correlations between some structural
properties and ototoxicity were observed. A single side-chain on the aromatic ring
is essential. Only one solvent with two side-chains, para-xylene, was ototoxic.
When the side-chain was branched no ototoxicity was found. Also the saturation
and the number of carbon atoms in the side-chain are of importance. No more than
three carbons must be present in the side-chain for ototoxicity to occur (139).

Studies investigating the differences between the three isomers of xylene
(ortho-, meta- and para-xylene) have shown that only p-xylene is ototoxic (140).
Both o- and m-xylene induce liver enzymes and are thereby eliminated faster from
the body of rats. p-Xylene reaches a higher level in the blood and also gives rise
to more potentially toxic intermediates than the other two isomers, which could
explain why only p-xylene is ototoxic (238). However, Gagnaire et al showed that
even when using a higher dosage and thereby obtaining the same blood and brain
levels with m-xylene as with a known ototoxic dose of p-xylene, no ototoxic effect
was observed after exposure to m-xylene. Therefore, the differences in metabolic
rates probably do not explain the different ototoxic potentials of the xylene iso-
mers (142). Instead, the presence of two methyl groups in the para-position on the
aromatic ring may be necessary for the ototoxic properties of p-xylene (140).

Laboratory investigations appear to identify a common pattern of cochlear dys-
function and injury following solvent exposure. This pattern, produced by toluene,
styrene, xylenes and trichloroethylene, involves impairment of outer hair cells that
normally encode middle-frequency tones and are located in the middle turns of the
cochlea (48, 74, 78). This tonotopicity of the cochlear damage is different from
that induced by aminoglycoside antibiotics, which mainly affect the high-frequency
tones. The pattern of damage is probably due to the intoxication route taken by the
solvents to reach the organ of Corti as shown for styrene (48, 211).

In these studies, as well as in a recent study by Chen et al, it was shown that
styrene reaches the hair cells in the cochlea from the blood via the stria vascularis
(structures of the inner ear are shown in Figure 1, Section 3.1) and through the
supporting cells (64). This explains why the third row of other hair cells is affected
first, i.e. this row of outer hair cells is closer to the supporting cells.

The disorganisation of the membranous structures is thought to be the starting
point for the cochlear injury induced by styrene. A corollary of the outer hair cells
susceptibility is the progression of the trauma from the third to the first row of hair
cells within the organ of Corti. This feature is likely related to the intoxication
route taken by the solvents to reach the organ of Corti. It also explains why the
ototoxic effect of styrene progresses beyond the cessation of styrene exposures to
700 ppm and above, i.e. organ exposure continues some time after cessation of air
exposure and when the apoptotic cascade has been initiated, it takes some time
before it turns off (48, 229, 230).

In rats, levels of solvents were measured in the blood, brain, auditory nerves,
organ of Corti and in cerebrospinal and inner ear fluids after exposure to either
toluene or styrene for one day. Solvents were detectable in the tissues but not in
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the fluids, indicating that toluene and styrene are transported through the tissues
of the organ of Corti rather than through the fluids of the inner ear (48).

Chen et al measured the concentration of styrene in different regions in the
cochlea and found a higher solvent concentration in the middle region with lower
levels in the apex and the basal turn, explaining the higher vulnerability in the
middle-frequency region. The reason for the higher concentration in the middle
region is not fully understood but it could be partly due to easier removal of
solvents by diffusion to the perilymph in the basal turn of the cochlea, which is
closer to the cochlear aqueduct (64).

Trichloroethylene has been shown to impair inner hair cell and spiral ganglion
cell function through electrophysiological testing and cochlear histopathology.
Loss of spiral ganglion cells was significant in the middle turn of the cochlea but
not in the basal turn. The data suggested that the behaviourally determined loss
in auditory function can be accounted for by a cochlear impairment and that the
spiral ganglion cell may be a prominent target of this solvent (129).

Effects on the central auditory pathways after toluene exposure in rats have been
further investigated in two recent studies. In these experiments, it was shown that
toluene can inhibit the auditory efferent system by modifying the response of the
protective acoustic reflexes from the efferent system originating from the olive
complex in the brainstem. Toluene acted in these experiments in the same way as
other known cholinergic receptor antagonists (45, 209). Maguin et al showed that
toluene acts also on the regulation of acetylcholine release in muscles by blocking
the voltage gated Ca®* channels involved in the protective middle ear reflex ex-
hibited by the stapedius muscle. This reflex is also mediated by efferent motor-
neurons emanating from the olive complex in the brainstem (237). These studies
(45, 209, 237) all give an interesting insight into the mechanism of the interaction
between solvents and noise. It is a probable hypothesis that when solvents cause
the blocking of the protective middle ear reflex as well as disturb the efferent
system, noise will be more damaging to the inner ear in the presence of solvent
exposure.

Solvent-induced hearing loss is species dependent. The rat is sensitive to
solvents, while the guinea pig and chinchilla seem unaffected. Davis et al reported
no effects in the chinchilla auditory system following toluene exposure alone or
combined with noise (84). The authors argued that the chinchilla liver was able to
detoxify toluene. Hepatic microsomes from chinchillas, rats and humans were
tested for their ability to convert toluene to the more water-soluble compound
benzyl alcohol. Chinchillas had higher levels and activities of liver cytochrome
P450 (CYP) enzymes than both rats and humans. Similar observations were
reported by Lataye et al regarding the effects of toluene and styrene exposures in
the rat and guinea pig (213). Lataye et al found that the styrene concentration in
the blood of the rat was four times higher than the concentration in the blood of
the guinea pig. The authors indicated that the difference in susceptibility between
these species may be explained by: 1) the different amount of solvent transported
by blood and capable of reaching the organ of Corti, 2) the difference in meta-
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bolism, 3) the difference of glutathione within the sensory epithelium and 4) the
morphological differences of the lateral membranes of the outer hair cells of the
cochlea (213). Gagnaire et al investigated the difference in blood and brain levels
of p-xylene between guinea pigs and rats. The blood level of p-xylene in the
guinea pig was only half of that in the rat and the level in the brain reached only
about 20-30 % of that in the rat. The rat also had four times slower elimination
rate than the guinea pig (142). Thus, toxicokinetic factors may explain the species
difference between rats and guinea pigs (54, 142). Solvent metabolism in humans
is closer to that of the rat than to that of the guinea pig (213).

As mentioned above, several experimental studies have shown that noise ex-
posure produces ROS in the inner ear (152, 390). Accumulating evidence links
ROS to cochlear damage for both ototoxins and/or noise trauma (109, 193). This
may also explain the interaction between noise and oxidising chemical agents like
solvents and asphyxiants. It has been shown that combinations of non-damaging
noise and oxidising chemical agents lead to oxidative stress that causes the death
of hair cells in the inner ear (124, 125, 131, 297). A recent study by Chen et al
produces evidence for apoptotic cell death by detecting activated caspase path-
ways in the outer hair cells after styrene exposure in rats (64).

6. Auditory effects of pharmaceuticals

Ototoxicity has been recognised since the 19th century. In 1884, it was reported
that certain drugs such as quinine and acetyl salicylic acid could produce tem-
porary hearing loss as well as dizziness and tinnitus (339). Drug ototoxicity was
recognised as a problem in the 1940s when permanent damage to the vestibular
and cochlear organs was reported in several patients treated with the newly dis-
covered drug for treatment of tuberculosis, the aminoglycoside antibiotic strepto-
mycin (155). Today there are many well-known ototoxic drugs used in clinical
situations (143, 370). Groups of drugs and substances confirmed to be ototoxic
are listed in Table 2 (Section 3.3). However, it is beyond the scope of this docu-
ment to discuss the ototoxic features and risks of drugs. Most of them are used
for treatment of serious health conditions after prescription, including antibiotics,
chemotherapeutics, diuretics and malaria prophylaxes.

In the following section, some features of the common over-the-counter
pharmaceutical acetyl salicylic acid are discussed, since it may interact with
noise or solvents and thereby increase the risk of occupational hearing loss.

6.1 Acetyl salicylic acid

Acetyl salicylic acid or aspirin is one of the most commonly used drugs in the
world, with effects on fever, pain and inflammation. This drug has many side-
effects including irritation of the gastrointestinal system, dysfunction of kidneys
and liver, allergies and hearing loss. There exists limited understanding of the
mechanisms underlying these side-effects. Cazals has published a comprehensive
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review about many aspects of the ototoxicity of acetyl salicylic acid (55) and his
conclusions are summarised here.

The ototoxicity of acetyl salicylic acid in humans can be divided into loss of
hearing, tinnitus and alterations of sound perception. The salient feature of the
slight to moderate hearing loss connected with acetyl salicylic acid intake is that it
is always reversible after the end of treatment. It is dose-dependent and correlates
linearly to the plasma salicylate level. A slight hearing loss (10 dB) was observed
at plasma levels of 50-100 mg/1 salicylate corresponding to approximately 2 g
acetyl salicylic acid/day in volunteers given slow release tablets for one week (85).
The hearing loss can reach thresholds above 40-50 dB, which occurs around 300-
500 mg salicylate/l plasma, corresponding to approximately 6-8 g acetyl salicylic
acid/day (55). Several studies have demonstrated a large interindividual variability
in the susceptibility to acetyl salicylic acid. Tinnitus is a common feature in acetyl
salicylic acid induced auditory impairment especially after several days of drug
intake. Tinnitus can be defined as a subjective perception of sound when no ex-
ternal sound source is present. Also tinnitus is reversible and correlates with the
plasma level of salicylate. Acetyl salicylic acid has even been used to induce
tinnitus in animal experiments. In these experiments, behavioural methods have
been used to quantify the loudness of the tinnitus-tone (180, 181). In humans, the
alterations of the perceptions of sounds after acetyl salicylic acid intake include
loss of speech discrimination, change in frequency filtering and temporal de-
tection, as well as hypersensitivity to noise-induced temporary elevation of
thresholds. The mechanism of the effects of acetyl salicylic acid on the auditory
system relates to the outer hair cells and their motility, the cochlear blood flow,
and the spontaneous activity in the cochlear nerve (55).

In animal studies, interactions between acetyl salicylic acid and noise exposure
have been shown, but limited evidence supports permanent hearing loss or loss of
hair cells after combined exposure. One study in rats showed that acetyl salicylic
acid may increase the severity of the permanent hearing loss caused by toluene
(182).

7. Auditory effects of organic solvents

Organic solvent ototoxicity was suggested already in the 1960s (216) but was not
clearly demonstrated until the 1980s. In a review paper that briefly discussed five
occupational studies and four case reports, it was observed that the incidence of
sensorineural hearing loss was higher than expected in noise-exposed workers
who were also exposed to solvents (23). An ototraumatic interaction between
noise and organic solvents was suggested and its biological plausibility discussed.
Since organic solvents are known for their neurotoxic effects in both the central
and the peripheral nervous system, it was argued that solvents might injure the
sensory cells and peripheral endings in the cochlea. It was further hypothesised
that, since solvent-related effects had been detected in the brain, a more central
component on the auditory disorders could also be expected.
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The aromatic solvents of the alkylbenzene family (e.g. toluene, ethylbenzene
and xylene) are the largest group among the solvents that have been found to
affect the auditory system (Table 2). The relative ototoxicity varies among the
aromatic solvents. A tentative ranking of decreasing ototoxocity for 8 aromatic
solvents based on histological hair cell losses was proposed as: allylbenzene >
ethylbenzene, styrene > n-propylbenzene > p-xylene > toluene, o-methylstyrene,
trans-B-methylstyrene. Of the xylene isomers, p-xylene showed ototoxic effects
whereas o-xylene and m-xylene did not (139, 238). Benzene itself is not ototoxic.
Aliphatic solvents like n-hexane and n-heptane as well as carbon disulphide are all
known neurotoxic substances that can affect the auditory system but their effects
are probably due to effects on neurons in the central nervous system (251, 286,
287, 344).

In animal experiments as well as in human studies, the ototoxic effect after
inhalation of organic solvents has been established using many different methods.
In animals, the most sensitive method to discover the ototoxic effect of solvents is
morphological studies detecting the loss of hair cells in the cochlea as shown after
toluene and styrene exposure in rats (see e.g. references (64, 184, 208, 210, 229,
268)). Detailed information on the different methods used to assess the auditory
function in man and animals is found in Chapter 4.

The auditory system of the guinea pig is not as sensitive to the ototoxic effects
of solvents as that of the rat. This has been shown in experiments using styrene
and xylene exposure of guinea pigs (114, 142, 213). Differences in solvent meta-
bolism are likely to explain the differences in susceptibility between species (142,
213). As solvent metabolism in humans is more similar to that of rats, the latter is
the best animal model for studying the ototoxic effects of solvents.

7.1 Styrene

7.1.1 General
Styrene (vinylbenzene) is a colourless to yellow, volatile liquid with a sweet sharp
odour (192, 377).

Originally, styrene was used primarily in the synthetic rubber industry. It is
currently used as an intermediate chemical for polymers in making plastics, resins,
coatings and paints. Styrene is obtained from crude oil or liquefied petroleum gas
and produced throughout the world in large quantities (192).

The most significant occupational exposures to styrene occur in the manu-
facturing of fibreglass-reinforced polyester products, especially in plants involved
with the fabrication of reinforced plastics and composites including boat producers.
In addition, exposures to styrene may occur during the use of miscellaneous
products such as floor waxes and polishes, paints, adhesives, metal cleaners and
varnishes (245, 377).

The major route of exposure is via the respiratory system. The absorption of
styrene vapour by skin is negligible compared to the uptake via the lungs. Liquid
styrene may be absorbed through the skin to a limited extent (4). In humans, some
90-97 % of absorbed styrene is eliminated as the urinary metabolites mandelic acid
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(MA) and phenylglyoxylic acid (PGA) with only a small fraction accounted for as
parent compound in expired air or urine (318).

The neurotoxic properties of styrene including effects on colour vision (65, 250,
265) represent the main health hazards that are recognised in humans. Also geno-
toxic effects have been reported (169).

7.1.2 Effects in animals

7.1.2.1 Styrene alone

In several animal experiments, the effects of styrene alone on the auditory system
have been investigated (Table 3). These studies show that styrene exposure causes
a permanent and progressive damage to the auditory system of the rat.

Concentration and duration of styrene exposure were shown to influence the
ototoxic effects in rats (48, 64, 229). In most of the experiments, animals were
exposed to styrene by inhalation. However, intraperitoneal injections (114, 378)
and gavage (64, 139) were also used in some studies. The results obtained by
various modes of administration do not differ significantly because the solvent
reach the cochlea whatever route is used (47).

In animal experiments, the ototoxic effect of styrene has been established using
electrophysiological methods (showing a permanent loss of auditory sensitivity)
and by morphological examination of the cochlea (showing loss of outer hair
cells).

The histological findings demonstrate that the supporting cells are the first
targets of the solvent. Then, the outer hair cells of the third row are disrupted,
followed successively by the cells from the second and first rows from the basal
(20 kHz) to the upper turn (4 kHz) of the cochlea. The ototoxic effects of styrene
in rats progressed beyond the cessation of exposure to 700 ppm and above (48,
208, 298).

In rats, inhalation of 600 ppm styrene (12 hours/day, 5 days/week for 4 weeks)
caused hearing loss and a loss of outer hair cells that amounted to 50-100 %.
Animals exposed to 300 ppm did not display such effects (268).

Lataye et al exposed rats to 300-1 000 ppm styrene (6 hours/day, 5 days/weeks
for 4 weeks) and found higher concentrations of styrene in the blood when rats
were forced to be active during the exposure. Consequently, a loss of outer hair
cells occurred at the lower exposure level of 300 ppm in active rats when com-
pared to sedentary rats that displayed a similar effect at 500 ppm. These results
show that the ototoxic effect of styrene is affected by physical activity (210).

The age of the rats also influence the degree of hair cell loss in the cochlea.

A significant loss of hair cells was seen in young rats (3 months of age) exposed
to 700 ppm styrene (6 hours/day, 5 days/week for 4 weeks) despite the fact that
almost no hearing loss could be measured by auditory brainstem response. In
comparison, aged rats (24-26 months of age) displayed less outer hair cell loss
than the young rats but more hearing loss, which might be due to aging and not
only to styrene exposure (49). In a follow up study, 14-week old rats (corresponding
to young adults) lost more outer hair cells and had more hearing loss compared to
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21-week old rats, suggesting a critical sensitive period around the age of 3 months
for rats exposed to solvents (212).

Styrene has been shown to be a more potent ototoxicant than toluene (47, 139,
229). Permanent auditory threshold shifts in rats occurred with a styrene dose 2.4
times lower than that of toluene. The sequence and location of histopathological
trauma along the organ of Corti was compared between styrene and toluene. The
same magnitude of outer hair cell loss was observed at 650 ppm styrene and 1 500
ppm toluene and also, but more severe, at 850 ppm styrene and 1 750 ppm toluene
(all exposures 6 hours/day, 5 days/week for 4 weeks) (229).

In a recent study, Chen et al investigated the dose-response relationship after
exposure to styrene by gavage to different doses (0-800 mg/kg body weight, 5
days/week for 3 weeks). The noise level was around 45 dBA. A dose-dependent
increase in hearing loss was seen from 300 mg/kg. Also the loss of outer hair cells
increased in a dose-dependent manner with small losses (5 %) present already at
200 mg/kg. The loss of outer hair cells started after 7 days of exposure and the
magnitude grew with increasing time (investigated only at 800 mg/kg). The
styrene levels in blood were directly proportional to the oral dose given (2-3 % of
the oral gavage dose on weight basis). The level of styrene in blood after the oral
dose of 800 mg/kg was approximately 20 pg/g, measured after one dose as well
as after 6 days of dosing (64). This corresponded to the styrene blood levels after
inhalation exposure to 1 000 ppm (22.8 pg/g, 6 hours/day for 5 days) (64, 213).
Thus, linear extrapolation suggests that an oral dose of 200 mg/kg corresponds to
inhalation exposure at approximately 250 ppm. The magnitude of outer hair cell
loss at 800 mg/kg was the same as that observed following the exposure to 850
ppm for 4 weeks described above (229). The styrene blood levels measured in rats
exposed to the lowest styrene dose (200 mg/kg) in the study by Chen et al (64)
were only 3 times higher than blood levels of styrene found in workers (248).

Prolonged middle latency auditory potentials and damage to central nervous
system structures were found after intraperitoneal injection of high daily doses
(800 mg/kg body weight) of styrene to rats during two weeks indicating also a
central nervous effect on the auditory system (378).

7.1.2.2 Styrene combined with noise
Some experiments have revealed that noise interacts with styrene in a synergistic
manner (Table 4) (208, 210, 269).

Combined exposure to 600 ppm styrene and noise at 100-105 dB SPL (12
hours/day, 5 days/week for 4 weeks) caused a synergistic effect in rats, shown
by hearing loss and outer hair cell loss. At 300 ppm, no interaction was observed
(269).

Exposure to 400 ppm styrene in combination with noise at 86.2 dB SPL (= 85
dB Leq8h) (6 hours/day, 5 days/week for 4 weeks) resulted in a greater loss of
outer hair cells than exposure to styrene alone in rats forced to be active. Noise
only exposure did not induce any loss of outer hair cells at this exposure level
(210).

23



7.1.2.3 Styrene combined with other agents
Ethanol consumption, which by itself did not affect the auditory function in rats
when administered by gavage once a day (4 g/kg body weight, 5 days/week for
4 weeks), has been shown to potentiate the effects of styrene (750 ppm, 6 hours/
day, 5 days/week for 4 weeks) on the auditory system. Styrene alone caused a
permanent hearing loss of about 10 dB at 2 and 16-20 kHz as shown by auditory
brainstem response and a corresponding loss of outer hair cells. The combined
exposure to styrene and ethanol caused a greater hearing loss (20-30 dB) over a
wider frequency range (2-24 kHz) together with increased loss of outer hair cells.
Rats simultaneously exposed to styrene and ethanol had increased CYP enzyme
activity in the liver compared to rats exposed to styrene alone (Table 4) (230).
Trichloroethylene did not show synergistic or antagonistic interaction with
styrene among groups of rats who received iso-effective concentrations of solvent
pairs (8 hours/day for 5 days). Decreased auditory brainstem responses indicative
of hearing loss correlated with blood levels of total solvent as predicted by a linear
dose-addition model (Table 4) (329).

7.1.3 Observations in man

7.1.3.1 Styrene alone

Several occupational studies have been conducted regarding the effects of styrene

on the auditory system as well as on the interaction of styrene with noise (Table 5).
No studies exist in which workers were exposed to styrene alone in a totally

quiet environment. However, in several studies, groups of workers were exposed

to styrene at noise levels below 85 dBA. These studies are discussed below.

7.1.3.2 Styrene combined with noise and other agents

In an early study, routine audiometric results of workers exposed to styrene in a
plastic boat plant were evaluated. The plant records indicated that exposures had
ranged from 5.6 to 24 ppm although rare peaks above 70 ppm did occur. Also
acetone exposure occurred at the plant but no other solvent exposure. Noise levels
were not measured but were estimated to be below 85 dB. Audiometric records
did not indicate hearing losses resulting from causes other than exposure to noise.
Seven of 18 workers, however, displayed abnormal results in central auditory
system testing. In addition, 16 of the workers showed abnormal results in tests
involving the vestibular system (271).

A similar study in workers exposed to 3-92 ppm styrene was reported by
Calabrese et al who found no effects when measuring pure-tone audiometry but
concluded that 17 out of 20 workers had deficient vestibular reflexes (43).

Muijser et al compared two groups exposed to styrene, directly (mean 32 ppm)
and indirectly (14 ppm). Individual exposures did at times reach up to 164 ppm in
the directly exposed group. Noise levels were generally low, 66-70 dBA, but
occasionally up to 104 dB. A significant difference in hearing thresholds at the
high frequencies was noted between the groups (261).
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Styrene and noise exposures were assessed for 299 workers in the reinforced
fibre industry in Canada. TWA styrene exposures for directly and indirectly ex-
posed were 25 ppm and 8 ppm, respectively, while noise exposures were similar
in the groups, i.e. 88 and 90 dBA. The association between noise exposure (based
on an estimated life-time noise dose) and hearing loss was significant. Styrene
exposure approached significance for hearing loss only at specific frequencies (4
and 6 kHz) in the left but not in the right ear. Noise and styrene exposures were
highly correlated. Both noise exposure and age were found to be confounding
factors regarding the possible hearing loss caused by styrene and might shadow
the styrene effect (336).

More recently, the effects of styrene were investigated in male workers exposed
in factories producing plastic buttons or bathtubs (258, 259). In the first study,
workers whose noise exposures exceeded 85 dBA were excluded from the study
population. Participants were exposed to a mixture of solvents, mainly styrene
and toluene. Of the 93 participants, only 6 were exposed to levels of styrene that
exceeded 50 ppm and 2 were exposed to toluene levels exceeding 50 ppm (258).
In the second study, the 48 study participants were divided into 3 subgroups based
on exposure: an unexposed control group, a group exposed to noise levels of 82-
86 dBA, and a group exposed to low average levels of both styrene (22 ppm, range
3.7-46) and noise (69-76 dBA) (259). No effects of the solvents were detected by
routine audiometric testing up to 8 kHz. In both investigations, the hearing as
assessed by high-frequency audiometry (10-16 kHz) was reduced in workers ex-
posed to styrene for 5 years or more, although both noise levels and styrene con-
centration in air were within limits recommended by several international agencies.
Hearing impairment was associated with styrene concentrations in air and MA
(biomarker of styrene) concentrations in urine. No effects of other solvent ex-
posures were detected (258, 259).

The association between MA and hearing loss was also observed in a cross-
sectional study conducted in Sweden, which aimed to investigate the effects
of occupational exposure to low levels of styrene and noise (187, 256). Styrene
measurements were conducted for all exposed workers by personal air samples
and biological monitoring of MA in urine. Also historical and life-time exposures
to styrene were estimated using company records. For about 60 % of the participants
in the groups exposed to noise (with or without styrene), the noise levels were
above 85 dB Leq measured outside ear protection. The range of noise exposure
was similar in these two groups (75-116 dBA). Styrene exposures were low,
averaging 3.5 ppm, with a maximum level of 22 ppm (8-hour values) in the styrene
only group and 2.8 ppm in the group exposed also to noise. Workers exposed to
styrene (with and without noise) had significantly worse pure-tone thresholds at 2,
3,4 and 6 kHz when compared to noise-only exposed or non-exposed workers.
From the numerous variables that were analysed for their contribution to the de-
velopment of hearing loss, only age, current noise exposure and MA levels were
significant in the final multiple logistic regression model. The odds ratio (OR)
estimates for hearing loss were 1.18 times greater for each dB of current noise
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exposure (95 % confidence interval (CI) 1.01-1.34), 1.19 times greater for each
year of age (95 % CI 1.11-1.28) and 2.44 times greater for each increment of
1 mmol (152 mg) of MA/g creatinine (95 % CI 1.01-5.88). At the NIOSH re-
commended exposure limit (REL) of 300 mg of MA/g creatinine (~19 ppm in
air), the OR for hearing loss would be 4.88 (2 x 2.44 mg). Testing for interaction
between noise and styrene exposure was not significant, suggesting an additive
effect between the two agents (256). Interaction between agents certainly de-
pends on the exposure levels of the studied populations. The audiometric results
were later compared to a Swedish database of an otologically unscreened, non-
occupationally noise-exposed population (187). The audiological test battery
included pure-tone audiometry, distortion product otoacoustic emissions, psycho-
acoustic modulation transfer function, interrupted speech, speech recognition in
noise, and cortical response audiometry. Workers exposed to both noise (> 85
dBA) and styrene and to styrene alone (noise <85 dBA) had significantly poorer
pure-tone thresholds in the frequency range of 3-8 kHz than controls, noise-only
exposed workers, and those listed in the Swedish age-specific database. Even
though abnormalities were noted on distortion product otoacoustic emissions
and cortical response audiometry testing, the interrupted speech and speech
recognition in noise tests were the more sensitive tests for styrene effects (187).
Sliwinska-Kowalska ef al evaluated the effects of occupational exposure to
styrene and combined exposure to styrene and noise on hearing (346, 347). The
study group, 290 yacht and plastic factory workers, was exposed to a mixture of
solvents having styrene as its main compound. The mean of individual work-life
average styrene exposure levels was 14 ppm (range 0.8-71) and the mean noise
level 82 dBA (range 71-93). The reference group, totalling 223 subjects, included
white collar workers exposed neither to solvent nor noise (n=157) and metal
factory workers exposed exclusively to noise (n=66). The mean noise level in the
noise-only exposed group was 89 dBA and in the non-exposed controls 73 dBA.
Hearing loss was observed in 63 % of the styrene exposed workers and in 42 % of
the referents. The OR for hearing loss in the styrene exposed group was 3.9 (95 %
CI 2.4-6.2, adjusted for age, gender, current occupational exposure to noise and
exposure to noise in past). The mean hearing thresholds differed significantly from
the reference group in a wide range of frequencies from 1 to 8 kHz. Depending on
type of exposure, the styrene exposed group was divided into 4 subgroups: exposed
to styrene only (n=194), styrene and noise (n=>56), styrene and toluene (n=26),
and styrene, toluene and noise (n=14). Hearing loss was observed in 79 % of the
workers exposed to styrene, toluene and noise, in 77 % of the styrene and noise
group, in 77 % of the styrene and toluene group, in 56 % of the styrene only group,
in 63 % of the noise only exposed group and in 34 % of the unexposed group. The
ORs for hearing loss adjusted for age and gender were: 5.2 for the styrene only
group, 3.4 for the noise only group, 10.9 the for styrene and noise group, 13.1 for
the styrene and toluene group and 21.5 for the styrene, toluene and noise group
(all significant when compared to the unexposed group). A significant increase in
hearing thresholds was found in all subgroups within the frequency range 2-8 kHz
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as compared to the unexposed group. The highest hearing threshold was found in
the group exposed to styrene and noise even if only an additive effect between
styrene and noise could be statistically verified (346, 347).

In a smaller study of 16 workers in a boat manufacturing plant in Germany, no
consistent correlations were reported between hearing ability and the biological
exposure measurements of styrene. The exposure level was assessed by biological
exposure index using the sum of MA+PGA in urine. The mean value was 656
mg/g creatinine (standard deviation (SD) 639, range 72-2 213) for the laminators
and 130 mg/g creatinine (SD 129, range 25-478) for the controls (161). This
corresponds to approximately 22 ppm styrene in the air for the laminators and 4.3
ppm for the controls assuming that 20 ppm corresponds to 600 mg/g creatinine
(88). Noise levels were not reported.

This study was recently followed by a larger study by Triebig et al (374)
investigating workers from the same boat manufacturing plant as in the study
above (161). Workers currently exposed to noise above 85 dBA were excluded.
Hearing, including high-frequency thresholds, was assessed with pure-tone audio-
metry between 0.125 and 16 kHz and with transient evoked otoacoustic emissions
(TEOAE). The exposure levels of styrene were assessed by biological monitoring
using MA+PGA in urine as well as styrene levels in the blood. Also historical and
life-time exposures to styrene were estimated using company records. A total of
248 workers were divided in three different groups with low, medium or high
current exposure to styrene. The mean current MA+PGA urinary values for the
three exposed groups were 51 (SD 27), 229 (SD 103) and 970 (SD 410) mg/g
creatinine. According to the authors’ transformation of MA+PGA urinary levels
to styrene air levels, these values would correspond to approximately 2-3, 8-15
and 40-50 ppm styrene in air, respectively. Extensive statistical analyses were
made regarding the relationship between hearing thresholds and both current and
life-time exposure levels. No differences between the three exposed groups were
found in thresholds of pure-tone audiometry or in the results of TEOAE. However,
elevated thresholds at some frequencies (>25 dB, 3-6 kHz) and an increased risk
for hearing loss were found in a subgroup (n=17) exposed to high levels of styrene
(30-50 ppm, with levels above 50 ppm in the past) during 10-26 years as com-
pared to a group (n=34) exposed to low levels for a shorter time (2-16 years). The
OR was 7.5 (95 % CI 1.1-51.4) adjusted for education, age, alcohol intake, tenure
and mother tongue. Air levels were estimated from the life-time average MA+PGA
urinary value of 660 mg/creatinine (SD 613). The corresponding value for the low-
exposure group was 200 mg MA+PGA/g creatinine (SD 171) (374).

Mascagni et al measured pure-tone audiometry in 32 workers exposed to styrene
in a fibreglass reinforced plastic boat manufacturing industry in Italy with an
average exposure duration of 7 years. Hearing thresholds were compared to 60
unexposed control subjects. Styrene exposure was measured using biological
monitoring of MA+PGA in urine. The mean value for the exposed group was 149
mg/g creatinine (SD 80, range 20-410) (240). This corresponds to approximately 5
ppm styrene (88). The noise levels were measured to 73 dBA (Leq). Twenty-four
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of the exposed workers were compared to age-matched controls and had slightly
but significantly (p <0.05) higher thresholds at all frequencies (except at 8 kHz on
the right ear) (240). The study confirms the results from earlier studies with larger
population that styrene alone can cause a slightly elevated hearing threshold.

7.1.4 Conclusion on styrene
The ototoxic effects of styrene in animals have only been demonstrated in rats.
Styrene does not cause hearing loss in guinea pigs (114, 213).

Based on available rat studies, the LOAEL for styrene alone is 200 mg/kg body
weight by gavage (64). This corresponds to approximately 250 ppm by inhalation
(for details, see Section 7.1.2.1). In rat inhalation studies, 300 ppm (4 weeks) was
identified as a no effect level, both with and without simultaneous noise exposure
(100 dB SPL) (268, 269). However, in rats forced to be active, a LOAEL of 300
ppm styrene alone was obtained (210). Thus, no NOAEL for styrene alone can
be identified in animals. Synergistic interaction between styrene and noise was
manifested only at concentrations above the LOAEL for styrene alone, i.e. at and
above 400 ppm (208, 210, 269).

In occupational studies, current levels of styrene averaged approximately 3.5-50
ppm. The lowest current average exposures among workers exhibiting significant
hearing loss when compared to non-exposed controls were 3.5-22 ppm (187, 240,
256, 258, 259). In these studies, the styrene exposed groups were exposed to noise
below 85 dBA at the time of study. However, exposure to higher styrene and noise
levels in the past, as well as peaks of high concentration in the present, is likely
and may have contributed to the effect. One study demonstrated a significant
positive correlation between the average work-life styrene concentration of 14
ppm and hearing loss (346, 347). In another study, neither life-time (average 16
ppm) nor current air styrene (3.5 ppm) levels were associated with hearing loss,
whereas current urinary MA levels were positively correlated with hearing
thresholds (256).

The influence of long-term exposure was shown in the study by Triebig et al,
which demonstrated auditory effects in workers estimated to have been exposed
to 30-50 ppm for at least 10 years with levels above 50 ppm in the past (374).

In humans, the type of interaction taking place between noise and styrene
exposure is not yet clear.

International 8-hour occupational exposure limits (OELSs) for styrene vary from
20 to 100 ppm (Appendix 1). The main concerns are neurotoxicity, genotoxicity
and potential carcinogenic effects (250).
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7.2 Toluene

7.2.1 General
Toluene or methylbenzene is a colourless, flammable and explosive liquid with an
aromatic odour (399).

Toluene is a commercially important intermediate chemical produced through-
out the world in large quantities. It is used as a solvent carrier in paints, thinners,
adhesives and inks, and is added to gasoline to increase the octane number. The
vast use makes toluene present in many industrial settings (399).

Numerous groups of individuals are occupationally exposed to toluene. Occupa-
tions in which exposure to toluene may occur include production, handling and
use of toluene and toluene containing products, e.g. chemical laboratory workers,
gasoline blenders, lacquer workers, paint and paint thinner makers, petrochemical
workers, maintenance workers, painters and printers (168, 399).

The major route of exposure is via the respiratory system. In human studies, the
uptake of toluene has been estimated to be 40-60 % of the total amount inhaled
(171). Physical work increases the respiratory uptake. Liquid toluene may be ab-
sorbed through the skin to a limited extent. Toluene is partly excreted via exhaled
air but 80-90 % of the absorbed toluene is biotransformed and excreted by the
kidneys mainly as hippuric acid (399).

7.2.2 Effects in animals

7.2.2.1 Toluene alone

Several animal studies have shown effects of toluene on the auditory system
(Table 6).

Toluene causes permanent auditory dysfunction in rats. No permanent effects on
hearing have been shown in chinchillas (84) or guinea pigs (244). In mice, toluene
increased the progression of age-related hearing loss in a strain (C57BL/6J) with a
genetic predisposition for presbyacusis (hearing loss as part of the aging process)
but not in normal (CBA/Ca) mice (218).

Effects of toluene on the auditory system of the rat were first reported by Pryor
et al in a study addressing neurobehavioural effects of toluene (308). Effects on
the auditory system in this and several other studies were shown at high exposure
concentrations (at and above 1 000 ppm, 14-21 hours/day, 5-7 days/week for 2-14
weeks) (182, 185, 186, 287, 288, 305, 307, 308, 310, 326). Light microscopy or
scanning electron microscopy examination of the cochlea confirmed the initial
findings and revealed a progressive severe loss of hair cells (184). The morpho-
logical appearance of toluene-induced cochlear damage has since been documented
in other studies (46, 206, 358). Later studies revealed that a shorter daily exposure
time (6 hours) caused no effect on the auditory brainstem response at 1 000 ppm
exposure (39, 229).

Considerably lower toluene concentrations were able to acutely produce equi-
valent auditory dysfunction in the guinea pig (244) as compared to published data
in the rat (46, 183). Concentrations as low as 250 ppm toluene (8 hours/day, 5
days/week for 1-4 weeks) temporarily disrupted auditory function in the guinea
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pig, and 500 and 1 000 ppm toluene produced greater acute dysfunction. However,
no permanent hearing loss developed in the guinea pigs and hair cell death was not
observed (244).

Effects of prenatal exposure to toluene and hearing loss in the offspring were
reported by Hougaard et al. Pregnant rats were exposed to 1 800 ppm toluene,
6 hours/day during gestation days 7-20. Body weights of exposed offspring were
lower until day 10 after parturition. A behavioural test battery revealed some
cognitive effects on learning and memory, most marked in female offspring. The
hearing function of the offspring, tested with auditory brainstem response 3 months
after exposure, showed a slight tendency towards hearing loss in the male off-
spring, significant from controls only at 8 kHz (162).

7.2.2.2 Toluene combined with noise
Several animal studies have investigated the interactions between toluene exposure
and noise on the auditory system (Table 7).

The most serious effect was observed in a study of sequential exposure to toluene
(1 000 ppm, 16 hours/day, 5 days/week for 2 weeks) and noise (100 dB Leq8h, 10
hours/day, 7 days/week for 4 weeks) in rats. Toluene exposure followed by noise
caused a greater loss (synergism) of auditory sensitivity than toluene or noise alone
(186). Additionally, Lataye and Campo observed that simultaneous exposure to
toluene (2 000 ppm, 6 hours/day, 5 days/week for 4 weeks) and noise (92 dB OBN
at 8 kHz), which each alone resulted in hearing loss, generated an auditory deficit
that exceeded the summated losses for successive exposure to toluene and noise
(206). Brandt-Lassen et al observed interaction on auditory threshold shifts in rats
between toluene exposure at 1 000, 1500 and 2 000 ppm (6 hours/day for 10 days)
and noise exposure (96 dB SPL, 2 hours following the daily toluene exposure). In
the same study, exposure to 500 ppm toluene plus noise resulted only in a threshold
shift similar to that found after noise only exposure (39).

Impulse noise is known to cause more hearing loss than wide band noise. In
a study by Lund and Kiristiansen, combined exposure to toluene (500, 1 000 or
1500 ppm, 6 hours/day for 10 days) and either impulse noise or wide band noise
(both equivalent to 90.8 dB Leq8h) showed that toluene (1 500 ppm) potentiated
the noise-induced hearing loss. The combination of toluene and impulse noise
caused a larger hearing loss than wide band noise and toluene (234). The possible
mechanisms underlying these interactions are discussed in Chapter 5.

Lund and Kristiansen also performed a long-term experiment with low doses
of toluene (100, 200 and 500 ppm, 6 hours/day, 5 days/week for 90 days), known
to not cause a hearing loss, combined with steady state noise equivalent to 87 dB
Leq8h. The rats exposed to 100 or 200 ppm toluene and noise had a tendency
towards less hearing loss than the rats exposed to noise alone (234).

7.2.2.3 Toluene combined with other agents

Interactions between toluene exposure and intake of alcohol or acetyl salicylic
acid or exposure to other solvents (with and without noise) have been reported
(Table 7).
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Combined exposure to toluene and n-hexane or to iso-effective concentrations
of toluene and trichloroethylene or toluene and chlorobenzene caused additive
effects on the auditory system in rats (305, 328). One study showed synergistic
effects of toluene and n-hexane 3 months after exposure to high levels of both
solvents (1 000 + 1 000 ppm, 21 hours/day, 7 days/week for 28 days) (287).

Ethanol alone (6 % in drinking water for 2 weeks or 4 g/kg body weight by
gavage for 4 weeks) did not cause hearing loss but potentiated the ototoxic effects
of toluene (1 000 ppm for 2 weeks and 1 750 ppm for 4 weeks, respectively) (50,
312). However, in another study on rats, ethanol (6 % in drinking water for 8
weeks) reduced the effect of toluene (1 000 ppm for 8 weeks) (288). A synergistic
interaction between acetyl salicylic acid and toluene was shown by Johnson. Rats
were given high daily doses (100 mg/kg body weight) of acetyl salicylic acid by
gavage and were simultaneously exposed to 1 000 ppm toluene for 10 days. Acetyl
salicylic acid alone did not cause hearing loss but potentiated the permanent
ototoxic effect caused by toluene (182). These results might be of interest since
ethanol is commonly used and pain killers of the acetyl salicylic acid type are
likely to be used by workers exposed to toluene although in lower doses.

Recent studies have demonstrated that adding several factors, e.g. another
solvent and noise or carbon monoxide and impact noise, much reduce the lowest
level of toluene exposure needed to elicit an auditory damage (133, 233).
Synergistic interaction was seen in rats exposed to 400 ppm toluene and 660
ppm ethylbenzene together with 93 dB noise (6 hours/day for 10 days) (133).
Exposure 6 hours/day for 10 days to toluene (500 or 1 000 ppm) together with
carbon monoxide (300 or 500 ppm) and impulse noise (84 dB SPL noise with
75 % impulses at 4-20 kHz) caused a synergistic interaction, which increased with
increasing doses of both carbon monoxide and toluene. Combined exposure to
toluene and impulse noise did not cause interaction at the tested levels (233).

7.2.3 Observations in man
7.2.3.1 Toluene alone
No studies were identified.

7.2.3.2 Toluene combined with noise

Several occupational studies have been conducted regarding the effects of toluene

on the auditory system and the interaction between toluene and noise (Table 8).
A group of rotogravure printers with normal hearing ability and exposed to an

average of 97 ppm toluene for 12-14 years showed alterations of brainstem audi-

tory evoked responses (2). Thus, auditory nervous system modifications were

demonstrated before clinical signs of chronic exposure to toluene appeared.
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Similar results were reported by Vrca et al. Printing workers exposed to low
concentrations of toluene for an average of 21 years were compared to controls.
The current exposure to toluene in both groups was evaluated by measuring the
concentration of toluene in peripheral blood and the concentrations of hippuric
acid and ortho-cresol (biomarkers of toluene exposure) in urine. The mean value
for toluene in blood was 36 pg/l (SD 25, range 0.2-94) for the exposed and 0.96
(SD 3.7, range 0.0-19) for the controls (384). This corresponds to approximately
34 ppm toluene in the air for the printers (160). Decrease in amplitudes, pro-
longation of latencies and increased interpeak intervals of the auditory brainstem
responses were shown after chronic exposure to these low concentrations of
toluene (384).

In a cross-sectional study, workers from rotogravure printing and paint manu-
facturing industries had their hearing function tested by pure-tone audiometry,
impedance audiometry and stapedius reflex testing (reflex threshold and decay)
(254). Hearing loss was compared among workers exposed to both noise (88-98
dBA) and toluene (75-365 ppm), workers exposed solely to noise (88-97 dBA),
or solely to a mixture of solvents in which toluene was the major component,
and workers exposed to neither. Compared to the unexposed control group, the
adjusted relative risks for hearing loss were 4.1 (95 % CI 1.4-12.2) for the noise
group, 5.0 (95 % CI 1.5-17.5) for the solvent-mixture group, and 10.9 (95 % CI
4.1-28.9) for the combined noise and toluene group. The results from the acoustic
reflex measurements suggested a predominantly non-cochlear site of the damage,
since the percentage of workers with acoustic reflex decay was largest in the group
exposed to noise and toluene. Also, the decay was largest after contralateral sti-
mulation, suggesting a lower brainstem disorder. A peripheral component of the
observed hearing loss was, however, not excluded (254).

Another study involved 124 rotogravure printing workers exposed to various
levels of noise and an organic solvent mixture of toluene, ethyl acetate and ethanol
(257). Toluene exposures were below 50 ppm for 109 of the 124 studied workers.
Forty-nine per cent of the workers exhibited hearing loss. Among the numerous
variables that were analysed for their contribution to the development of hearing
loss, only age and hippuric acid met the significance level criterion in the final
multiple logistic regression model. The OR estimates for hearing loss were 1.07
for each increment of 1 year of age (95 % CI 1.03-1.11, p=0.0003) and 1.76 for
each g hippuric acid/g creatinine (95 % CI 1.00-2.98, p=0.0338). Since low
hippuric acid levels were observed in the majority of the studied group with no or
little occupational exposure to toluene, this marker provided reliable information
on occupational exposure. At the hippuric acid limit level of 1.6 g/g creatinine
recommended by the American Conference of Governmental Industrial Hygienists
(ACGIH) (7), the OR for hearing loss can be calculated to 2.8 (OR 1.76 x 1.6 g
hippuric acid/g creatinine). Moreover, results of the acoustic reflex decay test
suggested that there might be retrocochlear or central auditory pathway involve-
ment in some of the hearing disorders observed. The workers in this study had a
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relatively short history of noise exposure and had presumably not been exposed
long enough for noise effects to develop (257).

The ototoxicity of occupational exposure to toluene below 50 ppm was in-
vestigated in a longitudinal study over 5 years with four repeated examinations
of workers from rotogravure printing plants (342). Past life-time weighted average
exposures to toluene and noise were determined from individual work histories
and were 10 ppm in the low-exposure group and 45 ppm in the high-exposure
group, with noise levels of 82 dBA in both groups. Recent averaged individual
exposure was 3 ppm in the low-exposure group and 26 ppm in the high-exposure
group with noise levels of 82 and 81 dBA, respectively. Repeated measurement
analyses (grouping factors: toluene intensity, exposure duration and noise in-
tensity) and logistic regressions did not reveal significant effects of toluene level,
exposure duration or interactions between toluene and noise. Hippuric acid levels
elevated the OR for high frequency hearing loss to 1.28 (95 % CI 0.75-2.18) but
this association was not significant. Stratification according to noise intensity
alone (79 + 3 versus 84 + 1 dBA) was significantly associated with increased
auditory thresholds. The authors of this study suggested that the threshold level
for developing a hearing loss as a result of occupational toluene exposure might
be above 50 ppm (342).

Chang et al investigated hearing loss among workers exposed to both toluene
and noise in an adhesive material manufacturing plant (57). Fifty-eight workers
were exposed to both toluene and noise (79-87 dBA) and were compared to 58
workers exposed to noise only (83-90 dBA) and to a control group of 58 persons
(68-73 dBA). Seven breathing-zone air samples were collected in each of the three
divisions with toluene exposure with average levels of 33, 108 and 165 ppm and
corresponding average noise levels of 83, 84 and 84 dBA. The toluene levels were
also given as a cumulative exposure index in year-ppm, calculated as the average
toluene level in each division multiplied by the years of employment. The pre-
valence of hearing loss (>25 dB) was higher in the toluene plus noise group (86 %)
than in the noise-only group (45 %) or the controls (5 %). Multivariate logistic
regression analysis to evaluate dose-response effects based on cumulative exposure
index showed that the OR for hearing loss was 6 times higher for the toluene plus
noise group compared to the noise alone group (57).

In a cross-sectional study conducted in the same printing company as by Morata
et al (254), Bernardi examined 140 workers (31). Participants were subdivided in
controls and exposed groups according to exposures to noise alone or combined
with toluene. Participants’ age ranged from 18 to 48 years and to be included in
the study, participants had to have normal hearing (all pure-tone audiometric
thresholds <25 dBHL, type A tympanogram and presence of acoustic reflexes).
TEOAE testing and their suppression by continuous contralateral white noise were
used to evaluate the effects of toluene exposure. Absence of TEOAE response was
slightly higher in the group exposed to both toluene and noise (64 %) compared to
the noise alone group (62 %), which both by far exceeded the non-exposed group
(27 %). The absence of the contralateral suppression of the TEOAE was much
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more prevalent among the workers exposed to both agents (49 %) than in the noise
exposed (17 %) or non-exposed group (7 %). The OR for absence of contralateral
suppression was estimated to be 12 (95 % CI 3.1-43.5) compared to non-exposed
workers (31). These results suggest a retrocochlear effect of toluene.

7.2.3.3 Toluene combined with other agents

Several of the occupational studies investigating the auditory effects of solvents
were performed in populations simultaneously exposed to many different solvents
in their workplaces. In some of these studies, toluene was one of the main com-
ponents. The effects of mixed solvent exposures are reported in Section 7.8 and
in Table 20.

7.2.4 Conclusion on toluene

The ototoxic effects of toluene in animals have been clearly demonstrated in rats.
Toluene exposure caused temporary disruption of auditory functions in guinea
pigs (244) and hearing loss in a strain of mice genetically predisposed for hearing
loss (218).

In adult rats, the NOAEL for toluene is 700 ppm (311) and 500 ppm when
combined with noise (39, 234). The LOAEL is 1 000 ppm both with and without
noise exposure (39, 46, 182, 185, 186, 229, 311). In weanling rats, the NOAEL for
toluene alone is 900 ppm (308). Synergistic interaction between toluene and noise
was manifested at the same concentration as the LOAEL for toluene alone, i.e. at
and above 1 000 ppm (39, 186).

In some occupational studies, ototoxic effects from toluene were associated
with current exposure levels of approximately 10-50 ppm (31, 257, 384). Historic
toluene and/or noise exposure levels were not well characterised and some groups
of workers were co-exposed to other solvents. It is likely that participants were
exposed to higher concentrations in the past, as well as to peaks of high exposure
in the present that could explain the observed effects. In one study, however,
chronic exposure (12-14 years) to an average of 97 ppm caused hearing loss but
noise levels were not given (2). No auditory effects were observed in a study in
which both current and historic levels of toluene (up to 50 ppm) and noise were
low (342).

International 8-hour OELs for toluene vary from 20 to 200 ppm (Appendix 1).
The ACGIH threshold limit value is set to protect from subclinical changes in
blue-yellow colour vision and the potential for spontaneous abortion in female
workers (6).
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7.3 Xylenes

7.3.1. General

Xylene (or dimethylbenzene) exists in three isomeric forms: ortho, meta and para.
At room temperature, the xylenes are colourless liquids with an aromatic odour.
After inhalation exposure the retention in the lungs is about 60 % of the inhaled
dose. More than 90 % is biotransformed to methylhippuric acid, which is excreted
in urine (173).

Xylene is produced from coal tar or by the aromatisation of petroleum hydro-
carbons. Xylene is marketed principally as a mixture of the o-, m- and p-isomers,
generally denoted “mixed xylenes”. The individual isomers are also available
commercially. Most commercial mixed xylenes also contain ethylbenzene (170,
173, 192).

The main use of xylene is as a constituent in motor and aviation fuel but it is
also used as a solvent in the paint, printing, rubber and leather industries (173,
279).

7.3.2 Effects in animals

7.3.2.1 Xylene alone

Several studies have investigated the effects of xylene on the auditory system in
rats (Table 9). In the earlier studies, rats were exposed to mixed xylenes con-
taining all three isomers in different often unstated proportions. Mixed xylene
(10 % o-, 80 % m- and 10 % p-xylene, ethylbenzene content not mentioned)
affected the auditory sensitivity after exposure to 1450 ppm (8 hours/day for

3 days) or 800 ppm (14 hours/day, 7 days/week for 6 weeks), as shown by be-
havioural audiometry and/or auditory brainstem response (306). Xylene mainly
affected the mid-frequency range (8-24 kHz) of the cochlea (78). Gagnaire et al
showed that outer hair cells were the primary targets within the organ of Corti
and that only one of the isomers, p-xylene, was ototoxic (see Chapter 5). Thus,
loss of outer hair cells was seen after exposure to 900 ppm p-xylene (6 hours/day,
6 days/week for 13 weeks), while no effects on the auditory system was found
after exposure to up to 1 800 ppm of either o-xylene or m-xylene. At the lower
level of 450 ppm p-xylene, hair cells were unaffected (140). Later, Manguin et al
confirmed that only p-xylene was ototoxic in rats after exposure to 1 800 ppm

(6 hours/day, 5 days/week for 3 weeks) (238).

7.3.2.2 Xylene combined with noise
No studies were identified.

7.3.2.3 Xylene combined with other agents

In studies by Rebert et al, combined exposure to iso-effective concentrations
of mixed xylenes and chlorobenzene, and mixed xylenes and trichloroethylene
caused additive effects on the diminished amplitudes of auditory brainstem
responses in rats (Table 10) (328).
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A recent study on rats using different mixed xylenes with a known content of
the three isomers as well as of ethylbenzene showed loss of outer hair cells after
exposure to 250 ppm of the mixture (=50 ppm p-xylene and 50 ppm ethyl-
benzene) and increased auditory brainstem response thresholds at 1 000 ppm
of the mixture (all exposures 6 hours/day, 5 days/week for 13 weeks) (141).
The combined exposure caused enhanced ototoxicity compared to exposure to
ethylbenzene alone (Section 7.4.2.2).

7.3.3 Observations in man
7.3.3.1 Xylene alone or combined with noise
No studies were identified.

7.3.3.2 Xylene combined with other agents
There are some studies in humans where xylene is one of several solvents. The
effects of the mixed solvent exposures are reported in Section 7.8 (Table 20).

7.3.4 Conclusion on xylenes
No effects on the auditory system have been found in rats after exposure to o-
or m-xylene only. Only p-xylene has been found ototoxic (140, 141, 238).

In rat inhalation studies, exposure to 450 ppm pure p-xylene for 13 weeks
caused no auditory effects (NOAEL) whereas exposure to 900 ppm caused outer
hair cell loss (LOAEL) (140).

Auditory effects were observed after exposure to 800 ppm mixed xylenes for 6
weeks (lowest dose tested) (306) and after exposure for 13 weeks to 250 ppm of a
mixture (LOAEL, lowest dose tested) containing approximately 50 ppm p-xylene
but also 50 ppm ethylbenzene (141). The combined exposure caused enhanced
ototoxicity compared to exposure to ethylbenzene alone. Interaction with noise has
not been studied.

No human studies of auditory effects of xylenes alone or in combination with
noise were identified.

International 8-hour OELs for xylene vary from 25 to 100 ppm (Appendix 1).
According to ACGIH, the suggested threshold limit value is primarily set to
prevent irritation and acute as well as chronic effects on the central nervous
system (4).
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7.4 Ethylbenzene

7.4.1 General
Ethylbenzene is a colourless liquid aromatic solvent produced from benzene and
ethylene. It is mainly used as a raw material in the production of styrene. It is also
a component of technical xylene, which usually contains approximately 20 %
ethylbenzene. The estimated yearly production in the western world is about 8-10
million tonnes (172)

Exposure to pure ethylbenzene is unusual in the work environment. As part
of mixed xylenes, ethylbenzene is often one of many solvents in solvent mix-
tures, e.g. in paints and lacquers and in the rubber and chemical manufacturing
industries (97, 172).

7.4.2 Effects in animals
7.4.2.1 Ethylbenzene alone
The ototoxic effect of ethylbenzene was investigated in a series of studies by
Cappaert et al (51-54). Dose-dependent loss of outer hair cells (300-550 ppm) as
well as increased hearing thresholds (400 and 550 ppm) were observed in rats
exposed 8 hours/day for 5 days (51, 52, 54). Guinea pigs exposed to 2 500 ppm
(6 hours/day for 5 days) did not display signs of ototoxicity. In another experi-
ment, measurements of ethylbenzene blood levels after exposure to 500 ppm, 8
hours/day for 3 days showed that the guinea pigs had much lower levels than the
rats (2.8 £0.1 pg/ml and 23.2 + 0.8 pg/ml, respectively) (54).
Recently, Gagniere er al showed ototoxic effects in rats at all ethylbenzene
exposure levels (200-800 ppm, 6 hours/day, 5 days/week for 13 weeks) (141).
In a comparison study of 21 different solvents, ethylbenzene (gavage for 2
weeks) was shown to be one of the most potent ototoxic solvent as measured by
outer hair cell loss in rats (Table 11) (139).

7.4.2.2 Ethylbenzene combined with noise or other agents

Combined exposure (8 hours/day for 5 days) to 300 or 400 ppm ethylbenzene
and 105 dB broadband noise induced synergistic effects on outer hair cell loss.
Exposure to 95 dB noise caused no effect on hearing neither alone nor in com-
bination with the solvent (52).

The ototoxic effect of two different xylene mixtures with controlled amounts
of the xylene isomers as well as of ethylbenzene was investigated. Rats exposed
to 250 ppm (6 hours/day, 5 days/week for 13 weeks) of the mixture containing 50
ppm ethylbenzene and 50 ppm p-xylene exhibited loss of outer hair cells (Table
12) (141).

Synergistic interaction was seen in rats exposed to 400 ppm toluene and 660
ppm ethylbenzene together with 93 dB noise (6 hours/day for 10 days) (133).

7.4.3 Observations in man
No studies on ethylbenzene alone or combined with noise were identified.
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In several occupational studies, workers exposed to ethylbenzene were exposed
also to other solvents. The effects of the mixed solvent exposures are reported in
Section 7.8 (Table 20).

7.4.4 Conclusion on ethylbenzene

Ethylbenzene has proven ototoxic in rats (51-54, 139, 141) but not in guinea pigs
(54). No NOAEL has been identified for rats. In rat inhalation studies, 200 ppm
ethylbenzene (13 weeks, lowest level tested) caused outer hair cell loss (LOAEL)
and 400 ppm caused hearing loss (51, 141).

In combination with noise (105 dB SPL), exposure for 5 days to 300 ppm
ethylbenzene (lowest dose tested) induced synergistic effects on outer hair cell
loss (LOAEL) (52). Exposure to 250 ppm of a commercial xylene mixture (13
weeks, lowest level tested) containing approximately 50 ppm ethylbenzene but
also 50 ppm p-xylene induced outer hair cell loss (LOAEL) (141).

No human studies on the auditory effects of ethylbenzene alone or combined
with noise were identified.

International 8-hour OELSs for ethylbenzene vary from 5 to 100 ppm (Appendix 1).
The ACGIH threshold limit value is set to minimise the potential risks of dis-
agreeable irritations. Other main concerns are effects on the central nervous
system, liver and kidneys. Ethylbenzene is classified as an animal carcinogen (5).

7.5 Chlorobenzene

Chlorobenzene is a colourless liquid with a mild aromatic odour. It is used
primarily as a degreasing solvent, as a chemical intermediate in the synthesis of
nitrochlorobenzenes, in the dry cleaning industry and in manufacture of resins,
dyes, perfumes and pesticides (100).

The only animal study of chlorobenzene showed that 2 000 (LOAEL) and 2 400
ppm (8 hours/day for 5 days) was ototoxic in rats. Interaction with noise was not
studied. Combined exposure to iso-effective concentrations of chlorobenzene and
toluene or chlorobenzene and mixed xylenes caused additive effects on the di-
minished amplitudes of auditory brainstem responses in rats (Table 13) (328).

No human studies on the auditory effects of chlorobenzene were identified.

International 8-hour OELs for chlorobenzene vary from 1 to 75 ppm (Appendix
1). According to the EU Scientific Committee on Occupational Exposure Limits
(SCOEL), the main concern is haematological, liver and kidney effects (100).
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7.6 Trichloroethylene

7.6.1 General
Trichloroethylene is a colourless liquid with a boiling point of 89 °C and an odour
resembling that of chloroform (197).

The major use of trichloroethylene is as a degreaser in metal cleaning operations
and in textile cleaning. It is also used as paint stripper, adhesive solvent, ingredient
in paints and varnishes, and in the manufacture of organic chemicals. Occupational
exposure is mainly by inhalation but skin uptake of liquid trichloroethylene may
also pose a problem (197, 385).

7.6.2 Effects in animals

7.6.2.1 Trichloroethylene alone

The auditory effects of trichloroethylene are shown in Table 14. In an early study,
Yamamura et al investigated the ototoxic effect of trichloroethylene in guinea
pigs. Exposures to high concentrations (>6 000 ppm) caused no effect in this
species using electrophysiological measurements (389). However, findings from
experiments on rats demonstrated auditory effects after exposure to trichloro-
ethylene at and above 2 000 ppm. All the studies showed that the mid-frequency
region of the rats’ cochlea was affected after exposure to trichloroethylene (10, 74,
75,78, 129, 179, 327-329). Crofton and Zhao calculated the benchmark concen-
trations (estimated as the 95 % lower bound of the concentration that produced a
15-dB increase in threshold) to be 1418 ppm (4-week exposure data) and 1707
ppm (13-week exposure data) in their extensive study. The experimental NOAEL
was 1 600 ppm and the LOAEL was 2 500 ppm in this study (75).

Fechter et al exposed rats to 4 000 ppm trichloroethylene (6 hours/day for 5
days) and examined auditory changes through several tests and histology of the
outer hair cells and spiral ganglion cells. Trichloroethylene caused increased
hearing thresholds in the mid-frequency region of the cochlea as measured by
reflex modification audiometry. Some test results and histopathological changes
suggested that trichloroethylene affects the innervation of the cochlea more than
it damages the outer hair cells (129).

Albee et al exposed rats to lower concentrations of trichloroethylene (250, 800
and 2 500 ppm, 6 hours/day, 5 days/week for 13 weeks) and confirmed a mid-
frequency hearing loss by trichloroethylene as measured by auditory brainstem
response at 2 500 ppm. The study also showed loss of outer hair cells in the basal
turn of the cochlea at the same level (only dose tested). No auditory brainstem
response effects were seen at lower exposure levels (250 and 800 ppm) (10).

Rebert et al showed that rats exposed to 2 000 ppm trichloroethylene (12 hours/
day, 7 days/week for 3 weeks) had diminished amplitudes of auditory brainstem
responses indicating a mid-frequency hearing loss whereas another strain exposed
to 1 600 ppm for 12 weeks was unaffected (NOAEL) (327). Diminished amplitudes
of auditory brainstem responses were also observed at higher concentrations of
trichloroethylene for shorter duration (at and above 2 500 ppm, 8 hours/day for 5
days) (328, 329).
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7.6.2.2 Trichloroethylene combined with noise or other agents

Muijser et al exposed rats to 3 000 ppm trichloroethylene (18 hours/day, 5 days/
weeks for 3 weeks), alone or in combination with 95 dB SPL noise (Table 15).
Trichloroethylene caused hearing loss at the low and middle frequencies but not
at the high frequencies tested. Noise exposure caused hearing loss in the mid-
frequency region of the cochlea only. The combined exposure caused greater
threshold shifts than the sum of the individual effects at 4 kHz, whereas effects
were additive at 8, 16 and 20 kHz (262).

Rebert et al exposed rats to iso-effective combinations of trichloroethylene
and mixed xylenes, of trichloroethylene and toluene, and of trichloroethylene
and styrene (Table 15). The combined exposures caused additive effects on the
diminished amplitudes of auditory brainstem responses (328, 329).

7.6.3 Observations in man
7.6.3.1 Trichloroethylene alone and combined with other agents
Individual medical case histories implicate trichloroethylene as a toxicant with
possible oto- and vestibulotoxic properties. A 54-year-old male dry cleaner with
10 years of occupational exposure to trichloroethylene had many health com-
plaints and suffered from high frequency (=4 kHz) sensorineural hearing loss
(371). No exposure details were given. The hearing impairment was considered
to be caused by damage to the auditory nerve due to trichloroethylene exposure.

Among 40 trichloroethylene exposed workers examined, 26 cases of hearing
loss were observed. The hearing loss was bilateral, sensorineural, and affected
high frequencies (=4 kHz). Electronystagmographic investigations indicated
lesions of the balance system (366). No details on occupations, noise or trichloro-
ethylene or other solvent exposures were given, but the authors mentioned that the
examined groups were often exposed to high concentrations of trichloroethylene
(trichloroacetic acid in urine ranging from 40 to 200 mg/1).

There are some more recent studies in humans where trichloroethylene is one
of several solvents. The effects of the mixed solvent exposures are reported in
Section 7.8 (Table 20).

7.6.4 Conclusion on trichloroethylene
In rat inhalation studies, no auditory effects were observed after exposure to 1 600
ppm trichloroethylene alone (12 or 13 weeks) (NOAEL) (75, 327). Exposure to
2 000 ppm TCE alone for 3 weeks caused hearing loss (LOAEL) (327). The cal-
culated benchmark concentrations causing a 15-dB increase in hearing threshold
were 1418 ppm (4-week exposure data) and 1 707 ppm (13-week exposure data)
(75). Combined exposure to 3 000 ppm trichloroethylene (only dose tested) and 95
dB SPL noise caused a synergistic interaction (262).
Available human studies indicate that trichloroethylene may be ototoxic also
in humans, but the exposure levels in these studies cannot be assessed (366, 371).
International 8-hour OELs for trichloroethylene vary from 10 to 100 ppm
(Appendix 1). The EU SCOEL recommended an OEL based on avoidance of renal
toxicity and thereby preventing renal cell cancer (103).
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7.7 n-Hexane

7.7.1 General
n-Hexane is a saturated aliphatic hydrocarbon (C¢H,4), liquid at room temperature
with a boiling point of 68 °C. n-Hexane is widely used as a solvent in different
industrial settings such as the rubber industry in the production of tires, as a
solvent in glues for shoe production, as a cleaning solvent for textiles and leather,
as a raw material in the production of other chemicals, and as an additive to petrol.
It is often used together with other aliphatic solvents, toluene and acetone (201).
n-Hexane is neurotoxic to both the peripheral and the central nervous system.
The formation of ketone metabolites is responsible for the dying back polyneuro-
pathy of myelinated axons caused by n-hexane exposure in both animals and
humans (201, 352).

7.7.2 Effects in animals

7.7.2.1 n-Hexane alone

Rats were exposed to n-hexane in seven studies (Table 16). High levels (4 000
ppm, 14 hours/day, 7 days/week for 9 weeks) caused prolonged latencies of the
auditory brainstem response, i.e. a neurotoxic effect (305). Reversible neurotoxic
effects of n-hexane at lower exposure levels (1 000 ppm, 24 hours/day, 5 or 6
days/week for 11 weeks) has been shown as prolongation of the latency of a late
component of the auditory brainstem response (163, 322). In another study, a
slight but persistent decrease of the amplitude of a late component of the auditory
brainstem response at 1 000 ppm was observed (325). Exposure to 1 000 ppm
(18 or 21 hours/day, 7 days/week for 28 or 61 days) did not cause any significant
effects on non-frequency specific click auditory brainstem response. However, a
marked decrease in peripheral nerve conduction velocity (neurotoxic effect) was
observed (286, 287).

7.7.2.2 n-Hexane combined with other agents
The auditory effect of n-hexane in combination with xylene or toluene was tested
(Table 16). Although no significant ototoxic effect was found after exposure to n-
hexane alone (1 000 ppm for 28 or 61 days), a potentiation of the ototoxic effect
caused by toluene (1 000 ppm for 28 days) or xylene (1 000 ppm for 61 days) was
found (286, 287). In contrast, Pryor and Rebert did not observe any potentiation of
the auditory effect after 9 weeks of combined exposure to n-hexane (4 000 ppm)
and toluene (1 200 ppm) (305).

Interaction with noise has not been studied.

7.7.3 Observations in man

In a few studies on workers occupationally exposed to n-hexane, prolonged inter-

peak latencies of the auditory brainstem response and P300 waves were observed

and interpreted as a sign of central nervous system neurotoxicity (32, 59, 60, 165).
There are some studies in humans in which n-hexane is one of several solvents.

The effects of the mixed solvent exposures are reported in Section 7.8 (Table 20).
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7.7.4 Conclusion on n-hexane

The neurotoxic effect of n-hexane was shown in several studies investigating its
auditory effects in rats (163, 286, 287, 305, 322, 325). In most of these studies,
inhalation exposure to 1 000 ppm n-hexane (up to 11 weeks) did not cause
significant effects on the auditory brainstem response (non-frequency specific
click) (NOAEL) (163, 286, 287, 322). In contrast, one study with the same ex-
posure level (1 000 ppm, 11 weeks) caused prolonged latencies and decreased
amplitude of the auditory brainstem response (LOAEL) (325).

Although 1000 ppm n-hexane had only a slight ototoxic effect alone, it
potentiated the effects caused by xylene (1 000 ppm) and toluene (1 000 ppm),
respectively (286, 287). The ototoxicity of n-hexane in combination with noise
has not been investigated.

In the human studies, observed auditory effects of n-hexane have been inter-
preted as a sign of its well-known central nervous system neurotoxicity (32, 59,
60, 165). Risk evaluation regarding this outcome is beyond the scope of this
document.

International 8-hour OELs for n-hexane vary from 20 to 500 ppm (Appendix 1).
The ACGIH threshold limit value is set to prevent central nervous system impair-
ment, peripheral neuropathy and eye and mucous membrane irritation (4).

7.8 n-Heptane

n-Heptane is another aliphatic hydrocarbon (C;H;¢), which resembles n-hexane
although it is not as widely used in industry. Like n-hexane, n-heptane is neuro-
toxic and depresses the central nervous system but it does not cause polyneuro-
pathy (149).

In the only animal study investigating the ototoxicity of n-heptane alone,
inhalation exposure to a high dose of 4 000 ppm n-heptane (6 hours/day, 7
days/week for 28 days) caused hearing loss (reduction in auditory brainstem
response amplitudes) in rats (LOAEL). At 800 ppm, no such effects were ob-
served (NOAEL) (Table 16) (344). Interaction with noise or other agents were
not studied.

No human studies investigating the ototoxicity of n-heptane were identified.

International 8-hour OELs for n-heptane vary from 85 to 500 ppm (Appendix 1).
The ACGIH threshold limit value for heptanes is based on the narcotic and
irritative effects (4).
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7.7 Carbon disulphide

7.7.1 General

Pure carbon disulphide, CS,, is a colourless liquid with a pleasant odour resemb-
ling that of chloroform. The carbon disulphide as used in most laboratory and
industry processes is a colourless to faintly yellow liquid with a strong, disagree-
able cabbage-like odour detectable at 0.016-0.42 ppm. It is highly flammable and
slightly soluble in water (192).

Since the 1800s, carbon disulphide has been an important industrial chemical
because of its ability to dissolve fats, rubbers, phosphorus, sulphur and other
elements. Its fat-solving properties also make it indispensable in preparing fats,
lacquers and camphor, in refining petroleum jelly and paraffin, and in extracting
oil from bones, olives and rags (273).

The most important industrial use of carbon disulphide has been in the manu-
facture of regenerated cellulose rayon (by the viscose process) and cellophane.
Other industrial uses for carbon disulphide include carbon tetrachloride pro-
duction, the vulcanisation and manufacture of rubber and rubber accessories, the
production of resins, xanthates, thiocyanates, plywood adhesives, flotation agents,
solvent and spinning-solution applications, conversion and processing of hydro-
carbons, petroleum-well cleaning, brightening of precious metals in electroplating,
rust removal from metals, and removal and recovery of metals and other elements
from waste water and other media (273).

7.7.2 Effects in animals

7.7.2.1 Carbon disulphide alone

Several animal experiments have addressed the effects of carbon disulphide on the
auditory system (Table 17). In rats, the ototoxic effect after inhalation exposure to
800 ppm (11 or 15 weeks) or intraperitoneal administration (286-400 mg/kg body
weight for 11 weeks) of carbon disulphide has been established using electro-
physiological methods (157, 323, 324), while reflex modification audiometry was
not affected after inhalation exposure to 500 ppm carbon disulphide (12 weeks)
(66).

7.7.2.2 Carbon disulphide combined with noise or other agents
No studies were identified.

7.7.3 Observations in man

7.7.3.1 Carbon disulphide combined with noise

Several occupational studies have been conducted in viscose rayon factories
regarding the auditory effects of carbon disulphide (Table 18).

All five studies involved combined exposure with noise. Comparable noise
levels ranging from 80 to 92 dBA were reported in the plants. Due to limitations
in the exposure histories, none of these studies tested for statistical interaction
between noise and solvent. In four of these studies, the prevalence of hearing loss
in carbon disulphide exposed workers (observed in pure-tone audiometric tests)
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was compared with that of groups with comparable noise levels or unexposed
controls. Consistently, not only was the percentage of hearing loss higher among
the workers exposed to both agents (carbon disulphide and noise) but hearing
losses were also more serious and had an earlier onset than if the only environ-
mental factor had been noise exposure (58, 196, 251, 356). In the remaining study,
workers were evaluated using auditory brainstem response and history of exposure
in years. Exhaust ventilation apparatus had undergone major improvements 14
years ago. The results were consistent with the pattern of increased interpeak
latency observed in experimental animals. Noise levels were not given (158).

7.7.4 Conclusion on carbon disulphide

In rats, inhalation exposure to 500 ppm for 12 weeks did not cause auditory effects
(NOAEL), while significant effects were observed at 800 ppm (11 and 15 weeks,
LOAEL) as measured by auditory brainstem response (66, 157, 323). Interaction
with noise has not been studied.

In humans, age-adjusted ORs for audiometric hearing loss were significantly
increased for exposures above 14 ppm in combination with noise in the range 80-
91 dBA (58). Auditory effects (evoked potentials) were also observed in workers
exposed for at least 20 years (ventilation improved 14 years ago). Current ex-
posure ranged between 3 and 8 ppm. Past or present levels of noise were not
reported in this study (158). The workers were weavers, and thus a rather high
noise level could be expected.

International 8-hour OELs for carbon disulphide vary from 1 to 20 ppm
(Appendix 1). According to the EU SCOEL, the critical effects in humans are
neurotoxicity and cardiotoxicity (102).
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7.8 Solvent mixtures

7.8.1 General

This part of the document addresses the most common exposure situation in the
workplace, exposure to solvent mixtures of different compositions. In most human
studies on solvent ototoxicity, exposure to such mixtures was investigated. Also
studies on humans and animals exposed to solvents that are mixtures per se such
as white spirit and jet fuels are included here.

Exposure estimation in human occupational studies is always difficult and even
more complicated when mixed exposures are involved. A method often used to
describe the influence of the different solvents on the total exposure load is the
hazard index. The exposure hazard index, HI (also called hygienic or additive
effect), is calculated according to this formula:

HI=C1l/T1+C2/T2+C3/T3 ...

Cl1, C2, C3, etc. are the measured exposure levels of the different solvents and
T1, T2, T3, etc. are the individual OELs of the corresponding solvent. If any of
the quotas exceeds 1.0, that specific solvent exceeds its OEL. If the hazard index
exceeds 1.0, the total exposure load is considered too high.

White spirit of different types, Stoddard solvent and kerosene are all refined
petroleum solvents. They are all complex mixtures containing normal and branched
paraffins, naphtenes and aromatic hydrocarbons. The contents of these different
substances in the mixtures differ and depend on the raw petroleum product as well
as the distillation process used (249). All the mentioned substances are colourless
to yellowish, oily liquids with a strong, characteristic odour.

The different types of white spirit are characterised by the percentage contents
of aliphatic versus aromatic hydrocarbons. White spirits are used as solvents and
thinners in paints and lacquers as well as degreasers in industrial processes (249).

Jet fuels are also called aviation kerosene. Jet fuels have different names (such
as JP-4, JP-5, JP-7 and JP-8) depending on the composition of the mixture from
the distillates. Jet fuels differ due to distillation temperature and additives. The
additives determine the specific uses of the fuel. Since jet fuels are often used by
the military, the exact components are not known (14, 15).

7.8.2 Effects in animals

Animal studies of solvents that are mixtures per se such as white spirits and jet
fuels are described in detail in Table 19. Animal studies involving mixtures of
specific solvents have been reported earlier under the heading of the different
solvents.

7.8.2.1 Mixtures per se alone

Lund et al exposed rats to 400 or 800 ppm dearomatised white spirit for 6 months.
Central nervous system functions including auditory evoked responses (auditory
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brainstem response) were studied. The exposure did not cause any effects on
hearing thresholds (236).

In a study of Fechter et al, repeated but not single exposure to jet fuel (JP-8)
caused auditory impairment in rats. Partial though not complete recovery was
observed over a 4-week post-exposure period (for details, see 7.8.2.2) (132).

7.8.2.2 Mixtures per se combined with noise

Fechter et al studied the effects of jet fuel (JP-8) exposure with or without noise
exposure in rats (Table 19). Exposure to JP-8 alone (1 000 mg/m”, 4 hours/day for
5 days) caused some effects on outer hair cells as measured by distortion product
otoacoustic emissions. The effect was more evident and permanent when JP-8
was followed by noise exposure (97 dB for 4 hours or 102 dB for 1 hour). After a
single inhalation exposure as well as after repeated exposures over the course of

5 days, JP-8 exposure increased the susceptibility to noise exposure. In addition,
JP-8 markedly depleted glutathione levels in liver tissue (132).

7.8.3 Observations in man

7.8.3.1 Solvents mixtures alone and combined with noise

Several occupational studies have addressed the effects of solvent mixtures on the
auditory system, as well as the interaction between solvent mixtures and noise
(Table 20). Single solvent studies are described under the respective headings in
previous sections.

The central auditory system was investigated in two clinical studies using a
variety of tests. Noise exposure levels were not reported but self-estimated data
indicated low occupational levels (below 85 dBA). Varney et al showed that
patients heavily exposed to solvents performed worse than age-matched controls
in a dichotic listening test (379). Fuente et al used an extensive test battery to
evaluate the central auditory system in a study of 10 workers long-term exposed
to solvent mixtures in a furniture factory (current hazard index = 0.25). Apart from
test of hearing by pure-tone audiometry, the test battery included filtered speech,
random gap detection, dichotic listening and the hearing-in-noise test. Differences
were detected in the filtered speech tests, random gap detection and dichotic
listening but not in the hearing-in-noise test or in the pure-tone audiometry as
compared to unexposed controls (137).

The relationship between self-assessed hearing disorders and occupational ex-
posure to solvent mixtures was investigated in a cross-sectional study with 3 284
men. Exposure to solvents for 5 years or more resulted in an adjusted relative risk
for hearing impairment of 1.4 in men without occupational exposure to noise. In
the group reporting combined occupational exposure to solvents and noise, the
effects from noise dominated. The occupational exposure to noise had an effect
twice that of solvents. A sub-sample of 51 men was examined with pure-tone
audiometry. Twenty of the 21 men who reported abnormal hearing also fulfilled
an audiometric criterion for hearing impairment, giving an indication that the self-
assessment of hearing loss was valid (178).
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Two early reports showed that workers exposed to combinations of solvents and
noise might have a worse hearing loss than could be expected from noise exposure
alone (23, 30). In a long-term follow-up of hearing tests performed at a paper mill,
Bergstrom and Nystrom found that 23 % of the workers in the chemical department,
where the noise exposure was lower than in the rest of the paper mill plant, de-
veloped a severe hearing loss after 20 years. In other departments, without solvent
exposure but with higher noise exposure (95-100 dB), only 8 % of the workers
developed a severe hearing loss (30).

Clinical studies were conducted on auditory and vestibular functions of workers
exposed to amixture of unspecified alcohols, jet fuels and aromatic solvents. Noise
exposure levels were not reported but because of the nature of the participants’
occupations, noise was indicated to be a factor. The findings in pure-tone audio-
metry and speech discrimination testing were essentially normal for age and noise
exposure history, not indicating measurable cochlear damage due to solvent ex-
posure. However, significant abnormalities were found in tests that assessed more
central portions of the auditory pathways such as distorted or interrupted speech
(272, 294, 397). The central auditory system was also affected after long-term
solvent exposure in a group of workers (214) as well as in a group of patients with
suspected chronic toxic encephalopathy due to solvent exposure (278). Vestibular
dysfunction was seen in 47.5 % and hearing loss in 42 % of 61 solvent exposed
workers compared to 5 % (of each effect) in age-matched controls (357).

For a group of workers (n=39) exposed to a mixture of solvents (mainly toluene
and xylene) in a quiet environment, the OR for hearing loss was 5 times greater
(95 % CI 1.4-17.5) compared to non-exposed controls (254).

Morata et al tested the hearing in solvent-exposed workers from a refinery (n=
438). Participants were exposed to a solvent mixture containing mainly toluene,
xylene, cyclohexane and ethylbenzene. The exposures to noise and solvents were
at or below the US Occupational Safety and Health Administration (OSHA) ex-
posure limits. Workers were also exposed in their homes, evident from available
water and air samples. The prevalence of hearing loss within the exposed groups
ranged from 42 to 50 %, significantly exceeding the prevalence for unexposed
groups (15-30 %). The adjusted ORs for hearing loss were 2.4 (95 % CI 1.0-5.7)
for groups exposed to aromatics and paraffins, 3.0 (95 % CI 1.3-6.9) for the
maintenance group and 1.8 (95 % CI 0.6-4.9) for the group from shipping, when
compared to unexposed controls (255).

Workers (n=517) in the paint and lacquer industry in Poland exposed to a
mixture of organic solvents with or without concomitant noise exposure were
investigated for hearing loss. Average work-life solvent exposures were calculated
using the exposure index for the mixed solvents at each workplace multiplied with
the duration of years at that workplace. The different products were then added
and divided by the total number of exposed years thus creating a “work-life exposure
index” (WEI). The group was subdivided according to exposure: 1) solvent
mixture (mean WEI 0.6, range 0.3-1.6) with noise exposure above 85 dBA, 2)
solvent mixture only (mean WEI 0.8, range 0.3-3.0, noise equal to or below 85
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dBA), and 3) non-exposed controls (noise equal to or below 85 dBA). The relative
risks for hearing loss for the solvent with noise group and the solvent-only group
were significantly increased (2.8, 95 % CI 1.6-4.9 and 2.8, 95 % CI 1.8-4.3) when
compared to the control group. In a subgroup of the solvent-only exposed group
with noise equal to or below 80 dBA, the relative risk for hearing loss was 4.4

(95 % CI 2.3-8.1) as compared to the noise-matched control subgroup. The mean
hearing thresholds at frequencies of 2-4 kHz were poorer for workers exposed to
solvents and noise than for the solvent-only group (348, 350).

In a study of dockyard workers in Poland, the effect on hearing of exposure to a
mixture of solvents together with noise (n=517) was compared to a noise exposed
group (n=184) and non-exposed controls (n=205). The OR for hearing loss in the
noise alone group was 3.3 (95 % CI 2.1-5.4) and differed significantly from the
group with combined exposure with an OR of 4.9 (95 % CI 3.1-7.7). The main
solvent in the mixture was xylene and the current exposure hazard index for the
mixture of solvents was 6.3 (0.8-23.2). The current noise levels were 93 dBA
(range 85-102 dBA) in the combined exposure group and 90 dBA (range 85-100
dBA) in the noise alone group (349).

Sliwinska-Kowalska et al assessed the auditory effects in a large cohort of
workers exposed to different solvents and solvents together with noise. In the
group exposed to mixtures of solvents (n="731), the WEI for mixture together
with noise (90 dBA) was 4.8 (0.01-9.9), the prevalence of hearing loss was 63 %
and the OR 2.4 (95 % CI 1.6-3.7). A group exposed mainly to a mixture of toluene
and n-hexane (hazard index for mixture 1.6 (0.8-4.5)) and moderate noise levels
(79 dBA) had a prevalence of hearing loss of 73 % and an OR of 5.3 (95 % CI 2.6-
11). When the workers were divided into subgroups according to the noise ex-
posure and adjusted for age, the OR for the solvent mixtures without noise (equal
to and below 85 dBA) was 4.1 and with noise (above 85 dBA) 6.7, whereas in the
group exposed to n-hexane plus toluene the OR was 8.0 without noise and 20.2
with noise (347).

Pure-tone audiograms were measured in 100 workers in a car painting factory.
Half of the workers were exposed to an unspecified mixture of solvents (levels not
known) together with moderate noise (81.5-85 dBA) and the other half to noise
only, at a similar level. These workers were also compared to a group exposed to
high levels of noise (92.5-107 dB). The group exposed to solvent mixtures dis-
played significantly higher hearing thresholds compared to the moderate noise
only group. The hearing loss in the solvent group was of the same magnitude as
in the group exposed to high levels of noise (95).

Using parts of a selected test battery (pure-tone audiometry including high
frequencies 0.5-16 kHz and dichotic listening test), Fuente ef al investigated 110
workers exposed to a solvent mixture with toluene and methyl ethyl ketone as the
main components but including also other solvents. Samples taken over the past
20 years were available and the geometrical means of toluene in the air were 3.21
ppm (geometrical SD 3.17, range 0.3-26, n=18) and 4.77 ppm (SD 4.18, range
0.001-131, n="72) for the groups of workers classified as moderately and highly
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exposed, respectively. Workers from the office (n =20) served as controls. Noise
levels the past 10 years ranged from 74 to 84 dBA. Pure-tone audiometry and high-
frequency audiometry as well as the dichotic listening test showed significantly
worse results in the highly exposed group compared to the control group. The
multiple regression analysis showed that outcomes of pure-tone audiometry were
best predicted by solvent exposure group and male gender. Outcomes of high-
frequency audiometry and dichotic listening test were also predicted by solvent
exposure group, but also by some factors such as race and ethnicity (Hispanic)
(138).

Bernardi investigated 136 workers of which 90 were exposed to a combination
of noise and a mixture of solvents, 24 exposed to noise alone, 10 exposed to n-
hexane alone (reported under n-hexane) and 12 controls. The solvent mixture
included among others n-hexane and petroleum and the exposure levels were
subdivided into high, medium, and low. Auditory function was measured using
pure-tone audiometry and long latency auditory evoked potentials. High and
medium noise exposure caused a 4-fold increase in the OR for hearing loss (4.06,
95 % CI 1.28-13). A dose-response gradient was detected for the simultaneous
exposure to noise and solvents and hearing loss, with a significant association for
medium or high exposure to the solvents with noise (OR 9.5, 95 % CI 2-44.5).
Also the long latency auditory evoked potential was affected by the solvent
exposures (32).

Kaufman et al investigated the risk for hearing loss in military personnel (n=
138) exposed to jet fuels and/or noise. The exposure to jet fuels was estimated by
measurements and historical records, with levels clearly below the US Air Force
Exposure Standards of 700 mg/m® for JP-4 and 350 mg/m® for JP-8 (calculated
cumulative annual JP-4 exposures ranged from 0 to 33 % of this maximum for JP-
4 and from 0.5 to 11 % for JP-8). The exposure to noise was estimated through
current and historical noise dosimetry measurements. Three years of jet fuel and
noise exposure caused a 70 % increase in adjusted OR for hearing loss (1.7, 95 %
CI 1.14-2.5). The OR increased to 2.41 (95 % CI 1.04-5.6) for 12 years of fuel and
noise exposure (189).

In a study by Kim e# al, the hearing of 328 workers in aviation industry was
investigated. Workers were divided into 4 groups after a classification system,
where noise exposure was scored from 0-3 (78-90 dB) and solvent exposure
was scored from 0-2 (hazard index 0.046, 0.256, and 0.857). The subjects were
classified as exposed to solvents when the cumulative index (exposure index x
years) was above 10 (this was equal to e.g. more than 11 years of exposure to low-
level solvents or more than 3 years of exposure to high-level solvents). The pre-
valence of hearing loss was 55 % in the group exposed concomitantly to noise and
mixed solvents compared to 28 % in the group exposed to solvent mixtures only,
17 % in the noise-only and 6 % in unexposed controls. The relative risks adjusted
for age were estimated to be 8.1 (95 % CI 2-32.5) for the noise and solvents group,
2.6 (95 % C10.6-10.3) for the solvents group and 4.3 (95 % CI 1.7-11) for the
noise-only group (191).
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Prasher et al investigated aircraft maintenance workers exposed to solvent
mixtures and intermittent noise with an extensive audiological test battery. The
group was compared to mill workers exposed to noise alone, to a small group
exposed only to solvent mixtures and to unexposed controls. Besides pure-tone
audiometry, the tests included acoustic reflex thresholds, transient and distortion
product otoacoustic emissions, auditory brainstem responses as well as different
vestibular tests. The noise alone group had a higher prevalence of hearing loss as
well as decreased otoacoustic emissions. The group exposed to solvents and noise
showed significant effects in the tests evaluating the central parts of the auditory
system such as auditory brainstem responses and acoustic reflexes. In the group
exposed to solvents and noise, 32 % showed abnormal results in the balance tests
(301).

Hearing loss development during S years was investigated in petrochemical
workers exposed long-term to low levels of solvents and different levels of noise.
Twenty-six per cent of the workers in the department with solvent exposure and
low noise exposure (< 83 dBA) had their hearing thresholds significantly worsened
in the 5-year period, 27 % in the department with solvent exposure and moderate
noise (<88 dBA) and 36 % in the utility department without solvent exposure but
higher noise levels (up to 91 dBA). Of all workers, 29 % had significant poorer
thresholds in the year 2002 as compared to 1998. Such percentages can be con-
sidered excessive (86).

Prevalence of, and risk factors for, hearing loss in the Canadian armed forces
were investigated using current and first time audiograms and a questionnaire. The
prevalence of moderate to severe hearing loss progressed with age. In the oldest
age group among flight engineers, signal operators and cooks, 15 % or more had
a moderate to severe hearing loss of 40 dBHL or more at 4 or 6 kHz. The results
from the questionnaire revealed that the poor use of hearing protection was the
most frequent explanation for the prevalence of hearing loss but also the solvent
exposure was of importance since more than 60 % of the total sample was exposed
to solvents at work (3).

A retrospective cohort study examined the relationship between solvent
exposure and hearing loss in a cohort of 1319 (age 35 years or less) aluminium
industry workers. Employment, industrial hygiene and audiometric surveillance
records allowed for estimation of noise and solvent exposures over the study
period. The most common solvent exposures identified through the industrial
hygiene records were to xylene, toluene and methyl ethyl ketone. Recorded solvent
exposure levels varied widely both within and between jobs. While the highest
levels recorded were several times higher than the ACGIH threshold limit values
for individual solvents, TWAs over the study period in general were well below.
Significant risk factors for hearing loss (3-6 kHz average) included age, reported
hunting and shooting, higher baseline hearing threshold and solvent exposure (OR
1.9,95 % CI 1.2-2.9) (317).
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7.8.4 Conclusion on solvent mixtures

There are only a few animal studies regarding ototoxicity of solvent mixtures. In a
rat inhalation study, exposure to 800 ppm dearomatised white spirits for 6 months
caused no effects on hearing thresholds (NOAEL) (236).

In rats, inhalation exposure for 5 days to 1 000 mg/m3 JP-8 (only dose tested)
caused some effects on outer hair cells (LOAEL). When JP-8 exposure was
followed by noise, the effects were more evident and permanent and appeared
after 1 day of exposure (132). Thus, JP-8 exposure increased the susceptibility
to noise exposure.

In the human studies, it should be noted that the exposure to solvent mixtures
varied regarding both levels and composition. Some studies with large study groups
reported an association between low to moderate exposure to solvent mixtures and
hearing disorders. However, exposure information is often incomplete, and current
levels do not necessarily reflect exposure history. Even though solvent exposures
were low in some of the studies described, it is possible that past exposure was
much higher, and that peak non-trivial exposures (current or past) may have con-
tributed considerably to the hearing losses.
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8. Auditory effects of metals

8.1 Lead

8.1.1 General

Lead occurs naturally in the environment. It is a ubiquitous metal that has long
been used by humans. Lead exposures can occur in mining and in polluted en-
vironments. Main industrial applications include the manufacture of car batteries,
sheet metal, pipes and foil. Individuals employed in any of these occupations as
well as professional shooters may bring lead dust on their bodies or clothing into
their homes. Except in some developing countries, there is a declining use in
paints, enamels and glazes. Hazard arises from inhalation of dust or fumes or
certain motor vehicle emissions. Organic lead compounds can be absorbed
through the skin (194).

8.1.2 Effects in animals
Several animal experiments have been conducted regarding the effects of lead
exposure on the auditory system (Table 21).

In guinea pigs, lead exposure induced dysfunction of the vestibulo-cochlear
nerve but it did not induce dysfunction of the organ of Corti and the stria vascularis
(388). In contrast, cochlear effects by lead were reported in studies with monkeys
(204, 331). Auditory brainstem response latencies were less affected by stimulus
intensity, stimulus rate and noise masking level in unexposed monkeys as com-
pared to humans (205).

Three of six monkeys exposed for life-time to lead exhibited elevated thresholds
for pure tones. The monkeys had high current blood lead concentrations between
50 and 170 pg/dl with a history of moderate blood lead levels of 30 pg/dl. The
relative contribution of current and long-term moderate blood lead concentrations
to the observed results is unknown (331).

In another study of long-term exposed monkeys, blood lead levels of 35 ug/dl
did not cause significant effects on evoked potentials (NOAEL). At a level of 55
pg/dl, these effects were significant (LOAEL) (221).

Blood lead levels of 35-40 pug/dl in monkeys exposed from birth up to 2 years
of age had no significant effects on auditory function (NOAEL) (202). Also in
monkeys, concentrations in dams at or above 85 pg/dl during pregnancy and 122
pg/dl during lactation were associated with cochlear dysfunction in 2/11 offspring.
These 2 monkeys hade the highest blood levels at 0-6 months of age (46 and 70
pg/dl) (204). Interaction with noise has not been studied.

8.1.3 Observations in man

8.1.3.1 Lead alone or combined with noise.

Occupational studies have been conducted regarding the effects of lead exposure
on the auditory system (Table 22). Noise levels were not always reported,
particularly because most studies examined the effects of lead on the central
auditory system, which is not considered to be affected by noise exposure.
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However, due to the nature of the work performed, it is likely that the studied
workers were also exposed to noise.

Studies conducted with lead-exposed workers consistently report an association
between lead exposure and central auditory effects. Chronic lead exposure im-
paired conduction in the auditory nerve and the auditory pathway in the lower
brainstem. Blood lead concentrations correlated significantly with abnormalities
in the recorded evoked potentials in several investigations.

Farahat et al reported a significant correlation between current blood lead levels
and hearing thresholds. The exposed workers (mean 37 pg/dl) had significantly
elevated hearing thresholds compared to the controls (110). Also Forst er al
reported a significant correlation between current blood lead levels and elevated
hearing thresholds (defined as > 10 dB hearing loss) but only at 4 kHz (134).
However, a hearing loss of 10 dB is not considered abnormal in workers 19-65
years of age.

Median blood lead levels of 30 pg/dl (range 10-64 ng/dl) was significantly
associated with central auditory effects (evoked potentials and sensitised speech
tests) but not peripheral ones (13, 177, 266).

Bleecker et al reported an association between current mean (28 ug/dl) and life-
time weighted average (39 pg/dl) blood lead levels and auditory dysfunction (35).
Several other studies have demonstrated auditory dysfunction at current mean
blood lead levels of 42-57 pg/dl (70, 89, 90, 156, 386).

The only study that tested for statistical interaction between lead and noise
exposure showed no significant interaction. Long-term exposure to 57 pg/dl of
lead significantly affected pure-tone thresholds (386).

Studies on exposures outside the work environment are beyond the scope of
the present document. However, in the case of lead, it is worth noting that several
studies conducted with children have shown ototoxic effects (291-293, 340, 341),
which were not seen in cases of extreme plumbism (40).

8.1.4 Conclusion on lead
In monkeys, a NOAEL of 35-40 ug/dl blood and a LOAEL of 55 pg/dl blood were
identified (202, 221). Interaction with noise has not been studied in animals.

In humans, central auditory effects have been associated with current exposures
and life-time weighted average blood lead concentrations of approximately 28-57
pg/dl (13, 35, 70, 89, 90, 110, 156, 177, 266, 386). Thus, auditory effects have
been observed at blood lead levels found in the general population, e.g. in urban
areas in Western Europe (37 pg/dl) (345). One study investigated but did not find
any interaction between lead (57 pg/dl) and noise (386).

International 8-hour OELs for elemental and inorganic lead are 0.05-0.15 mg/m
inhalable aerosol (Appendix 1). The EU SCOEL has recommended a health-based
OEL of 0.1 mg/m’ and a biological exposure limit of 30 pg/dl blood to minimise
the potential for adverse health effects including neurotoxicity, reproductive and
developmental effects and carcinogenicity (99).

3
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8.2 Mercury

8.2.1 General

Mercury is a naturally occurring element found in rocks and ores. Mercury is re-
leased into the atmosphere by evaporation from soils, from volcanic activity and
from burning of fossil fuels such as coal, oil, petrol, asphalt, etc. (273).

Exposure to mercury and mercury containing products may occur through con-
taminated air, water and food, or through the skin. Mercury released into the en-
vironment is converted into methyl mercury by aquatic bacteria. Methyl mercury
bioaccumulates in the tissues of fish and shellfish, and humans (and other animals)
may be poisoned by consumption of seafood (273). However, ototoxic effects
reported following such environmental exposure, as well as from poisoning, will
not be included in this document.

Workers may be exposed to mercury and its compounds in mercury mines and
refineries, chemical manufacturing, fluorescent light bulb manufacturing, dental/
health fields and metal smelting. Workers in fossil fuel power plants and in cement
manufacturing may be exposed to mercury compounds if they are exposed to
gaseous process emissions. The nervous system is very sensitive to all forms of
mercury. Exposure to high levels of any types of mercury can permanently damage
the brain, kidneys and developing foetus. Effects on the nervous system may result
in irritability, tremors, changes in vision or hearing and memory problems. High
exposures to mercury vapour may cause chest pain, shortness of breath, and pul-
monary oedema that can be fatal. Methyl mercury compounds and mercury metal
vapours are especially harmful to the nervous system because more mercury
reaches the brain. Mercury also accumulates in the body (192, 273).

8.2.2 Effects in animals and in vitro studies

8.2.2.1 Mercury alone

Mercury is known to cause neurotoxicity and sensorineural hearing deficits. A few
animal experiments assessed the effects of mercury and mercury compounds on
the auditory system (Table 23).

Cochlear effects were reported in studies with monkeys (332, 333). Monkeys
exposed to methylmercuric chloride (CH3HgCl) (50 ug Hg/kg body weight and
day) from birth to 7 years of age exhibited elevated pure-tone thresholds, in-
dicating a selective permanent high-frequency deficit, as measured at 14 years
of age (333). In a later study by the same research team, monkeys were exposed to
methylmercuric chloride (0, 10, 25 and 50 pg Hg/kg/day) throughout gestation and
postnatally until 4 years of age. At 19 years of age, all exposed monkeys exhibited
elevated pure-tone thresholds, generally across the full range of frequencies (332).

In rats, exposure to 0.4 or 1.6 mg Hg/kg body weight as mercuric chloride
(HgCl,), asoluble crystalline salt of mercury and one of its most toxic forms, daily
for 12 weeks by gavage did not affect cortical auditory evoked potentials (112).
Exposure of rats to 4 mg/m’ mercury vapour (Hg") 2 hours/day on gestation days
6-15 did not significantly alter evoked responses in adult offspring (154).
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In vitro experiments (not in table) provided a description of mercury toxicity on
central auditory structures. Gopal used microelectrode array recordings to evaluate
acute and chronic neurotoxic effects of mercuric chloride on auditory cortex net-
works. Neurons dissociated from auditory cortices of 14-day-old mouse embryos
were grown on photo-etched microelectrode arrays. For acute electrophysiological
experiments, the spontaneous spiking and bursting activity from auditory cortex
networks were compared before and after application of various concentrations of
mercuric chloride. Results of acute experiments indicated that concentrations below
75 mM of mercuric chloride had an excitatory effect of variable magnitude on the
spontaneous activity of the auditory cortex networks. However, concentrations
above 100 uM completely and irreversibly inhibited spike and burst activity.
Chronic exposure to 10 mM mercuric chloride completely blocked the spontaneous
activity. Morphological analysis indicated that 10 mM mercuric chloride caused
neuronal cell death in 3 days (146).

Liang et al used the whole cell patch clamp technique on freshly isolated outer
hair cells of the guinea pig cochlea to record outward and inward potassium
currents after treatment with mercuric chloride. Treatment affected potassium
currents in a dose-dependent manner. The effects of mercuric chloride at 1.0-100
mM were more pronounced on onset peak current than on steady-state end-current.
Although the effect of mercuric chloride at 1.0 mM was partially washed out over
several minutes, the effects at 10 and 100 mM were irreversible, also after wash-
out. Hearing sensitivity may thus result from dysfunction of hair cells, as their
potassium channels are targets for mercuric chloride ototoxicity (219).

8.2.2.2 Mercury combined with noise
No studies were identified.

8.2.3 Observations in man
8.2.3.1 Mercury alone or combined with noise
Occupational studies have been conducted regarding the effects of mercury
exposure on the auditory system. Noise levels were not reported, particularly
because most of the studies examined mercury’s central auditory effects, which
are not considered to be affected by noise exposure. However, due to the nature
of the tasks performed, it is likely that the workers were also exposed to noise.
Discalzi et al used auditory brainstem responses to examine 22 workers exposed
to lead, 8 exposed to mercury and 22 and 8 age- and sex-matched subjects, re-
spectively, never exposed to neurotoxic substances. All participants had normal
audiometric thresholds (<25 dBHL). Mean durations of exposure were 9.3 and
11.7 years for lead and mercury, respectively. The urinary mercury content at the
end of the previous working day was 325 pug/g creatinine. Both mercury and lead
exposed workers showed a significant prolongation of wave [-V time (89).
Counter et al measured mercury in blood and its auditory effects in children and
adults in the remote Andean settlement of Nambija in Ecuador where mercury is
used extensively in gold mining operations. The mean blood mercury level was
17.5 pg/l in 75 inhabitants (36 children and 39 adults) versus 3.0 pg/l in a second
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group of 34 subjects (15 children and 19 adults) in a non-gold mining area. Audio-
logical tests on 40 persons in the study area (21 children and 19 adults) showed
hearing thresholds ranging from normal to mildly abnormal for children, and
normal to severely abnormal for adults. Auditory brainstem evoked responses
revealed a significant correlation between blood mercury levels and the I-III inter-
peak latencies on the right side. The results indicated that the study population had
elevated blood mercury levels and may be at neurological risk from exposure to
methyl mercury from the consumption of contaminated food and possibly from
elemental mercury vapours inhaled during amalgam burning in the gold extraction
process (71).

More recently, Moshe ef al also used auditory brainstem responses to examine
the effects of industrial exposure to inorganic mercury and chlorinated hydro-
carbons on the auditory pathway. Forty workers were exposed to mercury, 37
workers to chlorinated hydrocarbons and a control group of 36 subjects were
never exposed to neurotoxic substances. The mean duration of exposure to mercury
and chlorinated hydrocarbons was 15.5 and 15.8 years, respectively. The air con-
centration of current mercury exposure was 0.008 mg/m3. The current mean blood
mercury level was inconsistently reported but was presumably 5 ug/l. A higher
percentage of workers exposed to mercury and chlorinated hydrocarbons had
abnormal prolongation of auditory brainstem response interpeak latencies I-11I
compared to control subjects (42 % and 34 % versus 18 %, respectively) (260).

Thus, studies conducted with mercury exposed workers were consistent in
reporting an association between mercury exposure and central auditory effects.
Chronic mercury exposure impaired conduction in the auditory nerve and the
auditory pathway in the lower brainstem.

8.2.4 Conclusion on mercury

In monkeys, ingestion (orally during gestation and postnatally for 4 years) of

10 ug Hg/kg body weight/day as methylmercuric chloride was associated with
permanent poorer hearing thresholds (LOAEL) (332). Interaction with noise was
not studied.

In humans, current mercury concentration in air of 0.008 mg/m’ and mean blood
mercury levels of presumably 5 ug/l were significantly associated with effects as
shown in central auditory tests (evoked potentials) (260). Higher concentrations
were associated with similar outcomes (71, 89). Noise levels were not reported.
International 8-hour OELSs for elemental and inorganic mercury range from 0.02 to
0.1 mg/m3 (Appendix 1). ACGIH has biological exposure limits for total inorganic
mercury of 15 pug/l blood and 35 pg/g creatinine (7). In 2007, the EU SCOEL re-
commended biological limit values of 10 pg/l blood and 35 pg/g creatinine (101).

All countries listed in Appendix 1 have OELSs of 0.01 mg/m” for organoalkyl
mercury compounds. The ACGIH threshold limit values are primarily set to mini-
mise effects on the central and peripheral nervous system and kidney damage (4).
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8.3 Organotins (trimethyltins)

8.3.1 General

Organotin compounds can be inhaled in commercial/industrial work environments
where such compounds are produced or used, as in the production of plastics in
the chemical industry and as biocides in antifouling boat bottom paints. Ingestion
is considered an unlikely route of entry in these environments. Skin absorption
may occur in direct contact with organotins (18).

Alkyltins comprise a structurally related group of compounds that exhibit varied
toxic effects. Trimethyltins and triethyltins have attracted considerable attention
due to their close structural similarity and to the striking differences in their toxic
actions (93). Trimethyltins have been extensively investigated for ototoxicity in
animals. Trimethyltin is a neurotoxin, which damages areas of the limbic system,
cerebral cortex and the brainstem. Instances of occupational exposure are rare but
acute exposure to trimethyltin chloride may result in irritation of the eyes, skin,
and mucous membranes, headache, blurred vision, facial flushing, excessive
salivation, abdominal pain, nausea, vomiting, diarrhoea, vertigo and general
malaise. Respiratory signs include coughing, shortness of breath and a burning
sensation in the chest. Irregular heart rate, hypotension, cardiac arrhythmias and
loss of consciousness may occur (18).

8.3.2 Effects in animals and in vitro studies

8.3.2.1 Trimethyltin alone

The effects of trimethyltin on the auditory system have been studied in several
animal experiments (Table 24). Trimethyltin disrupts auditory function at doses
far below those shown to elicit general neurotoxicity (67, 393).

Fechter et al investigated the development of ototoxicity in guinea pigs 6-48
hours following a single intraperitoneal injection of 2 mg/kg body weight of
trimethyltin. At all time interval studied, trimethyltin reduced compound action
potential sensitivity and cochlear microphonics. No disruption in endocochlear
potential was observed between 6 and 24 hours. Morphological examination 12
hours following exposure showed permanent destruction of outer hair cells (128).

In a later study by the same research group, trimethyltin was shown to disrupt
the compound action potential sensitivity particularly between 8 and 24 kHz in a
dose-related manner at doses as low as 0.2 mg/kg/body weight (guinea pigs, single
intraperitoneal injection). A dose of 0.5 mg/kg body weight produced a loss of
sensitivity which approached 30 dB (118).

Young and Fechter investigated the ototoxicity in rats. A single intraperitoneal
injection of trimethyltin chloride (2, 4 and 6 mg/kg) produced a frequency-specific
dose-dependent auditory impairment, as well as decreased amplitude of the
acoustically elicited startle response. At 2 mg/kg, no significant auditory effects
were observed (393). In a later study by Crofton et al, rats were exposed to 3, 5
or 7 mg/kg of trimethyltin (single intraperitoneal injection). Auditory brainstem
responses were determined at 5, 40 and 80 kHz and acoustic startle response at 5
and 40 kHz. The auditory brainstem response thresholds for 40-kHz tones were
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elevated (30-50 dB) in the 5- and 7-mg/kg groups and for 80-kHz tones (17-31
dB) in all dose groups. The acoustic startle response thresholds for 40-kHz tones
were elevated (24-39 dB) in all groups. Morphological examination revealed a
dose-dependent increase in outer hair cell loss preferentially in regions associated
with high-frequency loss (79).

The animal studies have consistently demonstrated cochlear effects of tri-
methyltin, which produces both hair cell and vascular damage in the cochlea.
Trimethyltin disrupts function of the synapse between the inner hair cell and the
Type 1 spiral ganglion cell. In all experiments with trimethyltin, the chemical
was administrated by intraperitoneal injections in order to obtain information
on ototoxic mechanisms rather than to evaluate potential risk to exposed
populations. If extrapolations were made from dose levels in these experiments
to the corresponding concentrations in air, the latter would be extremely high
when compared to existing limits and human exposure to trimethyltin at these
levels is unlikely.

In vitro experiments (not in table) provided further descriptions of trimethyltin
toxicity on the cochlea. Clerici et al examined 77 outer hair cells from 45 pig-
mented male guinea pigs. The cells were isolated in primary culture and exposed
for 90 minutes to trimethyltin or triethyltin concentrations of 0.030-1.0 mM.
Significant shortening of the outer hair cell body occurred at all doses to both
organotins, with a mean reduction in length of 15 and 20 % for 1.0 mM trimethyl-
tin and triethyltin, respectively, compared to 3.4 % in control cells. The outer hair
cells suffered a series of injuries, indicating that they represent one target of acute
alkyltin ototoxicity (68).

Fechter and Liu examined whether trimethyltin exerted direct toxic effects on
the postsynaptic spiral ganglion cells and the role of extracellular calcium in such
an effect. Trimethyltin induced a marked and sustained elevation in extracellular
calcium levels in the spiral ganglion cells. The study indicated that extracellular
calcium levels increased due to both increasing extracellular uptake and release
of extracellular calcium from intracellular stores. Thus, trimethyltin ototoxicity
appears to include a direct postsynaptic toxic event (119). In 1996, Liu and Fechter
tested pigmented guinea pig outer hair cells and spiral ganglion cells in vitro to
determine the role of enhanced intracellular calcium levels in trimethyltin oto-
toxicity. The study showed that trimethyltin elevates intracellular calcium levels
in both types of cells. The elevation of trimethyltin in spiral ganglion cells is much
more rapid and greater than that in the outer hair cells (227).

8.3.2.2 Trimethyltin combined with noise
No studies were identified.

8.3.3 Observations in man
No studies were identified.
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8.3.4 Conclusion on trimethyltin
In all animal studies, trimethyltin was administered by intraperitoneal injection.
In guinea pigs, 0.2 mg/kg body weight resulted in auditory dysfunction (LOAEL)
(118). In rats, 2 mg/kg body weight resulted in no effect on auditory function
(NOAEL) (393), whereas 3 mg/kg resulted in auditory dysfunction and cor-
responding cochlear histopathology (LOAEL) (79). The reason for the difference
between guinea pigs and rats is unknown, but it could possibly be explained by
differences in uptake or metabolism between species. Interaction with noise was
not studied.

The auditory effects of trimethyltin in humans have not been studied.

International 8-hour OELs for organotin compounds are 0.1 mg/m’ in all
countries listed (Appendix 1). The ACGIH threshold limit value is set to prevent
effects on immune function and the central nervous system (4).
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9. Auditory effects of asphyxiants

Asphyxiants are vapours or gases that can cause unconsciousness or death by
suffocation (asphyxiation). They act by interfering with oxygen delivery or
utilisation. Chemical asphyxiants reduce the blood’s ability to carry oxygen (like
carbon monoxide) or interfere with the body’s utilisation of oxygen (like cyanide).
The chemical asphyxiants that have been studied for their ototoxicity include
carbon monoxide, hydrogen cyanide, acrylonitrile and 3,3'-iminodipropionitrile,
each presented below.

9.1 Carbon monoxide

9.1.1 General

Carbon monoxide, CO, is an odourless, tasteless, colourless, toxic gas. It occurs

as a product of incomplete combustion of fuels, coal, oil and wood. It is present

in petrol-powered engine exhaust and tobacco smoke. Carbon monoxide is co-
produced with hydrogen by steam reforming plants using methane or other hydro-
carbons as feedstock. It is a raw material for making monomers and other chemical
products. Besides exposure via engine exhaust and tobacco smoke, which make
exposure very common, other potential sources of carbon monoxide exposure
include the process of forging, melting, pouring and welding metals, in farm
operations, fire fighting, sewage and water treatment jobs (281).

The carbon monoxide molecule consists of a carbon atom triply bonded to an
oxygen atom. The toxicity of carbon monoxide results from its very tight binding
to haemoglobin, the molecule carrying oxygen from the lungs to bodily tissues.
Carbon monoxide readily combines with haemoglobin to form carboxyhaemo-
globin, thereby inhibiting haemoglobin from transporting oxygen. Excessive
accumulations of carboxyhaemoglobin cause hypoxic stress as a result of the
reduced oxygen-carrying capacity of the blood. In essence, victims are slowly
suffocated because their haemoglobin is consumed (281).

9.1.2 Effects in animals
9.1.2.1 Carbon monoxide alone and combined with noise and other agents
The auditory effects of carbon monoxide in combination with noise have been
examined in numerous animal experiments (Table 25). The majority of studies
were performed on rats. This species demonstrates a much higher resistance to
acute carbon monoxide intoxication than humans. In rats, a lethal dose for a 30-
minute exposure is 5 000 ppm, in humans, the lethal dose is 1 500 ppm (320). The
experiments in rats show that carbon monoxide does not alter auditory function by
itself (up to 1500 ppm) (61). Alone or combined with toluene, carbon monoxide
exposure may potentiate noise-induced hearing loss (233).

Carbon monoxide can potentiate noise-induced hearing loss at noise exposure
conditions that have limited effects on auditory function alone as shown by e.g.
Fechter et al (122) and Young et al (394). Studies by Chen et al (62) and Rao and
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Fechter (320) indicate that under intermittent noise exposure with long quiet
periods, carbon monoxide exposure may produce unexpectedly large, permanent
threshold shifts. Surprisingly, the data did not validate the anticipated relation-
ship between the percentage of time that noise is present (noise duty cycle) and
increasing hearing loss. Instead, the mildest noise duty cycle (noise exposure inter-
rupted with quiet breaks) produced maximal hearing loss when carbon monoxide
was also present. Otherwise, when carbon monoxide was absent, hearing loss was
reduced due to the quiet breaks.

Auditory function was compared in rats exposed 4 weeks earlier to carbon
monoxide alone, noise alone, combined exposure to carbon monoxide and noise,
or air in a chamber. The compound action potential threshold evoked by pure-tone
stimuli was used as a measure of auditory sensitivity. The experimental NOAEL
with respect to potentiation of noise-induced hearing loss was found to be 300
ppm carbon monoxide. Potentiation of noise-induced hearing loss by carbon
monoxide increased linearly as the concentration increased between 500 and 1 500
ppm (experimental LOAEL 500 ppm) (61, 130). Benchmark dose software from
the US Environmental Protection Agency (EPA) was employed to determine a
benchmark concentration of carbon monoxide that produced either an increase in
auditory threshold equivalent to 10 % of the effect of noise alone or produced a 5-
dB potentiation of noise-induced hearing loss. The lower bounds for these bench-
mark concentrations were 194 and 320 ppm (LOAELSs), respectively (130). In a
later study, the experimental NOAEL (300 ppm) and LOAEL (500 ppm) for com-
bined exposure to carbon monoxide and noise (impulsive noise, for 10 days, Leq
8h of 84 dB SPL) were confirmed (233). Without exposure to carbon monoxide,
the noise effect was not significant, but in the combined exposure scenarios,
responses were significantly poorer.

9.1.2.2 Carbon monoxide combined with anti-oxidants

Rao and Fechter explored the ability of phenyl-N-tert-butylnitrone (PBN), a spin
trap agent that forms adducts with free radicals, to protect against the combined
effects of noise and carbon monoxide on auditory function in rats. Intraperitoneal
injection of PBN both pre- and post-exposure to carbon monoxide and noise
protected against the permanent hearing loss. Protection did not occur when PBN
was given only post-exposure (319). Thus, while these results help to establish a
role for oxidative stress in the interaction between carbon monoxide and noise,
PBN does not offer an effective therapeutic treatment strategy.
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9.1.3 Observations in man

9.1.3.1 Carbon monoxide alone or combined with noise

In humans, several reports have documented that hearing loss is one of the out-
comes associated with acute carbon monoxide poisoning. Unlike the findings in
animal studies, noise exposure was not a necessary factor for the auditory problems
to occur. Only studies on the effects of occupational exposures to carbon monoxide
are included in the present document.

In an early study, Lumio examined 700 patients suspected of having carbon
monoxide poisoning. With the exception of a small part of the study population
(6 % who worked in factories), most of the participants were from occupations
in which workers were exposed to carbon monoxide from gas generators used in
automobiles (56 % were drivers). The participants’ mean exposure duration was
6 years, and 92 % of the participants’ age ranged from 21 to 50 years (44 % being
31-40 years old). Occupational noise exposure and health indicators that could
contribute to hearing loss were accounted for through a general medical ex-
amination and interview. Two hundred and sixty three participants (38 %) were
diagnosed with chronic carbon monoxide poisoning. Among those, 78 % had
hearing loss. Once participants with other risk factors for hearing loss were
excluded from the sample, the percentage of cases of hearing loss decreased to
68 %. The hearing disorders were evident in the extended high-frequency region
of the audiogram and 63 % of the workers with hearing loss reported tinnitus.
Among the workers exposed to carbon monoxide that were not diagnosed as cases
of chronic poisoning, 27 % had hearing loss, a percentage that was reduced to 14 %
once subjects with other risk factors were excluded. In 11 % of the cases of mild
hearing loss, there was some improvement in their hearing thresholds. Lumio
(1948) concluded that carbon monoxide poisoning was associated with hearing
loss, despite the lack of excessive noise exposure (232). The presence of other risk
factors does not exclude the possibility that carbon monoxide did contribute to the
observed hearing deficits.

Among 78 workers with a history of carbon monoxide exposure likely to have
occurred in combination with noise (no exposure measurements), 66 % showed
hearing loss while 76 % presented vestibular disorders (195).

A database containing workers’ charts collected by the Quebec National Public
Health Institute between 1983 and 1996 was examined. The database provided
information on occupation, noise level (Leq8 hours), number of years of noise
exposure for the current occupation, audiometric data and medical history. Carbon
monoxide exposure status (yes or no) was determined for each occupation by a
panel of 5 experienced assessors (2 industrial hygienists and 3 audiologists). Data
from 6 812 audiometric assessments were retained for analysis and were divided
among 4 groups: 1) carbon monoxide + noise >90 dBA, n=1 872, 2) noise alone
>90 dBA, n=2 383, 3) carbon monoxide + noise <90 dBA, n=1031, and 4)
noise alone <90 dBA, n=1526. The effect of carbon monoxide with noise ex-
posure below 90 dBA was not significant at any frequency (0.5, 1, 2, 3, 4, 6 kHz).
Workers who were exposed to carbon monoxide and to noise levels above 90 dBA
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displayed significantly poorer hearing thresholds at high frequencies (3, 4, and 6
kHz) than workers without carbon monoxide exposure but with equivalent noise
exposure. The magnitude of the shift in hearing thresholds was influenced by the
number of noise exposure years. The results indicate that carbon monoxide ex-
posure increases the magnitude of the hearing loss due to noise exposure. The
ORs for a hearing deficit at least at one frequency were 1.4 (95 % CI 1.2-1.5)

for the carbon monoxide plus noise >90-dBA group, 1.2 (95 % CI 1.0-1.3) for
the noise >90-dBA group and 1.1 (1.0-1.3) for the carbon monoxide plus noise
<90-dBA group compared to the noise <90-dBA group (presented as conference
proceedings) (200, 217).

Studies conducted by the same team in Canada also examined if a combined,
non-occupational exposure to noise and carbon monoxide could affect the hearing
thresholds of workers with occupational noise exposure. Data from 6 395 audio-
grams obtained from noise-exposed workers were retained for analysis and di-
vided into two groups: 1) 3 306 workers exposed to noise and carbon monoxide
in their non-occupational activities and 2) 3 089 workers exposed only to noise in
their non-occupational activities. Information was available on their occupational
noise exposure levels but were estimated for their non-occupational exposures.
Results indicated a significant interaction between audiometric results of a
specific test frequency and non-occupational carbon monoxide exposure, years
of occupational noise exposure and current occupational noise exposure level.
Non-occupational noise exposure had a marginal effect on hearing thresholds
when compared to non-occupational noise and carbon monoxide exposure (which
had a larger effect on hearing thresholds). However, these effects were only
observed in the group with at least 15 years of occupational noise exposure
associated with concurrent non-occupational exposure to carbon monoxide
and noise (presented as conference proceedings) (200, 217).

Further, the effects of occupational exposure to low concentrations of carbon
monoxide and noise on hearing status of a small subsample of workers (n=28)
were explored. Participants were subdivided in 4 groups: carbon monoxide only
(n=2), carbon monoxide and noise (n=2, 85-90 dBA), noise only (n=3, 90-91
dBA) and unexposed controls (n=21, <80 dB). The environmental carbon
monoxide levels ranged between 16 and 35 ppm and the biological (carboxy-
haemoglobin) levels were 2-3 %. The audiometric data indicated that combined
carbon monoxide and noise exposure had an effect on hearing at 8 kHz as
measured via both pure-tone audiometry and distortion product otoacoustic
emissions, but this was based on only two individuals (199).

Ahn et al conducted a nested case-control study in a cohort of male iron and
steel workers exposed to low concentrations of carbon monoxide. The study
group comprised 770 cases and 2 574 incidence density age-matched controls.
Quantitative carbon monoxide or noise exposure data were available from a job-
exposure matrix. The OR for hearing loss (4 kHz threshold >35 dB) was 2.5
(95 % CI 1.2-5.0) for exposure levels greater than 20 ppm of carbon monoxide,
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after controlling for noise exposure level, body mass index, smoking, hypertension
and diabetes (presented as an abstract) (9).

9.1.3.2 Interactions between smoking and noise exposure

Studies on the interaction between hearing loss and smoking offer some support
for an ototoxic potential of carbon monoxide. According to recent studies, heavy
smoking can affect hearing (41, 343, 383) and interact with noise, thus causing

a more severe hearing loss (176, 247, 314, 372). In the study by Ahn et al (9),
smoking was a variable significantly associated with hearing loss but with an OR
for hearing loss barely above 1 (OR 1.01, 95 % CI 1.003-1.021) (data not shown,
personal communication Thais Morata).

9.1.4 Conclusion on carbon monoxide

In rat inhalation studies, carbon monoxide alone did not affect the auditory system
at concentrations up to 1 500 ppm (NOAEL) (61). However, it can potentiate the
effects of noise even when noise levels alone would not cause a change in hearing.
In combination with noise (95 or 100 dB at 13.6 kHz OBN), the experimental
NOAEL was 300 ppm and the LOAEL 500 ppm (61, 130, 233). The calculated
lower bounds for benchmark doses that affected the auditory thresholds were 194
and 320 ppm (LOAELS, for details, see Section 9.1.2.1) (130).

Acute human carbon monoxide poisoning has been associated with hearing loss,
despite lack of excessive noise exposure. Most field studies lack noise exposure
estimates. It is therefore not clear if noise exposure is a prerequisite for the audi-
tory effects seen following long-term occupational exposure to carbon monoxide.

In a study analysing 6 812 audiograms, exposure to carbon monoxide and noise
levels below 90 dBA had no effect on hearing thresholds, whereas workers who
were exposed to carbon monoxide and to noise levels above 90 dBA displayed
significantly poorer hearing thresholds at high frequencies (conference pro-
ceedings) (200, 217). In a small subset, the adjusted ORs for audiometric hearing
loss were significant for exposures in the 16 to 35 ppm range in combination with
noise exposure (two subjects) (199).

International OELs for carbon monoxide range from 25 to 50 ppm (Appendix 1).
The ACGIH threshold limit value of 25 ppm is intended to maintain blood
carboxyhaemoglobin levels below 3.5 %, to prevent neurobehavioural effects
and to maintain cardiovascular work and exercise capacities (4).

9.2 Hydrogen cyanide

9.2.1 General
Cyanides are chemical compounds that contain a cyano functional group, CN™.
The cyanide ion has a single negative charge and consists of a carbon that is triply
bonded to a nitrogen atom. Cyanide is often used as shorthand term for hydrogen
cyanide.

Hydrogen cyanide, HCN, is a colourless and highly volatile liquid that boils
slightly above room temperature at 26 °C, thereby generating hydrogen cyanide
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gas. Hydrogen cyanide has a faint, bitter, almond-like odour. Hydrogen cyanide
may be synthesised directly from ammonia and carbon monoxide or from
ammonia, oxygen (or air) and natural gas. It is a by-product of the production of
coke from coal and is recovered (along with hydrogen sulphide) from coke-oven
exhaust gases. It may also be prepared by reacting a cyanide salt, e.g. calcium
cyanide, with a strong acid, e.g. sulphuric acid, or by thermal decomposition of
formamide (164).

Cyanide is used in tempering steel, dyeing, explosives, engraving, the pro-
duction of acrylic resin plastic and other organic chemical products. Hydrogen
cyanide is contained in the exhaust of vehicles, in tobacco smoke, and in the
smoke of burning nitrogen-containing plastics.

A hydrogen cyanide air concentration of 300 ppm will kill a human within
a few minutes. The toxicity is caused by the cyanide ion, which prevent cellular
respiration (164).

9.2.2 Effects in animals

9.2.2.1 Hydrogen cyanide alone and combined with noise

One single investigation on the auditory effects of hydrogen cyanide in animals
has been identified (Table 26) (126). Rats were exposed to 10, 30 or 50 ppm
hydrogen cyanide alone for 3.5 hours or in combination with 2 hours of octave
band noise exposure (100 dB, linear scale). Additional groups received noise
exposure alone and no treatment other than placement in a quiet inhalation
chamber with clean air. Hydrogen cyanide alone did not cause significant hearing
loss or hair cell loss. Noise exposure alone impaired compound action potential
(CAP) thresholds by about 10 dB (averaged across frequencies 12-40 kHz) and
produced a 5 % loss of outer hair cells at the base of the cochlea, but no inner hair
cell loss. The combined exposure to noise and hydrogen cyanide caused a cyanide
dose-dependent CAP threshold impairment and outer hair cell loss that exceeded
the noise exposure alone. At 30 ppm, the potentiation of noise-induced hearing
loss achieved statistical significance. A risk assessment analysis was conducted for
the auditory threshold data using benchmark dose software (from US EPA). A
continuous model showed that the data could be described by a linear function.
For a benchmark response corresponding to a 5-dB increase in the auditory
threshold above the effect of noise alone, the lower bound of the 95 % CI for the
benchmark dose was 9 ppm. The benchmark dose that impaired the auditory
threshold 10 % above the effect of noise alone had a lower bound of 2 ppm. The
lower bound of the hydrogen cyanide dose that produced a one standard deviation
elevation in noise-induced hearing loss was 16 ppm (126).

9.2.3 Observations in man
No studies were identified.

9.2.4 Conclusion on hydrogen cyanide
In the only study available, hydrogen cyanide alone (up to 50 ppm) did not
significantly affect the auditory system in rats (NOAEL). However, it can
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potentiate the auditory effects of noise. At 30 ppm, the potentiation of noise-
induced hearing loss achieved statistical significance (LOAEL). Exposure to 10
ppm and noise did not produce significant potentiation or pronounced outer hair
cell loss (NOAEL). The lower bounds for benchmark doses that affected the
auditory thresholds were 2, 9 and 16 ppm (LOAELSs) (126).

Auditory effects of hydrogen cyanide in humans have not been studied.

International OELSs for hydrogen cyanide vary from 0.9 to 10 ppm (Appendix 1).
The ACGIH threshold limit value is set to prevent upper respiratory irritation,
headache, nausea and symptoms of chronic exposure such as thyroid enlargement,
and in addition to provide a sufficient margin of safety against acute poisoning (4).

9.3 Acrylonitrile

9.3.1 General
A nitrile is any organic compound that has a carbon atom and a nitrogen atom
triply bonded together, i.e. a -C=N functional group. The prefix cyano is used in
chemical nomenclature to indicate the presence of a nitrile group in a molecule.
Acrylonitrile is a colourless, liquid, man-made chemical with a sharp, onion-
or garlic-like odour. It dissolves in water and evaporates quickly. Acrylonitrile is
used in the production of other chemicals such as plastics, synthetic rubber and
acrylic fibres, and is one of the 50 most commonly produced industrial chemicals.
Metabolism of ingested, inhaled or topically applied acrylonitrile releases cyanide
that can produce acute respiratory arrest and central nervous system toxicity (16).

9.3.2 Effects in animals

9.3.2.1 Acrylonitrile alone and combined with noise and anti-oxidants

Four animal experiments on the effects of acrylonitrile on the auditory system
have been conducted (Table 26) (127, 131, 297, 299). Acrylonitrile potentiates
noise-induced hearing loss as a consequence of oxidative stress. The metabolism
of acrylonitrile involves conjugation with glutathione, resulting in rapid and
pronounced depletion of this antioxidant in many organs including brain, liver,
and kidney. It also results in cyanide formation through a secondary oxidative
pathway. The studies indicate that the outer hair cells are the main target of
toxicity.

Acrylonitrile alone (50 mg/kg body weight, 1-2 subcutaneous injections)
elevated auditory thresholds temporarily in rats. No effects were seen after 3
weeks. Acrylonitrile (50 mg/kg body weight, 1-2 subcutaneous injections) in
combination with noise (108 dB octave band noise, 8 hours) increased auditory
threshold impairment relative to rats receiving noise only when measured 3 weeks
following exposure (131). Combined exposure for 5 days to acrylonitrile (50
mg/kg body weight, subcutaneous injections) and moderate noise (95 or 97 dB
octave band noise, 4 hours) caused permanent hearing loss and outer hair cell loss
in rats. Individually, neither acrylonitrile nor noise caused these effects (297).

Rats treated daily with phenyl-N-fert-butylnitrone (PBN, spin-trap agent that
sequesters ROS) prior to and again following acrylonitrile (50 mg/kg body weight,
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subcutaneous injection) and noise (105 dB octave band noise, 4 hours) treatment
for 5 consecutive days showed approximately the same auditory impairment as did
rats receiving noise only. Thus, PBN blocked the potentiation of noise-induced
hearing loss (127). Pre-treatment of rats with L-N-acetylcysteine (antioxidant, pro-
glutathione drug) decreased auditory loss and hair cell loss resulting from com-
bined exposure to acrylonitrile (50 mg/kg, subcutaneous injection) and moderate
noise (97 dB octave band noise, 4 hours, 5 days) (299).

All studies show that acrylonitrile exposure alone does not cause damage to the
auditory system of the rat, however, it potentiates noise-induced hearing loss at
noise levels that are realistic in terms of human exposure. However, the acrylo-
nitrile exposure route used in the animal studies (subcutaneous injection) differs
from that experienced by workers and the doses of acrylonitrile in the animal
studies were greater. Because the widespread use of acrylonitrile in industry
occurs in settings where noise exposure is also present, the identified synergistic
mechanism may be of importance for occupational health.

9.3.3 Observations in man
No studies were identified.

9.3.4 Conclusion on acrylonitrile
In rat studies using subcutaneous injection, acrylonitrile (50 mg/kg body weight,
only dose tested) did not induce permanent auditory effects (NOAEL). However
acrylonitrile can potentiate noise-induced hearing loss. Combined exposure to
acrylonitrile (50 mg/kg, only dose tested) and noise (=95 dB) caused permanent
hearing loss and outer hair cell loss (LOAEL) (127, 131, 297, 299).

Auditory effects of acrylonitrile in humans have not been studied.

International 8-hour OELSs for acrylonitrile vary from 1 to 30 ppm (Appendix 1).
The ACGIH threshold limit value is set to minimise the potential for headache,
nausea, respiratory difficulties, central nervous system effects and cancer (4).

106



L01

-areydnsory) wnipos SIS ToA9[ 2Inssaid punos :dS ‘snosueinogns :-os ‘saroads uaSAxo

QAT)ORAI :SOY ‘Quontu[Aing-1121-N-[Auayd :Ndd ‘[[99 Jrey 1no :DHQ ‘9SIou pueq 9ABI0 NGO ‘[9AJ] 19930 9SIOAPE PAAIISQO OU ITHYON ‘SSO[ SuLieay paonpur
-as1ou THIN ‘ostou :N ‘e[ozelkd[Ayiow- :JIN-f ‘Uoneunuexa [eordojoydiows ‘A ‘[OA] 109JJ9 ISIOAPE PAAISSQO ISAMO] I THV QT “QuIdlsKo[K100e-N-T :DVN-T ‘Teaur]
ury ‘opruekd udSoIpAy :NDH ‘euonpein(s :HSO ‘SUOISSIWD 913snodoeo)o 1onpoxd uontolsip :gyOdd 9pruekd :ND ‘[enuaiod uonoe punodwod ;D) ‘O[LNIUO[AIoR :NDV

‘uonenuajod SIY) Ul PIAJOAUL 9q 0} WSS
10U S0P N “puey I3Y10 Y} UQ "S[OAJ] N djeIopoul £q pajeIsduad SO Isurese ea[yood
93 Jo uonoa101d Ay} UI POAJOAUL ST SO 18y} Sunsa33ns ‘N+NDV WOIJ SSOf [[90 Jrey

(QVN-T110 dN-+
‘SLS) sueprxonue
M JuduIedn)

pue sso[ AI03Ipne 9y} Paseardop DYN-T "APuedyTusIs Ba[yo0d pue IQAI] 3oq UI S]PAd]  gvVOdd PS‘PUY N 1dS dp L6 -e1d jnoyim 10 yim
(660) HSD pa1aoid Jy¥N-T A[uo 1nq APueoyiusis S|9AS] NO POO[Q PONPaI SIUEPIXONUE [V dvD P ¢ :uonoafut og 1o N ON ‘Mg 3y/5w oS ‘0
(TdvO'D $s01 DHO
jueonyTugts pue sopmrjdwre Ty QO PIseaI0ap ‘SIPIYS PIOYSAIY) JUSUBULID N+NDV N NgO
“(TAVON) pasodxe N uI j1ys  4v0dd PSPMYIN  dPL610S6
(L6T)  proysaayy Arerodwd) 9[qIsIoAdI B A[UO ‘sso] DHO 10 SuLredy juouewrdd oN N 10 NDV dVD P ¢ uonoafur -og 10 N ON Mq 38w (6 0
'NDV Aq THIN Jo uoneas[d payooiq (Juaese den-uids) Ngd Ngd s juounean
“(TAVO'D) THIN JO UONEAR[d JuedyIuSIS IN+NIV PSPUYN gp 601 -oxd noyim 10 yim
(Len “(TAVON) ANADISUas ploysaiy) £10)Ipne Jo ssof JUASULL], NIV dvD P G :uondafur o8 10 N ON ‘mq 3y/3w g ‘0
Y 4 ~ 10J uono[dop JUBdIFIUSIS PaMOYS S[OAJ] HSD Jeo[yo0)) ‘uonodfur Surmoy[oj umu
0T1-09 [1un pajead]e APUBdLIUSIS 10U S[2AJ] ND POO[q d1WalsAS *(TAVOT) uonoalur U8:N N4O dp 801 Mq By/SW OSX T
SUIMO[[O] M ¢ PISSISSe uaym N 0} dAne[al Juouredwr pjoysaIy) paseaIdu] :N+NDV uonoafur og 10 N ON 10 mq Sy/3w 06 ‘0
"(TAVON) Juouniredurt
(1€1) proysaxyy jusuewrtdad oN "ANANISUIS P[OYSIY) AIOJIPNE U SSO[ A[QISIANY NIV dvD uonoafur og N ON mq 38w 6 ‘0
2J1L4J1U0] K40y
THIN UT 9SBaI0Uul UONRIAJD plepue)s auo 1o wdd
97 J& pue ‘N JO 103JJ2 9} 2A0qE P[OYsaIy) AIOJIPNE UT asearour gp-¢ e 1oy wdd ¢ je N
JO 1091J9 9y} 9A0QE %, ()] pPloysaIy) Aroypne pairedwr 1oy wdd 7 je (punoq 1omo[) 9sop
yrewydueg “(TAVOT) wdd o¢ 3e THIN jo uonenualod ‘wdd o[ 12 THVON N+NOH N YZN  urpdpool
(9z1) “(wdd o 18 THVON) 19949 ON :NOH dVD Y€ :uonereyuy JIONON  wdd Qg 0g ‘01 0
ap1und uaSoippy
159) U3 oY (N) 9sI0N [oA9]
Q0URIJIY SJUWIWIOD PUE SINSY  A10)IpNy suonIpuod amsodxyg

"9SIOU YIIM PAUIqUIOD JO duo[e ‘(NDV) 9[Inuo[A1oe 10 (NDH) opiuekd uaSoipAy o1 pasodxa sjer ur $3093J9 AI0Npny 97 dqe],



9.4 3,3'-Iminodipropionitrile (IDPN)

9.4.1 General

3,3"-Iminodipropionitrile, IDPN, is a colourless liquid, which has been extensively
used as neurotoxic agent in animal experiments. Synonyms include 3,3'-iminobis-
propionitrile, BB'-iminodipropionitrile, and N, N-bis(2-cyanoethyl)amine. No re-
ports on occupational exposures to IDPN were identified (69).

9.4.2 Effects in animals

Four animal experiments have been conducted on the effects of IDPN on the
auditory system (Table 27) (73, 77, 80, 144). These studies show that IDPN
(administrated by intraperitoneal injection) alone causes extensive hearing loss
and loss of neural structures in the cochlea of the rat.

No significant effects were registered after intraperitoneal injection of 100 mg/
kg body weight/day for 3 days, but decreased acoustic startle response amplitude
were registered in rats following 150 mg/kg body weight/day (LOAEL). Elevated
auditory thresholds were reported for 5- and 40-kHz tones for the 200-mg/kg
group, representing approximate increases of 25 dB and 50 dB, respectively. The
onset of this auditory dysfunction in the 200-mg/kg group, as demonstrated by a
loss of reflex inhibition, was 2 days for the 40-kHz tone and 4 days for the 5-kHz
tone (73).

Exposure of rats to 167 and 200 mg/kg body weight of IDPN for 3 consecutive
days caused elevated auditory thresholds (as measured by reflex modification
audiometry and/or auditory brainstem response) over a broad range of frequencies
while no such effects were observed at 133 and 150 mg/kg body weight. Histology
made on rats dosed with 200 mg/kg body weight showed loss of hair cells and
spiral ganglion cells, and damage to the cochlear nerve in a basal-to-apical fashion.
At 100 mg/kg body weight, IDPN had virtually no effect on structure (80).

The interaction with noise has not been studied.

9.4.3 Observations in man
No studies were identified.

9.4.4 Conclusion on IDPN
In rat studies, intraperitoneal injections of 150 mg/kg body weight/day for 3
consecutive days caused auditory changes (LOAEL). No auditory effects were
observed at 100 mg/kg (NOAEL) (73). The interaction with noise has not been
studied. Auditory effects of IDPN in humans have not been studied.

No OELs for IDPN were identified.
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10. Auditory effects of other substances

10.1 Pesticides

10.1.1 General

The term “pesticide” has been used to represent any chemical substance used to
prevent, destroy, repel or mitigate pests of weeds. The major classes of pesticides
include herbicides, insecticides, fungicides and fumigants. Pesticides vary in their
uptake, mode of action, metabolism, toxicity and elimination from the body. People
can be exposed to pesticides in agriculture but also through the contamination

of food, air, drinking water and dust. Epidemiological studies have discovered
associations between pesticide exposure and long-term effects on health in three
main areas, cancer, reproductive disorders and neurotoxic effects (22).

In this document, the term pesticide refers to the active ingredient of a pesticide
product or formulation. A pesticide product applied by farmers usually contains
one or more active pesticidal ingredients and ingredients which can enhance the
effect of the active ingredient. The pesticides that have been studied for their
auditory effects include organophosphates (paraoxon, parathion), pyrethroids,
pyridyliums (paraquat) and hexachlorobenzene. Paraquat was banned in Sweden
in 1983. The substance has also been banned in several other countries including
Denmark, Finland and Norway. The EU allowed paraquat in 2004. Sweden
supported by Denmark, Finland and Austria brought the EU to court. In 2007,
the court annulled the directive authorising paraquat as an active plant protection
substance. In the US, paraquat is available for use only by commercially licensed
users (56, 284, 359).

10.1.2 Effects in animals

Few studies on the auditory effects of pesticides in laboratory animals were
identified (Table 28) (28, 33, 148, 276, 330). Two of five studies were conducted
with paraquat and reported irreversible cochlear effects (33, 276). One study on
the organophosphorus compound paraoxon reported only reversible effects (28).
The only study on hexachlorobenzene noted irreversible threshold shifts but no
hair cell loss (148). Interaction with noise was not studied.

10.1.3 Observations in man

10.1.3.1 Pesticides alone or combined with noise

Few occupational studies have been conducted regarding the effects of pesticide
exposures on the auditory system (Table 29) (26, 27, 72, 98, 150, 315, 369). Noise
levels have not always been reported in these studies. However, due to the nature
of the work performed, it is likely that the studied workers were also exposed to
hazardous noise.

10.1.4 Conclusion on pesticides

Risk evaluation is not attempted, because of the lack of exposure information in
the few experiments conducted.
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10.2 Polychlorinated biphenyls (PCBs)

10.2.1 General

Polychlorinated biphenyls (PCBs) are synthetic organic chemicals, which are
either oily liquids or solids and are colourless to light yellow. They have high
boiling points and are practically non-flammable except at high temperatures.
Some PCBs are volatile and may exist as vapour in air. PCB production started
in the late 1920s (174) and PCBs were used extensively in the manufacture of
transformers, capacitors and other heat transfer devices through the late 1970s.
In 1979, their manufacture and importation was banned in the US based on
mounting evidence that they were toxic to humans and wildlife. In Sweden, the
use of PCBs was restricted in 1972 to only allow PCBs in closed systems. New
equipment containing PCBs was not allowed for use from 1978, whereas old
installations containing PCBs were allowed until 1995 (8, 29). No new PCB-
containing products have been allowed in Norway since 1980, in Finland since
1985, in Denmark since 1986 and in Iceland since 1988 (8).

Occupational exposure to PCBs can take place during the renovating and
demolishing of buildings, repair and maintenance of PCB transformers, accidents,
fires, or spills involving PCB transformers and older computers and instruments,
and disposal of PCB materials. In addition to older electrical instruments and
fluorescent lights that contain PCB-filled capacitors, also caulking materials,
elastic sealants and heat insulation have been known to contain PCBs. Exposure
in the contaminated workplace occurs mostly by breathing air containing PCBs
and by touching substances that contain PCBs (223).

PCBs are classified as probable human carcinogens and are listed in the top
10 % of the US EPA’s most toxic chemicals (17, 167). Reproductive and de-
velopmental effects may also be related to consumption of PCB contaminated fish
and possibly occupational exposure to PCBs. Skin conditions, such as acne and
rashes, may occur in people exposed to high levels of PCBs.

The Nordic Expert Group for Criteria Documentation of Health Risks from
Chemicals (NEG) is presently preparing a criteria document on PCBs (223).

10.2.2 Effects of PCBs
Aroclor 1254 is the PCB mixture most investigated for its auditory effects but
also other PCB mixtures as well as the individual congener PCB 126 (3,3'4,4',5-
pentachlorobiphenyl) have been studied for their ototoxicity in the offspring of
rats (Table 30). All studied PCBs were found to be ototoxic with a suggested
cochlear and/or auditory nerve site of lesion. Aroclor has also been shown to affect
development of the hearing organ through induction of hypothyroidism (145, 300).
PCB 126 administrated by feed (35 days prior to breeding to postnatal day 21)
caused no significant auditory effects at 0.25 pg/kg body weight/day (NOAEL),
whereas elevated hearing thresholds were observed at 1 pg/kg body weight
(LOAEL) (76).
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Aroclor 1254 administered by oral gavage (from gestation day 6 to postnatal
day 21) caused permanent auditory deficits at 1 mg/kg body weight/day (LOAEL,
lowest dose tested) (153).

Oral gavage of a mixture of PCBs containing 35 % Aroclor 1242, 35 % Aroclor
1248, 15 % Aroclor 1254 and 15 % Aroclor 1260 (28 days prior to breeding to
postnatal day 21) caused no auditory effects at 1 mg/kg body weight/day (NOAEL)
but auditory deficits at 3 mg/kg (LOAEL) (300).

Interaction with noise has not been studied in animals nor have auditory effects
of PCBs in humans.

10.2.3 Conclusion on PCBs

PCB mixtures as well as the individual congener PCB 126 were ototoxic with a

suggested cochlear and/or auditory nerve site of lesion in the offspring of rats.

Interaction with noise was not studied. No human studies were identified.
International OELs for PCBs range from 0.001 to 0.5 mg/m’ (Appendix 1).
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11. Dose-effect and dose-response relationships

The chemicals examined in the present document have been associated with
auditory effects in animals. They are substances with diverse chemical structures.
This implies multiple targets for injury within the auditory system and multiple
possible underlying mechanisms. This complexity represents an obstacle in
identifying the features necessary for a chemical to be ototoxic (113, 116).

Another complexity is that different species respond differently to the same
chemical, basically due to metabolic differences. On the other hand, this has
offered some clues as to the toxic action (84, 117, 213). Since noise is often
present in the occupational arena, there is a need to incorporate noise exposure
in the investigations of ototoxicity of industrial chemicals. This adds to the com-
plexity of the problem. Little is known about combined chemical exposures, and
even less is known about mechanisms for interaction between a chemical and
a physical agent, in this case noise, which makes prediction of the outcome
challenging.

At this writing, the existing human studies were designed to generate or test
hypotheses instead of examining dose-response relationships. Limitations of the
reviewed studies (study designs, insufficient characterisation of the exposure
levels of chemicals and noise, lack of details on if and how other risk factors were
accounted for, etc.) preclude the use of their results in estimating dose-response
relationships and in identifying NOAELSs or LOAELs for the chemicals covered in
the present document.

Overall, studies conducted with experimental animals provide the most robust
evidence regarding mechanisms and dose-effect relationships between agents and
effects on the auditory function or physiology.

Styrene, toluene, lead and carbon monoxide are the substances that have been
more extensively studied to date, due to the relevance to occupational health and
evidence of their general toxicity or neurotoxicity.

NOAELSs and LOAELS for auditory effects in animals for the chemicals covered
in this document are summarised in Table 31. If a chemical exposure has not been
shown to potentiate noise-induced hearing loss, the level given is considered as
the NOAEL for the substance in the combined exposure scenario.

Table 32 presents the most relevant human studies indicating auditory effects by
chemical exposure.

Styrene

The ototoxicity of styrene has been confirmed in numerous studies and 300 ppm
was found to be the LOAEL in inhalation experiments with rats forced to be active
(210). A more recent study using gavage exposure of non-active rats showed effects
at 200 mg/kg body weight (corresponding to approximately 250 ppm) (64). Syner-
gistic interaction between styrene and noise was manifested only at concentrations
above the LOAEL for styrene alone, i.e. at and above 400 ppm (208, 210, 269).
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Several occupational studies were also conducted and the preponderance of the
evidence indicates that workers exposed to styrene are at increased risk of hearing
loss. This was demonstrated not only by increased prevalences of cases of hearing
loss, but also by significant differences in hearing thresholds and in other tests
evaluating central auditory function compared to control populations. Such tests
allowed for a distinction between the effects of the solvent and effects of noise. A
limitation of the occupational studies is the incomplete historical characterisation
of the exposure to styrene. This calls for caution when interpreting dose-effect
relationships from human studies. The lowest current average exposures among
styrene-only and styrene and noise exposed workers exhibiting hearing loss (com-
pared to noise-only or no noise-no styrene workers) were 2.8-3.5 ppm. However,
neither current nor life-time (average 14-18 ppm) styrene air concentrations cor-
related with hearing loss, whereas current urinary MA levels were positively
correlated with hearing thresholds (187, 256). Other studies have, on the other
hand, demonstrated hearing loss in workers currently exposed to average styrene
air levels of 5-22 ppm and noise below 85 dB (240, 258, 259). Sliwinska-Kowalska
et al found a significant positive correlation between the styrene exposure (work-
life average 14 ppm) and hearing loss (346, 347). However, more recently, Triebig
et al observed hearing loss in workers exposed to styrene only after exposure
during at least 10 years to levels around 30-50 ppm styrene, with higher levels in
the past (374).

Toluene

In studies with rats, 900 ppm was identified as the NOAEL for toluene (308).
In studies of combined exposure to toluene and noise, a NOAEL of 500 ppm
was identified (39, 234). Synergistic interaction between toluene and noise
was manifested at the same concentration as the LOAEL for toluene alone, i.e.
at and above 1 000 ppm (39, 186).

Several occupational studies were conducted and the preponderance of the evi-
dence indicates that workers exposed to toluene are at increased risk for auditory
disorders. One human study did not find significant effects that could be attributed
to life-time weighted average toluene exposure at around 50 ppm (342). Other
observations suggested that the lowest current exposures associated with significant
hearing loss were 10-50 ppm (31, 257, 384). Historic toluene and/or noise exposure
levels were not well characterised and some groups of workers were co-exposed to
other solvents. It is likely that participants were exposed to higher concentrations
in the past, as well as to peaks of high exposure in the present that could explain
the observed effects. In one study, chronic exposure (12-14 years) to an average
of 97 ppm caused hearing loss but noise levels were not given (2).

Carbon disulphide

Most investigations on the neurotoxicant carbon disulphide have focused on its
central auditory effects but cochlear effects have also been reported. In rats, 500
ppm was identified as the NOAEL, while significant effects were observed at 800
ppm (LOAEL) as measured by auditory brainstem response (66, 157, 323).
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Interaction with noise was not studied. In humans, the age-adjusted risk for audio-
metric hearing loss was significantly increased for exposures above 14 ppm in
combination with noise in the range 80-91 dBA (58). Auditory effects (evoked
potentials) were also observed in workers exposed to carbon disulphide (current
exposure levels 3-8 ppm and higher exposure in the past) for at least 20 years.
Noise levels were not reported (158). The workers were weavers, and thus a rather
high noise level could be expected.

Other solvents

Xylene, ethylbenzene, chlorobenzene, trichloroethylene, n-hexane and n-heptane
have been less studied for ototoxicity than styrene and toluene, but the existing
animal data indicate that they cause auditory effects. A synergistic interaction has
been shown between noise and exposure to ethylbenzene and trichloroethylene,
respectively (the only substances investigated). No or limited human data were
identified concerning auditory effects of these solvents.

Solvent mixtures

Solvent mixtures are important even if risk assessment is impossible due to the
different nature of mixtures used at workplaces. However, some studies indicate
that exposure to solvent mixtures containing ototoxic solvents (e.g. styrene,
toluene, xylenes, ethylbenzene, trichloroethylene, n-hexane and jet fuels) and
with a hazard index exceeding 1 may cause auditory effects.

Lead

Most investigations on lead have focused on its central auditory effects but also
cochlear effects have been reported. In monkeys, blood concentrations of 35-40
pg/dl (NOAEL) did not cause significant changes in evoked potentials, whereas
55 pg/dl did (LOAEL) (202, 221). In humans, mean/median and life-time
weighted average blood lead concentrations of 28-57 pug/dl were significantly
associated with auditory effects (13, 35, 70, 89, 90, 110, 156, 177, 266, 386).
Noise exposure was not reported in most studies, since they focused on central
auditory effects. However, the only study that controlled for noise did not detect
an interaction between the two agents. Peripheral auditory effects were associated
with a mean blood lead level of 57 pg/dl (386).

Mercury

Mercury is known to cause neurotoxicity and sensorineural hearing deficits. In
monkeys, ingestion (orally during gestation and postnatally for 4 years) of methyl-
mercuric chloride at 10 Hg pg/kg body weight/day was associated with permanent-
ly poorer hearing thresholds (LOAEL) (332). Interaction with noise was not studied.
In humans, current mercury concentration in air of 0.008 mg/m’ and mean blood
mercury levels of presumably 5 pg/l were significantly associated with effects as
shown in central auditory tests (evoked potentials) (260). Higher concentrations
were associated with similar outcomes (71, 89). Noise levels were not reported.
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Trimethyltins
Intraperitoneally injected trimethyltin caused auditory effects in both guinea pigs
and rats. Interaction with noise was not studied. No human studies were identified.

Carbon monoxide

In rats exposed to noise and carbon monoxide, the calculated LOAELSs (lower
bounds for the benchmark concentrations) were 320 ppm for a 5-dB potentiation
of noise-induced hearing loss and 194 ppm for an increase in auditory threshold
equivalent to 10 % of the effect of noise alone (100-dB octave band noise for 8
hours) (130). Without concomitant noise exposure, no auditory effects of carbon
monoxide were reported in rats (130, 233). A more serious implication is that in
scenarios in which noise exposure alone did not have a significant effect, noise

in combination with carbon monoxide exposure produced unexpectedly large,
permanent threshold shifts (61, 62, 130, 320). The data did not validate the anti-
cipated positive relationship between the percentage of time that noise is present
(noise duty cycle) and hearing loss. Instead, the mildest noise duty cycle (short
duration exposures interspersed by quiet periods) produced maximal hearing

loss when carbon monoxide was also present. The potentiation was more likely to
occur with moderate noise exposure levels (octave band noise: 100 dB for 2 hours
or 105 dB for 1 hour) than more severe noise exposures. Rao and Fechter used the
US OSHA'’s 5-dB time-intensity exchange rate to manipulate their noise exposures.
The greatest potentiation by carbon monoxide occurred at levels equivalent to the
US permissible exposure level of 90 dB for 8 hours (320). Their observations raise
the issue of the appropriateness of the time-intensity paradigm in combined ex-
posure circumstances.

Most field studies lack noise exposure estimates. It is therefore not clear if
noise exposure is a prerequisite for the auditory effects seen following long-term
occupational exposure to carbon monoxide. In a study analysing 6 812 audiograms,
exposure to carbon monoxide and noise levels below 90 dBA had no effect on
hearing thresholds, whereas workers who were exposed to carbon monoxide and
to noise levels above 90 dBA displayed significantly poorer hearing thresholds at
high frequencies (conference proceedings) (200, 217). In humans, the only dose-
response data available is based on two individuals for which audiometric data in-
dicated a significant effect for exposures in the 16-35 ppm range when combined
with noise (85-90 dBA) (199).

Other asphyxiants

Hydrogen cyanide (inhalation) and acrylonitrile (subcutaneous injection) alone
were not ototoxic in rats but potentiated the effects of noise. IDPN (intraperitoneal
injection) alone caused auditory changes in rats. Interaction with noise was not
studied. No human studies on auditory effects by these agents were identified.

Pesticides
Results from animal studies as well as human data indicate that pesticides (e.g.
organophosphorus compounds, paraquat and hexachlorobenzene) may affect
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auditory function. Interaction with noise was not studied. Due to the sparse
amount of data on this diverse group of chemicals, no hazard assessment can be
performed.

PCB

PCB mixtures (including Aroclor 1254) as well as the individual congener PCB
126 were ototoxic with a suggested cochlear and/or auditory nerve site of lesion in
the offspring of rats. Interaction with noise was not studied. No human studies
were identified.
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12. Evaluations and recommendations by national and inter-
national bodies

In its 1996 National Occupational Research Agenda, the US NIOSH identified
both hearing loss and multiple exposures as research priorities for the occupational
safety and health community. In two publications, NIOSH also argued for broad-
ening the scope of risk assessment of hearing risks and preventive initiatives (280,
282). NIOSH and the American College of Occupational and Environmental
Medicine both recommend that hearing loss prevention programmes take chemical
exposures into account when monitoring hazards, assessing hearing and controlling
exposures (11, 280, 282). These recommendations do not include specific in-
formation on exposure levels of concern.

ACGIH states that periodic audiograms are advised and should be carefully re-
viewed in settings where there may be exposures to noise and to carbon monoxide,
lead, manganese, styrene, toluene or xylene. Other substances under investigations
for ototoxic effects include arsenic, carbon disulphide, mercury and trichloro-
ethylene (7).

In 1998, the US Army started requiring consideration of ototoxic chemical
exposures for inclusion in hearing conservation programmes, “particularly when
in combination with marginal noise” (375).

The most detailed and specific recommendation to date is one offered in 2003
by the US Army, in which it is stated that since the exposure threshold for oto-
toxic effects is not known, audiometric monitoring is necessary to find out if the
substance is affecting the hearing of exposed workers. Yearly audiograms are re-
commended for workers whose airborne exposures (without regard to the use of
respiratory protection) are at 50 % of the most stringent criteria for OELs (either
of the US OSHA permissible exposure limit or the ACGIH threshold limit value)
for toluene, xylene, n-hexane, organic tin, carbon disulphide, mercury, organic
lead, hydrogen cyanide, diesel fuel, kerosene fuel, jet fuel, JP-8 fuel, organo-
phosphate pesticides or chemical warfare nerve agents, regardless of the noise
level (376).

Best practice guidelines recommending hearing tests for those exposed to
ototoxic agents were also published in Australia and New Zealand, without
information on exposure levels (20). Legislation regarding compensation for
hearing loss associated with chemical exposure at work has changed in Australia
(19) and Brazil (246) making it possible for workers to apply for compensation
for hearing loss because of exposure to ototoxic chemicals in the workplace.

In February 2003, the European Parliament published the Directive 2003/10/EC
on minimum health and safety requirements regarding the exposure of workers to
the risks arising from noise. In the Directive, it is stated that when carrying out
risk assessments, employers should “...give particular attention to: any effects on
workers’ health and safety resulting from interactions between noise and work-
related ototoxic substances...” (108). In April 2004, because of its demonstrated
ototoxicity, toluene was labelled as R48/20: Danger of serious damage to health
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by prolonged exposure through inhalation. It was stated that toluene-induced
chronic impairment of auditory function had been demonstrated in a number of
animal studies, substantiated by morphological evidence of cell loss in the rat
cochlea and that existing data suggest that humans are sensitive to this effect at
exposure levels which may be encountered in the working environment (106,
107).

Besides the present document, comprehensive evaluations of ototoxic sub-
stances (387) and of the hazards of combined workplace exposure to noise and
ototoxic chemical substances (105) have recently been published by other bodies.

The Canadian Occupational Health and Safety Research Institute (IRSST) (387)
did not include data on the interaction between noise and chemicals. Still, the
conclusions are in agreement with those of the present document in classifying
lead and its inorganic compounds, toluene, styrene and trichloroethylene as
“ototoxic substances”.

The report published by the European Agency for Safety and Health (105)
included noise interactions and focused on the qualitative properties of chemicals
inducing ototoxic effects. The list of chemicals included is slightly different from
that in the present document as is the rating strategy used. Still, conclusions are
in agreement. The report from the European Agency also highlights policies from
specific member states and the possible impact of the 2007 new regulations Re-
gistration, Evaluation, Authorisation and Restriction of Chemical substances
(REACH), which will not be repeated here.

13. Evaluation of human health risks

13.1 Assessment of risks of hearing impairment

Robust evidence from a large number of animal studies has demonstrated that
toluene, styrene, solvent mixtures, lead and carbon monoxide (the latter only

in combination with noise) are ototoxic. For these substances, the number of
existing studies is relatively large, and comprehensive approaches have been
taken in investigating their ototoxicity (testing of different exposure parameters
and combinations of agents, attempting benchmark dose calculations, testing of
hypothesis for the inhibition of the observed effects).

Other chemicals that have been studied in less detail with respect to ototoxicity
include xylenes, ethylbenzene, chlorobenzene, trichloroethylene, n-hexane, n-
heptane, carbon disulphide, mercury, organotins, hydrogen cyanide, acrylonitrile,
IDPN, pesticides and PCBs. Hitherto, the existing evidence indicates that also
these substances have ototoxic properties (in some cases, only with concurrent
noise).

Cochlear histopathology has been investigated in studies on several solvents,
pesticides, PCBs, organotins and mercury, in conjunction with functional tests,
often of evoked potentials. The studies have consistently demonstrated a greater
effect with increasing exposure, independently of noise. This is also true for lead
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exposures even if no cochlear histopathology reports were identified. However, an
association between increasing blood lead levels and greater auditory dysfunction
has been reported.

For chemicals such as n-hexane, n-heptane, carbon disulphide, lead and mercury,
the auditory effect is connected to the neurotoxic effect of these substances. Thus,
they exhibit more central neurotoxic effects than pure ototoxic effects.

Human data supports the evidence from animal studies that toluene, styrene,
solvent mixtures and lead are ototoxic. Although less investigated, also trichloro-
ethylene, carbon disulphide, mercury, carbon monoxide and some pesticides have
been associated with auditory effects in humans. Observed auditory effects of n-
hexane have been interpreted as a sign of its well-known central nervous system
toxicity. No human studies on the ototoxicity of xylenes, ethylbenzene, chloro-
benzene, n-heptane, organotins, hydrogen cyanide, acrylonitrile, IDPN and PCBs
were identified, even though xylenes, ethylbenzene and chlorobenzene are
common components in solvent mixtures that have been shown to be ototoxic
in humans.

Early reports on solvents suggested that the exposure levels needed to cause an
auditory effect in experimental animals were rather high in relation to OELs. In
contrast, several occupational reports (on styrene, toluene, solvent mixtures and
lead) indicated that much lower levels in industrial settings were associated with
hearing deficits. The reasons for the difference between the lowest levels that
cause an effect in humans and in animals, respectively, are not understood. How-
ever, recent research in animals has demonstrated that addition of other stressors
(such as impact or continuous noise, other chemicals or drugs, or keeping the
animals active during chemical exposure) reduces the lowest solvent exposure
level needed to elicit an auditory effect (210, 233, 234).

In contrast to experimental animals, humans are characterised by great indivi-
dual variability. The variability can be explained by genetic differences that create
individual susceptibility for hearing loss, but also from individual differences in
medical and exposure histories. This variability makes it challenging to characterise
risk and to separate the effects of each agent in a combined exposure scenario,
and to measure with precision the interaction between agents such as noise and
chemicals. When investigating causal associations of a certain factor, it is of ut-
most importance to determine known medical factors such as past diseases, intake
of certain ototoxic drugs, noise or head trauma accidents as well as non-medical
risk factors such as leisure time or past occupational noise and/or chemical ex-
posures and life-style factors associated with the outcome to be investigated. In
several of the reviewed investigations, this was accomplished by the examination
of existing health or exposure records or by a questionnaire, while others did not
report on even the most recognised confounders, such as noise exposure. Still,
particularly in occupational studies, complete historical exposure information for
hazards is rarely available. Given all these limitations, a large body of knowledge
shows that hearing losses are more common in work settings where certain
chemical exposures occur. Chemical-induced hearing losses are often moderate
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to severe, as is also the case with noise-induced hearing loss. The audiometric
high-frequency “notch” common in noise-induced hearing loss is often present
following long-term chemical exposures, although some reports indicate that a
wider range of audiometric frequencies are affected when compared to the range
of frequencies affected by noise.

It should also be noted that the prevalence of chemical-induced hearing loss
(identified through pure-tone audiometry) varies across studies. This is often
also the case in studies with noise-induced hearing loss, a finding that has been
explained by the wide range of possible exposure scenarios and the modifying
or confounding factors mentioned above. Further, different definitions of hearing
loss have been used. Still, more relevant limitations are insufficient or unreliable
exposure history data and lack of comparability between study and control groups
regarding solvent and noise exposures.

Mausner and Bahn stated that five conditions should be met before a causal
relationship between exposure and disease is established (242). These conditions
were: 1) exposure to the factor must antedate the onset of disease, 2) the asso-
ciation between exposure and outcome must be biologically plausible, 3) the
outcome must be specific, 4) must be strong and 5) must be consistent with other
findings.

The first criterion could not be evaluated in the reviewed human studies because
of the study design.

The second criterion of biological plausibility was considered by most pub-
lications reviewed in the present document. Thus, robust animal research has
indicated that the reviewed chemicals have ototoxic properties. Many of these
chemicals also have recognised neurotoxic properties and the mechanisms of
action of neurotoxicants lend support to the possibility of central auditory effects
of chemicals such as solvents, metals, asphyxiants and pesticides (23, 311, 326,
352, 396).

In several of the reviewed studies, central auditory tests were performed to com-
plement the findings from pure-tone audiometry in workers exposed to solvents
or metals (136, 137, 187, 254, 257, 301, 379, 395, 396). Although noise is parti-
cularly damaging to the cochlea, industrial chemicals can affect both the cochlear
structures and the central auditory system. This means that not only the detection
but also the discrimination of sounds may be impaired (i.e. not only will sounds
be perceived as less loud, but also as distorted). Such audiological test results
indicate that the third criterion, which addresses specificity of response, was met
in the case of organic solvents and lead. With solvents, both peripheral and central
effects have been confirmed in several studies. Lead has been clearly associated
with central auditory effects.

The fourth criterion for evaluating the likelihood of a causal association is the
strength of an association as expressed in the ratios of disease in exposed versus
non-exposed, which should be analysed for each study.

Finally, as Mausner and Bahn stated, support for the causal nature of an associ-
ation exists if the findings persist in other study populations (242). As discussed

140



earlier, with some exceptions (toluene, styrene and solvents mixtures), there are
only a few studies on the ototoxicity of industrial chemicals, most of which have
been conducted with experimental animals. Still, they indicate that chemicals
found in the workplace can have deleterious effects on the auditory system.

In summary, the findings of the association between industrial chemical exposure
and hearing impairments are biologically plausible, the association between ex-
posure and outcome is strong, but because of the large confidence intervals, the
possibility of no effect exists. The association is confined to specific effects on the
auditory system.

In 2008, Hoet and Lison proposed a “noise notation” inspired by the widely
used “skin notation” (skin notation criteria were introduced almost 50 years ago
as a qualitative indicator of a hazard related to dermal absorption at work). They
suggested that “a noise notation” could be added to the OELs of chemical agents
for which there is significant concern about a possible ototoxic effect, e.g. when
experimental data suggest that ototoxicity is the critical health effect or that oto-
toxic effects occur at a level close to the OEL (160).

As combined exposure (e.g. chemical and noise) is currently not taken care of
in the regular OEL setting procedure, a noise notation can be used to indicate an
increased risk of hearing loss after exposure to the chemical with concurrent noise
exposure.

13.2 Groups at extra risk

There is no firm evidence to identify groups of humans at extra risk for developing
hearing impairment. However, factors that have been shown to influence the
occurrence and degree of hearing loss other than noise and chemicals include age,
foetal and neonatal development, gender, race, socio-economic and life-style
factors, physical work load and use of medications (94, 372).

Age

Age is an important factor to consider when examining hearing disorders. Animal
experiments suggest that young animals are more susceptible to the effects of
noise (198, 290) than older ones. Similarly, young rats (14 weeks of age) were
more vulnerable to the effects of styrene than aged rats (49). Toluene and noise
were found to accelerate the age-related hearing loss in mice with a genetic pre-
disposition for age-induced hearing loss, but not in mice from a strain without
this predisposition (218). These studies suggest that younger populations may be
more susceptible to hearing loss, but that has not yet been clearly demonstrated
in humans. On the other hand, toughening of ears through low intensity noise
exposures has been demonstrated in animals and might make young ears more
resistant to noise (316, 355).

Foetal and neonatal development
Ototoxic effects of chemical exposure of rats during pregnancy and early lactation

(a period in which the auditory system develops rapidly in rats) were investigated
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for toluene, lead, mercury, IDPN and PCBs and were demonstrated in the offspring
(76, 144, 145, 153, 154, 162, 204, 332). Similar findings have not been reported in
humans.

Gender and race

Gender and race seem to be associated with susceptibility to noise-induced hearing
loss. Studies conducted with groups with similar jobs and exposures have indicated
that Caucasian males have poorer auditory thresholds and higher prevalence of
noise-induced hearing loss, while African American females have the lowest pre-
valence of hearing loss (91, 365). The issue of gender is not fully understood since
both environmental and occupational noise exposure histories can be heavily
influenced by gender. The issue of race and susceptibility to noise could be ex-
plained by the protective role played by the presence of melanine in the inner ear
(24, 25). Regarding solvents, albino and pigmented rats have been used in oto-
toxicity experiments and both species are susceptible to auditory effects but no
formal investigation compared species for this specific feature. Eastman, Young
and Fechter examined the role of melanine following animal exposures to tri-
methyltin and did not observe significant effects (93).

Socio-economic and life-style factors

Low social class in childhood and adulthood was also found to be associated with
poorer hearing thresholds (94) and is likely to interact with occupational risks,
leisure noise or non-occupational chemical exposures, and medical history factors
such as middle ear disease, lack of appropriate treatment or use/abuse of medi-
cation.

Studies on the interaction between hearing loss and smoking indicate that heavy
smoking can affect hearing (41, 343, 383) and interact with noise, thus causing a
more severe hearing loss in humans (176, 247, 353, 372). Other epidemiological
investigations of solvents have controlled for smoking and no significant associa-
tions were reported (254, 256, 257, 346, 348). Similarly, epidemiological studies
(176, 254, 256, 257, 346, 348) have not confirmed that alcohol consumption
potentiates the effect of solvent exposure on hearing as demonstrated in animals
(44). Information about alcohol consumption can be considered sensitive and is
thereby difficult to obtain in human studies.

Physical workload

Physical exercise has been shown to increase the susceptibility to noise (87, 224).
It has also been demonstrated that styrene concentrations required to induce audi-
tory damage were much lower for active rats in comparison to sedentary rats
(210). Studies indicate that the total absorbed styrene dose can be increased six-
fold with physical work and increased respiratory rate (96). It has been suggested
that auditory effects of solvents may be observed at lower concentrations in
humans because humans are generally exposed to solvents in combination with

a multitude of other factors (several combined exposures, physical demands, etc.),
whereas animal experiments typically involve isolated chemical exposures (210).
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Medication

Finally, the ototoxicity of therapeutic drugs has been recognised for a long time
(Table 2) but their interaction with work-related risk factors has rarely been
examined. A synergistic interaction between acetyl salicylic acid and toluene was
shown by Johnson. Acetyl salicylic acid did not cause hearing loss but potentiated
the ototoxic effect caused by toluene (182). These results might be of interest since
pain killers of this type in lower doses are likely to be used by workers including
those exposed to toluene.

13.3 Scientific basis for occupational standards

Ototoxicity in animals has been reported for all substances included in this review.
Except for hydrogen cyanide, ototoxicity has only been observed at high exposure
levels (far above most common OELSs). For some substances, data for combined
chemical and noise exposure are also available.

Auditory effects have also been indicated in humans for all substances covered
in this document for which there are data. However, most human studies lack in-
formation on historic as well as current peak chemical and noise exposure. Styrene
and toluene are the substances most studied to date, because of the ubiquity in use
and the magnitude of the exposed populations.

As combined exposure (e.g. chemical and noise) is currently not taken care of
in the regular OEL setting procedure, a noise notation can be used to indicate an
increased risk of hearing loss after exposure to the chemical at a level close to the
OEL (or biological exposure limit) with concurrent noise exposure.

The strength of evidence for ototoxicity differs between the agents covered but
falls basically into three categories discussed in the following:

1) Human data indicate auditory effects under or near existing OELs. There
are also robust animal data supporting an effect on hearing from exposure.

2) Human data are lacking whereas animal data indicate an auditory effect
under or near existing OELs.

3) Human data are poor or lacking. Animal data indicate an auditory effect
well above existing OELs.

Category 1. Human data indicate auditory effects under or near existing OELs.
There are also robust animal data supporting an effect on hearing from exposure.

Styrene In occupational studies, the lowest current exposure levels associated with
hearing loss were 3.5-22 ppm. One study demonstrated that an average work-life
styrene exposure of 14 ppm was associated with an increased risk for hearing loss.
Noise levels in these studies were below 85 dB. A synergistic interaction with noise
was demonstrated in animals only above the lowest effect level for styrene alone.
In humans, the interaction with noise is not clear.
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Toluene In some occupational studies, ototoxic effects have been associated with
current exposure levels of approximately 10-50 ppm. Historic toluene and/or noise
levels were not well characterised. In one study, chronic exposure to an average of
97 ppm caused hearing loss but noise levels were not given. No auditory effects
were observed in a study in which both current and historic levels of toluene were
up to 50 ppm and noise levels were low. A synergistic interaction with noise was
demonstrated in animals only at high levels. In humans, the interaction with noise
is not clear.

Carbon disulphide The less investigated solvent carbon disulphide increased the
risk for hearing loss significantly at current occupational exposure levels of 3-8
ppm (noise levels not reported but expected to be rather high) and above 14 ppm
(noise levels at 80-91 dB), respectively. No animal studies investigating inter-
action with noise were identified.

Lead In occupational studies, current and life-time weighted average blood
levels of 28-57 pg/dl (i.e. levels also found in the general population) have
been associated with auditory effects. Effects in monkeys have been reported at
approximately the same levels. Noise levels were not reported in most studies,
since they focused on central auditory effects. The only study that controlled for
noise did not detect an interaction between lead and noise exposure in humans.

Mercury The human data are weak but a few studies indicate auditory effects
around the current biological exposure limits. Interaction with noise was not
studied, neither in animals nor humans.

Carbon monoxide The animal data are strong. Without concomitant noise exposure,
no auditory effects were reported in rats at high exposure levels. However, com-
bined exposure to carbon monoxide and noise produced unexpectedly, large and
permanent thresholds shift even in scenarios in which noise exposure alone had
no effect. Decreasing noise exposure did not always decrease the severity of the
auditory effect. Human data are sparse but suggest that carbon monoxide can
affect hearing even in the absence of excessive noise exposure. The only dose-
response data identified (based on two individuals) indicated an effect at 16-35
ppm in combination with noise.

Category 2. Human data are lacking whereas animal data indicate an auditory
effect under or near existing OELs.

Xylenes p-Xylene, but not m- or- o-xylene, has shown to be ototoxic in rats at high
levels. However, combined exposure to a mixture containing only 50 ppm each of
p-xylene and ethylbenzene (as well as the other xylene isomers) caused enhanced
auditory effects compared to ethylbenzene alone in rats. The interaction with noise
was not studied.
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Ethylbenzene Auditory effects of ethylbenzene have been demonstrated in rats
at 200 ppm and at 50 ppm in combination with p-xylene (see above, the lowest
doses tested). A synergistic interaction with noise was shown at 300 ppm, the
only exposure level tested.

Hydrogen cyanide In the only study available, hydrogen cyanide alone was not
ototoxic at levels up to 50 ppm in rats but potentiated noise-induced hearing loss
at 30 ppm. The lower bounds for benchmark doses that affected the auditory
thresholds were 2-16 ppm.

Category 3. Human data are poor or lacking. Animal data indicate an auditory
effect well above existing OELs.

Trichloroethylene Available studies indicate that trichloroethylene may be oto-
toxic in humans, but exposure levels were not reported and there was also a lack
of data on noise and possible co-exposures to other chemicals. In one animal study,
high trichloroethylene exposure was shown to interact synergistically with noise.

n-Hexane Auditory effects in workers have been interpreted as a sign of the
substance’s well-known central nervous system toxicity.

Trimethyltin In animal studies, trimethyltin (intraperitoneal injection) disrupted
auditory function (effects on the peripheral auditory system) at doses far below
those shown to elicit general neurotoxicity. Interaction with noise was not studied.
No human studies were identified.

Chlorobenzene and n-heptane Only one animal study was identified for each
substance and no human studies were identified.

Solvent mixtures Effects on the auditory system have been indicated in several
occupational studies.

Acrylonitrile In animal studies, acrylonitrile (subcutaneous injection) alone was
not ototoxic but potentiated noise-induced hearing loss at a high dose (only dose
tested). No human data were identified.

IDPN Auditory effects in humans have not been investigated.

Pesticides Effects on the auditory system have been indicated in several
occupational studies.

PCB mixtures as well as the individual congener PCB 126 have not been in-
vestigated for auditory effects in humans.
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14. Research needs

The state-of-the art and research needs in the area of ototoxic chemicals have been
examined in two workshops (in 2002 and 2006) dedicated to the issue (253, 351).
Consensus on research needs was reached by the participant experts on several
topics presented below.

OELs are often based on an adverse health effect detected at the lowest exposure
level. The auditory system is not an endpoint tested routinely but consideration
should be given to including it in a toxicity evaluation battery. It could also be
used as an early indicator of neurotoxicity.

Because of the enormous number of existing industrial chemicals and the
thousands of new ones that are placed in the market every year, it is of crucial
importance to understand the mechanisms by which chemicals affect the auditory
system. Such an understanding could lead to a prediction of which chemicals to
target by preventive efforts. This is a very complex task, a challenge that was
scrutinised by Fechter (115, 116).

Some of the specific issues to be considered in mechanistic research include:

« Different species respond differently to the studied chemicals. Examining these
differences could offer clues to the mechanism of ototoxicity.

« Toxic interactions among agents present the need to manipulate exposure
parameters: doses, duty cycles, presentation order (sequential or simultaneous
exposures).

« Physical or endogenous factors should also be taken into consideration: health
status of the study participants (blood pressure, respiration, etc.), genetics, and
age.

Identifying priority chemicals is of utmost importance, not only for research
purposes but also for establishing recommendations or identifying best practices
for hearing loss prevention. The potential for human exposure and the magni-
tude of exposed populations is an important factor in giving priority to a specific
chemical. A second criterion for the inclusion of a chemical in the research
priority list is evidence of the chemical’s ototoxicity, general toxicity as well as
neurotoxicity (since most of the chemicals found to affect the auditory system
are potentially neurotoxic). Information on whether a chemical produces ROS
could also help in the decision to examine that agent’s ototoxicity (253, 351).

A few studies of the reviewed chemicals have reported effects in the vestibular
system and balance function (252, 271, 277, 301, 373, 395, 397, 398). Their
findings underscore the need for further research on this outcome.

The issue of how the ototoxicity of chemicals should be assessed in humans
through audiological tests needs further investigation. When pure-tone audio-
metry is the only test performed, information by means of a questionnaire on
speech discrimination difficulties or other auditory problems that are inconsistent
with pure-tone thresholds can help in detecting some of the effects by chemicals
on the auditory system. Comparing prevalences of hearing disorders between
groups with different exposure conditions and calculating risk ratios may also
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allow for the detection of effects caused by chemicals. A more robust approach
involves auditory testing to assess more central portions of the auditory system,
as a complement to the findings from pure-tone audiometry and a help in di-
stinguishing between noise and chemically induced effects.

A golden standard auditory test battery is not yet available. Although ideal,
a comprehensive audiological test battery in occupational studies may not be
feasible because of time and cost constraints. Screening workers to select those
who should undergo further testing can also prove to be a fruitful approach.
When selecting hearing tests, administration time, ease of analysis, sensitivity
and specificity, and the site of the auditory system should be evaluated.

Dose-response information for ototoxicity is needed for most of the chemicals
in this document. Such information could be used in the examination of inclusion
criteria for workers exposed to chemicals (alone or in combination with noise)
in hearing loss prevention programmes. Such expansion of the current re-
commendation to incorporate also chemical exposures would consequently
require examination of the recommended action to be taken.

In summary, research needs on ototoxic chemicals include:

» Assessing potential interactions to allow for decision making on strategic
directions and priorities of mixed exposures research.

¢ Evaluating mechanisms of interaction to provide a rational basis for extra-
polation of toxicological information across different mixtures, dose levels,
exposure parameters and routes.

¢ Conducting multidisciplinary epidemiological investigations, which include
careful mixed-exposure assessment, preferably collected by personal air
monitoring and biological monitoring.

» Evaluating non-occupational risk factors and individual variability in response
to occupational environmental and organisational factors.

« Improving the toxicity testing of new chemicals to properly evaluate their
ototoxicity.

¢ Identifying levels of simultaneous noise and specific chemicals’ exposures
that can be considered safe to the human auditory system.
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15. Summary

Johnson A-C, Morata TC. The Nordic Expert Group for Criteria Documentation
of Health Risks from Chemicals. 142. Occupational exposure to chemicals and
hearing impairment. Arbete och Hilsa 2010;44(4):1-177.

Research conducted over the last two decades has brought attention to the oto-
toxicity of chemicals in the workplace and their interaction with noise. Chemicals
that have been specifically studied for their ototoxicity include solvents, metals,
asphyxiants, PCBs and pesticides.

Noise exposure is particularly damaging to the cochlea, a part of the peripheral
auditory system, whereas chemicals tend to affect both the cochlear structures and
the central auditory system. Reduced blood flow and free radical formation are im-
portant ototoxic mechanisms shared by noise and chemical exposures. Solvents
and asphyxiants may also disrupt intrinsic anti-oxidant defences and make the ear
more vulnerable to the effects of e.g. noise exposure.

The chemicals reviewed in the present document have all been associated with
auditory effects in animals. Some of the solvents and the asphyxiants interact
synergistically with noise or potentiate noise effects on the auditory system. Com-
binations of chemical exposure with noise and other stressors such as physical
activity during exposure may lower the concentration of the chemical exposure
necessary for induction of an auditory effect.

Auditory effects have also been indicated in humans for all agents covered in
this document for which there are data. Noise is often present in the occupational
arena, which makes prediction of the outcome challenging.

As combined exposure (e.g. chemical and noise) is currently not taken care of in
the regular occupational exposure limit (OEL) setting procedure, a noise notation
can be used to indicate an increased risk of hearing loss after exposure to the
chemical at a level close to the OEL with concurrent noise exposure. The strength
of evidence for ototoxicity differs between the agents but falls basically into three
categories, i.e. agents for which:

1) human data indicate auditory effects under or near existing OELs and robust
animal data support an effect on hearing from exposure (styrene, toluene,
carbon disulphide, lead, mercury and carbon monoxide),

2) human data are lacking whereas animal data indicate auditory effects under
or near existing OELs (p-xylene, ethylbenzene and hydrogen cyanide),

3) human data are poor or lacking and animal data indicate an auditory effect
well above the existing OELs (chlorobenzene, trichloroethylene, n-hexane,
n-heptane, some solvent mixtures, trimethyltin, acrylonitrile, 3,3'-iminodi-
propionitrile, pesticides and PCBs).

Keywords: asphyxiant, auditory, hearing, metal, noise, occupational exposure
limit, ototoxic, PCB, pesticide, review, risk assessment, solvent.
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16. Summary in Swedish

Johnson A-C, Morata TC. The Nordic Expert Group for Criteria Documentation
of Health Risks from Chemicals. 142. Occupational exposure to chemicals and
hearing impairment. Arbete och Hilsa 2010;44(4):1-177.

Att kemikalier som &r vanliga i arbetslivet kan vara skadliga for horseln och ocksa
kan samverka med buller har uppmirksammats i forskningsrapporter de senaste 20
aren. De kemiska dmnen som speciellt har uppmirksammats som horselskadande
ar 1osningsmedel, metaller, cellandningshimmare, PCB och bekdmpningsmedel.

Buller ger frimst skador pa det perifera horselsystemet genom att paverka har-
cellerna i innerorat medan kemiska dmnen kan orsaka skador bade pa det perifera
och centrala horselsystemet. Bade exponering for buller och ototoxiska kemikalier
kan orsaka skador i innerdrat via gemensamma mekanismer sasom minskat blod-
flode och bildandet av fria radikaler. Losningsmedel och cellandningshdmmare
kan ocksa stora eller hindra kroppens eget antioxidantforsvar mot fria radikaler
och didrmed gora innerdrat mer mottagligt for skador av t.ex. buller.

Alla kemiska d@mnen som presenteras i denna oversikt har i djurforsok visats
ha en effekt pa horseln. Nagra av 16sningsmedlen och cellandningshimmarna kan
interagera med buller och potentiera bullrets skadliga effekter pa horselsystemet.
Exponering for kemikalier i kombination med buller, andra kemikalier eller
faktorer sasom fysisk aktivitet har visats kunna ge horselskador vid ldgre nivaer
dn exponering enbart for ett kemiskt &mne.

Humandata saknas for flera av &mnena i denna oversikt. For de 4mnen som
studerats har dock tecken pa horselpaverkan ocksa setts hos ménniska. Buller
forekommer ofta pd samma arbetsplatser som kemiska dmnen, vilket gor effekten
svar att forutsiga.

Kombinationsexponeringar (t.ex. for kemikalier och buller) hanteras for nér-
varande inte i griansvardessittningen. En bullermdrkning skulle dirfor kunna
anvindas for att uppmérksamma en 6kad risk for horselskador efter exponering
for en kemikalie vid nivaer nira grinsvérdet vid samtidig bullerexponering.

Styrkan i data som visar ototoxicitet varierar for de olika kemiska dmnena
men faller huvudsakligen i tre kategorier, dvs. &mnen for vilka:

1) humandata antyder horselpaverkan vid nivéer under eller i nidrheten av nu-
varande griansvirden och starka djurdata stoder att horselskador uppkommer
efter exponering (styren, toluen, koldisulfid, bly, kvicksilver och kolmonoxid),

2) humandata saknas men djurdata antyder effekter pa horseln vid nivéer under
eller i nérheten av nuvarande grinsvérden (p-xylen, etylbensen och cyanviite),

3) humandata #r svaga eller saknas och djurdata antyder horselpaverkan klart Gver
nuvarande griansvérden (klorbensen, trikloretylen, n-hexan, n-heptan, vissa
16sningsmedelsblandningar, trimetyltenn, akrylnitril, 3,3'-iminodipropionitril,
pesticider och PCB).

Nyckelord: bekimpningsmedel, buller, cellandningshdmmare, hygieniskt grins-
virde, horsel, 16sningsmedel, metaller, ototoxisk, PCB, riskbedomning, oversikt.

149



17. References

10.

11.

13.

14.

15.

17.

18.

AAO-HNS. Otologic referral criteria for occupational hearing conservation programs.
Washington, DC: American Academy of Otolaryngology - Head and Neck Surgery
Foundation, Inc., 1983.

Abbate C, Giorgianni C, Munao F, Brecciaroli R. Neurotoxicity induced by exposure to
toluene. An electrophysiologic study. Int Arch Occup Environ Health 1993;64:389-392.
Abel SM. Hearing loss in military aviation and other trades: investigation of prevalence and
risk factors. Aviat Space Environ Med 2005;76:1128-1135.

ACGIH. Documentation of the threshold limit values and biological exposure indices.

7th ed. Cincinnati, Ohio: American Conference of Governmental Industrial Hygienists, 2001.
ACGIH. Ethyl benzene. Documentation of the threshold limit values and biological exposure
indices. Tth ed. Cincinnati, Ohio: American Conference of Governmental Industrial
Hygienists, 2002.

ACGIH. Toluene. Documentation of the threshold limit values and biological exposure
indices. Tth ed. Cincinnati, Ohio: American Conference of Governmental Industrial
Hygienists, 2007.

ACGIH. TLVs and BEIs. Based on the documentation of the threshold limit values for
chemical substances and physical agents and biological exposure indices. Cincinnati, Ohio:
American Conference of Governmental Industrial Hygienists, 2009.

Ahlborg UG, Hanberg A, Kenne K. Risk assessment of polychlorinated biphenyls (PCB:s).
Nord 1992;26:1-86. Stockholm, Sweden: Institute of Environmental Medicine, Karolinska
Institutet, 1992.

Ahn YS, Morata TC, Stayner LT, Smith R. Hearing loss among iron and steel workers
exposed to low levels of carbon monoxide and noise. In: Abstract book of the 9th inter-
national symposium on neurobehavioral methods and effects in occupational and
environmental health, Gyeongju, Korea, Sept 26-29, 2005.

Albee RR, Spencer PJ, Johnson KA, Bradley GJ, Marable BR, Wilmer JW, Mattsson JL.
Lack of trigeminal nerve toxicity in rats exposed to trichloroethylene vapor for 13 weeks.
Int J Toxicol 2006;25:531-540.

American College of Occupational and Environmental Medicine. ACOEM evidence-based
statement: Noise-induced hearing loss. J Occup Environ Med 2003;45:579-581.

Anniko M, Sarkady L. Cochlear pathology following exposure to mercury. Acta Otolaryngol
1978;85:213-224.

Araki S, Murata K, Yokoyama K, Uchida E. Auditory event-related potential (P300) in
relation to peripheral nerve conduction in workers exposed to lead, zinc, and copper: effects
of lead on cognitive function and central nervous system. Am J Ind Med 1992;21:539-547.
ATSDR. Toxicological profile for jet fuels JP-4 and JP-7. Atlanta, Georgia: US Department
of Health and Human Services, Agency for Toxic Substances and Disease Registry, 1995.
ATSDR. Toxicological profile for jet fuels JP-5 and JP-8. Atlanta, Georgia: US Department
of Health and Human Services, Agency for Toxic Substances and Disease Registry, 1998.
ATSDR. Managing hazardous materials incidents. Volume III. Medical management
guidelines for acute chemical exposures: acrylonitrile. Atlanta, Georgia: US Department

of Health and Human Services, Agency for Toxic Substances and Disease Registry, 1999.
ATSDR. Toxicological profile for polychlorinated biphenyls (PCBs). Atlanta, Georgia: US
Department of Health and Human Services, Agency for Toxic Substances and Disease
Registry, 2000.

ATSDR. Toxicological profile for tin. Atlanta, Georgia: US Department of Health and
Human Services, Agency for Toxic Substances and Disease Registry, 2005.

150



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Australian standards. Workcover guides for the evaluation of hearing impaired. Canberra,
Australia, June 2002.

Australian/New Zealand standard. Occupational noise management/informative appendix
on ototoxic agents. AS/NZS 1269:2005. 2nd ed. Canberra, Australia, 2005.

Axelsson A. Diagnosis and treatment of occupational noise-induced hearing loss. Acta
Otolaryngol Suppl 1979;360:86-87.

Baldi I, Mohammed-Brahim B, Brochard P, Dartigues JF, Salamon R. [Delayed health effects
of pesticides: review of current epidemiological knowledge]. Rev Epidemiol Sante Publique
1998;46:134-142 (in French with English abstract).

Barregérd L, Axelsson A. Is there an ototraumatic interaction between noise and solvents?
Scand Audiol 1984;13:151-155.

Barrenas ML. Hair cell loss from acoustic trauma in chloroquine-treated red, black and albino
guinea pigs. Audiology 1997;36:187-201.

Barrenas ML, Lindgren F. The influence of eye colour on susceptibility to TTS in humans.
Br J Audiol 1991;25:303-307.

Beckett WS, Hallman E, May J, Hwang SA, Gomez M, Eberly S, Cox C. Follow-up to farm
family health and hazard survey. J Occup Environ Med 2004;46:314-315.

Beckett WS, Chamberlain D, Hallman E, May J, Hwang SA, Gomez M, Eberly S, Cox C,
Stark A. Hearing conservation for farmers: source apportionment of occupational and
environmental factors contributing to hearing loss. J Occup Environ Med 2000;42:806-813.

Bergler W, Juncker C, Petroianu G, Hulse M, Hormann K. Effect of organophosphorus
compound intoxication on auditory brainstem response in mini pigs. ORL J Otorhinolaryngol
Relat Spec 1996;58:219-223.

Bergqvist PA, Tysklind M, Marklund S, Aberg A, Sundqvist K, Néslund M, Rosén IL,
Tsytsik P, Malmstrom H, Cato 1. Kartldiggning av utsldppskdllor for oavsiktligt bildade
damnen: PCDD/F, PCB och HCB. MK2005:01. 242 pp. Umed, Sweden: Miljokemi, Kemiska
Institutionen, Umed Universitet, 2005 (in Swedish).

Bergstrom B, Nystrom B. Development of hearing loss during long-term exposure to
occupational noise. A 20-year follow-up study. Scand Audiol 1986;15:227-234.

Bernardi APA. Workers exposed to noise and toluene: study of otoacoustic emissions and
contraletral suppression. Sao Paulo, Brazil: Faculdade de Satide Publica da Universidade de
Sao Paulo, 2000 (Master's degree dissertation in Portuguese).

Bernardi APA. Occupational exposure to noise and solvents related to peripheral and
central auditory impairments. Sao Paulo, Brazil: Faculdade de Satide Publica da Universi-
dade de Sao Paulo, 2007 (Doctoral thesis in Portuguese).

Bielefeld EC, Hu BH, Harris KC, Henderson D. Damage and threshold shift resulting from
cochlear exposure to paraquat-generated superoxide. Hear Res 2005;207:35-42.

Bilski B. [Effect of organic solvents on hearing organ]. Med Pr2001;52:111-118 (in Polish
with English abstract).

Bleecker ML, Ford DP, Lindgren KN, Scheetz K, Tiburzi MJ. Association of chronic and
current measures of lead exposure with different components of brainstem auditory evoked
potentials. Neurotoxicology 2003;24:625-631.

Boettcher FA, Gratton MA, Bancroft BR, Spongr V. Interaction of noise and other agents:
recent advances. In: Dancer AL, Hendersson D, Salvi RJ, Hamernik RP, eds. Noise-induced
hearing loss. St. Louis, Missouri: Mosby Year Book Inc., 1992.

Boettcher FA, Henderson D, Gratton MA, Danielson RW, Byrne CD. Synergistic interactions
of noise and other ototraumatic agents. Ear Hear 1987;8:192-212.

Bohne BA. Mechanisms of noise damage in the inner ear. In: Henderson D, Hamernik RP,
Dosanjh DS, Mills JH, eds. The effects of noise on hearing. Pp 41-68. New York: Raven
Press, 1976.

151



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

Brandt-Lassen R, Lund SP, Jepsen GB. Rats exposed to toluene and noise may develop loss
of auditory sensitivity due to synergistic interaction. Noise Health 2000;3:33-44.

Buchanan LH, Counter SA, Ortega F, Laurell G. Distortion product oto-acoustic emissions in
Andean children and adults with chronic lead intoxication. Acta Otolaryngol 1999;119:652-
658.

Burr H, Lund SP, Sperling BB, Kristensen TS, Poulsen OM. Smoking and height as risk
factors for prevalence and 5-year incidence of hearing loss. A questionnaire-based follow-up
study of employees in Denmark aged 18-59 years exposed and unexposed to noise. Int J
Audiol 2005;44:531-539.

Bushnell PJ, Kelly KL, Crofton KM. Effects of toluene inhalation on detection of auditory
signals in rats. Neurotoxicol Teratol 1994;16:149-160.

Calabrese G, Martini A, Sessa G, Cellini M, Bartolucci GB, Marcuzzo G, De Rosa E.
Otoneurological study in workers exposed to styrene in the fiberglass industry. Int Arch
Occup Environ Health 1996;68:219-223.

Campo P, Lataye R. Noise and solvent, alcohol and solvent: two dangerous interactions on
auditory function. Noise Health 2000;3:49-57.

Campo P, Maguin K, Lataye R. Effects of aromatic solvents on acoustic reflexes mediated
by central auditory pathways. Toxicol Sci 2007;99:582-590.

Campo P, Lataye R, Cossec B, Placidi V. Toluene-induced hearing loss: a mid-frequency
location of the cochlear lesions. Neurotoxicol Teratol 1997;19:129-140.

Campo P, Loquet G, Blachére V, Roure M. Toluene and styrene intoxication route in the rat
cochlea. Neurotoxicol Teratol 1999;21:427-434.

Campo P, Lataye R, Loquet G, Bonnet P. Styrene-induced hearing loss: a membrane insult.
Hear Res 2001;154:170-180.

Campo P, Pouyatos B, Lataye R, Morel G. Is the aged rat ear more susceptible to noise or
styrene damage than the young ear? Noise Health 2003;5:1-18.

Campo P, Lataye R, Cossec B, Villette V, Roure M, Barthelemy C. Combined effects of
simultaneous exposure to toluene and ethanol on auditory function in rats. Neurotoxicol
Teratol 1998;20:321-332.

Cappaert NL, Klis SF, Baretta AB, Muijser H, Smoorenburg GF. Ethyl benzene-induced
ototoxicity in rats: a dose-dependent mid-frequency hearing loss. J Assoc Res Otolaryngol
2000;1:292-299.

Cappaert NL, Klis SF, Muijser H, Kulig BM, Smoorenburg GF. Simultaneous exposure to
ethyl benzene and noise: synergistic effects on outer hair cells. Hear Res 2001;162:67-79.
Cappaert NL, Klis SF, Muijser H, de Groot JC, Kulig BM, Smoorenburg GF. The ototoxic
effects of ethyl benzene in rats. Hear Res 1999;137:91-102.

Cappaert NL, Klis SF, Muijser H, Kulig BM, Ravensberg LC, Smoorenburg GF. Differential
susceptibility of rats and guinea pigs to the ototoxic effects of ethyl benzene. Neurotoxicol
Teratol 2002;24:503-510.

Cazals Y. Auditory sensori-neural alterations induced by salicylate. Prog Neurobiol
2000;62:583-631.

CDC. Facts about paraquat. http://www.bt.cdc.gov/agent/paraquat/basics/facts.asp (accessed
March 17, 2010). Atlanta, Georgia: US Department of Health and Human Services, Centers
for Disease Control and Prevention, 2006.

Chang SJ, Chen CJ, Lien CH, Sung FC. Hearing loss in workers exposed to toluene and
noise. Environ Health Perspect 2006;114:1283-1286.

Chang SJ, Shih TS, Chou TC, Chen CJ, Chang HY, Sung FC. Hearing loss in workers
exposed to carbon disulfide and noise. Environ Health Perspect 2003;111:1620-1624.
Chang YC. Neurotoxic effects of n-hexane on the human central nervous system: evoked

potential abnormalities in n-hexane polyneuropathy. J Neurol Neurosurg Psychiatry
1987;50:269-274.

152



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

Chang YC. An electrophysiological follow up of patients with n-hexane polyneuropathy.
Br J Ind Med 1991;48:12-17.

Chen GD, Fechter LD. Potentiation of octave-band noise induced auditory impairment by
carbon monoxide. Hear Res 1999;132:149-159.

Chen GD, McWilliams ML, Fechter LD. Intermittent noise-induced hearing loss and the
influence of carbon monoxide. Hear Res 1999;138:181-191.

Chen GD, Kong J, Reinhard K, Fechter LD. NMDA receptor blockage protects against
permanent noise-induced hearing loss but not its potentiation by carbon monoxide. Hear
Res 2001;154:108-115.

Chen GD, Chi LH, Kostyniak PJ, Henderson D. Styrene induced alterations in biomarkers of
exposure and effects in the cochlea: mechanisms of hearing loss. Toxicol Sci 2007;98:167-
177.

Cherry N, Gautrin D. Neurotoxic effects of styrene: further evidence. Br J Ind Med
1990;47:29-37.

Clerici WJ, Fechter LD. Effects of chronic carbon disulfide inhalation on sensory and motor
function in the rat. Neurotoxicol Teratol 1991;13:249-255.

Clerici WJ, Ross B, Jr., Fechter LD. Acute ototoxicity of trialkyltins in the guinea pig.
Toxicol Appl Pharmacol 1991;109:547-556.

Clerici WJ, Chertoff ME, Brownell WE, Fechter LD. In vitro organotin administration
alters guinea pig cochlear outer hair cell shape and viability. Toxicol Appl Pharmacol
1993;120:193-202.

Cohrssen, B. Cyanides and nitriles. In: Bingham E, Cohrssen B, Powell C, eds. Patty's
toxicology Vol. 4. Pp 1373-1456, 5th ed. New York: John Wiley & Sons, Inc. 2001.

Counter SA, Buchanan LH. Neuro-ototoxicity in Andean adults with chronic lead and noise
exposure. J Occup Environ Med 2002;44:30-38.

Counter SA, Buchanan LH, Laurell G, Ortega F. Blood mercury and auditory neuro-sensory
responses in children and adults in the Nambija gold mining area of Ecuador. Neuro-
toxicology 1998;19:185-196.

Crawford JM, Hoppin JA, Alavanja MC, Blair A, Sandler DP, Kamel F. Hearing loss
among licensed pesticide applicators in the agricultural health study. J Occup Environ Med
2008;50:817-826.

Crofton KM, Knight T. Auditory deficits and motor dysfunction following iminodipropio-
nitrile administration in the rat. Neurotoxicol Teratol 1991;13:575-581.

Crofton KM, Zhao X. Mid-frequency hearing loss in rats following inhalation exposure to
trichloroethylene: evidence from reflex modification audiometry. Neurotoxicol Teratol
1993;15:413-423.

Crofton KM, Zhao X. The ototoxicity of trichloroethylene: extrapolation and relevance of
high-concentration, short-duration animal exposure data. Fundam Appl Toxicol 1997;38:101-
106.

Crofton KM, Rice DC. Low-frequency hearing loss following perinatal exposure to

3,3',4,4' 5-pentachlorobiphenyl (PCB 126) in rats. Neurotoxicol Teratol 1999;21:299-301.
Crofton KM, Peele DB, Stanton ME. Developmental neurotoxicity following neonatal
exposure to 3,3'-iminodipropionitrile in the rat. Neurotoxicol Teratol 1993;15:117-129.
Crofton KM, Lassiter TL, Rebert CS. Solvent-induced ototoxicity in rats: an atypical selective
mid-frequency hearing deficit. Hear Res 1994;80:25-30.

Crofton KM, Dean KF, Menache MG, Janssen R. Trimethyltin effects on auditory function
and cochlear morphology. Toxicol Appl Pharmacol 1990;105:123-132.

Crofton KM, Janssen R, Prazma J, Pulver S, Barone S, Jr. The ototoxicity of 3,3'-iminodi-

propionitrile: functional and morphological evidence of cochlear damage. Hear Res
1994;80:129-140.



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Crofton KM, Kodavanti PR, Derr-Yellin EC, Casey AC, Kehn LS. PCBs, thyroid hormones,
and ototoxicity in rats: cross-fostering experiments demonstrate the impact of postnatal
lactation exposure. Toxicol Sci 2000;57:131-140.

Crofton KM, Ding D, Padich R, Taylor M, Henderson D. Hearing loss following exposure
during development to polychlorinated biphenyls: a cochlear site of action. Hear Res
2000;144:196-204.

Danish Working Environment Authority. Beskyttelse mod udscettelse for stgj i forbindelse
med arbejdet. Bekendtggrelse nr. 63. Copenhagen, Denmark: Danish Working Environment
Authority, Feb 6, 2006 (in Danish).

Davis RR, Murphy WJ, Snawder JE, Striley CA, Henderson D, Khan A, Krieg EF. Sus-
ceptibility to the ototoxic properties of toluene is species specific. Hear Res 2002;166:24-32.

Day RO, Graham GG, Bieri D, Brown M, Cairns D, Harris G, Hounsell J, Platt-Hepworth S,
Reeve R, Sambrook PN, Smith J. Concentration-response relationships for salicylate-induced
ototoxicity in normal volunteers. Br J Clin Pharmacol 1989;28:695-702.

De Barba MC, Jurkiewicz AL, Zeigelboim BS, de Oliveira LA, Belle AP. Audiometric
findings in petrochemical workers exposed to noise and chemical agents. Noise Health
2005;7:7-11.

Dengerink HA, Lindgren F, Axelsson A, Dengerink JE. The effects of smoking and physical
exercise on temporary threshold shifts. Scand Audiol 1987;16:131-136.

DFG. MAK- und BAT-Werte-Liste. Senatskommission zur Priifung gesundheitsschidlicher
Arbeitsstoffe. Mitteilung 45. Deutsche Forschungsgemeinschaft. Weinheim, Germany: Wiley-
VCH, 2009.

Discalzi G, Fabbro D, Meliga F, Mocellini A, Capellaro F. Effects of occupational exposure
to mercury and lead on brainstem auditory evoked potentials. Int J Psychophysiol
1993;14:21-25.

Discalzi GL, Capellaro F, Bottalo L, Fabbro D, Mocellini A. Auditory brainstem evoked
potentials (BAEPs) in lead-exposed workers. Neurotoxicology 1992;13:207-209.

Driscoll DP, Royster LH. Comparisons between the median hearing threshold levels for an
unscreened black nonindustrial noise exposed population (NINEP) and four presbycusis data
bases. Am Ind Hyg Assoc J 1984;45:577-593.

Durrant JD, Lovrinic JH. Bases of hearing science. 3rd ed. Baltimore, MD: Williams and
Wilkins, 1995.

Eastman CL, Young JS, Fechter LD. Trimethyltin ototoxicity in albino rats. Neurotoxicol
Teratol 1987;9:329-332.

Ecob R, Sutton G, Rudnicka A, Smith P, Power C, Strachan D, Davis A. Is the relation of
social class to change in hearing threshold levels from childhood to middle age explained by
noise, smoking, and drinking behaviour? Int J Audiol 2008;47:100-108.

El-Shazly A. Toxic solvents in car paints increase the risk of hearing loss associated with
occupational exposure to moderate noise intensity. B-ENT 2006;2:1-5.

Engstrom J, Astrand I, Wigaeus E. Exposure to styrene in a polymerization plant. Uptake in
the organism and concentration in subcutaneous adipose tissue. Scand J Work Environ Health
1978;4:324-329.

Engstrom K, Elovaara, E. Nordiska expertgruppen for grinsvirdesdokumentation. 67.
Etylbensen. Arbete och Hilsa 1986;19:1-40. Solna, Sweden: Swedish National Board of
Safety and Health, 1986 (in Swedish with English summary).

Ernest K, Thomas M, Paulose M, Rupa V, Gnanamuthu C. Delayed effects of exposure to
organophosphorus compounds. Indian J Med Res 1995;101:81-84.

EU SCOEL. Recommendation of the Scientific Committee on Occupational Exposure Limits
for lead and its inorganic compounds. SCOEL/SUM/83, 2002.

100. EU SCOEL. Recommendation of the Scientific Committee on Occupational Exposure Limits

for monochlorobenzene. SCOEL/SUM/42, 2003.

154



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.

118.

119.

120.

121.

EU SCOEL. Recommendation of the Scientific Committee on Occupational Exposure Limits
for elemental mercury and inorganic divalent mercury compounds. SCOEL/SUM/84, 2007.

EU SCOEL. Recommendation of the Scientific Committee on Occupational Exposure Limits
for carbon disulphide. SCOEL/SUM/82, 2008.

EU SCOEL. Recommendation of the Scientific Committee on Occupational Exposure Limits
for trichloroethylene. SCOEL/SUM/142, 2008.

European Agency for Safety and Health at Work. Noise in figures. 116 pp. Luxembourg:
Office for Official Publications of the European Communities, 2005.

European Agency for Safety and Health at Work. Combined exposure to noise and ototoxic
substances. 60 pp. Luxembourg: Office for Official Publications of the European
Communities, 2009.

European Commission. European union risk assessment report. Toluene. Volume 30. 308 pp.
EUR 20539 EN. Hansen BG, Munn SJ, Allanou R, Berthault F, de Bruijn J, Luotamo M,
Musset C, Pakalin S, Pellegrini G, Scheer S, Vegro S, eds. Luxembourg: Office for Official
Publications of the European Communities, 2003.

European Commission. Directive 2004/73/EC of 29 April 2004 adapting to technical progress
for the twenty-ninth time Council Directive 67/548/EEC on the approximation of the laws,
regulations and administrative provisions relating to the classification, packaging and
labelling of dangerous substances. Annex 1. Official Journal of the European Union, April
2004;L152/1:1-311.

European Parliament and the Council of the European Union. Directive 2003/10/EC on the
minimum health and safety requirements regarding the exposure of workers to the risks
arising from physical agents (noise). Official Journal of the European Union, February
2003;L42:38-44.

Evans P, Halliwell B. Free radicals and hearing. Cause, consequence, and criteria. Ann N Y
Acad Sci 1999;884:19-40.

Farahat TM, Abdel-Rasoul GM, El-Assy AR, Kandil SH, Kabil MK. Hearing thresholds of
workers in a printing facility. Environ Res 1997;73:189-192.

Fausti SA, Larson VD, Noffsinger D, Wilson RH, Phillips DS, Fowler CG. High-frequency
audiometric monitoring strategies for early detection of ototoxicity. Ear Hear 1994;15:232-
239.

Fazakas Z, Lengyel Z, Nagymajtenyi L. Combined effects of subchronic exposure to lead,
mercury and alcohol on the spontaneous and evoked cortical activity in rats. Arh Hig Rada
Toksikol 2005;56:249-256.

Fechter LD. A mechanistic basis for interactions between noise and chemical exposure. Arch
Complex Environ Stud 1989;1:23-28.

Fechter LD. Effects of acute styrene and simultaneous noise exposure on auditory function in
the guinea pig. Neurotoxicol Teratol 1993;15:151-155.

Fechter LD. Combined effects of noise and chemicals. Occup Med 1995;10:609-621.

Fechter LD. Promotion of noise-induced hearing loss by chemical contaminants. J Toxicol
Environ Health A 2004;67:727-740.

Fechter LD, Carlisle L. Auditory dysfunction and cochlear vascular injury following
trimethyltin exposure in the guinea pig. Toxicol Appl Pharmacol 1990;105:133-143.

Fechter LD, Liu Y. Trimethyltin disrupts N1 sensitivity, but has limited effects on the
summating potential and cochlear microphonic. Hear Res 1994;78:189-196.

Fechter LD, Liu Y. Elevation of intracellular calcium levels in spiral ganglion cells by
trimethyltin. Hear Res 1995;91:101-109.

Fechter LD, Young JS, Nuttall AL. Trimethyltin ototoxicity: evidence for a cochlear site
of injury. Hear Res 1986;23:275-282.

Fechter LD, Thorne PR, Nuttall AL. Effects of carbon monoxide on cochlear electro-
physiology and blood flow. Hear Res 1987;27:37-45.

155



122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Fechter LD, Young JS, Carlisle L. Potentiation of noise induced threshold shifts and hair cell
loss by carbon monoxide. Hear Res 1988;34:39-47.

Fechter LD, Liu Y, Pearce TA. Cochlear protection from carbon monoxide exposure by free
radical blockers in the guinea pig. Toxicol Appl Pharmacol 1997;142:47-55.

Fechter LD, Cheng GD, Rao D. Characterising conditions that favour potentiation of noise
induced hearing loss by chemical asphyxiants. Noise Health 2000;3:11-21.

Fechter LD, Chen GD, Rao D. Chemical asphyxiants and noise. Noise Health 2002;4:49-61.
Fechter LD, Chen GD, Johnson DL. Potentiation of noise-induced hearing loss by low
concentrations of hydrogen cyanide in rats. Toxicol Sci 2002;66:131-138.

Fechter LD, Gearhart C, Shirwany NA. Acrylonitrile potentiates noise-induced hearing loss
in rat. J Assoc Res Otolaryngol 2004;5:90-98.

Fechter LD, Clerici WJ, Yao L, Hoeffding V. Rapid disruption of cochlear function and
structure by trimethyltin in the guinea pig. Hear Res 1992;58:166-174.

Fechter LD, Liu Y, Herr DW, Crofton KM. Trichloroethylene ototoxicity: evidence for a
cochlear origin. Toxicol Sci 1998;42:28-35.

Fechter LD, Chen GD, Rao D, Larabee J. Predicting exposure conditions that facilitate the
potentiation of noise-induced hearing loss by carbon monoxide. Toxicol Sci 2000;58:315-323.
Fechter LD, Klis SF, Shirwany NA, Moore TG, Rao DB. Acrylonitrile produces transient
cochlear function loss and potentiates permanent noise-induced hearing loss. Toxicol Sci
2003;75:117-123.

Fechter LD, Gearhart C, Fulton S, Campbell J, Fisher J, Na K, Cocker D, Nelson-Miller A,
Moon P, Pouyatos B. JP-8 jet fuel can promote auditory impairment resulting from sub-
sequent noise exposure in rats. Toxicol Sci 2007;98:510-525.

Fechter LD, Gearhart C, Fulton S, Campbell J, Fisher J, Na K, Cocker D, Nelson-Miller A,
Moon P, Pouyatos B. Promotion of noise-induced cochlear injury by toluene and ethyl-
benzene in the rat. Toxicol Sci 2007;98:542-551.

Forst LS, Freels S, Persky V. Occupational lead exposure and hearing loss. J Occup Environ
Med 1997;39:658-660.

Freeman BA, Crapo JD. Biology of disease: free radicals and tissue injury. Lab Invest
1982:47:412-426.

Fuente A, McPherson B. Central auditory processing effects induced by solvent exposure.
Int J Occup Med Environ Health 2007;20:271-279.

Fuente A, McPherson B, Munoz V, Pablo Espina J. Assessment of central auditory pro-
cessing in a group of workers exposed to solvents. Acta Otolaryngol 2006;126:1188-1194.
Fuente A, Slade MD, Taylor T, Morata TC, Keith RW, Sparer J, Rabinowitz PM. Peripheral
and central auditory dysfunction induced by occupational exposure to organic solvents.

J Occup Environ Med 2009;51:1202-1211.

Gagnaire F, Langlais C. Relative ototoxicity of 21 aromatic solvents. Arch Toxicol
2005;79:346-354.

Gagnaire F, Marignac B, Langlais C, Bonnet P. Ototoxicity in rats exposed to ortho-, meta-
and para-xylene vapours for 13 weeks. Pharmacol Toxicol 2001;89:6-14.

Gagnaire F, Langlais C, Grossmann S, Wild P. Ototoxicity in rats exposed to ethylbenzene
and to two technical xylene vapours for 13 weeks. Arch Toxicol 2007;81:127-143.
Gagnaire F, Marignac B, Blachere V, Grossmann S, Langlais C. The role of toxicokinetics
in xylene-induced ototoxicity in the rat and guinea pig. Toxicology 2007;231:147-158.
Garcia VP, Martinez AF, Agusti EB, Mencia LA, Asenjo VP. Drug-induced otoxicity:
current status. Acta Otolaryngol 2001;121:569-572.

Goldey ES, Kehn LS, Crofton KM. The sensitivity to 3,3'-iminodipropionitrile differs for
high- and midfrequency hearing loss in the developing rat. Hear Res 1993;69:221-228.

156



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Goldey ES, Kehn LS, Lau C, Rehnberg GL, Crofton KM. Developmental exposure to poly-
chlorinated biphenyls (Aroclor 1254) reduces circulating thyroid hormone concentrations and
causes hearing deficits in rats. Toxicol Appl Pharmacol 1995;135:77-88.

Gopal KV. Neurotoxic effects of mercury on auditory cortex networks growing on micro-
electrode arrays: a preliminary analysis. Neurotoxicol Teratol 2003;25:69-76.

Greenberg MM. The central nervous system and exposure to toluene: a risk characterization.
Environ Res 1997;72:1-7.

Hadjab S, Maurel D, Cazals Y, Siaud P. Hexachlorobenzene, a dioxin-like compound,
disrupts auditory function in rat. Hear Res 2004;191:125-134.

Hansen LE, Jelnes JE. Occupational exposure limits: criteria document for heptane.
European Commission, Directorate-General for Employment, Social Affairs and Equal
Opportunities, 1996.

Harell M, Shea JJ, Emmett JR. Bilateral sudden deafness following combined insecticide
poisoning. Laryngoscope 1978;88:1348-1351.

Hawkins JE. Drug ototoxicity. In: Keidel WD, Neft WD, eds. Handbook of sensory physio-
logy. Vol. V/3. Pp 707-748. Heidelberg: Springer Verlag, 1976.

Henderson D, Bielefeld EC, Harris KC, Hu BH. The role of oxidative stress in noise-induced
hearing loss. Ear Hear 2006;27:1-19.

Herr DW, Goldey ES, Crofton KM. Developmental exposure to Aroclor 1254 produces low-
frequency alterations in adult rat brainstem auditory evoked responses. Fundam Appl Toxicol
1996;33:120-128.

Herr DW, Chanda SM, Graff JE, Barone SS, Jr., Beliles RP, Morgan DL. Evaluation of
sensory evoked potentials in Long Evans rats gestationally exposed to mercury (Hg0) vapor.
Toxicol Sci 2004;82:193-206.

Hinshaw HC, Feldman WH. Streptomycin in the treatment of clinical tuberculosis: a pre-
liminary report. Proc Mayo Clin 1945;20:313-318.

Hirata M, Kosaka H. Effects of lead exposure on neurophysiological parameters. Environ Res
1993;63:60-69.

Hirata M, Ogawa Y, Okayama A, Goto S. Changes in auditory brainstem response in rats
chronically exposed to carbon disulfide. Arch Toxicol 1992;66:334-338.

Hirata M, Ogawa Y, Okayama A, Goto S. A cross-sectional study on the brainstem auditory
evoked potential among workers exposed to carbon disulfide. Int Arch Occup Environ Health
1992;64:321-324.

Hoeffding V, Fechter LD. Trimethyltin disrupts auditory function and cochlear morphology in
pigmented rats. Neurotoxicol Teratol 1991;13:135-145.

Hoet P, Lison D. Ototoxicity of toluene and styrene: state of current knowledge. Crit Rev
Toxicol 2008;38:127-170.

Hoffmann J, Ihrig A, Hoth S, Triebig G. Field study to explore possible effects of styrene on
auditory function in exposed workers. Ind Health 2006;44:283-286.

Hougaard KS, Hass U, Lund SP, Simonsen L. Effects of prenatal exposure to toluene on
postnatal development and behavior in rats. Neurotoxicol Teratol 1999;21:241-250.

Howd RA, Rebert CS, Dickinson J, Pryor GT. A comparison of the rates of development of
functional hexane neuropathy in weanling and young adult rats. Neurobehav Toxicol Teratol
1983;5:63-68.

HSDB. Hazardous Substances Data Bank. Hydrogen cyanide. Bethesda, Maryland: National
Library of Medicine, 1995.

Huang CC, Chu NS. Evoked potentials in chronic n-hexane intoxication. Clin Electro-
encephalogr 1989;20:162-168.

Humes LE. Noise-induced hearing loss as influenced by other agents and by some physical
characteristics of the individual. J Acoust Soc Am 1984;76:1318-1329.

157



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

IARC. Polychlorinated biphenyls. In: IJARC monographs on the evaluation of carcinogenic
risks to humans. Overall evaluations of carcinogenicity: an updating of IARC monographs.
Volumes 1-42. Supplement 7. Pp 322-326. Lyon: International Agency for Research on
Cancer, World Health Organization, 1987.

IARC. Toluene. In: IJARC monographs on the evaluation of carcinogenic risks to humans.
Vol 47. Some organic solvents, resin monomers and related compounds, pigments and
occupational exposures in paint manufacture and painting. Pp 79-123. Lyon: International
Agency for Research on Cancer, World Health Organization, 1989.

IARC. Styrene. In: IARC monographs on the evaluation of carcinogenic risks to humans. Vol

82. Some traditional herbal medicines, some mycotoxins, naphthalene and styrene. Pp 437-
550. Lyon: International Agency for Research on Cancer, World Health Organization, 2002.

ILO. Encyclopedia of occupational health and safety. 3rd ed. Vol 2. Geneva: International
Labour Office, 1983.

IPCS. Environmental Health Criteria 52: Toluene. Pp 1-146. Geneva: International Pro-
gramme for Chemical Safety, World Health Organization, 1985.

IPCS. Environmental Health Criteria 186: Ethylbenzene. Pp 1-101. Geneva: International
Programme for Chemical Safety, World Health Organization, 1996.

IPCS. Environmental Health Criteria 190: Xylenes. Pp 1-147. Geneva: International Pro-
gramme for Chemical Safety, World Health Organization, 1997.

IPCS. Concise international chemical assessment document 55: Polychlorinated biphenyls -
Human health aspects. Pp 1-58. Geneva: International Programme for Chemical Safety,
World Health Organization, 2003.

IS0 1999:1990. Acoustics--Determination of occupational noise exposure and estimation of
noise-induced hearing impairment. ISO standard TC 43/SC1, 2nd ed. Geneva: International
Organization for Standardization, 1990.

Itoh A, Nakashima T, Arao H, Wakai K, Tamakoshi A, Kawamura T, Ohno Y. Smoking and
drinking habits as risk factors for hearing loss in the elderly: epidemiological study of subjects
undergoing routine health checks in Aichi, Japan. Public Health 2001;115:192-196.

Jacob LCB. Efeitos da exposi¢cdo simultdnea ao chumbo e ao ruido sobre o sistema nervoso
auditivo central em trabalhadores de uma fabrica de baterias. Sdo Paulo, Brazil: Universi-
dade de Sao Paulo, USP, 2000 (Doctoral thesis in Portuguese).

Jacobsen P, Hein HO, Suadicani P, Parving A, Gyntelberg F. Mixed solvent exposure and
hearing impairment: an epidemiological study of 3284 men. The Copenhagen male study.
Occup Med (Lond) 1993;43:180-184.

Jaspers RM, Muijser H, Lammers JH, Kulig BM. Mid-frequency hearing loss and reduction
of acoustic startle responding in rats following trichloroethylene exposure. Neurotoxicol
Teratol 1993;15:407-412.

Jastreboff PJ. Tinnitus retraining therapy. Br J Audiol 1999;33:68-70.

Jastreboff PJ, Brennan JF, Sasaki CT. An animal model for tinnitus. Laryngoscope
1988;98:280-286.

Johnson AC. Auditory sensitivity in rats exposed to toluene and/or acetyl salicylic acid.
Neuroreport 1992;3:1141-1144.

Johnson AC, Canlon B. Toluene exposure affects the functional activity of the outer hair
cells. Hear Res 1994;72:189-196.

Johnson AC, Canlon B. Progressive hair cell loss induced by toluene exposure. Hear Res
1994;75:201-208.

Johnson AC, Nylén P, Borg E, Hoglund G. Sequence of exposure to noise and toluene can
determine loss of auditory sensitivity in the rat. Acta Otolaryngol 1990;109:34-40.

Johnson AC, Juntunen L, Nylén P, Borg E, Hoglund G. Effect of interaction between noise
and toluene on auditory function in the rat. Acta Otolaryngol 1988;105:56-63.

158



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Johnson AC, Morata TC, Lindblad AC, Nylén PR, Svensson EB, Krieg E, Aksentijevic A,
Prasher D. Audiological findings in workers exposed to styrene alone or in concert with noise.
Noise Health 2006;8:45-57.

Karjalainen A, Niederlaender E. Occupational diseases in Europe 2001. Statistics in Focus.
Population and Social conditions. No 15. European Communities, 2004.

Kaufman LR, LeMasters GK, Olsen DM, Succop P. Effects of concurrent noise and jet fuel
exposure on hearing loss. J Occup Environ Med 2005;47:212-218.

Kemp DT. Otoacoustic emissions, travelling waves and cochlear mechanisms. Hear Res
1986;22:95-104.

Kim J, Park H, Ha E, Jung T, Paik N, Yang S. Combined effects of noise and mixed solvents
exposure on the hearing function among workers in the aviation industry. Ind Health
2005;43:567-573.

Kirk R, Othmer D. Kirk-Othmer encyclopedia of chemical technology. 4th ed. Vol 22. New
York: John Wiley and Sons, 1997.

Kopke R, Allen KA, Henderson D, Hoffer M, Frenz D, Van de Water T. A radical demise.
Toxins and trauma share common pathways in hair cell death. Ann N Y Acad Sci
1999;884:171-191.

Kosnett MJ, Wedeen RP, Rothenberg SJ, Hipkins KL, Materna BL, Schwartz BS, Hu H,
Woolf A. Recommendations for medical management of adult lead exposure. Environ Health
Perspect 2007;115:463-471.

Kowalska S. [State of the hearing and equilibrium organs in workers exposed to carbon
monoxide]. Med Pr 1981;32:145-151 (in Polish with English abstract).

Kowalska S, Sulkowski W, Sinczuk-Walczak H. [Assessment of the hearing system in
workers chronically exposed to carbon disulfide and noise]. Med Pr2000;51:123-138 (in
Polish with English abstact).

Kristensen P, Skogstad M. Criteria documents from the Nordic Expert Group. 98. Trichloro-
ethene. Arbete och Hilsa 1991;50:71-153. Solna, Sweden: National Institute of Occupational
Health, 1991.

Kujawa SG, Liberman MC. Acceleration of age-related hearing loss by early noise exposure:
evidence of a misspent youth. J Neurosci 2006;26:2115-2123.

Lacerda A. Effets de I’exposition chronique au monoxyde de carbone et au bruit sur
I’audition. Montréal, Canada: Faculté des études supérieures de 1’Université de Montréal,
2007 (Doctoral thesis in French).

Lacerda A, Leroux T, Gagne JP. Noise and carbon monoxide exposure increases hearing loss
in workers. In: Proceedings of the 149th meeting of the Acoustical Society of America,
Vancouver, Canada, May 16-20, 2005.

Ladefoged, O. Nordiska expertgruppen for grinsvirdesdokumentation. 68. n-Hexan. Arbete
och Hilsa 1986;20:1-54. Solna, Sweden: Swedish National Board of Safety and Health, 1986
(in Danish with English summary).

Lasky RE, Luck ML, Torre P, 3rd, Laughlin N. The effects of early lead exposure on auditory
function in rhesus monkeys. Neurotoxicol Teratol 2001;23:639-649.

Lasky RE, Widholm JJ, Crofton KM, Schantz SL. Perinatal exposure to Aroclor 1254 impairs
distortion product otoacoustic emissions (DPOAES) in rats. Toxicol Sci 2002;68:458-464.
Lasky RE, Maier MM, Snodgrass EB, Hecox KE, Laughlin NK. The effects of lead on
otoacoustic emissions and auditory evoked potentials in monkeys. Neurotoxicol Teratol
1995;17:633-644.

Lasky RE, Maier MM, Snodgrass EB, Laughlin NK, Hecox KE. Auditory evoked brainstem
and middle latency responses in Macaca mulatta and humans. Hear Res 1995;89:212-225.
Lataye R, Campo P. Combined effects of a simultaneous exposure to noise and toluene on
hearing function. Neurotoxicol Teratol 1997;19:373-382.

159



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

Lataye R, Campo P, Loquet G. Toluene ototoxicity in rats: assessment of the frequency of
hearing deficit by electrocochleography. Neurotoxicol Teratol 1999;21:267-276.

Lataye R, Campo P, Loquet G. Combined effects of noise and styrene exposure on hearing
function in the rat. Hear Res 2000;139:86-96.

Lataye R, Maguin K, Campo P. Increase in cochlear microphonic potential after toluene
administration. Hear Res 2007;230:34-42.

Lataye R, Campo P, Loquet G, Morel G. Combined effects of noise and styrene on hearing:
comparison between active and sedentary rats. Noise Health 2005;7:49-64.

Lataye R, Campo P, Barthelemy C, Loquet G, Bonnet P. Cochlear pathology induced by
styrene. Neurotoxicol Teratol 2001;23:71-79.

Lataye R, Pouyatos B, Campo P, Lambert AM, Morel G. Critical period for styrene oto-
toxicity in the rat. Noise Health 2004;7:1-10.

Lataye R, Campo P, Pouyatos B, Cossec B, Blachere V, Morel G. Solvent ototoxicity in the
rat and guinea pig. Neurotoxicol Teratol 2003;25:39-50.

Laukli E, Hansen PW. An audiometric test battery for the evaluation of occupational exposure
to industrial solvents. Acta Otolaryngol 1995;115:162-164.

Le Prell CG, Yamashita D, Minami SB, Yamasoba T, Miller JM. Mechanisms of noise-
induced hearing loss indicate multiple methods of prevention. Hear Res 2007;226:22-43.
Lehnhardt E. [Occupational injuries to the ear]. Arch Ohren Nasen Kehlkopfheilkd
1965;185:1-242 (in German).

Leroux T, Lacerda A, Gagne JP. Auditory effects of chronic exposure to carbon monoxide
and noise among workers. In: Proceedings of the 9th international congress on noise as a
public health problem (ICBEN), Foxwood, Connecticut, 21-25 July 2008.

Li HS, Johnson AC, Borg E, Hoglund G. Auditory degeneration after exposure to toluene in
two genotypes of mice. Arch Toxicol 1992;66:382-386.

Liang GH, Jarlebark L, Ulfendahl M, Moore EJ. Mercury (Hg2+) suppression of potassium
currents of outer hair cells. Neurotoxicol Teratol 2003;25:349-359.

Liberman MC, Dodds LW. Acute ultrastructural changes in acoustic trauma: serial-section
reconstruction of stereocilia and cuticular plates. Hear Res 1987;26:45-64.

Lilienthal H, Winneke G. Lead effects on the brain stem auditory evoked potential in
monkeys during and after the treatment phase. Neurotoxicol Teratol 1996;18:17-32.

Lim DJ, Dunn DE, Ferraro JA, Lempert BL. Anatomical changes found in the cochleas of
animals exposed to typical industrial noise. In: Hamernick RP, Henderson D, Salvi R, eds.
New perspectives in noise-induced hearing loss. Pp 283-301. New York: Raven Press, 1982.
Lindell B. Nordic Expert Group for Criteria Documentation of Health Risks from Chemicals.
Polychlorinated biphenyls (PCB). Arbete och Hilsa. Gothenburg, Sweden: University of
Gothenburg (in preparation).

Lindgren F, Axelsson A. The influence of physical exercise on susceptibility to noise-induced
temporary threshold shift. Scand Audiol 1988;17:11-17.

Liu Y, Fechter LD. MK-801 protects against carbon monoxide-induced hearing loss. Toxicol
Appl Pharmacol 1995;132:196-202.

Liu Y, Fechter LD. Trimethyltin disrupts loudness recruitment and auditory threshold
sensitivity in guinea pigs. Neurotoxicol Teratol 1995;17:281-287.

Liu Y, Fechter LD. Comparison of the effects of trimethyltin on the intracellular calcium
levels in spiral ganglion cells and outer hair cells. Acta Otolaryngol 1996;116:417-421.

Liu Y, Fechter LD. Toluene disrupts outer hair cell morphometry and intracellular calcium
homeostasis in cochlear cells of guinea pigs. Toxicol Appl Pharmacol 1997;142:270-277.
Loquet G, Campo P, Lataye R. Comparison of toluene-induced and styrene-induced hearing
losses. Neurotoxicol Teratol 1999;21:689-697.

160



230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.
243.

244.

245.

246.

247.

248.

249.

250.

Loquet G, Campo P, Lataye R, Cossec B, Bonnet P. Combined effects of exposure to styrene
and ethanol on the auditory function in the rat. Hear Res 2000;148:173-180.

Lovrinic JH. Pure tone and speech audiometry. In: Keith RW, ed. Audiology for the
physician. Baltimore, Maryland: The Williams and Wilkins Co, 1980.

Lumio JS. Hearing deficiencies caused by carbon monoxide (generator gas). Acta Oto-
laryngol 1948 Suppl 71:1-112.

Lund SP, Kristiansen GB. Studies on the auditory effects of combined exposures to noise,
toluene, and carbon monoxide. Noise and industrial chemicals: interaction effects on hearing
and balance. Pp 56-76. NoiseChem. Key action 4: Environment and health 2001-2004, final
report, June 2004.

Lund SP, Kristiansen GB. Hazards to hearing from combined exposure to toluene and noise
in rats. Int J Occup Med Environ Health 2008;21:47-57.

Lund SP, Hass U, Johnson AC, Nylén P. Qualitative startle reflex assessment failed to detect
toluene induced hearing loss in rats. Presented at the 6th meeting of the International Neuro-
toxicology Association. Neurotoxicology 1997;18:908 (abstract).

Lund SP, Simonsen L, Hass U, Ladefoged O, Lam HR, @stergaard G. Dearomatized white
spirit inhalation exposure causes long-lasting neurophysiological changes in rats. Neuro-
toxicol Teratol 1996;18:67-76.

Maguin K, Campo P, Parietti-Winkler C. Toluene can perturb the neuronal voltage-dependent
Ca2+ channels involved in the middle-ear reflex. Toxicol Sci 2009;107:473-481.

Maguin K, Lataye R, Campo P, Cossec B, Burgart M, Waniusiow D. Ototoxicity of the three
xylene isomers in the rat. Neurotoxicol Teratol 2006;28:648-656.

Maison S, Micheyl C, Collet L. Influence of focused auditory attention on cochlear activity in
humans. Psychophysiology 2001;38:35-40.

Mascagni P, Formenti C, Pettazzoni M, Feltrin G, Toffoletto F. [Hearing function and solvent
exposure: study of a worker population exposed to styrene]. G Ital Med Lav Ergon
2007;29:277-279 (in Italian with English abstract).

Mattsson JL, Gorzinski SJ, Albee RR, Zimmer MA. Evoked potential changes from 13 weeks
of simulated toluene abuse in rats. Pharmacol Biochem Behav 1990;36:683-689.

Mausner JS, Bahn AK. Epidemiology: an introductory text. Philadelphia: Saunders, 1974.

McNeil PL. Cellular and molecular adaptations to injurious mechanical stress. Trends Cell
Biol 1993;3:302-307.

McWilliams ML, Chen GD, Fechter LD. Low-level toluene disrupts auditory function in
guinea pigs. Toxicol Appl Pharmacol 2000;167:18-29.

Miller RR, Newhook R, Poole A. Styrene production, use, and human exposure. Crit Rev
Toxicol 1994;24 Suppl:S1-10.

Ministério da Previdéncia e Assisténcia Social. Decree 3048. Aprova o Regulamento da
Previdéncia Social, e dd outras Providéncias. Brazil: Didrio Oficial da Unido, April 12, 1999
(in Portuguese).

Mizoue T, Miyamoto T, Shimizu T. Combined effect of smoking and occupational exposure
to noise on hearing loss in steel factory workers. Occup Environ Med 2003;60:56-59.
Mizunuma K, Yasugi T, Kawai T, Horiguchi S, Ikeda M. Exposure-excretion relationship of
styrene and acetone in factory workers: a comparison of a lipophilic solvent and a hydrophilic
solvent. Arch Environ Contam Toxicol 1993;25:129-133.

Montelius J, ed. Consensus report for white spirit. In: Scientific basis for Swedish
occupational standards XXVIII. Swedish Criteria Group for Occupational Standards.

Arbete och Hélsa 2008;42:6:33-56. Gothenburg, Sweden: University of Gothenburg, 2008.
Montelius J, ed. Consensus report for styrene. In: Scientific basis for Swedish occupational
standards XXX. Swedish Criteria Group for Occupational Standards. Arbete och Hilsa
2010;44(5). Gothenburg, Sweden: University of Gothenburg, 2010.

161



251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Morata TC. Study of the effects of simultaneous exposure to noise and carbon disulfide on
workers' hearing. Scand Audiol 1989;18:53-58.

Morata TC. An epidemiological study of the effects of exposure to noise and organic solvents
on workers' hearing and balance. Cincinnati, Ohio: University of Cincinnati, 1990 (Doctoral
thesis).

Morata TC. Chemical exposure as a risk factor for hearing loss. J Occup Environ Med
2003;45:676-682.

Morata TC, Dunn DE, Kretschmer LW, Lemasters GK, Keith RW. Effects of occupational
exposure to organic solvents and noise on hearing. Scand J Work Environ Health
1993;19:245-254.

Morata TC, Engel T, Durao A, Costa TR, Krieg EF, Dunn DE, Lozano MA. Hearing loss
from combined exposures among petroleum refinery workers. Scand Audiol 1997;26:141-
149.

Morata TC, Johnson AC, Nylén P, Svensson EB, Cheng J, Krieg EF, Lindblad AC, Ernstgérd
L, Franks J. Audiometric findings in workers exposed to low levels of styrene and noise.

J Occup Environ Med 2002;44:806-814.

Morata TC, Fiorini AC, Fischer FM, Colacioppo S, Wallingford KM, Krieg EF, Dunn DE,
Gozzoli L, Padrao MA, Cesar CL. Toluene-induced hearing loss among rotogravure printing
workers. Scand J Work Environ Health 1997;23:289-298.

Morioka I, Kuroda M, Miyashita K, Takeda S. Evaluation of organic solvent ototoxicity by
the upper limit of hearing. Arch Environ Health 1999;54:341-346.

Morioka I, Miyai N, Yamamoto H, Miyashita K. Evaluation of combined effect of organic
solvents and noise by the upper limit of hearing. Ind Health 2000;38:252-257.

Moshe S, Frenkel A, Hager M, Skulsky M, Sulkis J, Himelfarbe M. Effects of occupational
exposure to mercury or chlorinated hydrocarbons on the auditory pathway. Noise Health
2002;4:71-77.

Muijser H, Hoogendijk EM, Hooisma J. The effects of occupational exposure to styrene on
high-frequency hearing thresholds. Toxicology 1988;49:331-340.

Muijser H, Lammers JH, Kullig BM. Effects of exposure to trichloroethylene and noise on
hearing in rats. Noise Health 2000;2:57-66.

Mulroy MJ, Henry WR, McNeil PL. Noise-induced transient microlesions in the cell mem-
branes of auditory hair cells. Hear Res 1998;115:93-100.

Murad F, Gilman AG. Drug interactions. In: Gilman AG, Goodman LS, Hall TW, Murad F,
eds. Goodman and Gilman's: the pharmacological basis of therapeutics. 7th ed. New York:
Macmillan, 1985.

Murata K, Araki S, Yokoyama K. Assessment of the peripheral, central, and autonomic
nervous system function in styrene workers. Am J Ind Med 1991;20:775-784.

Murata K, Araki S, Yokoyama K, Uchida E, Fujimura Y. Assessment of central, peripheral,
and autonomic nervous system functions in lead workers: neuroelectrophysiological studies.
Environ Res 1993;61:323-336.

Murata K, Araki S, Yokoyama K, Nomiyama K, Nomiyama H, Tao YX, Liu SJ. Autonomic
and central nervous system effects of lead in female glass workers in China. Am J Ind Med
1995;28:233-244.

Mikitie A, Pirvola U, Pyykko I, Sakakibara H, Riihiméki V, Ylikoski J. Functional and
morphological effects of styrene on the auditory system of the rat. Arch Toxicol 2002;76:40-
47.

Mikitie AA, Pirvola U, Pyykké I, Sakakibara H, Riihiméki V, Ylikoski J. The ototoxic
interaction of styrene and noise. Hear Res 2003;179:9-20.

Mgller AR. Hearing: its physiology and pathophysiology. San Diego, California: Academic
Press, 2000.

162



271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

Moller C, Odkvist L, Larsby B, Tham R, Ledin T, Bergholtz L. Otoneurological findings in
workers exposed to styrene. Scand J Work Environ Health 1990;16:189-194.

Mbller C, Odkvist LM, Thell J, Larsby B, Hydén D, Bergholtz LM, Tham R. Otoneurological
findings in psycho-organic syndrome caused by industrial solvent exposure. Acta Otolaryngol
1989;107:5-12.

National Pollutant Inventory. NPI database: http://www.npi.gov.au/substances/factsheets.html
(accessed March 4, 2010). Canberra, Australia: Australian Government, Department of the
Environment, Water, Heritage and the Arts, 2010.

Nelson DI, Nelson RY, Concha-Barrientos M, Fingerhut M. The global burden of
occupational noise-induced hearing loss. Am J Ind Med 2005;48:446-458.

Nelson DI, Concha-Barrientos M, Driscoll T, Steenland K, Fingerhut M, Punnett L, Pruss-
Ustun A, Leigh J, Corvalan C. The global burden of selected occupational diseases and injury
risks: methodology and summary. Am J Ind Med 2005;48:400-418.

Nicotera TM, Ding D, McFadden SL, Salvemini D, Salvi R. Paraquat-induced hair cell
damage and protection with the superoxide dismutase mimetic m40403. Audiol Neurootol
2004;9:353-362.

Niklasson M, Méller C, Odkvist LM, Ekberg K, Flodin U, Dige N, Skoldestig A. Are deficits
in the equilibrium system relevant to the clinical investigation of solvent-induced neuro-
toxicity? Scand J Work Environ Health 1997;23:206-213.

Niklasson M, Arlinger S, Ledin T, Moller C, Odkvist L, Flodin U, Tham R. Audiological
disturbances caused by long-term exposure to industrial solvents. Relation to the diagnosis
of toxic encephalopathy. Scand Audiol 1998;27:131-136.

NIOSH. National occupational exposure survey (NOES). DHHS (NIOSH) Publication No.
89-106, 89-102, and 89-103. Washington, DC: US Department of Health and Human
Services, National Institute for Occupational Safety and Health, 1988 and 1990.

NIOSH. Preventing occupational hearing loss: a practical guide. DHHS (NIOSH)
Publication No. 96-110. Cincinnati, Ohio: US Department of Health and Human Services,
National Institute for Occupational Safety and Health, 1996.

NIOSH. ALERT: Preventing carbon monoxide poisoning from small gasoline-powered
engines and tools. DHHS (NIOSH) Publication No. 96-118. Cincinnati, Ohio: US Depart-
ment of Health and Human Services, National Institute for Occupational Safety and Health,
1996.

NIOSH. Criteria for a recommended standard: occupational noise exposure. Revised
criteria. DHHS (NIOSH) Publication No. 98-126. Cincinnati, Ohio: US Department of Health
and Human Services, National Institute for Occupational Safety and Health, 1998.

Nordmann AS, Bohne BA, Harding GW. Histopathological differences between temporary
and permanent threshold shift. Hear Res 2000;139:13-30.

Norwegian government/Europaportalen. Rapport, kapittel XV Farlige stoffer: 32003

L 0112 Kommisjonsdirektiv 2003/112/EF av 1. desember 2003 om endring av radsdirektiv
91/414/EQF med henblikk pa oppfering av parakvat som aktivt stoff. EF-rettsakter som etter
en forelgpig oversikt vil kunne behandles i EQS-komiteen 3. desember 2004.
www.regjeringen.no/nb/sub/europaportalen/ (accessed May 20, 2010). Oslo, Norway:
Norwegian government, Europaportalen, 2004 (in Norwegian).

Norwegian Labour Inspection Authority. Vern mot stgy pa arbeidsplassen. Forskrift nr. 456.
Trondheim, Norway: Norwegian Labour Inspection Authority, May 2006 (in Norwegian).

Nylén P, Hagman M. Function of the auditory and visual systems, and of peripheral nerve, in
rats after long-term combined exposure to n-hexane and methylated benzene derivatives. II.
Xylene. Pharmacol Toxicol 1994;74:124-129.

Nylén P, Hagman M, Johnson AC. Function of the auditory and visual systems, and of
peripheral nerve, in rats after long-term combined exposure to n-hexane and methylated
benzene derivatives. 1. Toluene. Pharmacol Toxicol 1994;74:116-123.



288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

Nylén P, Hagman M, Johnson AC. Function of the auditory system, the visual system, and
peripheral nerve and long-term combined exposure to toluene and ethanol in rats. Pharmacol
Toxicol 1995;76:107-111.

Occupational Safety and Health Administration. Statsradets forordning om skydd av
arbetstagare mot risker som orsakas av buller 26.1.2006/85.
http://www.tyosuojelu.fi/se/r20060085 (accessed May 11, 2010). Helsinki, Finland: Edita
Publishing Oy, 2006 (in Swedish).

Ohlemiller KK, Wright JS, Heidbreder AF. Vulnerability to noise-induced hearing loss in
‘'middle-aged’ and young adult mice: a dose-response approach in CBA, C57BL, and BALB
inbred strains. Hear Res 2000;149:239-247.

Osman K, Pawlas K, Schutz A, Gazdzik M, Sokal JA, Vahter M. Lead exposure and hearing
effects in children in Katowice, Poland. Environ Res 1999;80:1-8.

Otto D, Robinson G, Baumann S, Schroeder S, Mushak P, Kleinbaum D, Boone L. 5-year
follow-up study of children with low-to-moderate lead absorption: electrophysiological
evaluation. Environ Res 1985;38:168-186.

Otto DA, Fox DA. Auditory and visual dysfunction following lead exposure. Neurotoxicology
1993;14:191-207.

Pollastrini L, Abramo A, Cristalli G, Baretti F, Greco A. [Early signs of occupational oto-
toxicity caused by inhalation of benzene derivative industrial solvents]. Acta Otorhino-
laryngol Ital 1994;14:503-512 (in Italian with English abstract).

Pouyatos B, Campo P, Lataye R. Use of DPOAE:s for assessing hearing loss caused by
styrene in the rat. Hear Res 2002;165:156-164.

Pouyatos B, Campo P, Lataye R. Influence of age on noise- and styrene-induced hearing loss
in the Long-Evans rat. Environ Toxicol Pharmacol 2005;19:561-570.

Pouyatos B, Gearhart CA, Fechter LD. Acrylonitrile potentiates hearing loss and cochlear
damage induced by moderate noise exposure in rats. Toxicol Appl Pharmacol 2005;204:46-
56.

Pouyatos B, Morel G, Lambert-Xolin AM, Maguin K, Campo P. Consequences of noise- or
styrene-induced cochlear damages on glutamate decarboxylase levels in the rat inferior
colliculus. Hear Res 2004;189:83-91.

Pouyatos B, Gearhart C, Nelson-Miller A, Fulton S, Fechter L. Oxidative stress pathways in
the potentiation of noise-induced hearing loss by acrylonitrile. Hear Res 2007;224:61-74.
Powers BE, Widholm JJ, Lasky RE, Schantz SL. Auditory deficits in rats exposed to an
environmental PCB mixture during development. Toxicol Sci 2006;89:415-422.

Prasher D, Al-Hajjaj H, Aylott S, Aksentijevic A. Effect of exposure to a mixture of solvents
and noise on hearing and balance in aircraft maintenance workers. Noise Health 2005;7:31-
39.

Prince MM, Stayner LT, Smith RJ, Gilbert SJ. A re-examination of risk estimates from the
NIOSH occupational noise and hearing survey (ONHS). J Acoust Soc Am 1997;101:950-963.
Prosen, CA, Stebbins W.C. Ototoxicity. In: Spencer PS, Schaumburg HH, eds. Experimental
and clinical neurotoxicology. Pp 62-76. Baltimore, Maryland: Williams and Wilkins, 1980.
Pryor GT, Howd RA. Toluene-induced ototoxicity by subcutaneous administration. Neuro-
behav Toxicol Teratol 1986;8:103-104.

Pryor GT, Rebert CS. Interactive effects of toluene and hexane on behavior and neuro-
physiologic responses in Fischer-344 rats. Neurotoxicology 1992;13:225-234.

Pryor GT, Rebert CS, Howd RA. Hearing loss in rats caused by inhalation of mixed xylenes
and styrene. J Appl Toxicol 1987;7:55-61.

Pryor GT, Dickinson J, Howd RA, Rebert CS. Transient cognitive deficits and high-frequency
hearing loss in weanling rats exposed to toluene. Neurobehav Toxicol Teratol 1983;5:53-57.
Pryor GT, Dickinson J, Howd RA, Rebert CS. Neurobehavioral effects of subchronic ex-
posure of weanling rats to toluene or hexane. Neurobehav Toxicol Teratol 1983;5:47-52.

164



309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

Pryor GT, Uyeno ET, Tilson HA, Mitchell CL. Assessment of chemicals using a battery of
neurobehavioral tests: a comparative study. Neurobehav Toxicol Teratol 1983;5:91-117.
Pryor GT, Dickinson J, Feeney E, Rebert CS. Hearing loss in rats first exposed to toluene as
weanlings or as young adults. Neurobehav Toxicol Teratol 1984;6:111-119.

Pryor GT, Rebert CS, Dickinson J, Feeney EM. Factors affecting toluene-induced ototoxicity
in rats. Neurobehav Toxicol Teratol 1984;6:223-238.

Pryor GT, Howd RA, Uyeno ET, Thurber AB. Interactions between toluene and alcohol.
Pharmacol Biochem Behav 1985;23:401-410.

Pujol R, Puel JL. Excitotoxicity, synaptic repair, and functional recovery in the mammalian
cochlea: a review of recent findings. Ann N Y Acad Sci 1999;884:249-254.

Pyykko 1V, Toppila EM, Starck JP, Juhola M, Auramo Y. Database for a hearing con-
servation program. Scand Audiol 2000;29:52-58.

Rabinowitz PM, Sircar KD, Tarabar S, Galusha D, Slade MD. Hearing loss in migrant agri-
cultural workers. J Agromedicine 2005;10:9-17.

Rabinowitz PM, Slade MD, Galusha D, Dixon-Ernst C, Cullen MR. Trends in the prevalence
of hearing loss among young adults entering an industrial workforce 1985 to 2004. Ear Hear
2006;27:369-375.

Rabinowitz PM, Galusha D, Slade MD, Dixon-Ernst C, O'Neill A, Fiellin M, Cullen MR.
Organic solvent exposure and hearing loss in a cohort of aluminium workers. Occup Environ
Med 2008;65:230-235.

Ramsey JC, Andersen ME. A physiologically based description of the inhalation pharmaco-
kinetics of styrene in rats and humans. Toxicol Appl Pharmacol 1984;73:159-175.

Rao D, Fechter LD. Protective effects of phenyl-N-tert-butylnitrone on the potentiation of
noise-induced hearing loss by carbon monoxide. Toxicol Appl Pharmacol 2000;167:125-131.
Rao DB, Fechter LD. Increased noise severity limits potentiation of noise induced hearing
loss by carbon monoxide. Hear Res 2000;150:206-214.

Rao DB, Moore DR, Reinke LA, Fechter LD. Free radical generation in the cochlea during
combined exposure to noise and carbon monoxide: an electrophysiological and an EPR study.
Hear Res 2001;161:113-122.

Rebert CS, Sorenson SS. Concentration-related effects of hexane on evoked responses from
brain and peripheral nerve of the rat. Neurobehav Toxicol Teratol 1983;5:69-76.

Rebert CS, Becker E. Effects of inhaled carbon disulfide on sensory-evoked potentials of
Long-Evans rats. Neurobehav Toxicol Teratol 1986;8:533-541.

Rebert CS, Sorenson SS, Pryor GT. Effects of intraperitoneal carbon disulfide on sensory-
evoked potentials of Fischer-344 rats. Neurobehav Toxicol Teratol 1986;8:543-549.

Rebert CS, Houghton PW, Howd RA, Pryor GT. Effects of hexane on the brainstem auditory
response and caudal nerve action potential. Neurobehav Toxicol Teratol 1982;4:79-85.
Rebert CS, Sorenson SS, Howd RA, Pryor GT. Toluene-induced hearing loss in rats
evidenced by the brainstem auditory-evoked response. Neurobehav Toxicol Teratol
1983;5:59-62.

Rebert CS, Day VL, Matteucci MJ, Pryor GT. Sensory-evoked potentials in rats chronically
exposed to trichloroethylene: predominant auditory dysfunction. Neurotoxicol Teratol
1991;13:83-90.

Rebert CS, Schwartz RW, Svendsgaard DJ, Pryor GT, Boyes WK. Combined effects of
paired solvents on the rat's auditory system. Toxicology 1995;105:345-354.

Rebert CS, Boyes WK, Pryor GT, Svensgaard DJ, Kassay KM, Gordon GR, Shinsky N.
Combined effects of solvents on the rat's auditory system: styrene and trichloroethylene.

Int J Psychophysiol 1993;14:49-59.

Reischl P, Van Gelder GA, Karas GG. Auditory detection behavior in parathion-treated
squirrel monkeys (Saimiri sciureus). Toxicol Appl Pharmacol 1975;34:88-101.

165



331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

Rice DC. Effects of lifetime lead exposure in monkeys on detection of pure tones. Fundam
Appl Toxicol 1997;36:112-118.

Rice DC. Age-related increase in auditory impairment in monkeys exposed in utero plus
postnatally to methylmercury. Toxicol Sci 1998;44:191-196.

Rice DC, Gilbert SG. Exposure to methyl mercury from birth to adulthood impairs high-
frequency hearing in monkeys. Toxicol Appl Pharmacol 1992;115:6-10.

Ruppert PH, Dean KF, Reiter LW. Trimethyltin disrupts acoustic startle responding in adult
rats. Toxicol Lett 1984;22:33-38.

Rybak LP. Hearing: the effects of chemicals. Otolaryngol Head Neck Surg 1992;106:677-
686.

Sass-Kortsak AM, Corey PN, Robertson JM. An investigation of the association between
exposure to styrene and hearing loss. Ann Epidemiol 1995;5:15-24.

Sataloff J, Sataloff RT. Improving hearing conservation in the industrial workplace setting.
Occup Health Saf 1987;56:35-39.

Schacht J, Hawkins JE. Sketches of otohistory. Part 11: Ototoxicity: drug-induced hearing
loss. Audiol Neurootol 2006;11:1-6.

Schwabach D. Uber bleibende Storungen im Gehdrorgan nach Chinin und Salicylséure-
gebrauch. Dtsch Med Wochenschr 1884;10:163-166 (in German).

Schwartz J, Otto D. Blood lead, hearing thresholds, and neurobehavioral development in
children and youth. Arch Environ Health 1987;42:153-160.

Schwartz J, Otto D. Lead and minor hearing impairment. Arch Environ Health 1991;46:300-
305.

Schiper M, Demes P, Zupanic M, Blaszkewicz M, Seeber A. Occupational toluene exposure
and auditory function: results from a follow-up study. Ann Occup Hyg 2003;47:493-502.

Sharabi Y, Reshef-Haran I, Burstein M, Eldad A. Cigarette smoking and hearing loss: lessons
from the young adult periodic examinations in Israel (Y APEIS) database. Isr Med Assoc J
2002;4:1118-1120.

Simonsen L, Lund SP. Four weeks inhalation exposure to n-heptane causes loss of auditory
sensitivity in rats. Pharmacol Toxicol 1995;76:41-46.

Skertfving S. Criteria document for Swedish occupational standards. Inorganic lead - an
update 1991-2004. Swedish Criteria Group for Occupational Standards. Arbete och Hilsa
2005;3:1-119. Stockholm, Sweden: National Institute of Occupational Health, 2005.

Sliwinska-Kowalska M, Zamyslowska-Szmytke E, Szymczak W, Kotylo P, Fiszer M,
Wesolowski W, Pawlaczyk-Luszczynska M. Ototoxic effects of occupational exposure to
styrene and co-exposure to styrene and noise. J Occup Environ Med 2003;45:15-24.

Sliwinska-Kowalska M, Zamyslowska-Szmytke E, Szymczak W, Kotylo P, Fiszer M,
Wesolowski W, Pawlaczyk-Luszczynska M. Exacerbation of noise-induced hearing loss
by co-exposure to workplace chemicals. Environ Toxicol Pharmacol 2005;19:547-553.

Sliwifiska-Kowalska M, Zamyslowska-Szmytke E, Szymczak W, Kotylo P, Fiszer M,
Dudarewicz A, Wesolowski W, Pawlaczyk-Luszczynska M, Stolarek R. Hearing loss among
workers exposed to moderate concentrations of solvents. Scand J Work Environ Health
2001;27:335-342.

Sliwinska-Kowalska M, Zamyslowska-Szmytke E, Szymczak W, Kotylo P, Fiszer M,
Wesolowski W, Pawlaczyk-Luszczynska M, Bak M, Gajda-Szadkowska A. Effects of
coexposure to noise and mixture of organic solvents on hearing in dockyard workers.

J Occup Environ Med 2004;46:30-38.

Sliwinska-Kowalska M, Zamyslowska-Szmytke E, Kotylo P, Wesolowski W, Dudarewicz A,
Fiszer M, Pawlaczyk-Luszczynska M, Politanski P, Kucharska M, Bilski B. [Assessment of
hearing impairment in workers exposed to mixtures of organic solvents in the paint and
lacquer industry]. Med Pr2000;51:1-10 (in Polish with English abstract).

166



351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

Sliwifiska-Kowalska M, Prasher D, Rodrigues CA, Zamyslowska-Szmytke E, Campo P,
Henderson D, Lund SP, Johnson AC, Schaper M, Odkvist L, Starck J, Toppila E, Schneider
E, Moller C, Fuente A, Gopal KV. Ototoxicity of organic solvents - from scientific evidence
to health policy. Int J Occup Med Environ Health 2007;20:215-222.

Spencer PS, Schaumburg HH. Organic solvent neurotoxicity. Facts and research needs.
Scand J Work Environ Health 1985;11 Suppl 1:53-60.

Starck J, Toppila E, Pyykko I. Smoking as a risk factor in sensory neural hearing loss among
workers exposed to occupational noise. Acta Otolaryngol 1999;119:302-305.

Statistics Norway. Statistical yearbook 2006. www.ssb.no (accessed May 17, 2010). Oslo,
Norway: Statistics Norway, 2006.

Subramaniam M, Henderson D, Campo P, Spongr V. The effect of 'conditioning' on hearing
loss from a high frequency traumatic exposure. Hear Res 1992;58:57-62.

Sulkowski W. [Studies on clinical usefulness of audiometry and electronystagmography in the
diagnosis of chronic carbon disulfide poisoning]. Med Pr 1979;30:135-145 (in Polish with
English abstract).

Sulkowski WJ, Kowalska S, Matyja W, Guzek W, Wesolowski W, Szymczak W,
Kostrzewski P. Effects of occupational exposure to a mixture of solvents on the inner ear: a
field study. Int J Occup Med Environ Health 2002;15:247-256.

Sullivan MJ, Rarey KE, Conolly RB. Ototoxicity of toluene in rats. Neurotoxicol Teratol
1988;10:525-530.

Swedish Chemicals Agency. The court of first instance annuls directive on paraquat.
http://www.kemi.se/templates/News.aspx?id=4976 (accessed March 18, 2010). Sundbyberg,
Sweden: Swedish Chemicals Agency, 2007.

Swedish Work Environment Authority. Arbetsmiljon 2003 [The work environment 2003].
Solna, Sweden: Swedish Work Environment Authority, Publication Services, 2003 (in
Swedish).

Swedish Work Environment Authority. Arbetsskador 2003. [Occupational accidents and
work-related diseases 2003]. Arbetsmiljostatistik Rapport 2005:3. Solna, Sweden: Swedish
Work Environment Authority, 2005 (in Swedish).

Swedish Work Environment Authority. Buller [Noise]. Arbetsmiljoverkets foreskrifter om
buller samt allménna rad om tillimpningen av foreskrifterna. Arbetsmiljoverkets for-
fattningssamling, AFS 2005:16. Solna, Sweden: Swedish Work Environment Authority, 2005
(in Swedish).

Swedish Work Environment Authority. Arbetsskador 2006. [Occupational accidents and
work-related diseases 2006]. Arbetsmiljostatistik Rapport 2007:4. Solna, Sweden: Swedish
Work Environment Authority, 2007 (in Swedish).

Swedish Work Environment Authority. Arbetsskador 2008. [Occupational accidents and
work-related diseases 2008]. Arbetsmiljostatistik Rapport 2009:1. Stockholm, Sweden:
Swedish Work Environment Authority, 2009 (in Swedish).

Szanto C, Ionescu M. Influence of age and sex on hearing threshold levels in workers exposed
to different intensity levels of occupational noise. Audiology 1983;22:339-356.
Szulc-Kuberska J, Tronczynska J, Latkowski B. Otoneurological investigations of chronic
trichlorethylene poisoning. Minerva Otorinolaryngol 1976;26:108-112.

Sgrensen AM, Shapiro AU, Lund SP, Brun B, Rosenberg T, Lykke J. Toxic encephalopathy
and noise-induced hearing loss. Noise Health 2006;8:139-146.

Tawackoli W, Chen GD, Fechter LD. Disruption of cochlear potentials by chemical
asphyxiants. Cyanide and carbon monoxide. Neurotoxicol Teratol 2001;23:157-165.
Teixeira CF, Giraldo Da Silva Augusto L, Morata TC. Occupational exposure to insecticides
and their effects on the auditory system. Noise Health 2002;4:31-39.

Thomas WG. Clinical assessment of auditory dysfunction. In: Hayes AW, ed. Toxicology of
the eye, ear and other special senses. New York: Raven Press, 1985.

167



371.

372.

373.

374.

375.

376.

377.

378.

379.

380.
381.

382.

383.

384.

385.

386.

387.

388.

389.

Tomasini M, Sartorelli E. [Chronic poisoning from inhalation of commercial trichloro-
ethylene with impairment of the 8th pair of cranial nerves]. Med Lav 1971;62:277-280 (in
Italian).

Toppila E, Pyykko 11, Starck J, Kaksonen R, Ishizaki H. Individual risk factors in the
development of noise-induced hearing loss. Noise Health 2000;2:59-70.

Toppila E, Forsman P, Pyykké I, Starck J, Tossavainen T, Uitti J, Oksa P. Effect of styrene
on postural stability among reinforced plastic boat plant workers in Finland. J Occup Environ
Med 2006;48:175-180.

Triebig G, Bruckner T, Seeber A. Occupational styrene exposure and hearing loss: a cohort
study with repeated measurements. Int Arch Occup Environ Health 2009;82:463-480.

US Army. Hearing conservation program. Pamphlet 40-501. Washington, DC: Headquarters,
Department of the Army, 1998.

US Army. Occupational ototoxins (ear poisons) and hearing loss. Fact sheet 51-002-0903.
http://chppm-www.apgea.army.mil/documents/FACT/51-002-0903.pdf (accessed May 20,
2010). Aberdeen, Maryland: US Army Center for Health Promotion and Preventive Medicine,
2003.

Vainio H. Styrene. In: Beije B, Lundberg P, eds. Criteria documents from the Nordic Expert
Group 1990. Arbete och Hilsa 1991;2:189-280. Solna, Sweden: National Institute of
Occupational Health, 1991.

Wang YP. Effects of styrene exposure on middle latency auditory evoked potentials and glial
cells in rat. Hokkaido Igaku Zasshi 1998;73:157-170.

Varney NR, Kubu CS, Morrow LA. Dichotic listening performances of patients with chronic
exposure to organic solvents. Clin Neurophychologist 1998;12:107-112.

Waters C. Molecular mechanisms of cell death in the ear. Ann N Y Acad Sci 1999;884:41-51.

WHO. Technical meeting on exposure-response relationships of noise on health, 19-21
September 2002, Bonn, Germany. Meeting report. World Health Organization, Regional
Office for Europe, European Centre for Environment and Health, Bonn Office, 2003.

WHO. Grades of hearing impairment.
http://www.who.int/pbd/deafness/hearing_impairment_grades/en/index.html (accessed May 1,
2007). World Health Organisation, 2007.

Wild DC, Brewster MJ, Banerjee AR. Noise-induced hearing loss is exacerbated by long-
term smoking. Clin Otolaryngol 2005;30:517-520.

Vrca A, Karacic V, Bozicevic D, Bozikov V, Malinar M. Brainstem auditory evoked
potentials in individuals exposed to long-term low concentrations of toluene. Am J Ind Med
1996;30:62-66.

Wu C, Schaum J. Exposure assessment of trichloroethylene. Environ Health Perspect
2000;108 Suppl 2:359-363.

Wu TN, Shen CY, Lai JS, Goo CF, Ko KN, Chi HY, Chang PY, Liou SH. Effects of lead and
noise exposures on hearing ability. Arch Environ Health 2000;55:109-114.

Vyskocil A, Truchon G, Leroux T, Lemay F, Gendron M, Gagnon F, Botez S, El Majidi N,
Lim S, Emond C, Viau C. Ototoxic potential of industrial chemicals.
http://www.irsst.qc.ca/en/utOto.htm (accessed March 24, 2010). Canada, Québec: Institut de
recherche Robert-Sauvé en santé et en sécurité du travail, 2009.

Yamamura K, Terayama K, Yamamoto N, Kohyama A, Kishi R. Effects of acute lead acetate
exposure on adult guinea pigs: electrophysiological study of the inner ear. Fundam App!
Toxicol 1989;13:509-515.

Yamamura K, Ikeda T, Sadamoto T, Maehara N, Harabuchi I, Takashima H, Kiyosawa H.
Effects of trichloroethylene exposure on hearing. An investigation of cochlear microphonics
and action potential of the guinea pig. Eur J Appl Physiol Occup Physiol 1983;52:47-50.

168



390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

Yamane H, Nakai Y, Takayama M, Iguchi H, Nakagawa T, Kojima A. Appearance of free
radicals in the guinea pig inner ear after noise-induced acoustic trauma. Eur Arch Otorhino-
laryngol 1995;252:504-508.

Yano BL, Dittenber DA, Albee RR, Mattsson JL. Abnormal auditory brainstem responses
and cochlear pathology in rats induced by an exaggerated styrene exposure regimen. 7Toxicol
Pathol 1992;20:1-6.

Young JS, Fechter LD. Reflex inhibition procedures for animal audiometry: a technique for
assessing ototoxicity. J Acoust Soc Am 1983;73:1686-1693.

Young JS, Fechter LD. Trimethyltin exposure produces an unusual form of toxic auditory
damage in rats. Toxicol Appl Pharmacol 1986;82:87-93.

Young JS, Upchurch MB, Kaufman MJ, Fechter LD. Carbon monoxide exposure potentiates
high-frequency auditory threshold shifts induced by noise. Hear Res 1987;26:37-43.
Odkvist LM, Moller C, Thuomas KA. Otoneurologic disturbances caused by solvent
pollution. Otolaryngol Head Neck Surg 1992;106:687-692.

Odkvist LM, Larsby B, Fredrickson MF, Liedgren SR, Tham R. Vestibular and oculomotor
disturbances caused by industrial solvents. J Otolaryngol 1980;9:53-59.

Odkvist LM, Arlinger SD, Edling C, Larsby B, Bergholtz LM. Audiological and vestibulo-
oculomotor findings in workers exposed to solvents and jet fuel. Scand Audiol 1987;16:75-
81.

Odkvist LM, Bergholtz LM, Ahlfeldt H, Andersson B, Edling C, Strand E. Otoneurological
and audiological findings in workers exposed to industrial solvents. Acta Otolaryngol
1982;93 Suppl 386:249-251.

@stergaard G. Nordic Expert Group for Criteria Documentation of Health Risks from
Chemicals. 125. Toluene. Arbete och Hilsa 2000;19:1-45. Solna, Sweden: National Institute
of Occupational Health, 2000.

169



18. Data bases used in the search for literature

Experimental and epidemiological studies included in this review were identified
through a literature search covering the period between 1950 and November 2007.
The search was not limited to studies published in English. Full-text copies of
each of these articles were obtained and read in detail by at least one of the
authors. In addition, the bibliography of each article was scanned to identify
potential references that were missed by our searches. All studies were collected
without consideration of research design. Databases searched included:

PubMed (US NLM)

Toxline (US NLM)

NIOSHTIC-2 (US NIOSH)

Arbline (Stockholm University, Sweden)

RISKLINE (Swedish Chemicals Agency)

LILACS (Literatura Latino-Americana e do Caribe em Ciéncias da Saide)
(Biblioteca Regional de Medicina, Brazil, Pan-American Health
Organization and the Latin American and Caribbean Health Sciences
Center, Brazil)

The dissertation and theses bank (Banco de Teses da CAPES - Coordenacio de

Aperfeicoamento de Pessoal de Nivel Superior, Brazil)

A final search in PubMed was performed in February 2010.

Submitted for publication June 3, 2010.

170



ILT

‘(smoy o 03 dn HSOIN 10J Jo sinoy wv oSeroAe paySrom-own v M L (VAL Ur-G [ ) 3] 2ansodxa uirel-1oys g LS ‘(uru G1) anfea Suifroo 1D

(0¢) 01 D (€6) 0¢ - (ze) 01 - (S0 8 (0¢) 01 - (09) 01 TALS
©1 ©1 (29) 0T SDs (Te) o1 (CI19KS - (CI19XS (99X (CI19XS SDs VMIL-8
oprydinsIp uoqie)
(0012 00S D(008 1) Ot - - - (0012 00S (009 1) 00F (00T 1)00E (0001)0ST (0012) 00S (0¥9 1) 00F TALS
(009 1) 00t (0S¢) S8 (0002) 00S  (§807) 00S  ($807) 00S (0012 00S (00T 1) 00€  (008) 00T  (008) 00T (00T 1) 00E (028) 002 VML-8
oueydoy-u
- - - - - Oy Door  (brD oF (081) 0S (801) 0€ - Fr1) OF TALS
(081) 0S (081) 0S (008 1) 00S (TL) 0T (TL) 0t (081) 0S (TLD) 0T (06) ST (TL) 0t (TL) 0t (TL) 0T VMIL-8
QUEBXOH-U
(or1) s - D (#LOT) 00T - (028) 081 - - or1) st (001) 0T - 011D 0T TALS
($9) 01 (#€1) ST (LES) 001 - (0S$) 001 - - (0) 01 (0S) 01 (0S) 01 (s9) 01 VML-8
QUO[AYIQ0IOYDIL],
- - - L) S1 FD € (¥6) 0T (L) ST - (9%) 01 (0L) ST 9%) 01 TALS
9%) 01 - (0S¢) SL (€08 v (Ly) 01 (€06 - (€S (€D¢ (€D ¢ VMIL-8
ochEOG_O.HOEU
(S¥9) sl (S¥9) Tl - (#88) 00T (TS9) STl - (0€%) 001 (0S¥) 001 (o) 01 (088) 00T  (+€¥) 001 TALS
(S€v) 001 (S€) 001 (SE¥) 001 (¢hPy) 001 (I¥1) 001 - (S12) 08 (002) 0S 00 s (022 0S (L12) 0S VML-8
QUAZUIqIA
($59) 051 ($59) 051 - (¢hpy) 001 (I¥1) 001 (088) 00 (T¥P) 001 (0S%) 001 (T91) LE (o¥P) 001 (812) 0S TALS
(S€v) 001 (S€P) 001 (Sev) 001 (170 0S (072 0S (0¥¥) 001 012 L¥ (002) 0S (801) st (0T2) 08 (601) ST VMIL-8
(s1owosI-d pue -0 ‘-ut) QUIIAX
- (09$) 0ST D (I€T1 1) 00€ (#8€) 001 (#8€) 001 (09L) 00T (#8€) 001 (00%) 001 (I¥1D) LE (08€) 001 (881) 0S TALS
(SL) 0t (SLE) 001 (#SL) 00T (z¢61) 0S (161) 0S (061) 0S 0sD or (002) 0S (¥6) ST (18) st (¥6) ST VML-8
uanjoJ,
(TL) ov (St 001 D (TS8) 00T - 080 1)0sz  (TLD OF - (002) 0S (LST) LE (0gy) 001 D (S01) ST TALS
(98) 0T (S12) 08 (92 001 - (0g) 001 (98) 0T - (06) 0T (som) st (98) 0T - VMIL-8
QuaIf1§

(€D (TD (TD (11-6) ) 9 (S) spue| ) (©) (9] 9]
HIDDV HSOIN SN VHSO SN na N Auewlon  -IOYION SYL  USPIMS KemIoN pue[ur] Srewuaq souelsqng

“JUSWINDOP SIY) UL PAIMIIASI SJUSA[OS U} 10J SALNUNOD JUAIRJJIp ut (w/Sur) wdd ur syurf amsodxa [euonednddQ *y dIqe],

POMIIAI $AOURISANS AY) JOJ SALUNOD JUAIRJJIP Ul sjrwl] ainsodxa euonednoo() 1 xipuaddy



CLI

‘(smoy (] 03 dn HSOIN 105 0 sinoy §) dSeroae pajySrom-owin) ¥ M I (VL Unu-G 1) 3] 21nsodxe uie}-1oys (LS ‘onfea Surfred ) ‘i ansodxa [eordojoiq :ag
*A[uo spunodwod SH [A1y

"2[qu) oY) Ul UAAIS dsoyy ueyy suostad Sunok pue A1oeded oANoNPoIda JO UAWOM JOJ S[OAI] JOMO] IABY SALIUNOD ISOIN

*SOIIIUNOD U29M)Aq TJJIp Aewr  SUIIOf dTueSIo,, pue  SULIO) dJTueSIour, Jo uonmuya( ,

0 - - - 0 20 - 20 - €0 - THLS
10 10 10 - 1'0 10 - 10 10 10 10 VMLU-8
(ug sv) , SuLLof U3
(ug) uy,
€00 €00 L¥0°0 - €00 - - - - - - THLS
10°0 100 10°0 - 100 - - 10°0 100 10°0 10°0 VMLYU-8
(3Y sv) spunoduwiod 3pJ 1&4p ounsi()
o210 O10 - - - - - - - - TALS
L0 - - - - 100 200 - S0°0 VMILU-8
(3H sv) spunodwiods 3g 1&yv 1d20x2 | suLiof 1uv .0
- o210 D10 - - 80 - - - - - THLS
€200 (0)3H S0°0 200 200 10 - €00 200 S0°0 200 VMLU-8
(8H sv) , suLiof d1und.ioul pun puaU|g
(BH) AmoIN
- - - - 09 - - 184 - - - [9A9] uorsuadsng
- - - oy 0S oy - L1 1C oy - q[PA” U0y
0¢ 3001/3109 - oL - - oL - - 0T gt
(Poojq jut 00 1/qd 81) 2421 poojg
S0'0 S0'0 <00 1o S0 - - 0’0 S0°0 10 S0°0 VMILU-8
«nwa& %3» » WEKQ.\,Q.NRGM.\QQ.N N;Qu NSN:NSMNM
(qd) pea1

(€n (D (Tn (Ir's) w © (S) spue] 2 (© @ (D
HIDDV HSOIN SN VHSO SN nd AN Auewren  -IOUIN YL uspamg§ KemIoN puefuLy rewuag oueIsqng

JUSWINOOP SIY) UT PAMSIASI S[BJoU 3y} 10§ SALUNOD JUIIJJIP UT (PAJeIS ISIMISYIO JOU JI) W/ ur syiuwt] a1nsodxa [euonedndoQ g dqelL



€LI

‘(smoy o 0} dn HS

OIN 107 10 sinoy §) ae1oae pajyStom-own) 1y M L (VML UTu-G 1) Jar] 21nsodxa uie)-31oys TA.LS

- - - 9°¢ - T4LS
S0 100°0 (0] - - 0L0 - - - - - VML-8
QULLOTYI %Y G YIM
- - - 88 - - - - - TdLS
1 100°0 ! - - 't - - - - - VML-8
QULLONYI % T YHM
- - - - - - - €00 €00 S 200 T4LS
- 100°0 - - 10 - - 100 100 S0 100 VML-8
v
sgDd ‘siAuaydiq pajeuro[yoA[od
(€D (48] (48] (11-6) 0 9 () spueg (2] (€) @ (1)
HIDDV HSOIN SN VHSO SN nd 3N Auewren  -IYRN YL Uopams KemIoN pueury rewuoq doueisqng
"(sgDd) s1Auaydiq pajeunio[yd£[od 10§ SILIUNOD JUIIJIP UT i/ Ul sy 21nsodxa [euonedndoQ (1 AqeL
*(sinoy (] 03 dn HSOIN 10} 10 s1noy §) 93eIoAe pajySrom-owin} 'y M I (VAL UI-G T ) Jrur] 21nsodxo wiid) 1oyS " JHLS ‘Onfea Suirod D
- D (o o1 D (@O o1 - - (S¢) o€ - (€D 9 (8 v (88) ¥ Qv TALS
€ o1 (€ e - (22K () o - (S9N ()4 (22K (2K4 VMLUY-8
J[INIUO[AIOY
20 Ly © Ly - - (amor (Tv) 8¢ oD 16 2(9) - 2@9)¢ (amor - T4LS
- - anor - - 1061 (160 - - - ©s VMI-8
9pIueAd UI30IPAH
- D (622) 00T - - (z€D) 00T (s¢) o€ - (ozp oor O (0Z1) 001 (L) SL (89) 05 TALS
(60) ST (ov) s¢ (9) 0S - () o¢ () o (60) ST (ov) s¢ (60) ST () 0¢ (60) ST VML-8
JPIXOUOW U0gIe))
(€1 (48] (48] (11-6) w (9) () spuer ) (©) @ (M
HIDDV HSOIN SN VHSO SN ndg N Auewon  -10Y1ON YL Uuspams KemIoN pueun{ Srewus doueisqng

“JUSWNOOP SIY) UT PomdIaal sjuerxAydse oyj 1o sarnunod JudsoyIp ur ((w/sw) wdd ut sywnf drmsodxd [euonednodQ *) IqeL



References for Appendix 1

1. Grensvardier for stoffer og materialer. At-vejledning. Stoffer og materialer-C.0.1. Kgpenhavn:
Arbejdstilsynet, August 2007.

2. HTP-virden 2009. Koncentrationer som befunnits skadliga. Helsingfors: Social- och hilsovards-
ministeriets publikationer 2009:12.

3. Administrative normer for forurensning i arbeidsatmosfere 2009. Veiledning til arbeidsmiljg-
loven, best. nr. 361. Oslo: Arbeidstilsynet, 2009.

4. Hygieniska grinsvirden och atgérder mot luftfororeningar. Arbetsmiljoverkets forfattnings-
samling, AFS 2005:17. Solna: Arbetsmiljoverket, 2005.

5. Wijziging arbeidsomstandighedenregeling. Staatscourant 28 december 2006, nr. 252 / pag. 23.
Den Haag: Ministerie van Sociale Zaken en Werkgelegenheid, 2006.

6. MAK- und BAT-Werte-Liste 2009. Senatskommission zur Priifung gesundheitsschidlicher
Arbeitsstoffe. Mitteilung 45. Bonn: Deutsche Forschungsgemeinschaft, 2009.

7. EH40/2005 Workplace exposure limits. Table 1: List of approved workplace exposure limits (as
consolidated with amendments October 2007). London: Health and Safety Executive, 2007.

8. Binding occupational exposure limit values (Annex I) and binding biological limit values and
health surveillance (Annex II). Council directive: 98/24/EC of 7 April 1998. Official Journal
of the European Communities: 5.5.98, L 131/11-23. Brussels: The Council of the European
Union, 1998.

9. Indicative occupational exposure limit values. Commission directives: 2000/39/EC of 8 June
2000. Official Journal of the European Communities: 16.6.2000, L 142/47-50. Brussels: The
Commission of the European Communities, 2000.

10. Indicative occupational exposure limit values. Commission directives: 2006/15/EC of 7
February 2006. Official Journal of the European Union: 9.2.2006, L 38/36-39. Brussels: The
Commission of the European Communities, 2006.

11. Indicative occupational exposure limit values. Commission directives: 2009/161/EU of 17
December 2009. Official Journal of the European Union: 19.12.2009, L 338/87-89. Brussels:
The European Commission, 2009.

12. NIOSH pocket guide to chemical hazards. Cincinnati, Ohio: National Institute for Occupational
Safety and Health, 2005.

13. TLVs and BEIs, 2009. Based on the documentation of the threshold limit values for chemical
substances and physical agents and biological exposure indices. Cincinnati, Ohio: The
American Conference of Governmental Industrial Hygienists, 2009.

174



Appendix 2. Previous NEG criteria documents

NEG criteria documents published in the scientific serial Arbete och Hélsa (Work

and Health):

Substance/Agent Arbete och Hiilsa issue
Acetonitrile 1989:22, 1989:37*
Acid aerosols, inorganic 1992:33, 1993:1*
Acrylonitrile 1985:4

Allyl alcohol 1986:8

Aluminium 1992:45, 1993:1*
Ammonia 1986:31, 2005:13*
Antimony 1998:11%*

Arsenic, inorganic 1981:22, 1991:9, 1991:50*
Arsine 1986:41

Asbestos 1982:29

Benomyl 1984:28

Benzene 1981:11
1,2,3-Benzotriazole 2000:24*D

Boric acid, Borax 1980:13

1,3-Butadiene 1994:36%*, 1994:42
1-Butanol 1980:20
v-Butyrolactone 2004:7*D

Cadmium 1981:29, 1992:26, 1993:1*
7/8 Carbon chain aliphatic monoketones 1990:2*D

Carbon monoxide 1980:8

Ceramic Fibres, Refractory 1996:30%*, 1998:20
Chlorine, Chlorine dioxide 1980:6

Chloromequat chloride 1984:36
4-Chloro-2-methylphenoxy acetic acid 1981:14
Chlorophenols 1984:46
Chlorotrimethylsilane 2002:2

Chromium 1979:33

Cobalt 1982:16, 1994:39*, 1994:42
Copper 1980:21

Creosote 1988:13, 1988:33*
Cyanoacrylates 1995:25%, 1995:27

Cyclic acid anhydrides
Cyclohexanone, Cyclopentanone
n-Decane

Deodorized kerosene
Diacetone alcohol
Dichlorobenzenes

Diesel exhaust
Diethylamine
2-Diethylaminoethanol
Diethylenetriamine
Diisocyanates
Dimethylamine
Dimethyldithiocarbamates
Dimethylethylamine
Dimethylformamide
Dimethylsulfoxide
Dioxane

Enzymes, industrial
Epichlorohydrin

Ethyl acetate

2004:15*D
1985:42

1987:25, 1987:40*
1985:24

1989:4, 1989:37*
1998:4%*, 1998:20
1993:34, 1993:35*
1994:23%*, 1994:42
1994:25*N
1994:23%, 1994:42
1979:34, 1985:19
1994:23%*, 1994:42
1990:26, 1991:2%*
1991:26, 1991:50*
1983:28

1991:37, 1991:50*
1982:6

1994:28%*, 1994:42
1981:10

1990:35%*
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Substance/Agent

Arbete och Hdlsa issue

Ethylbenzene

Ethylenediamine
Ethylenebisdithiocarbamates and Ethylenethiourea
Ethylene glycol

Ethylene glycol monoalkyl ethers
Ethylene oxide

Ethyl ether

2-Ethylhexanoic acid

Flour dust

Formaldehyde

Fungal spores

Furfuryl alcohol

Gasoline

Glutaraldehyde

Glyoxal

Halothane

n-Hexane

Hydrazine, Hydrazine salts
Hydrogen fluoride

Hydrogen sulphide
Hydroquinone

Industrial enzymes

Isoflurane, sevoflurane and desflurane
Isophorone

Isopropanol

Lead, inorganic

Limonene

Lithium and lithium compounds
Manganese

Mercury, inorganic
Methacrylates

Methanol

Methyl bromide

Methyl chloride

Methyl chloroform
Methylcyclopentadienyl manganese tricarbonyl
Methylene chloride

Methyl ethyl ketone

Methyl formate

Methyl isobutyl ketone

Methyl methacrylate
N-Methyl-2-pyrrolidone
Methyl-tert-butyl ether
Microbial volatile organic compounds (MVOCs)
Microorganisms

Mineral fibers

Nickel

Nitrilotriacetic acid
Nitroalkanes

Nitrogen oxides

N-Nitroso compounds

Nitrous oxide

Oil mist

Organic acid anhydrides

Ozone

Paper dust

Penicillins

Permethrin

1986:19

1994:23%*, 1994:42
1993:24, 1993:35%
1980:14

1985:34

1982:7

1992:30* N
1994:31%*, 1994:42
1996:27*, 1998:20
1978:21, 1982:27, 2003:11*D
2006:21%

1984:24

1984:7

1997:20*D, 1998:20
1995:2%, 1995:27
1984:17
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1983:7

1982:31, 2001:14*D
1989:15, 1989:37+
1994:28*
2009:43(9)*
1991:14, 1991:50%*
1980:18

1979:24, 1992:43, 1993:1*
1993:14, 1993:35%
2002:16*

1982:10

1985:20

1983:21

1984:41

1987:18, 1987:40%*
1992:27*D

1981:12

1982:10

1979:15, 1987:29, 1987:40%
1983:25

1989:29, 1989:37+*
1988:20, 1988:33*
1991:36*D
1994:40%, 1994:42
1994:22*D
2006:13*

1991:44, 1991:50%
1981:26

1981:28, 1995:26*, 1995:27
1989:16, 1989:37*
1988:29, 1988:33*
1983:28

1990:33, 1991:2%
1982:20

1985:13

1990:48, 1991:2%*
1986:28

1989:30, 1989:37*
2004:6*

1982:22
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Substance/Agent
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Petrol

Phenol

Phthalate esters

Platinum

Polyethylene,

Polypropylene, Thermal degradation products in the
processing of plastics

Polystyrene, Thermal degradation products in the
processing of plastics

Polyvinylchloride, Thermal degradation products in the

processing of plastics

Polytetrafluoroethylene, Thermal degradation products

in the processing of plastics
Propene
Propylene glycol
Propylene glycol ethers and their acetates
Propylene oxide
Refined petroleum solvents
Refractory Ceramic Fibres
Selenium
Silica, crystalline
Styrene
Sulphur dioxide
Sulphuric, hydrochloric, nitric and phosphoric acids
Synthetic pyretroids
Tetrachloroethane
Tetrachloroethylene
Thermal degradation products of plastics
Thiurams
Tin and inorganic tin compounds
Toluene
1,1,1-Trichloroethane
Trichloroethylene
Triglycidyl isocyanurate
n-Undecane
Vanadium
Vinyl acetate
Vinyl chloride
Welding gases and fumes
White spirit
Wood dust
Xylene
Zinc

1984:7

1984:33

1982:12

1997:14*D, 1998:20
1998:12*

1998:12*

1998:12*
1998:12*
1998:12%

1995:7%, 1995:27

1983:27

1990:32*N

1985:23

1982:21

1996:30*

1992:35, 1993:1*

1993:2, 1993:35*
1979:14, 1990:49%, 1991:2
1984:18

2009;43(7)*

1982:22

1996:28*D

1979:25, 2003:14*D
1998:12%*

1990:26, 1991:2*
2002:10*D

1979:5, 1989:3, 1989:37*, 2000:19*
1981:12

1979:13, 1991:43, 1991:50%*
2001:18%*

1987:25, 1987:40*
1982:18

1988:26, 1988:33*
1986:17

1990:28, 1991:2*

1986:1

1987:36

1979:35

1981:13

* in English, remaining documents are in a Scandinavian language.
D = collaboration with the Dutch Expert Committee on Occupational Safety (DECOS).
N = collaboration with the US National Institute for Occupational Safety and Health (NIOSH).

To order further copies in this series, please contact:

Arbets- och miljomedicin, Goteborgs universitet

Att: Cina Holmer, Box 414, SE-405 30 Goteborg, Sweden

E-mail: arbeteochhalsa@amm.gu.se

The NEG documents are also available on the web at:

www.nordicexpertgroup.org or www.amm.se/aoh
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