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Preface

Deafness is one of the most widespread, costly and poorly understood disabilities in the
world. Hearing impairment is a condition that involves medical, psychological and social
aspects. According to the World Health Organization (WHQO) about 250 million people have
disabling hearing loss and two-thirds of them live in the developing world. Millions of people
progressively lose their most important means of communication and became socially
isolated, especially in the later years of their life. This handbook provides recent research on
several different hearing disorders.

Chapter 1 — Research into the effect of hearing loss (HL) on traffic safety and mobility is
limited and the empirical findings are somewhat inconsistent. HL is one of the most frequent
sensory deficits in humans, leading to loss of auditory information, which may affect
behavior in traffic situations and might reduce traffic safety and mobility. The prevalence of
age-related HL in Europe is roughly 30% for men and 20% for women at the age of 70 years,
and 55% for men and 45% for women at the age of 80 years. The prevalence of age-related
HL is increasing, and as a consequence the number of road users with HL will also increase.

The aim of this PhD thesis was to investigate traffic safety and mobility for individuals
with HL. Three studies were conducted: 1. a questionnaire survey aimed to evaluate
differences in choice of transportation that might be related to HL, 2. a driving simulator
study that looked into compensatory strategies and evaluated the efficiency of a tactile signal
to alert the driver, and 3. a field study to evaluate these effects in real traffic and to evaluate a
navigation system with a supportive tactile signal.

The results of the three studies indicate that there are effects of HL on traffic safety and
mobility. The effects are relatively small and often bound to driving complexity; but,
systematic and consistent in replicated study. Differences in transportation habits related to
HL include less likelihood of having a driver’s license and a higher valuing of written
information, with the latter possibly prioritized before time and safety issues. Moreover,
respondents with more HL were less concerned about the effects of HL, which suggests that
they might be using compensatory strategies.

In the experimental studies, differences in driving behavior related to HL were bound to
driving conditions and occurred when the complexity of the driving task increased. There was
also an effect of HL on visual behavior, indicated in the simulator and confirmed in the field
study, suggesting that drivers with HL have more active visual behaviors with more frequent
glances in the rear-view mirror and a general scanning of the environment before looking
away from the road. A tactile signal in the driver seat was found useful in both experimental
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studies, both for calling for the driver’s attention and facilitating navigation using a GPS
navigation device.

It was concluded that there are effects of HL on both traffic safety and mobility,
consistently pointing toward a generally more cautious driving behavior with the use of both
compensatory and coping strategies, which suggests a difference in experienced safety.
Compensatory strategies associated with HL include driving at lower speeds and using a more
comprehensive visual search behavior. Coping strategies associated with HL include
engaging less in distracting activities. Evaluation of the tactile signal suggests that it may
make driver assistance systems more accessible, not only to drivers with HL, but to all
drivers. At the same time, the systems might become more effective for all users, since visual
resources can be more focused on the road, which could increase both traffic safety and
mobility in general.

Chapter 2 — There is a growing awareness that a variety of different chemical substances
can cause hearing damage in humans. The literature of the last decade on the effect of
different chemical compounds on the human auditory system has been reviewed with
reference to the exposure in the workplace. Scientific evidence has emerged that the exposure
to styrene, p-xylene, solvent mixtures and lead may be a cause of hearing loss. For these
substances the number of studies is relatively large and a variety of approaches have been
undertaken to test their effect on the auditory system. For other chemical substances, for
example certain metals such as mercury, cadmium and arsenic, and some neurotoxic
pesticides, the available data indicate a possible ototoxic action, although in some cases only
when in combination with noise. A number of critical aspects have been noticed: firstly, this
review highlights the need to consider the possible synergistic effect of the interactions
between different ototoxic agents, primarily the co-exposure to noise. These interactions are
complex and difficult to predict, since synergistic, additive and sub-additive effects have to be
contemplated. Then, the individual variability of exposed subjects, due to genetic differences,
personal clinical histories, and occupational/environmental exposures cannot be disregarded.
Finally, there are conceptual differences among the studies in the definition of hearing loss,
which may partly account for the different prevalence values found in the examined
documents. In conclusion, it is suggested to adopt the precautionary principle, while awaiting,
on one hand, a stronger evidence on the ototoxicity of some classes of chemicals, particularly
for exposures at low doses, and, on the other hand, new scientific studies on the effects of the
interaction between physical and chemical agents on the hearing loss that are a priority in
future research needs.

Chapter 3 — Sudden sensorineural hearing loss (SSNHL) is an important cause of
acquired hearing deficits in the adults. Several pathophysiological hypothesis have been
proposed so far, however the cause of sudden hearing loss is still unclear. Even if local
hypoxic/ischemic events as well as inner ear viral infection have been reported to be the main
hypothesis leading to transient or permanent cochlear dysfunction, and therefore to Sudden
Sensorineural Hearing Loss, still there are other hypothesis that have been claimed.

Aim of the present study is to investigate about the possible role of iron metabolism, and
in particular about the presence of genetic variants of the principal iron-related genes, and
acute inner ear disorders such as sudden sensorineural hearing loss.

Chapter 4 — The cochlea is especially sensitive to circulatory alterations because it is
supplied by a single terminal artery and lacks adequate collateral blood supply.
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To examine the putative association between Sensorineural Hearing Loss (SNHL) and
Sleep Disordered Breathing (SDB) through the literature review is very interesting.

In fact these medical disorders usually are associated to cerebral circulatory alterations
resulting in hypoxia, acute hemodynamic change, and decreased cerebral blood flow, because
the Sleep Disorder Breathing (SDB), for example OSAHS (Obstructive Sleep Apnea
Hypopnea Syndrome), is characterized by periodic hyposia/reoxygenation. These noxious
stimuli can, in turn, activate the sympathetic nervous system, depress parasympathetic activity
which results in oxidative stress, endothelial dysfunction, and activation of the inflammatory
cascade of different anatomical structure as inner ear. Is reasonable to assume that could
cause and/or esacerbate sensorineural hearing loss with/or without tinnitus.

Based on these clinical evidences some authors studied the association between SDB and
a dysfunction of auditory pathway showing an improved risk of sensorineural hearing loss, a
lower transient otoacoustic emissions (TEOAE) reproducibility and an impairment of
auditory brainstem responses in OSAHS populatio. In fact it is known that the transduction
mechanism of the inner ear and the transmission of nerve impulses along the auditory way are
highly dependent upon the oxygen supply. Recent studies evidenced how through oxidative
injury due to a hypoxic stress induced apoptosis in spiral ligament and in the cochlear basal
turn of the Organ of Corti of obese CD/1 mouses, causes a high frequencies sensorineural
hearing loss.

Therefore OSAHS may lead to cerebral vascular insufficiency resulting in hypoxia, acute
hemodynamic change, and decreased cerebral blood flow during episodes of apnea with
consequent ischemic injury to the cochlea.

Chapter 5 — Tinnitus is a common symptom in individuals of various age groups, but the
impact it causes is variable, depending on the characteristics of subjects. The aim of this study
is to analyze the characteristics of tinnitus and the discomfort it causes in individuals assessed
in a specific outpatient clinic in a tertiary hospital. Participants were evaluated by medical
history interview, medical examination, grading of tinnitus severity, hearing screening and
testing, measurement of tinnitus pitch and loudness and THI instrument for identifying
tinnitus discomfort. The sample consisted of 199 individuals; 124 of them (62.30%) were
females, with a mean age of 58.18 + 12.79 years, with bilateral tinnitus (50.8%) and average
length of tinnitus presence was 5.18 + 4.67 years. Tinnitus pitch was acute and tinnitus
loudness was moderate, within the values reported in the technical literature. Mean tinnitus
severity was 5.18 + 4.67 years and the THI score ranged from 0 to 98 points (mean 40.03 +
25.48 points). No difference was observed between THI scores and sex and tinnitus location.
Correlation was observed between tinnitus severity and THI scores, between age and tinnitus
loudness in the left ear, and between age and THI scores.

Chapter 6 — Dominant deafness-onychodystrophy syndrome (DDOD, MIM 124480) is a
type of ectodermal dysplasia characterized mainly by congenital deafness, absent nails and/or
toes with variable presence of brachydactyly, hypoplastic distal phalanges, and bulbous distal
phalanges. Using the whole-exome sequencing approach, the authors identified a de novo
mutation (¢.1516 C>T [p.Arg506X]) in ATP6V1B2 as the cause of DDOD syndrome in three
independently identified individuals. Molecular epidemiology analysis showed that the
ATP6V1B2 p.Arg506X mutation was not present in 1053 ethnically matched normal hearing
controls. ATP6V1B2 encodes a component of the vacuolar ATPase (V-ATPase, also known
as H+-ATPase), a multisubunit enzyme that mediates acidification of eukaryotic intracellular
organelles. The authors generated an Atp6v1b2 knockdown mouse model and found that
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Atp6v1b2 deficiency leads to severe sensorineural hearing loss. In vitro pathogenic evaluation
showed that the ATP6V1B2 p.Arg506X mutation is a dominant haplo-insufficient mutation
that caused abnormal acidification in the lysosomes. The acidification defect in lysosomes
may cause decreased activity of acid-dependent hydrolases and thus hydrolytic dysfunction of
the lysosome affects development of multiple systems such as the inner ear, phalanx, and nail
in the DDOD syndrome. The findings provide the molecular basis for DDOD genetic
diagnosis as well as exciting developments in future therapeutic interventions.

Chapter 7 — Identifying the genetic basis of deafness provides crucial information for
diagnosis, intervention and treatment of the disease. Non-syndromic sensorineural hearing
loss, however, are extremely heterogeneous, with both common and rare forms occurring due
to mutations over estimated 500 genes. Due to the larger number and presumably low
mutation frequencies of those genes, it would be highly expensive and time-consuming to
address this issue by conventional gene-by-gene Sanger sequencing. Next generation
sequencing (NGS) has become a highly efficient strategy for identifying novel causative
genes and mutations involved in heritable disease. Both simple nonsyndromic and complex
syndromic forms of hearing loss can be resolved efficiently using NGS, especially in small
families with distinct and interesting phenotypes that were once too small to map. To date,
more than a dozen syndromic or nonsyndromic deafness genes have been identified using
targeted genomic enrichment and NGS. Here, the authors summarized novel deafness genes
and mutations identified by NGS methodologies.

Chapter 8 — Hearing impairment is a condition that involves medical, psychological and
social aspects. Surveys report that children and adolescents with hearing impairment show
high prevalence of psychopathology. Among numerous definitions which are largely
overlapping (Oppositional Defiant Disorders, Externalizing Disorder, Behavior Problems,
Socio-emotional Problems), the authors have chosen the definition of conduct disorder given
by the World Health Organization in ICD -10. Some of the criteria for the diagnosis are:
violation of the rules of adults, frequent anger and resentment, deliberate destruction of other
people’s property. The aim of this paper is to examine the relationships between hearing
impairment and conduct disorder. The survey was conducted in Serbia, the environment
characterized by specific circumstances concerning the educational and socio-economic
conditions. This society has not developed a tradition of inclusive education for children, and
inclusive trends are slow in general. The study was conducted on 375 patients of whom 169
are with a hearing impairment, and 178 with no hearing impairment. The respondents with
hearing impairment attended school for hearing-impaired children. Some of the respondents
with hearing impairment live in abroad school and some with their families. As an instrument,
the authors used a scale for assessing behavioral disorders (Dimoski, 2004), which was filled
by the specialists working in the institutions for children and youth with hearing impairments.
The survey did not show statistically significant differences in the presence of behavioral
disorders in the sample without hearing impairment and the sample of individuals with
hearing impairment. However, the results showed that the children with hearing impairment
showed significantly greater degree of two indicators of behavioral disorders - the tendency to
steal (t = -3.18, p = 0.002) and extortion of money or benefit from the younger or weaker
(t = -2.07, p = 0.039). This paper also deals with correlates of behavioral disorders in all
patients (sex, age, academic achievement, socio-economic status) and with connection to the
onset, severity of hearing impairment and type of accommodation (boarding or family) in the
group of patients with hearing impairment. The male respondents (t = 3:07, p = 0.003) with
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lower school achievement (F = 11.219, p = 0.000) have more evident indicators of behavioral
disorders. This work has important implications relating to the practice of working with
children and youth with hearing impairment. It was recommended to work on prevention of
behavioral disorders, and suggested which types of psychosacial interventions for those who
express this disorder may be used.
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Chapter 1

Effect of Hearing Loss
on Traffic Safety and Mobility

Birgitta Thorslund, PhD
The Swedish National Road and Transport Research Institute, Sweden

Abstract

Research into the effect of hearing loss (HL) on traffic safety and mobility is limited
and the empirical findings are somewhat inconsistent. HL is one of the most frequent
sensory deficits in humans, leading to loss of auditory information, which may affect
behavior in traffic situations and might reduce traffic safety and mobility. The prevalence
of age-related HL in Europe is roughly 30% for men and 20% for women at the age of 70
years, and 55% for men and 45% for women at the age of 80 years. The prevalence of
age-related HL is increasing, and as a consequence the number of road users with HL will
also increase.

The aim of this PhD thesis was to investigate traffic safety and mobility for
individuals with HL. Three studies were conducted: 1. a questionnaire survey aimed to
evaluate differences in choice of transportation that might be related to HL, 2. a driving
simulator study that looked into compensatory strategies and evaluated the efficiency of a
tactile signal to alert the driver, and 3. a field study to evaluate these effects in real traffic
and to evaluate a navigation system with a supportive tactile signal.

The results of the three studies indicate that there are effects of HL on traffic safety
and mobility. The effects are relatively small and often bound to driving complexity; but,
systematic and consistent in replicated study. Differences in transportation habits related
to HL include less likelihood of having a driver’s license and a higher valuing of written
information, with the latter possibly prioritized before time and safety issues. Moreover,
respondents with more HL were less concerned about the effects of HL, which suggests
that they might be using compensatory strategies.

In the experimental studies, differences in driving behavior related to HL were bound
to driving conditions and occurred when the complexity of the driving task increased.
There was also an effect of HL on visual behavior, indicated in the simulator and
confirmed in the field study, suggesting that drivers with HL have more active visual
behaviors with more frequent glances in the rear-view mirror and a general scanning of
the environment before looking away from the road. A tactile signal in the driver seat was
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found useful in both experimental studies, both for calling for the driver’s attention and
facilitating navigation using a GPS navigation device.

It was concluded that there are effects of HL on both traffic safety and mobility,
consistently pointing toward a generally more cautious driving behavior with the use of
both compensatory and coping strategies, which suggests a difference in experienced
safety. Compensatory strategies associated with HL include driving at lower speeds and
using a more comprehensive visual search behavior. Coping strategies associated with
HL include engaging less in distracting activities. Evaluation of the tactile signal suggests
that it may make driver assistance systems more accessible, not only to drivers with HL,
but to all drivers. At the same time, the systems might become more effective for all
users, since visual resources can be more focused on the road, which could increase both
traffic safety and mobility in general.

List of Papers

Paper I: Thorslund, B., Peters, B., Lyxell, B., & Lidestam, B. (2013). The Influence of

Hearing Loss on Transport Safety and Mobility. European Transport Research Review,

5(3), 117-127.

Paper II: Thorslund, B., Peters, B., Lidestam, B., & Lyxell, B. (2013). Cognitive workload

and driving behavior in persons with hearing loss. Submitted to Transportation Research

Part F: Traffic Psychology and Behaviour, 21, 113-121.

Paper Il1: Thorslund, B., Ahlstrém, C., Peters, B., Eriksson, O., Lyxell, B., & Lidestam, B.

(2014, May 29). Cognitive workload and visual behavior in elderly persons with hearing

loss. European Transport Research Review, published online first,
doi:10.1007/s12544-014-0139-z

Paper IV: Thorslund, B., Peters, B., Herbert, N., Holmqvist, K., Lidestam, B., Black, A.,

Lyxell, B. (2013). Hearing loss and a supportive tactile signal in a navigation system:
Effects on driving behavior and eye movements. Journal of Eye Movement Research,

6(5), 1-9.
List of Abbreviations
ADAS Advanced driver assistance system
CDT Clock-drawing test
EF Executive function
HL Hearing loss
HMI Human machine interaction
HRF Swedish Association for Hard of Hearing People
ICF International Classification of Functioning, Disability and Health
LT™M Long-term memory
MCz Multiple comfort zone model
NH Normal hearing
OR Odds ratio
PTA Pure tone average
RAT Risk allostasis theory
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RHM Risk homeostasis model

RMM Risk monitor model

TDH Task difficult homeostasis

TIPS Text information processing system
T™MT Trail making test

UFOV Useful field of view
WHO World Health Organization
WM Working memory

Concepts and Definitions

Age-related HL Presbycusis: The most common type of HL typically starting around middle
adulthood and then progressing, particularly affecting the high frequency ranges.

Compensatory strategies: Efforts made by the individual (consciously or unconsciously) to
maintain a given level of functioning despite decline in, or loss of, previously available
resources

Coping strategies: Use of conscious effort to solve personal and interpersonal problems and
to seek to master, minimize, or tolerate stress or conflict.

Mobility: The quality or state of being mobile. The ability to move freely.

Older adults: Individuals over 65 years

Introduction

For many people transportation is a part of everyday life and is so established that we do
not think about how complex even the simplest task really is. Being a road user demands
cognitive skills in order to assemble new information in the traffic environment, apply it to
stored knowledge, and make decisions. This thesis examines the travel habits and driving
behaviors of individuals with hearing loss (HL) and how cognitive skills interact with their
driving behavior. Driving a car is a cognitively initiated and controlled task, and thus one
approach to understand driving behavior is to examine how cognitive skills are involved.
Cognitive psychology is the area that describes the internal processes involved in making
sense of the environment and deciding what action might be appropriate (Eysenck & Keane,
2010; Neisser, 1976).

HL is one of the most frequent sensory deficits in humans, with a prevalence of
approximately 10% in the general population in the western world, and it is a common
chronic condition among the elderly (Stevens et al., 2013). HL entails a loss of auditory
information, which may affect behavior in traffic and might reduce traffic safety. Research
into the effect of HL on traffic safety and mobility is limited and the empirical findings are
somewhat inconsistent. From a legal perspective, based on this relatively low level of
knowledge, HL is not considered an increased traffic safety risk (Englund, 2001; Glad, 1977),
and therefore hearing is not required for obtaining a driver’s license for passenger cars.

From a safety perspective, some studies suggest an association between HL and increased
risks of traffic accidents (lvers, Mitchell, & Cumming, 1999; Picard et al., 2008). However,
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other studies show no such relation (Green, McGwin, & Owsley, 2013; McCloskey, Koepsell,
Wolf, & Buchner, 1994). Schmolz (1987) examined the importance of hearing for road users
and found that HL is associated with a higher degree of inattention. With regard to attention,
Hickson et al. (2012) showed that HL in older drivers was associated with poorer driving
performance in the presence of distraction, but not without distraction. On the other hand,
Picard et al. (2008) suggested that HL leads to a reduction in speeding violations, probably
due to self-regulation. In sum, the effect of HL on traffic safety remains mostly unknown, and
possibly connected to specific situations; although its associations with attention and driving
speed have been shown.

From a mobility perspective, it is possible that of HL leads to self-regulation due to
feelings of unsafety. This is an important aspect to consider, because mobility is important for
quality of life (Farquhar, 1995), often connected to factors such as psychological well-being
and independence (Bonnel, 1999; Fonda, Wallace, & Herzog, 2001; Gabriel & Bowling,
2004; Marottoli et al., 1997), and also associated with higher life satisfaction (Banister &
Bowling, 2004; Hakamies-Blomqvist & Wahlstrom, 1998 Gagliardi, Marcellini, Papa, Giuli,
& Mollenkopf, 2010).

Physiologically, disruption of any part along the auditory pathway (central to peripheral)
may lead to HL and there are two main diagnoses. Problems in the outer ear (such as
blockage of the ear canal) or middle ear (such as ossicular chain discontinuity) cause
conductive hearing loss, and problems in the inner ear (such as loss of outer or inner hair cells
in the cochlea) or problems in the auditory nerve leading to the central auditory pathway
(such as auditory neuropathy) can result in sensorineural HL (Arlinger, 2007).

This thesis is focused on age-related HL, also known as presbycusis. This is the most
common type of HL typically starting around middle adulthood and progressing, affecting the
high frequency ranges particularly (Pearson et al., 1995; Schneider, Pichora-Fuller, &
Daneman, 2010) and inducing distortion (Moore, 1995). The prevalence of age-related HL in
Europe is roughly 30% for men and 20% for women at the age of 70 years, and 55% for men
and 45% for women at the age of 80 years (Roth, Hanebuth, & Probst, 2001). The prevalence
of age-related HL is increasing, due to populations becoming progressively older and thus
presenting symptoms of reduced sensory function. A consequence of the increasing
prevalence of HL is that the number of road users (not only drivers) with HL will also
increase. This certainly leads to an increased need of knowledge about these individuals with
regard to traffic safety and mobility.

Hearing is important for our sense of spatial orientation and temporal resolution and thus
of high relevance for traffic safety. Sounds behind us provide information about events that it
not possible to see and we receive information about positions and distances. Most frequency
spectra of exterior tires or road noise display a prominent peak in the range of 700-1300 Hz
(Sandberg, 2003). Since the noise from cars driving on roads is mainly in low frequencies, i.e.
with low-pitched sounds (Wu, Stangl, Bentler, & Stanziola, 2013), individuals with
presbycusis should be able to hear these specific sounds rather well. However, there might be
other vital auditory input in high frequencies (e.g. a bicycle bell can be hard to hear for a
pedestrian), which is partly or totally missed, and may therefore lead to loss of critical
information for the listener. Distortion leads to increased difficulties in hearing masked
sounds, in other words low frequency traffic noise can mask high frequency sounds. Research
on effective siren characteristics suggest either a sufficiently loud, wide frequency spectrum
(1-4 kHz) to overcome masking noise (De Lorenzo & Eilers, 1991; Catchpole & McKeown,
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2007) or sirens that broadcast low frequencies so that the siren sound can penetrate into
vehicle cabins (Howard et al., 2011). Furthermore, the use of in-vehicle systems for
information, support, and navigation is rapidly increasing. These systems often use auditory
signals that may not be accessible to drivers with HL. Thus, investigating other modalities
such as light or vibration should be considered to also make these systems accessible to
drivers with HL.

Audiology
Hearing Loss:

* Prevalence
Classifications
Consequences
Presbycusis
Communication

Education
Rules and regulations

Cognition

Long term memory
Working memory
Executive function

Audiology Cognition

Figure 1. Overview of the thesis. The three main topics are Traffic Safety, Audiology and Cognition.
These are presented and discussed separately, in relation to each other and in relation to age. Concepts
included in the thesis are listed in black and terms excluded or mentioned only briefly are listed in
white.

In the present thesis, traffic safety and mobility for individuals with HL is examined from
the perspective of cognitive psychology. That is, how different cognitive skills in combination
with HL affect traffic safety and mobility. Focus is on the intersection between three research
areas: audiology, cognition, and traffic safety. The background and central expressions of
these areas and their interrelations with each other and with age are presented in the following
chapters. Figure 1 presents an overview of the thesis in terms of what is covered or excluded
in each area, as well as in the intersection between them.

Hearing Loss

The International Classification of Functioning, Disability and Health (ICF) suggested by
the World Health Organization (WHO) is a framework based on the biopsychosocial model
that describes the consequences of a particular health condition or disability in terms of
various levels of disablement and functioning (WHO, 2001). These may include body
functions on the organic level, activities on the personal level, and participation on the social
level. These levels also interact with each other and may be further influenced by personal
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and environmental factors. Thus, it is important to understand the consequences of a
particular health condition or disability from multiple perspectives (Rimmer, 2006).

According to the ICF, functioning and disability are typically conceptualized as a
complex interaction between an individual’s health condition, contextual factors of the
environment, and personal factors (WHO, 2001). The consequences of HL include the
inability to interpret speech sounds, often producing a reduced ability to communicate, delay
in language acquisition in children, economic and educational disadvantage, social isolation,
and stigmatization. This may also be worsened by some medical conditions such as diabetes
(Mathers, Smith, & Concha, 2003).

The degree of HL is categorized according to the better ear hearing level averaged over
the frequencies of 0.5, 1, 2, and 4 kHz and divided into mild (26-40 dB), moderate (41-60
dB), severe (61-80 dB), and profound (> 80 dB) (Mathers, et al., 2003). Individuals with a HL
of 95 dB or more are commonly referred to as deaf.

Age-related HL, the focus of this thesis, originates with the deterioration of auditory
function and is part of normal aging, usually starting in the middle adulthood (Pearson et al.,
1995; Schneider, Pichora-Fuller, & Daneman, 2010). Outer hair-cell damage, degeneration of
the stria vascularis (producing endocochlear potential) and the auditory nerve are the main
causes (Pichora-Fuller & Singh, 2006), and auditory processes, such as temporal resolution
and duration discrimination, are negatively affected (Fitzgibbons & Gordon-Salant, 2010;
Saremi & Stenfelt, 2013).

Assessment of Hearing Ability

Assessment of hearing ability is performed either psychoacoustically with an active
listener (e.g., tone audiometry) or by objective methods using a physiological reaction such as
electro-physical methods or otoacoustic emissions (Arlinger, 2007). Pure-tone average (PTA)
is a common hearing test, relying on a patient’s response to pure-tone stimuli. With PTA both
air and bone conduction can be tested thus, enabling the determination of degree, type, and
configuration of HL in an individual. Test frequencies begin at 1000 Hz and include at a
minimum octave steps up to 8000 Hz and down to 125 Hz. Often 750, 1500, 3000, and 6000
Hz are also included. Figure 2 shows results from a PTA marked in an audiogram with test
frequencies on the horizontal axis and hearing thresholds on the vertical.

Cognition

Cognitive psychology is a necessary part for explaining human behavior. The cognitive
approach is used to explain the mental processes essential for our ability to perceive and
attend to, as well as memorize and communicate with, the world around us. These cognitive
processes also are fundamental for our language perception, production and use, thinking, and
problem solving (Eysenck & Keane, 2010). The concept ‘attention’ is successively being
replaced by executive functions (EFs), which are defined as a high-level process with the
main obligation of adapting to new and complex situations (Diamond, 2013; Eysenck &
Keane, 2010). Working memory (WM) and long-term memory (LTM) are 2 separate memory
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systems, which according to Baddeley (2012) are linked together by an episodic buffer
working as an interface between the 2 memory systems. In order to understand the possible
cognitive consequences of HL relevant for traffic safety it is important to understand both
cognitive consequences of HL and road user behavior.
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Figure 2. An audiogram presenting hearing thresholds from a PTA (air conduction).

The main focus in the present thesis is on car drivers with age- related HL. WM, LTM
and EFs are involved since previous research has shown the effects of age (e.g., McDowd &
Shaw, 2000; Verhaeghen et al., 2003) and HL (e.g., Andersson & Lyxell 1999; Lin et al.,
2011, 2013; Ronnberg et al., 2011) on these systems. Cognitive factors such as perception
and decision making is not actively examined even though effects of aging have been
observed in previous studies (e.g., Johnson, 1989; Kennedy, Taylor, Reade, & Yesavage,
2010). The reason for this is the limited knowledge in this area and there is a need for
constraints to be able to focus on some specific issues.

Working Memory

WM refers to a memory system with a limited capacity, and that serves to simultaneously
store and process new information over a short period of time (Daneman & Carpenter, 1980;
Daneman & Merikle, 1996; Miyake & Shah, 1999; Baddeley, 2012). WM is necessary in
daily life in that it helps us keep things in mind when approaching a task. For example,
remembering what to write down once we have found the piece of paper and a pencil or
remembering what we have read once we get to the end of the sentence. In the
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multicomponent model of WM (Baddeley, 2012; Repovs & Baddeley, 2006) there are 4
components, each serving a specific purpose. A central executive serves as a modality
independent control system, which directs and divides attention between tasks. It is involved
whenever manipulation within WM is required (Repovs & Baddeley, 2006). This means the
central executive controls the function of the subordinate storage components, namely: the
phonological loop (dealing with language-based verbal information); the visuospatial
sketchpad (processing visuospatial information); and the episodic buffer (providing a link
between new and old information) (Repovs & Baddeley, 2006).

The phonological loop comprises 2 components: a passive phonological store, which
holds memory traces, like speech, in acoustic or phonological form for a few seconds; and an
articulatory rehearsal process linked to speech production, recoding information from other
modalities (Repovs & Baddeley, 2006). According to this words and letters presented
auditorily are processed differently from those presented visually. Auditory sensations have
direct access to the phonological store, regardless of whether the articulatory control process
is used. In contrast visual presentation of words and letters only produces indirect access
through sub-vocal articulation (Baddeley, 2012; Eysenck & Keane, 2010).

The visuospatial sketchpad is dedicated to the storage and manipulation of visual and
spatial information. The fourth component is the episodic buffer, which serves as an interface
for binding information from different sensory sources, the other 2 subsidiary systems, and
LTM. The episodic buffer also serves as an interface between perception and LTM, where the
phonological and semantic representations in the lexicon are stored (Baddeley, 1983; Repovs
& Baddeley, 2006). WM capacity is related to performance in most other complex cognitive
tasks such as reading comprehension and problem solving (Conway, Kane & Engle, 2003).
WM capacity is one reflection of individual differences in the ability to focus and maintain
attention, specifically when other events are serving to capture one’s attention (Kane &
Engle, 2002).

In sum, WM is the ability to temporarily hold information, manipulate and use this for a
special cause over a short period of time. One example from a traffic situation is a road user
(driver, pedestrian or cyclist) who is about to cross the street. They must keep track of the
positions of the other road users and use this information to calculate when to cross.

Long-term Memory

LTM is a memory system where information is stored for long periods of time and
remains indefinitely. In this system, declarative memory includes episodic memory and
semantic memory, while non-declarative memory is divided into repetition priming and
procedural memory (Eysenck & Keane, 2010). Episodic memory is the memory of personal
events (e.g., times, places, associated emotions, and other contextual knowledge) that can be
explicitly stated, which is used when driving to a specific known place. The semantic LTM
includes general knowledge about the world (e.g., languages, game rules, names of capital
cities, authors of books, traffic rules) that the individual shares with others. The perceptual
representation system recognizes items and terms, permitting rapid identification of
previously encountered stimulants (perceptual or conceptual). As the name implies,
procedural memory stores information on how to perform certain procedures such as walking,
riding a bike and maneuvering a car (Eysenck & Keane, 2010).
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Executive Functions

EFs are a set of mental processes that help us stay focused on what we are supposed to
focus on (Diamond, 2013). EFs is a relatively new concept in the sense that we can relate to it
more theoretically today than previously. EFs are used to perform activities such as planning,
organizing, making, and using strategies, paying attention to and remembering details, and
managing time and space. EFs make it possible to play with ideas, take the time to think
before acting, meet novel, unanticipated challenges, resist temptations, and stay focused
(Diamond, 2013). Miyake et al. (2000) defined shifting, updating and inhibiting as 3
specifically important EFs, correlated but separable. Shifting was defined by Monsell (1996)
as responsible for attentional or task shifting. Updating monitors and codes incoming
information according to relevance for the current task. This manipulation, instead of just
storing, was described as the most important function of the updating function by Morris and
Jones (1990). Miyake defined inhibition as the possibility of deliberately stopping dominant,
automatic or powerful reactions and necessary to minimize distraction effects (Miyake et al.,
2000).

Researchers have argued that WM capacity reflects the efficiency of EFs, especially the
ability to maintain a few task-relevant representations and neglecting irrelevant information
(Engle, Tuholski, Laughlin, & Conway, 1999). According to Diamond (2013), the main EFs
are: inhibition, which is divided into response inhibition (self-control-resisting temptations
and resisting acting impulsively) and interference control (selective attention and cognitive
inhibition); WM; and cognitive flexibility (including creatively thinking outside the box,
seeing anything from different perspectives, and quickly and flexibly adapting to changed
circumstances).

In sum, EFs are essential in helping us in our daily life. They help us stay focused on
what we are doing by updating us with relevant information and neglecting unrelated
information. EFs also help us shift between tasks and think before acting, which is essential
for driving a car. For example, visualization of consequences, analysis of information, and
judgment of time, distance and power are necessary to be able to drive a car safely.

Assessment of Cognitive Ability

Cognitive decline is, just like HL, a part of normal aging and also related to HL (Baltes &
Lindenberger, 1997; Ronnberg et al., 2011; Valentijn, van Boxtel, & van Hooren, 2005).
Therefore, it is important to control for differences in cognitive abilities when comparing
driving performance between a group with HL and a group with NH. This can be
accomplished by cognitive testing.

WM Capacity

There are several tests designed to evaluate WM capacity. A commonly used measure is
a dual-task paradigm combining a memory span measure with a concurring processing task.
Daneman and Carpenter (1980) invented the first version of this kind of task, called the
“reading span test”. In their test participants read a number of sentences (usually between 2-6)
and tried to remember the last word of each sentence. At the end of the list of sentences, they
tried to repeat back the words in the correct order. Individual WM capacity, as measured by
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the reading span test (Andersson, Lyxell, Ronnberg, & Spens, 2001; Daneman & Carpenter,
1980; Ronnberg, 1990), has shown to account for 40% of the inter-individual variance of
speech recognition in noise among participants with similar levels of HL (Lunner, 2003).

Impairments in visuospatial ability (measured by, for example, copying the wire cube,
pentagons, drawing a clock face) are good markers of increased driving risk (Kipps &
Hodges, 2005). The clock drawing test (CDT) is a simple tool that is used to screen people for
signs of neurological problems such as Alzheimer’s and other dementias. CDT assesses
primarily EFs by letting the participant draw a clock with hands pointing at a specific time.

TIPS (Text Information Processing System, Ausmeel, 1988), is a cognitive test platform
developed according to established cognitive models of WM, phonological and lexical ability
(see Baddeley, 2012; Abreu, Gathercole, & Martin, 2011; Shah & Miyake, 1996). The battery
intends to measure WM capacity, phonological abilities and lexical abilities, and thus
includes several tests for each of these cognitive aspects. A shorter computer-based version of
TIPS was developed for use in clinics. Both this and TIPS have been used in a large number
of studies (e.g., Hallgren, Larsby, Lyxell, & Arlinger, 2001, Bergemalm, Hennerdal, Persson,
Lyxell, & Borg, 2009; Lidestam, Lyxell, & Andersson, 1999; Hua, 2014). The reading span
test aims to measure the WM capacity. Two tests include reaction time measure of
phonological ability (deciding whether 2 letters are identical and deciding whether 2 words
rhyme).

Processing Speed, Divided Attention, Selective Attention

Skills measured by Useful Field of View (UFOV) are used during driving (Ball &
Owsley, 1993), and the test is intended to be indicative of accident risk in the older population
(Ball, Owsley, Sloane, Roenker, & Bruni, 1993; Owsley et al., 1998). In the first subtest,
measuring processing speed, the participant is asked to identify which vehicle (car or truck) is
displayed on the screen for a short time. In the second subtest, evaluating divided attention,
the participant should, in addition to the first task, localize a car placed in the periphery on the
screen. The third subtest, assessing selective attention, is identical to subtest 2 but with the
rest of the screen filled with distracting triangles.

The trail-making test (TMT) assesses visual search, processing speed and mental
flexibility (Reitan, 1986). Part A consists of targets marked with numbers, which are
connected in numerical order, and part B are targets marked with both numbers and letters,
which are connected in a combined numerical and alphabetical order such as 1-A-2-B-3-C
and so on. On a computerized version of TMT developed by Summala et al. (2008), the target
locations are fixed on the screen but the content, that is numbers or letters, are either the same
(fixed) or randomly changed after each tap on a touch screen instead of the traditional pen and
paper version.

Hearing Loss, Cognition and Aging

Commonly, when talking about older people, older adults and elderly, this refers to
individuals over the age of 65 (Gordon-Salant, 2005; Gorman, 1999; Roebuck, 1979). This
also applies for this present thesis. Numerous studies have shown that there is a correlation
between HL and cognitive decline in old age (Granick, Kleban, & Weiss, 1976; Thomas,
Hunt, Garry, Hood, Goodwin, & Goodwin, 1983; Lindenberger & Baltes, 1994; Baltes &

Complimentary Contributor Copy



Effect of Hearing Loss on Traffic Safety and Mobility 11

Lindenberger, 1997; Li & Lindenberger, 2002; Lin, Ferrucci, Metter, An, Zonderman, &
Resnick, 2011; Ronnberg et al., 2011), which will be presented more specifically in a
subsequent section.

Because age-related HL is the most common type (Roth, Hanebuth, & Probst, 2001;
WHO, 2001), it is important to understand other consequences of normal aging, which more
or less affect or are affected by HL. For example, the deterioration of auditory functions such
as like speech understanding is worsened by age-related changes in the cognitive system
(Grady, 2012; Rénnlund, Nyberg, Backman, & Nilsson, 2005). Older adults with NH have
also shown more difficulties with speech recognition than younger individuals with NH
(Frisina & Frisina, 1997; Gordon-Salant, 2005), which can, for example, affect the possibility
of using auditory-based driver assistance systems.

Cognitive Consequences of Aging

Aging is associated with the decline in the control processes involved in coordinating
distinct tasks such as reaction times, WM tasks, tests of episodic memory, tests of spatial and
reasoning abilities, mental rotation, and visual search performance (McDowd & Shaw, 2000;
Verhaeghen et al., 2003). However, on specific vocabulary tests, no effects of age have been
shown, for example by Elliott et al. (2003) using the Wechsler Adult Intelligence Scale
Vocabulary subtest (Jastak & Jastak, 1964) and by Bowles and Salthouse (2009) using
multiple-choice synonyms, multiple-choice antonyms and produce-the-definition.

The effects of aging have also been demonstrated when switching between specific tasks
(e.g., switching between responding to color or form and responding only to color, Mayr et
al., 2001; Verhaeghen et al. 2005), and are also related to attention (Craik & Salthouse, 2000;
Phillips & Lesperance, 2003). Slower cognitive processing is also associated with aging
(Cerella, 1990; Salthouse, 1996) and it is estimated that processing takes 1.5-2 times longer in
older than in younger adults (Cerella, 1990). This affects most age-related declines in
performing complex cognitive tasks such as problem solving, reasoning and language
comprehension (Salthouse, 1996; Verhaegen et al., 2003).

Aging is also associated with reductions in WM for both processing (van der Linden et
al., 1994, 1999; Bopp & Verhaeghen, 2005) and capacity (Bopp & Verhaeghen, 2005;
Salthouse & Babcock, 1991). Specifically, the episodic memory of LTM is negatively
affected by age while semantic memory remains relatively stable or may even increase, and
on the non-declarative memory no conclusive aging effect has been shown (Brickman &
Stern, 2009).

Some of these age-related cognitive declines can be of major importance for safe
mobility (e.g., reaction times, visual search performance, processing speed, problem solving),
specifically for driving, which according to Groeger (2000) is one of the most complex and
safety critical everyday tasks in modern society.

Cognitive Consequences of HL

Specific and general effects of HL on cognitive functions have been demonstrated (e.g.,
Andersson, 2002, Lin et al., 2011, Ronnberg et al., 2011). For example, a relationship
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between severe to profound HL and deficiency in certain aspects of phonological processing
has been demonstrated and suggested to come from a gradual loss of specificity of
phonological representations (Andersson, 2002; Andersson & Lyxell 1999; Lyxell,
Andersson, Borg, & Ohlson 2003; Ronnberg et al., 2011; Classon, 2013). Andersson (2002)
concluded that specific aspects of the phonological system deteriorate in the HL population as
a function of auditory deprivation. In particular, the phonological representations are impaired
and this impairment also affects the ability to rapidly perform phonological operations.

HL has been demonstrated as independently associated with accelerated cognitive decline
(30-40%) and incident cognitive impairment (24%) among older adults during a six-year
period. (Lin et al., 2011). These effects have been shown with the Modified Mini-Mental
State test (Teng & Chui, 1987), which is a verbal cognitive test, as well as with a non-verbal
cognitive test (called Digit Symbol Substitution, Wechsler, 1981), in both cross-sectional and
prospective studies (Valentijn et al., 2005; Peters, Potter, & Scholer, 1988). Specifically,
verbal tests have shown the relationship between HL and cognitive decline more extensively
than non-verbal tests (Granick et al., 1976; Thomas et al., 1983).

The more general effects of HL on cognitive functions may affect traffic safety more and
are in line with Baddeley (2012), who found that articulatory suppression leads to WM
decline. Prospective studies have found accelerated cognitive decline and increased risk of
dementia and Alzheimer’s in individuals with HL (Lin et al., 2011, 2013). Cross-sectional
studies have shown that HL is associated with lower performance in tests of EFs and free
recall (Lin, 2011) and has a negative effect on episodic and semantic LTM (Rénnberg et al.,
2011). With a decline in WM, EFs and LTM, it might, for example, be more difficult to stay
focused on the driving task, keep track of the surrounding traffic or to remember traffic rules.

Another aspect worth considering is cognitive fatigue, due to higher effort in listening,
leading to decreased cognitive capacity. This effect has been shown on both young and adult
listeners with HL (Arlinger, 2003; Hicks & Tharpe, 2002; Tun, McCoy, & Wingfield, 2009).
In addition, several studies have shown that hearing aids do not fully restore speech
difficulties of individuals with HL (e.g., Dimitrijevic et al., 2004; Moradi, Lidestam,
Héllgren, & Ronnberg, 2014; Nakeva von Mentzer, 2014), which made perceiving speech
stimuli cognitively demanding (Moradi et al., 2014; Ronnberg et al., 2013).

This cognitively demanding processing of speech stimuli may increase fatigue in
individuals with HL during conversations with their partners while they are driving.
Cognitive fatigue could, among other things, lead to decreased attention and thus be relevant
to traffic safety. Moreover, mobility might be affected if cognitive fatigue leads to decreased
driving.

Furthermore, dual sensory decline (hearing and vision) is associated with cognitive
decline and for a functional decline on everyday activities over a period of 4 years (Lin,
Guttierrez, & Stone et al., 2004). Thus, research questions with regard to age-related HL and
traffic safety require the combined study of several factors associated with declines due to
aging.

In sum, specific cognitive declines of HL have been demonstrated and include, for
example, phonological deficiencies (processing and representation) as a consequence of less
auditory stimulation (specificity of phonological representations). Traffic safety might be
affected due to a decline in WM, EFs and LTM, which can lead to difficulties to stay focused
on the driving task, keep track of the traffic around or to remember traffic rules. Also,
cognitive fatigue could lead to decrease in attention and thus be of relevance for traffic safety.
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Cognition and Traffic Safety

Groeger (2000) described driving a car as one of the most complex and safety critical
daily tasks in modern society (Groeger, 2000). Driving is a cognitively motivated and
controlled task. When demands are high, driving is carried out in a force-paced way, while
when the demands are low, in a more self-paced way (Peters & Nilsson, 2006). Thus,
workload is an aspect of driving that should be considered, and in this thesis the term
cognitive workload is used, when others might be using mental workload. De Waard (1996)
defined driver workload as the individual reaction to driving task demand and further refers to
Rouse et al., who defined experienced load, which is not only task-specific but also person-
specific. (Rouse Edwards, & Hammer, 1993).

More specifically, workload is the specification of the amount of information processing
capacity that is used for task performance. Therefore, workload depends on the individual,
and owing to the interaction between operator and task structure the same task demands do
not result in an equal level of workload for all individuals (de Waard, 1996).

Directly related to driving task demand is task complexity. According to de Waard
(1996), complexity increases with an increase in the number of stages of processing that are
required to perform a task. Task demand and complexity are mainly external, but both depend
on subjective goals set for task performance. Difficulty of a task is related to the processing
effort that is required by the individual for task performance, and is dependent on context,
state, capacity, and strategy or policy of allocation of resources (de Waard, 1996).

Driving effort is dynamic, as the cognitive demands can change back and forth from very
low to extremely high, sometimes within fractions of a second (Michon, 1985; Peters &
Nilsson, 2006). Among the factors determining the driving task demand, of which the driver
has immediate and direct control, driving speed is the most significant (Fuller, 2005). It has
been demonstrated that when a threshold of a certain preferred driving speed is exceeded,
experienced task difficulty, effort and feeling of risk is affected (Lewis-Evans, 2011).

In sum, driver workload is the individual reaction to driving task demand, which is
directly related to task complexity. Task demand and complexity changes back and forth due
to external circumstances and subjective goals, which makes the driving task and driver
workload very dynamic. Feelings of risk arise when the task complexity goes above a certain
threshold.

Driver Behavior Models

An advance within traffic behavioral research has been the increased understanding of the
driving task from a cognitive perspective, and consequently the skills needed for carrying out
this task successfully and safely. Since perceptual and psychomotor abilities are essential to
model driving behavior, driving can be viewed as a cognitive task of control in a context
perceived through the senses and manipulated with control actions based on unconscious
(automated) or conscious decisions (Peters & Nilsson, 2006).

Carsten (2007) distinguishes between 2 broad types of driver models. The first type is
descriptive of parts or the whole of a driving task in terms of what the driver has to do and
includes, for example, task models (Michon, 1985; McKnight & Adams, 1970), adaptive
control models (McRuer et al., 1977; Hollnagel et al., 2003), and production models (Michon,
1985). Michon (1985) described driving a car as a complex task with processes at a minimum
of 3 hierarchical levels. At the top level, the strategic level, strategic decisions are made such
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as the choice of means of transport, setting of a route goal, and route-choice while driving. At
the intermediate level, the maneuvering level, reactions to local situations, including reactions
to the behavior of other traffic participants, take place. Basic vehicle-control processes, such
as lateral-position control, occur at the lowest level, the control level. At this level automatic
processes occur, while at higher levels higher controlled processing is required.

The second type is motivational models, aiming to describe how the driver manages task
difficulty. In contrast to the descriptive models, sometimes being merely descriptive or
analytical, motivational models attempt to explain which psychological factors affect driver
behavior and why drivers make certain decisions (Michon, 1985).

According to Ranney (1994), errors associated with the variability of human behavior
may be more important to roadway crash causation than systematic errors, which are
attributable to the known limits of the human information-processing system. Furthermore,
given the ever-increasing variety of driving situations, including changes in the driving task
associated with different technologies, and the corresponding variety of skills and abilities
required, Ranney (1994) claimed it unlikely that a comprehensive model of driver behavior
will ever be feasible.

For the purpose of this thesis, we expect that differences related to HL are not as likely to
occur in terms of what the driver has to do, but rather may occur in the management of task
difficulty and when making certain decisions. Therefore, motivational driver behavior models
will be presented and discussed in more detail from the HL perspective.

Motivational Models

The most well-known motivational model is Wilde’s (1982) Risk Homeostatis Model
(RHM), introducing the notion of driver capability affecting risk (Carsten, 2007). Wilde
proposed that there is a preferred target level of risk of being involved in an accident that
drivers seek to maintain. Fuller and Santos (2002) proposed the Task Difficult Homeostasis
(TDH) (see also Fuller, 2005, 2007; Fuller et al., 2008; Fuller, McHugh et al., 2008), stating
that people have a set range of experienced task difficulty at which they prefer to operate.
TDH was then re-conceptualized into Risk Allostasis Theory (RAT), where the acceptable
range of task difficulty is accompanied by and essentially interchangeable with a range of
preferred feeling of risk (Fuller, 2008; Fuller, 2011).

The Risk Monitor Model (RMM) (Vaa et al., 2000; Vaa, 2003, 2007, 2011) suggests that
all individuals have a drive to maintain or obtain a target best feeling, which is variable in
both its value and the type of feeling, however, including, for example: tension or anxiety,
arousal, sensation, pleasure, relaxation, difficulty avoidance, compliance, and non-compliance
(Vaa, 2007).

The Multiple Comfort Zone model (MCZ) by Summala (2005) is an evolution of the
earlier zero-risk theory (N&dtdnen & Summala, 1974). Being a motivational model it views a
driver’s excitatory motives, personality and driving goals as prevailing factors. These motives
interact with the road system and push drivers toward changing their behavior to satisfy their
driving goals, for example by increasing speed to arrive at a destination on time (Summala,
2005; Summala, 2007).

What the presented motivational models all have in common is the level of risk, and it is
suggested that the driver aims at maintaining this level. Whether drivers with HL are at higher
risk than NH drivers or not is uncertain since there are studies suggesting connections
between HL and higher risks of traffic accidents (lvers, Mitchell, & Cumming, 1999; Picard
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et al., 2008) and also research where no such relationship has been found (Green, McGwin, &
Owsley, 2013; McCloskey, Koepsell, Wolf, & Buchner, 1994). However, if there is a
difference in risk related to HL there should, according to the motivational models, also be a
different level of risk in which the drivers with HL aim to maintain. This could be driving at a
lower speed, for example.

Lewis-Evans (2012) experimentally tested 4 motivational models of driver behavior:
TDH, RAT, RMM, and the MCZ (Summala, 2005; Summala, 2007). He concluded that the
speed is not solely a conscious choice but handled, at least at some difficulty level, by
automatic processes, and that the existence of these processes can be inferred when the
cognitive capability of drivers is put to the test. Furthermore, results from the experiments
supported the idea of a threshold to account for the perception of subjective variables such as
task difficulty, effort, comfort, crash risk, and feeling of risk. For predicting difficulty of the
task, the variables that the participants were most sensitive to changes in were speed and
following distance. Lewis-Evans (2012) claims that these findings support models such as the
MCZ (Summala, 2005; Summala, 2007) due to the reliance of this model on actual
performance measures in driving such as time to line crossing or time to collision.

In line with Lewis-Evans’ findings are the results from Lidestam, Lundqvist and
Rénnberg (2010), who tested the external validity of theoretical driver behavior models by
letting traffic inspectors rate the importance of theoretical concepts found in research
literature on risk awareness. It was revealed that visual search was the most important
concept, and that the assessment of risk awareness can be conceptualized as assessment of
lower-order (maneuvering and position, cf. Michon’s control level) and higher-order
(attention, traffic behavior and speed, cf. Michon’s manoeuver level) cognitive functions.

In sum, according to motivational driver behavior models, drivers aim to maintain a
preferred level of risk. The results in Lewis-Evans (2012) with regard to speed and following
distance suggest time-based safety margins as relevant measures of this individual level of
risk, and visual search is proposed as a valid indicator of risk awareness (Lidestam et al.,
2010). This is all in line with Gibson and Crooks’ very first model of driver behavior: field of
safe travel (Gibson & Crooks, 1938). All of this is relevant for understanding the effect of HL
on driving behavior and for the evaluation of driver support systems. Recurring in the models
is the driving speed, and several studies have linked speed perception to the amount of noise
in car cabins or to the driving sound (Evans, 1970; Ohta & Komatsu, 1991). Thus, speed
might be perceived differently by drivers with hearing loss, due to a reduced sensitivity to
sounds.

Traffic Safety

One goal of traffic research should be to provide the safest possible mobility for all road
users, regardless of their levels or types of abilities or disabilities. In all motivational models
presented above, drivers aim to maintain a preferred level of risk, above a certain threshold.
Whether drivers with HL are at higher risk than NH drivers is uncertain because previous
findings are contradictory. For example, some studies found increased risk for drivers with
HL (lvers, Mitchell, & Cumming, 1999; Picard et al., 2008), while others did not
(Green, McGwin, & Owsley, 2013; McCloskey, Koepsell, Wolf, & Buchner, 1994).
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According to Rumar (1988), there is always a risk in being mobile, and he divided risk
into statistical (objective) risk and experienced (also called subjective or perceived) risk. For
drivers with HL, research results are limited and rather contradictory on objective risk, and
we found no results on subjective risk in our extensive literature surveys. Thus, it might be
that drivers with HL can experience a subjective risk even if there is no objective risk.
Research results so far do not identify clearly increased objective or subjective risks for
drivers with HL, but this might be due to lack of knowledge. Therefore, there may be no
increased risk at all for drivers with HL; there might be a small and unimportant risk; or there
could be an important increased risk research has yet to reveal.

The level of knowledge on the relationship between HL and statistical traffic safety is
relatively low and too inconsistent to draw any conclusions. Crash data have shown that
drivers with HL are at higher risks of traffic accidents (lvers, Mitchell, & Cumming, 1999;
Picard et al., 2008). However, there is also research on crash data and medical record data
where such relationships have not been found (Green, 2013; McCloskey, Koepsell, Wolf, &
Buchner, 1994). On the effect of HL on subjective traffic safety the literature is even scarcer.
Lundalv (2004) found that adult pedestrians and cyclists with moderate HL had no self-
reported experiences of feeling insecure in the traffic environment; however, he also
suggested that these individuals are at higher risk of being injured by a vehicle because they
report that they find it difficult to identify the direction sounds come from.

While traffic safety and mobility for drivers with HL is almost unexplored, the research
literature regarding older drivers is relatively extensive. With age-related HL being the most
common type (Roth, Hanebuth, & Probst, 2001; WHO, 2001), the effects of age are very
relevant and will be discussed further in the following sections, along with the possible
effects of HL.

Mobility and Quality of Life

Transportation is a part of everyday life and may be necessary for participation in
activities and social life. Several studies suggest that travel habits will further increase for
older adults in the future (Dillén, Schmidt, & Jarlebring, 2005; Hausten et al., 2013; Hjorthol,
Levin, & Sirén, 2010) and this is explained by attitudinal effects (higher mobility needs, more
active lifestyles), improved physical possibilities (fitness and health conditions), and cohort
effects (being born at about the same time, exposed to the same events in society, and
influenced by the same demographic trends and thus having similar experiences; Haustein,
2013).

In this thesis, mobility refers to the quality or state of being mobile - the ability to move
freely. The ICF model includes mobility in activity and participation. Several studies have
proven that limitation of activities increase with the degree of HL (Gopinath, Schneider,
Hickson et al., 2012; Grue et al., 2009; Wallhagen et al., 2001; Schneider et al., 2010). HL
has also been found to affect instrumental activities such as talking on the telephone or using
public transportation more than daily activities such as getting dressed or eating (Gopinath,
Schneider, McMahon, et al., 2012).

Car access is associated with better health and well-being among the elderly (Ellaway,
Macintyre, Hiscock, & Kearns, 2003; Macintyre, Hiscock, Kearns, & Ellaway, 2001). By
enabling older people with physical limitations to still live independently and to participate in
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normal daily activities, the car can act as a compensational tool for functional limitations
(Sirén & Hakamies-Blomqvist, 2004, 2009). According to Kopke, Deubel, Engeln and Schlag
(1999), car availability and car use are related to positive self-perception in older people, and
research suggests driving cessation may be a risk factor for a depressive development (Fonda,
Wallace, & Herzog 2001; Marottoli et al., 1997). With age-related HL being the most
common type of HL (Pearson et al., 1995; Schneider, Pichora-Fuller, & Daneman, 2010) and
with increasing travel habits among older adults (and the gap between actual mobility and
desirable mobility), it is important to understand the effect of HL on mobility.

Self-regulation of driving usually refers to the voluntary reduction or avoidance of certain
(typically challenging or demanding) driving situations (Haustein, 2013). This could also be a
way of maintaining the level of risk by not exposing oneself to specific traffic situations.
Factors found to be associated with self-regulation of driving are functional decline, and
increasing cognitive and visual restrictions (Ball et al., 1998; Charlton, Oxley, Fildes, Oxley,
& Newstead, 2003; Holland & Rabbit, 1992), and one’s perceived driving skills (Gabaude,
Marquié, & Obriot-Claudel, 2010; Rimmo¢ & Hakamies-Blomgvist, 2002).

The most common medical conditions affecting driving cessation include sensory
problems, cognitive impairment, stroke, cardiovascular, and other heart conditions, diabetes,
and physical mobility and activity problems (Brayne et al., 2000; Dellinger, Kresnow, White,
& Sehgal 2004; Forrest, Bunker, Songer, Cohen, & Cauley, 1997; Hakamies-Blomqvist &
Wahlstrom, 1998). Edwards et al. (2009) indicated that driving cessation is associated with
declines in physical and social functioning, as well as in general health (Edwards, Lunsman,
Perkins, Rebok, & Roth, 2009).

In sum, various age-related declines are associated with self-regulation and driving
cessation. Because car access is associated with better health among the elderly, it is
important to assist driving for older adults when possible. One way of achieving this is to
ensure that driver assistance systems are also accessible for drivers with HL.

Effects of Aging on Driving Behavior

Factors associated with old age and that have a negative impact on the ability to drive
include impaired perceptual abilities, memory decline, reduction in the ability to sustain and
switch attention, and mobility constraints (Groeger, 2000). However, aging is usually a
gradual process and while some skills deteriorate with increasing age, others (more strategic)
are used more with increasing age (Haustein, 2013).

As car drivers, older persons perceive certain driving situations and conditions as
demanding and potentially dangerous. These include driving in specific weather conditions
(e.g., fog, rain or a storm), when feeling physically unwell or excited, in high traffic density,
on specific road types (e.g., motorways or highways), on roads with certain characteristics
(e.g., signals, traffic lights, curves, roundabouts), and in response to others’ driving behaviors
(e.g., tailgating) (Jansen et al., 2001; Sullivan, Smith, Horswill, & Lurie-Beck, 2011).

Compensatory strategies addresses the regulation of loss as a function of aging or
disability (Riediger, Li, & Lindenberger, 2006; Lindenberger, Lévdén, Michael Schellenbach,
Li, & Kriger, 2008). It involves efforts (consciously or unconsciously) to maintain a given
level of functioning despite decline in, or loss of, previously available resources (Riediger, Li,
& Lindenberger, 2006; Lindenberger, Lovdén, Michael Schellenbach, Li, & Kriger, 2008;
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Donorfio, Mohyde, Coughlin, & D’Ambrosio, 2008; Haustein et al., 2013; Monterde-i-Bort,
2004). Compensation, in contrast to optimization, aims at counteracting or avoiding losses
rather than achieving higher levels of functioning (Riediger, Li, & Lindenberger, 2006).
When driving, compensatory strategies could be a way to maintain the level of risk as
described in the driver behavior models.

Older drivers often show a more defensive driving style with lower average speeds
(Chipman, MacGregor, Smiley, & Lee-Gosselin, 1992; Haustein et al., 2013) and keep a
larger following distance (Rajalin, Hassel, & Summala, 1997). Age-related changes in driving
patterns can be seen as a strategy to compensate for age-related decline and thus prolong the
period of independent safe mobility (Donorfio et al., 2008).

In psychology, coping refers to the use of conscious effort to solve personal and
interpersonal problems, seeking to master, minimize or tolerate stress or conflict (e.g., Ben-
Zur, 2009; Carver & Connor-Smith, 2010). One way of coping can be to simply avoid
situations that cause stress or discomfort. Older drivers have been found to choose not to
drive in certain conditions or environments and avoid risk-taking (Haustein et al., 2013).
Driving conditions avoided by older drivers include rush hours, darkness, poor weather or
road surface conditions, driving in unfamiliar areas (D'Ambrosio et al., 2008; Gwyther &
Holland, 2012; Hakamies-Blomqvist, 1994; Rothe, 1990). Moreover, older drivers are less
likely than middle-aged drivers to be engaged in distracting activities such as adjusting in-
vehicle equipment or using a mobile phone (Fofanova & Vollrath, 2012; McEvoy, Stevenson,
& Woodward, 2006). Avoidance of distracting activities while driving is one coping strategy.

To summarize, the ability to drive is affected by the deficits that come with age and lead
to changes in driving behaviors. The behavioral patterns of older drivers are more cautious
and include both compensatory strategies (e.g., lower speed, longer distance) and coping
strategies (e.g., avoidance of certain situations or distracting activities).

Assessment of Driver Behavior

According to de Waard (1996), good reflectors of primary-task performance at the
control level (c.f. Michon, 1985) are measures of lateral position (LP) and steering wheel
(SW) movements and at the maneuvering level (c.f. Michon, 1985) include the time-to-line-
crossing (TLC; Godthelp, 1984). Standard Deviation Lateral Position (SDLP) has been shown
to be a sensitive performance measure (e.g., Hicks & Wierwille, 1979, O’Hanlon et al., 1982,
O’Hanlon, 1984). De Waard (1996) showed that increased road complexity could lead to an
increase in the SD of the SW movements, while the addition of a secondary task reduced the
SD of the SW movements. Manipulation of both driving speed (e.g., Fuller, 2008; Summala,
2007; Levis-Evans, 2012) and degree of engagement in secondary tasks (Fuller, 2005) may be
most important in maintaining the preferred level of risk.

Visual-search strategy has been shown to be indicative of informational needs (Hughes &
Cole, 1988). According to de Waard (1996), eye-tracking measures are related to primary-
task performance; however, they can also be used as a secondary-task performance measure
in the case of embedded tasks. This is how eye tracking was used in the experimental studies
in the present thesis. In the simulator study, driving was the primary task and an additional
device was used for the secondary task. In the field study, drivers had to look at the
navigation display to know which way to go. Relationships between frequency of fixation and
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instrument importance, as well as between length of fixations and difficulty in obtaining
information from instruments, have been shown by Wilson and Eggemeier (1991). O’Donnell
and Eggemeier (1986) reported that an increase in workload was accompanied by an
increased fixation time.

Advanced Driver Assistance Systems

One approach to accident prevention and injury reduction is the introduction of in-
vehicle-based preventive safety functions, also known as Advanced Driver Assistance
Systems (ADAS) (e.g., lane-keeping support, adaptive cruise controllers, collision warning
systems). In contrast to protective, or passive, in-vehicle safety functions (e.g., seat belt,
airbag), whose purpose is to mitigate crash consequences, the general goal of ADAS is to
prevent crashes from occurring at all. This is meant to be achieved either by alerting the
driver to potential hazards (warning) or by taking over the driving task to some extent
(intervention), using, for example, autonomous braking in emergency situations (Ljung Aust,
2012). Carsten and Nilsson (2001) made the distinction between information systems, that
interact with the driver, and other intervening systems, that interact directly with the vehicle.
Navigation systems are typical of the former category and adaptive cruise control of the latter.

An ADAS typically consists of one or more environment sensors mounted on the vehicle,
for example radars or cameras. Software that uses sensor input determines what actions the
ADAS should take and the particular driver or vehicle interface is used to alert the driver or
control the vehicle. Examples of safety technologies, which fall under the ADAS umbrella,
are Forward Collision Warning (FCW), Adaptive Cruise Control, Lane Departure Warning,
and Drowsiness Warning (Ljung Aust, 2012).

A key issue for ADAS systems is to verify that they actually improve traffic safety.
While the safety potential of ADAS can be affected by many factors, Carsten and Nilsson
(2001) proposed that all safety implications can be classified as belonging to either of three
general aspects: the function safety aspect (technical reliability of the system); the Human
Machine Interaction (HMI) aspect (operating, and communicating with, the system); and the
traffic safety aspect (system influence on driving behavior, including changes in interactions
with other road users).

Relevant for both the HMI aspect and the traffic safety aspect is the multiple resource
theory (MRT) presented by Wickens and Hollands (1999). This theory describes information
processing with stages (perception, WM and cognition, responding), modalities (visual,
auditory) and codes (verbal, spatial). An important implication of the difference between
processing codes is the ability to judge which control to use for response. Manual control may
reduce performance if there are heavy demands on spatial working memory, for instance
while driving, whereas voice control may disturb the performance of tasks with heavy verbal
demands (Wickens & Hollands, 1999).

The HMI aspect is central to the effect of HL on the use of driver assistance systems,
since communication with the system must be set such that NH is not crucial, meaning that
output cannot be only auditory. Several studies have shown that tactile support is an intuitive
and effective way of presenting direction information and alerting drivers to potential
collisions (van Erp & van Veen, 2004; Ho, Tan, & Spence, 2005; Ho, Reed, & Spence, 2006).
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From the traffic safety aspect, this may release other heavily loaded sensory channels and
therefore potentially provide a major safety enhancement.

Another issue is whether there are effects of HL on driving behavior. Concerning the fact
that most HL is age-related, Li and Perkins (2007) showed that seniors view technology in the
same way as the general public, and that education has a larger influence on the willingness to
learn about new technology than age does. For training, simulators can be used to provide
hands-on experience of new driver support systems and may therefore be valuable supportive
tools for the elderly driver (Peters & Nielsen, 2007).

In sum, ADAS aim to increase traffic safety by preventing crashes. To make the systems
accessible for drivers with HL, alternatives to auditory signals are necessary. Tactile signals
have been shown to be effective and intuitive in warning and providing directional
information.

General Aim and Research Questions

The general aim of this thesis is to investigate traffic safety and mobility for individuals
with HL from a perspective of cognitive psychology by using subjective and objective
performance indicators. With the limited previous research and knowledge on this specific
topic, the approach has been necessary exploratory. Three studies were conducted:
a questionnaire survey and two experimental studies, whereof one driving simulator study and
one field study. The overall aim of the questionnaire study was to evaluate whether there were
any differences related to HL with regard to the choice of transportation or on the view of
hearing in transport situations. With the limited previous knowledge in the field, there were
no expected differences between the groups. The studies following the questionnaire study
had more specific research questions and expectations. Henceforth, the population included in
the studies was older adults, in order to create homogenous groups and also because the
majority of HL is age-related.

Based on the results from the survey, the driving simulator study was conducted to
examine if HL had an effect on driving behavior or on increased workload. Gaze data was
analyzed to compare visual behavior and in addition, the efficiency of a tactile signal to alert
the driver was evaluated. A more cautious driving behavior was expected among the drivers
with HL, because of compensatory strategies such as longer distance to other vehicles, lower
driving speed and a more active visual search behavior. Coping strategies such as paying less
attention to the secondary task were also expected.

A field study was conducted to replicate and validate the effects from the simulator study
in real traffic. In the field study, the aim was to also evaluate a driver assistance system
(navigation system) with a supportive tactile signal. Compensatory strategies such as slower
driving speed and more glances in the mirrors were expected for the drivers with HL.
The tactile support was expected to lead to more focus on the road, better driving
performance and higher satisfaction with the system.

Complimentary Contributor Copy



Effect of Hearing Loss on Traffic Safety and Mobility 21

Methods

Ethical Considerations

In the studies presented in this thesis, the aim was to create as homogenous groups as
possible with regard to age-related HL, and to control for vision loss and cognitive decline.
Ethical considerations mainly concerned integrity issues (no data could be tracked back to
any individual). Potential ethical problems identified in the studies include missing or lacking
information with regard to the aim of the studies, the optional participation (participants could
resign at any time without having to give any motive), the noncompulsory sharing of personal
audiograms, and the receipt and treatment of the audiograms. All of the studies presented in
this thesis were conducted during 2011-12 in Linkdping and received ethical approval from
the Research Ethics committee (Etikprévningsndmnden, EPN 2011/125-31; 2012/345-31) in
Linkdping.

Methodological Challenges

There were three different assessments to evaluate the effect of HL on traffic safety and
mobility: the assessment of HL; the assessment of cognition, and the assessment of traffic
safety each challenging and each with several possible methods. The results from each
assessment were then to be put in relation to the other 2, which was even more challenging.
Some of these challenges are presented in this section.

HL Population and Recruitment of Participants

Individuals with HL constitute a heterogeneous population due to a large variation in age,
level of HL, and onset and cause of HL. Additionally, HL may be either unilateral or bilateral.
This heterogeneity, in combination with the low level of knowledge in the area of HL and
traffic safety, makes designs with sharp hypothesis-testing difficult to conduct. However, the
population is large and thus, for the experimental studies and from a heterogeneous
population included in the questionnaire study, we recruited as homogenous a group as
possible. This was sensible and realistic, and provided a perspective based on the reality of
those living with HL.

Geographical differences and variations in driving experience had also to be considered.
Traffic situations may be very different in large cities and small towns, and individual driving
experience may affect how people cope with any particular situation. However, in the studies
included in this thesis, all participants were recruited from the same region and at least
mileage per year and years with a driver’s license was controlled for.

As well as HL, loss of vision is also a part of normal aging (e.g., Risacher et al., 2013;
Heyl & Wahl, 2012). Wearing glasses can cause problems with eye tracking (Eachus,
Cassidy, Norgate, Marrow, & Greene, 2008; O'Brien & Sharon, 2009), and this consideration
restricted our potential participants. Furthermore, there will always be uncertainty of the
representativeness of participants in any study. Not all individuals are willing to take part in
research studies, and there is a risk that whatever characterizes those willing to participate
from those not willing will lead to systematic sampling errors.
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Response rate and completeness of questionnaires are difficult to control when
participation is voluntary. There are arguments for and against using Internet (electronic) or
paper and pencil versions. One advantage of electronic versions, besides the efficiency of
receiving all answers in a database, is the opportunity to control that all questions have been
answered before submission. However, paper versions have been found to have a higher
response rate than electronic versions (73.2% compared to 17.9%, respectively) (Kongsved,
Basnov, Holm-Christensen, & Hjollund, 2007).

Driving Simulator versus Real Driving

The advantages of performing simulator studies, including the opportunity to offer a safe
convenient alternative to measuring driving performance on the road and the ability to keep
driving conditions and environmental conditions constant, also come with limitations
(Mullen, Charlton, Devlin, & Bédard, 2001; Nilsson, 1993). For example, motion, velocity
and acceleration ranges are limited. It is impossible to fully represent a real traffic
environment, and there is also the chance of simulator sickness, a type of motion sickness
specifically experienced in simulators (Nilsson, 1993). Moreover, the simulated world does
not contain the same level of detail and roughness as the real world. Since there is a limited
amount of details in the simulated world, there is also less to focus on. It is not known how
much this limitation affects visual behavior. Simulator performance shows medium to strong
correlations with many on-road driving performance measures, and with other cognitive and
physiological measures. However, simulators must be validated for each new setting (Mullen
etal., 2001).

Challenges with Cognitive Assessments

One of the greatest concerns when creating a test for cognitive assessment is whether or
not it actually measures what we think it is measuring. A test has construct validity if it
demonstrates an association between the test scores and the prediction of a theoretical
characteristic. Hughes, Sapp, and Kohler (2006) presented the challenges of conducting
accurate cognitive assessments of students with HL. The authors pointed out that poor
performance on an assessment may not necessarily indicate lower ability, but may be the
result of a misunderstanding of the type or language of the assessment. Thus, they suggested
using a variety of measures to assess participants, especially individuals with HL.

Procedures and Validity

Procedures and validity are first discussed for the questionnaire study and then for both of
the experimental studies since several measures are included in the simulator study and the
field study.

Questionnaire Study

Along with questions about hearing and transport habits, aspects found in the literature to
be avoided by older drivers were included in the questionnaire (long distances, rush hours,
darkness, poor weather, road surface conditions, and driving in unfamiliar areas)
(D’Ambrosio, 2008; Gwyther, 2012; Hakamies-Blomqvist, 1994; Rothe, 1990). In the
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questions about traffic incidents and accidents definitions from a report from the Swedish
Road Administration (STRADA, 2007) were used.

Questionnaire responses were mainly scored using a 5-point scale. The odd number was
chosen to allow neutral answers, and 5 points was chosen instead of a larger number because
the data were not expected to be skewed in either direction (Johnston, 2008). The alternatives
of “do not know” or “not relevant” were also included to avoid forcing participants to tick
wrong alternatives. A few open questions were also included to allow respondents to answer
in their own words, and likewise after each closed question there was room for comments.

Experimental Studies

According to de Waard (1996), self-report scales and performance measures are the most
appropriate for workload assessment, and a useful experimental design in traffic research is to
compare task performance in an experimental (e.g., mental load) condition with performance
under baseline conditions. Evaluation of workload due to complexity should, according to de
Waard et al., either involve an increase in road complexity or an increase in task complexity,
for example with the addition of a secondary task. This approach was used in both
experimental studies. In the simulator study, load conditions with and without a secondary
task were compared with baseline conditions with and without the secondary task. In the field
study, road complexity varied between city and ring road, while task complexity either by
varied including a tactile support in the navigation system or leaving that out. Self-report
scales during (only in the simulator study) and after the drive were used, as well as
performance measures.

Critical incidents, law violations, and LP errors are measures of driving performance and
have been used as such in task-performance assessments (e.g., Pohlmann & Traenkle, 1994).
In particular, complex behavior, such as the occurrence of critical incidents or behavior in a
complex driving environment, can be easier, or more accurately, detected and judged by an
observer than captured in a single performance measure (de Waard, 1996).

Pretests

In both experimental studies, hearing tests were performed on all drivers with NH and for
participants with HL audiograms were provided from the audiology clinic. The inclusion
criterion for the NH group was a hearing threshold of maximum 20 dB at each frequency
(500, 1000, 2000, and 4000 Hz), measured with a pure tone audiometer. Inclusion criterion
for the HL group was a moderate HL (41-60 dB) according to WHO categories (Arlinger,
2007), measured with a pure-tone average of 4 mean values, PTA4 (means of 500, 1000,
2000, and 4000 Hz). In the field study (Paper V), more pretests were included to control for
differences between the experimental groups. Apart from HL, normal consequences of aging
also include declining visual abilities, such as visual acuity and contrast sensitivity (e.g.,
Risacher et al., 2013; Heyl & Wahl, 2012) and cognition (e.g., McDowd & Shaw, 2000;
Verhaeghen et al., 2003; Mayr et al., 2001; VVerhaeghen et al., 2005, Craik & Salthouse, 2000;
Phillips & Lesperance, 2003). Relationships between sensory and cognitive losses in older
adults have also been presented (Clay et al., 2009; Heyl & Wahl, 2012; Holland, 2009;
Vreeken et al., 2013). Therefore, in the field study, vision tests and cognitive tests were
included to control for differences between the groups. Clinical vision measures included
binocular distance visual acuity using a logMAR chart (Ferris, Kassoff, Bresnick, & Bailey,
1982) and binocular contrast sensitivity (log CS) using the Pelli-Robson chart (Pelli, Robson,
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& Wilkins, 1988). Cognitive tests included: verbal ability (The F-test, Psykologiforlaget,
Stockholm); a cognitive test battery, including physical matching, physical lexical matching,
rhyme and reading span (Hallgren, Larsby, Lyxell, & Arlinger, 2001); a computerized
dynamic TMT, shown to be related to driving performance (Lehtonen, Dahlstrém, Hiltunen,
& Summala, 2012), and the Useful Field of View test (UFOV), measuring skills thought to be
used during driving (Ball & Owsley, 1993).

Secondary Task

In the simulator study, to create 2 levels of cognitive workload in the secondary task the
phonological similarity effect was used (Conrad & Hull, 1964; Baddeley, 1968; Hitch &
Halliday, 1983), and the sequences consisted of randomized letters that were either
phonologically alike (e.g., BDPT) or not phonological alike (e.g., RKNJ). Each letter was
displayed for 0.7 seconds, which is an adaptation of Sternberg’s scanning paradigm
(Sternberg, 1966). The display time had to be long enough for recognition of the letters, but
short enough for the participants to keep their eyes on the display.

Performance Indicators

Performance indicators in the simulator study were mean LP, SDLP, minimum TLC
(TLCmin; Brookhuis, Waard, & Fairclough, 2003), mean driving speed, SD driving speed,
and secondary task performance. For subjective ratings during the simulator test drive, the
following question was presented on the screen after each event: How critical did you
experience the situation to be? The participants answered on a scale from 1 = not critical at all
to 7 = extremely critical. This is an adaptation (specifically the dimension of the degree of
complication) from the Situation Awareness Rating Technique (SART) 10 Dimension-scale,
with each dimension ranging from 1-7 (Endsley & Garland, 2000). In the field study, mean
driving speed and SD driving speed were included along with eye tracking (specifically
frequency and length of fixations) and driving performance assessment according to an on-
road protocol (Selander, Lee, Johansson, & Falkmer, 2011).

Table 1. Participants’ demographic details and data collection method
in the studies

Study  |Participants Gender Age Mean (SD) Data collection
(Male/Female) Male/Female method
| 93 self-reported NH 50/43 71.5 (13.2)/63.4 (14.5) Questionnaire
48 mild HL 17/31 69.0 (11.1)/68.7 (12.4) survey
105 moderate HL 44/61 74.8 (7.7)/61.1 (15.9)
47 severe HL 28/19 55.5 (15.1)/75.1 (14.7)
18 profound HL 7/11 57.3 (12.6)/65.8 (9.7)
Il 24 NH 12/12 60.1 (7.1)/59.6 (5.0) Driving simulator
24 moderate HL 13/11 62.0 (7.9)/61.0 (9.8) study with driving

performance, eye
tracking, and

survey
i 16 NH 5/10 51.2 (8.3)/52.8 (11.0) Field study with
16 moderate HL 718 60.2 (12.4)/53.0 (13.3) eye tracking,

questionnaire and
driving assessment

Complimentary Contributor Copy




Effect of Hearing Loss on Traffic Safety and Mobility 25

Participants and Data Collection

For the questionnaire survey, participants were recruited from the local branch of the
Swedish hard of hearing association. A control group with normal hearing (NH), matched
with age, gender and geographical location, was then selected from a commercial database.
The survey was also used to recruit participants for the other studies by including a question
about their interest in taking part in further research in the field of HL and traffic safety. The
VTI participant database was used to recruit participants with NH. Information about
participants’ demographic details is listed in Table 1 together with the data collection method
used for each study.

Design and Statistical Analyses

Questionnaire Survey

Logistic regression (binary for dichotomous questions answered by “yes” or “no” and
ordinal for questions with more than 2 ordered alternatives) was used to analyze the results of
the questionnaire study because it was explorative and had no inbuilt expectations to examine.
This is a type of regression analysis with binary or ordinal response variables.
The probabilities describing the possible outcomes of a single trial are modelled as a function
of the explanatory (predictor) variables, using a logistic function (Bishop, 2006).

All predictor variables were entered simultaneously, since there was no presumption of
which one would explain more. The results from the logistic regression are presented using
odds ratio (OR), which quantifies how strongly the presence or absence of property A in the
response variable is associated with the values on the predictor variables (McHugh, 2009;
Mosteller, 1968). That is, this gives a measure of the influence of the predicting variables
(e.g., degree of HL, gender, age) on the dependent variable (e.g., having a driver’s license).
OR =1 means no influence, OR > 1 means an increasing probability, and OR < 1 means a
decreasing probability.

Driving Simulator Study

The driving simulator study had a 2 x 2 x 2 factor design with the fixed factors hearing
status (NH vs. HL), gender (men vs. women), and difficulty level (lower vs. higher).
Participant (participants 1-48) within hearing status and gender was included as a random
factor. On driving behavior measures (e.g., speed) and secondary task, analysis with planned
comparisons within and between the Hearing status levels was carried out using a mixed
model. For the post-trip questionnaire, with questions on subjects including subjective driving
performance on ordinal scales, logistic regression and OR were used. Analysis of gaze data
was conducted in 2 steps. The strategy for analyzing the distribution of glances was to start
with a model as comprehensive as possible, with several variables, interactions, and
multidimensional responses. A multivariate analysis of variance (MANOVA) was performed
to examine whether condition (with or without secondary task), hearing status, gender or any
two-factor interactions of these had an effect on the distribution of glances, where the
distribution is governed by a vector representing the 7 target gaze zones. In this model,
hearing, gender and condition were included as fixed variables, and a participant nested
within hearing and gender was included as a random variable. The significant interaction
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effect of condition and hearing led to the analysis of each condition and each hearing status.
ANOVA (analysis of variance) were performed to test hypotheses examining one zone at a
time.

Field Study

In the field study a 2 x 2 x 2 factorial design with the between-groups factor hearing
status (NH vs. HL), and the two within-groups factors system information (visual vs. visual
tactile), and complexity (lower vs. higher) were used. Generalized estimating equations
(GEEs) were used to model correlated data from this repeated measures design. GEEs are
used to estimate the parameters of a generalized linear model with a possible unknown
correlation between outcomes, and have the advantage of overcoming the classical
assumptions of statistics, for example independence and normality, which are too restrictive
for many problems (Liang & Zeger, 1986; James & Joseph, 2003).

Study 1: Questionnaire survey

[ Paper I: The Effect of Hearing Loss on Traffic Safety and Mobility ]
Background Research questions Conclusions
Limited research. in this field. Does HL affect ‘There were fewer license holders with

Contradictory findings about the effect - choice of transportation? HL. HL had no effect on mileage,

of HL on traffic safety and mobility. -view of HL regarding transport situations? incidents, accidents, or inerest in driver
Driver support systems offen auditory - traffic safety? support systems. Compensatory straegies
based. -need and design of driver support systems? /\ might be applied by drivers with HL.

/ Study 2: Simulator experiment \

[ Paper II: Cognitive Workload and Driving Behavior in Persons with Hearing Loss ]

Background Research questions Conclusions
D'lvmglaakchﬂiculty(kpaﬂ\ Does HL affect driving behavior? (" When workioad increased, HLled
—»| | oncognitive workload. Does workload affect HI drivers fomore cautious driving behavior
Workload might have differently than NH drivers? with compensatory strategies.
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Figure 3. Overview of studies, papers and findings.

Complimentary Contributor Copy



Effect of Hearing Loss on Traffic Safety and Mobility 27

GEEs were used on the following linear or continuous outcome measures: speed, on-road
performance, gaze behavior patterns, and usability questions. Predictor variables were system
information (within subjects), hearing category, and age (between subjects). Outputs were
Wald statistics (x°), showing the significance, and an unstandardized regression coefficient
(B), presenting the relationship between the groups. For background questions in the
questionnaire, cognitive tests, and vision tests one-way ANOVAs were performed.

Summary of Studies and Papers

In experimental psychology there are often several parts of a study presented in one
paper. In this thesis, the studies are fewer and larger and have generated one or 2 papers each,
which is more common in traffic safety research.

An overview of studies, papers, and findings is presented in Figure 2. Three studies were
conducted and generated four scientific papers, which are included in this thesis. Since the
initial level of knowledge was low and somewhat contradictory, a questionnaire study was the
first step on the path to evaluate differences in traffic safety and mobility related to HL.
The results from the first study are presented in the first scientific paper and also included in
the background to the second study conducted in the driving simulator. The results from this
study generated the second and third scientific papers and were (together with the results from
the questionnaire study) included in the background to the third study conducted in real
traffic. This study generated the fourth scientific paper. Summaries of each study are
presented in the following sections.

Study 1: A Questionnaire Survey

Paper I: The Influence of Hearing Loss on Transport Safety and Mobility

Purpose

The purpose of study 1 was to examine how road users with different degrees of HL,
compared to road users with NH, experience traffic safety and mobility. Specifically, three
general research questions were investigated: how HL affects the choice of transportation
type (e.g., driving your own car vs. public transport); personal view of HL in relation to
transport situations, and the need for and design of driver support systems (e.g., collision
warning, parking aid, navigation systems, lane keeping systems) for drivers with HL.

Method

A questionnaire survey was conducted with participants recruited from the local branch
of the Swedish Association for Hard of Hearing People (HRF). A NH control group, random
and matched by age, gender and geographical location, was selected from a commercial
database. From audiogram data, participants were sorted into groups according to their degree
of HL. A web-based questionnaire was constructed to capture the 3 research questions
mentioned above. With assistance from HRF, letters were sent out to members of their local
branches with an invitation to take part in the study. There was also the possibility of
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receiving a paper version of the questionnaire. The response rate was 35% (n = 194) in the
group with HL and 42% (n = 125) in the group with NH. The individuals with hearing loss
were grouped into four groups according to the degree of their hearing loss (mild, moderate,
severe, and profound). After receiving permission from the participants, audiograms were
provided by the local audiology clinic for the HL group.

Results

A higher degree of HL was associated with less likelihood of having a driver’s license.
However, individuals with HL who had a driver’s license, drove as much as NH drivers. HL
was related to the criteria for choosing the type of transport, such that individuals with more
HL rated written information as more important and time cost and safety as less important
than those with less HL. However, in the aggregate, no difference between the groups could
be shown in the distribution of how much each mode of transportation was used.

With a few exceptions, HL did not affect the ratings of importance of hearing for
different transportation types. The exceptions were walking and public transportation, where
respondents with moderate HL rated hearing as significantly more important than those with
NH. There was no effect of HL on involvement in incidents or accidents.

Degree of HL was related to several questions of driving ability, and the general pattern
was that individuals with a higher degree of HL rated driving ability less affected by HL. This
indicates that they might be using compensatory strategies. The interest in a warning system
for inattention and the attitude toward strengthening of or complementing auditory
information in traffic situations was high regardless of HL.

Conclusion

From this study, it was concluded that HL influences the prevalence of a driver’s license
and criteria for choosing type of transportation; however, HL has no effect on the distribution
of how much each type of transportation was used. In general, respondents with more HL
were less concerned about the effect of HL, indicating that they might be using compensatory
strategies (adjustments to compensate for a decline). The interest in a warning system for
inattention and the attitude toward strengthening of auditory information in traffic situations
was high regardless of HL or not. This suggests a need for further research on compensatory
strategies and on the design of support systems accessible for drivers with HL.

Study 2: A Driving Simulator Study

Purpose

A simulator study was conducted to compare the effect of cognitive workload in
individuals with and without HL, respectively, in driving situations with varying degree of
complexity. The effectiveness of a tactile signal used to call for driver attention was also
evaluated.

Method

Twenty-four participants with moderate HL and 24 with NH experienced 3 different
driving conditions: baseline driving on a 35-km long rural road with a speed limit of 70
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km/hr; critical events with a need to act fast; and a parked car event with the possibility to
adapt the workload to the situation (e.g., by deciding whether or not to focus on the secondary
task). A secondary task (observation and recalling of 4 visually displayed letters) was present
during the drive, with 2 levels of difficulty in terms of load on the phonological loop.

A tactile signal, presented by means of a vibration in the seat, was used to announce the
secondary task and thereby simultaneously evaluated in terms of effectiveness when calling
for driver attention. The letters were displayed on a screen at a low down angle, so that the
driver had to look away from the road. Twice per minute, drivers were prompted by the tactile
signal in the seat to first look at and then read back a complete sequence of 4 letters appearing
on the display. The total duration of the task corresponds to a critical situation in which
drivers take their eyes off the road to look at the display.

For the critical events, to create near collisions, the drivers were distracted by means of
the secondary task, and then “pushed” across the median toward an oncoming vehicle by
introducing a steering angle in the simulated vehicle without submitting this information to
the motion platform. The parked car event was a situation when the participants saw a parked
car ahead (from 360 meters) with warning lights activated. This study generated 2 papers with
different focus presented separately below.

Paper II: Cognitive Workload and Driving Behavior in Persons with Hearing
Loss

In this paper, objective driver behavior measures from the simulator study accompanied
by subjective ratings during and after the test drive are presented, as well as the result from
secondary task and the questionnaire after driving.

Method

Driver behavior measures were mean driving speed; SD of Driving speed; mean LP; SD
of LP; and minimum time to line crossing. The secondary task was analyzed with respect to
the number of correct recalled letters per task, number of skipped letters per task, and number
of correct recalled letters per task ignoring the order. Subjective ratings during and after the
test drive were included to evaluate the realism of the simulated event. There was also a
questionnaire after driving including self-reported driving behavior, realism of the simulator,
and evaluation of the tactile signal used to announce the secondary task.

Results

HL had no effect on driving behavior during baseline driving, where no events occurred.
During both the secondary task and the parked car event, HL was associated with decreased
mean driving speed compared with baseline driving. Participants with HL drove
approximately 6 km/hr slower during the secondary task than NH participants did (approx. 65
km/hr vs. 70 km/hr), F(1, 44) = 7.68, p = 0.01, np2 = 0.14. At the parked car event,
participants with HL drove approximately 5 km/hr slower, F(1, 44) = 2.42, p = 0.05, np2 =
0.05.

The effect of HL on the secondary task performance, both at baseline driving and at
critical events, was more skipped letters and fewer correctly recalled letters. Furthermore, at
critical events task difficulty affected participants with HL more. There was no effect of HL
on the secondary task at the parked car event. Participants were generally positive about the
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use of a tactile signal in the seat as a means for announcing the secondary task. There was no
effect of HL on self-reported driving performance.

Conclusion

It was concluded that differences in driving behavior and secondary task performance
related to HL appear when demands increase, either when driving demands exceed baseline
driving or when the secondary task becomes more cognitively demanding or both. Increased
demands lead to a more cautious driving behavior with a decreased mean driving speed and
less focus on the secondary task. This indicate that HL is associated with both compensatory
strategies and coping strategies. Seat vibration was found to be a feasible way to alert drivers
with or without HL.

Paper III: Cognitive Workload and Visual Behavior in Elderly Drivers with
Hearing Loss

The objective of this paper was to compare visual behavior in individuals with NH and
with moderate HL, and reveal possible differences by analyzing eye-tracking data from the
simulator study.

Method

The cockpit was divided into 7 target zones: windshield, right, left, center mirror,
speedometer, task display, other. Gaze data were analyzed with respect to distribution of
glances, fixations in target zones and eye movement behavior. Eye gaze behavior was
assessed during normal driving and driving with the loading secondary task. The following
performance indicators were used: number of glances away from the road, mean duration of
glances away from the road, maximum duration of glances away from the road, and the
percentage of time when the driver was looking at the road. During the secondary task,
additional eye movement data were assessed in terms of number of glances to the secondary
task display, mean duration of glances to the secondary task display, and maximum duration
of glances to the secondary task display.

Results

Vertical and horizontal gaze directions showed only small differences between the NH
and HL groups, such that the HL group tended to have narrower and more distinct gaze
manners corresponding to the speedometer and the mirrors in the cockpit. There were also
some indications that, during the secondary task, the HL group looked in the center rear-view
mirror and further to the right more often than the NH group. Also, it could be seen that
glances toward the secondary task display were preceded by glances to the mirrors more often
in the HL group than in the NH group.

The main result from the analysis of target zones (the objects that the driver looks at
within the car’s cockpit) was that during the secondary task, drivers with HL looked twice as
often in the rear-view mirror as they did during normal driving and twice as often as drivers
with NH regardless of the driving condition.

Also, during secondary task, drivers with HL showed a different strategy when looking
away from road. They looked away from the road as much as drivers with NH; however, with
more frequent glances of shorter duration.
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Conclusion

It was concluded that differences in visual search behavior between drivers with NH and
drivers with HL are bound to driving condition. During the secondary loading task, drivers
with HL looked twice as often in the rear-view mirror than during normal driving and than
drivers with NH, regardless of driving condition. Moreover, during secondary task, drivers
with HL looked away from the road as much as drivers with NH, but with more frequent
glances of shorter duration. The results also indicate that drivers with HL performed a visual
scan of the surrounding traffic environment before looking away toward the secondary task
display. This more active visual search behavior might indicate that drivers with HL use
compensatory strategies to a higher extent than NH drivers.

Study 3: A Field Study in Real Traffic

Paper IV: Hearing Loss and a Supportive Tactile Signal in a Navigation
System: Effects on Driving Behavior and Eye Movements

Purpose

The purpose of the third study, conducted in real traffic, was to replicate and further
examine findings from previous simulator study, namely driver compensatory strategies
associated with HL and evaluate possible effects of additional tactile support in a navigation
system. Furthermore, since the simulator study indicated differences in gaze behavior
between drivers with and without HL, eye-tracking data was analyzed as part of the study

Method

Thirty-two participants (16 HL and 16 NH) performed two pre-programmed navigation
tasks in an urban environment. In one task, participants received only visual navigation
information, while in the other vibration in the seat was used as a complement. This tactile
support was given in the left or the right side of the driver’s seat to indicate the direction of
the next turn. Performance indicators and measures included driving speed, driving behavior
observations (using a protocol filled out by a test leader), eye tracking, and a post-drive
questionnaire. SMI glasses were used for eye tracking, recording the point of gaze within the
scene. Analysis of gaze data was performed on predefined regions such as windscreen,
mirrors, navigation display, and speedometer. The questionnaire examined participants’
experience of the two navigation tasks in terms of their feelings of safety, usefulness, and
comfort.

Results

On road sections with a speed limit of 70 km/hr, participants with a HL drove 4 km/hr
slower than participants with NH. The same tendency was also seen on sections with a speed
limit of 50 km/hr; however, this result was not statistically significant.

During observed driving, participants with NH had on average 0.3 more marks on the
measure ‘speed too high’ than participants with HL, and participants with HL had 0.5 more
marks on the measure ‘speed too low’ than those with NH. Participants with HL also
averaged 1 mark higher on the measure ‘uneven speed’ than participants with NH.

Complimentary Contributor Copy



32 Birgitta Thorslund

Participants with HL spent on average 1.4% more time looking in the rear-view mirror than
NH participants. HL participants looked an average of 3 times as often (0.3 times per minute
vs. 0.1 times) in the rear-view mirror as the NH group, but there was no effect on the duration
of glances.

When driving without the tactile information activated, participants had on average 0.5
more marks on the measure ‘inattention straight’ and 0.5 more marks on the measure
‘position distance’ than when they had the tactile information. With the tactile information
activated, participants looked on average 7% less at the navigation display and consequently
on average 7% more through the windscreen than without the tactile information. The number
of glances per minute revealed that without the tactile information, on average participants
looked once more per minute at the navigation display and there was no effect on the duration
of glances. With the tactile information activated, both hearing groups were significantly
more satisfied with their ability to navigate and with the help they got from the system.
Participants also felt safer and more comfortable in this condition. Furthermore, participants
in the HL group were significantly more satisfied than the NH group with their ability to
navigate when the tactile information was activated. There was no effect of HL on self-rated
driving performance.

Conclusion

Results from this study revealed that drivers with HL drove more slowly than drivers
with NH, drove slower and looked more often in their rear-view mirror. These compensatory
strategies suggest a more cautious driving behavior. The study also showed that tactile
support leads to higher satisfaction with the navigation system, less time spent looking at the
navigation display (in terms of frequency), and thus more focus on the road and better driving
performance (in terms of both attention and distance).

General Discussion

The general aim of this thesis was to investigate traffic safety and mobility for older
individuals with HL from the perspective of cognitive psychology. With the limited previous
research and relatively low level of knowledge in this field the approach has been exploratory
with subjective and objective performance indicators, and the findings from each study have
been included for further evaluation.

The questionnaire survey investigated how HL affects the choice of transportation,
personal views of HL in relation to transport situations, and the design requirements for driver
support systems accessible for road users with HL. The simulator study examined differences
in driving behavior and visual behavior between drivers with NH and drivers with HL and the
effectiveness of a tactile signal to alert drivers. The field study further examined possible
compensatory strategies associated with HL, the usefulness of an additional tactile support in
a navigation system, and differences in eye movement patterns.
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Summary of Results

Summarizing and abstracting the effects of HL throughout the studies included in this
thesis reveal that the effects of HL on traffic safety and mobility are existing, but small (in
terms of effect sizes), often bound to workload condition and rather specific, but still
consistent in the replicated studies.

The questionnaire revealed that differences in transportation habits related to HL include
the less likelihood of having a driver’s license and a higher valuing of written information,
with the latter possibly prioritized before time and safety issues. Moreover, respondents with
more HL were less concerned about the effect of HL, indicating that they might be using
compensatory strategies. In addition, the interest in a warning system and the attitude toward
strengthening of or complementing auditory information in traffic situations was high
regardless of hearing ability. These are all new findings, pointing to a few potentially
important effects of HL from a traffic safety and mobility perspective.

Furthermore, the questionnaire revealed that HL was not related to the frequency of using
any of the transportation types (e.g., cars, cycling, or public transportation). There was no
difference in the patterns with regard to transportation types during wintertime or any effect
of HL on self-reported incidents or accidents.

In the experimental studies, differences related to HL in terms of driving behavior
(mostly lower driving speed) were bound to driving conditions and occurred when the
complexity of driving task increased (simulator study) or at a higher speed limit (field study).
There was also an effect of HL on visual behavior, indicated in the simulator study and
confirmed in the field study. Drivers with HL had a more active visual behavior with more
frequent glances on the secondary task (simulator study), more frequent glances in the rear-
view mirror, and more general scanning of the environment before looking away from the
road (simulator study). Secondary task performance was lower for the HL group, with more
skipped letters, suggesting this group is less willing to perform this task. These are all new
findings, in line with the expectations, and the effect of HL on driving behavior and on visual
search behavior suggest people with HL use more compensatory strategies and coping
strategies leading to a more cautious driving behavior.

The tactile signal in the driver seat was found useful in both experimental studies, both
for driver attention and for facilitating navigation with a GPS navigation device. The field
study showed that the tactile support led to higher satisfaction with the navigation system.
The tactile support also led to less time spent looking at the navigation display, and thus more
focus on the road and better driving performance in terms of both attention and distance.
These are new findings, supporting the expectations and adding to the growing body of
evidence of the benefits of using tactile information in cars (van Erp & van Veen, 2004; Ho,
Tan, & Spence, 2005; Ho, Reed, & Spence, 2006).

In the simulator study (study Il), HL had no effect on driving behavior at baseline
driving, where no events occurred and when no secondary task was present. In the field study,
the effect of HL on driving speed displayed the same pattern, however was not significantly
lower, at the lower speed limit. In neither of the experimental studies, there was an effect of
HL on the self-rated driving performance.
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Choice of Transportation

ICF, conceptualizing functioning and disability as an interaction between an individual’s
health condition, contextual factors of the environment and personal factors, includes
mobility in activity and participation (WHO, 2001). There were some effects of HL found,
which according to the hierarchical model suggested by Michon (1985), belong to the top
level, where strategic decisions are made by control processing such as the choice of type of
transport.

That the likelihood of having a driver’s license is negatively associated with the degree of
HL is a new finding. There was no effect of HL on mileage and also no relation between the
degree of HL and driving cessation. This suggests that in the studied population difficulties or
lack of interest associated with HL and car driving emerge when deciding whether or not to
learn to drive. This is an indication of individuals with HL using coping. Knowing that
difficulty in taking part in activities increase with the degree of HL (Gopinath, Schneider,
Hickson, et al., 2012a; Grue et al., 2009; Wallhagen et al., 2001; Schneider et al., 2010), one
could speculate that taking driving lessons might be too difficult for some individuals with
HL, as some respondents mentioned. The main focus in this thesis is on those with moderate
HL who are still driving; however, this driver’s license issue is something for further
research, since car access can act as a compensational tool for functional limitations (Sirén &
Hakamies-Blomqvist, 2004, 2009) and is associated with better health and well-being among
the elderly (Ellaway, Macintyre, Hiscock, & Kearns, 2003; Macintyre, Hiscock, Kearns, &
Ellaway).

That individuals with HL sometimes find written information more important than time
cost, and safety issues is also a new finding. According to Rumar (1988), there is always a
risk in being mobile, and risk can be divided into statistical and experienced risk. There is a
possibility that individuals with HL feel safer when they have written information and
therefore prioritize this before statistical safety and time cost. Furthermore, individuals with
moderate HL expressed a higher need to be able to hear on public transportation than those
with NH. This is in line with Gopinath et al. (2012), who found that using public
transportation is harder for individuals with HL, and there might be a need for more written
information on public transportation to increase experienced safety, activity and participation
for individuals with HL.

Driving Behavior

Motivational driving behavior models all have in common maintenance of the acceptable
level of risk (Wilde, 1982; Fuller & Santos, 2002; Fuller, 2005, 2007; Fuller et al., 2008;
Fuller, McHugh et al., 2008; Vaa et al., 2000; Vaa, 2003, 2007, 2011; Naatdnen & Summala,
1974). Consistent with results from Wu et al. (2014), effects on driving behavior for
individuals with HL emerge when driving task exceeds baseline driving. The main effects
from the simulator study are consistent with Fuller (2005), suggesting that manipulating
driving speed and engagement in a secondary tasks are the primary mechanisms for
maintaining the preferred level of difficulty.

Lewis-Evans (2012) concluded that speed is not only a conscious choice but rather a
challenge to be handled, at least on some level, by automatic processes, and that the existence
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of these processes can be inferred when the cognitive capability of drivers is loaded. There is
a higher risk of cognitive fatigue in individuals with HL, and also possibly a different
perception of speed (cf. Evans, 1970; Ohta & Komatsu, 1991). Taking this together, there is a
possibility that drivers with HL may have decreased speed control, and therefore drive slower
and at a more uneven speed (field study).

In addition, considering Lewis-Evans® (2012) suggestion that there is a threshold to
account for the perception of subjective variables (e.g., task difficulty, effort, comfort, crash
risk, and feeling of risk), drivers with HL might experience an increased feeling of risk
(Rumar, 1988) and therefore aim to maintain a different level of risk. This increased feeling
of risk might come from a decreased perception of the surroundings and decreased feedback
leading to a decreased feeling of control, which is also reflected in the gaze behavior. That is,
they might compensate for the increased risk by driving at a lower speed (e.g. Haustein et al.,
2013), and be less engaged in distracting activities, which is a coping strategy (e.g., Ben-Zur,
2009; Fofanova & Vollrath, 2012).

Visual Behavior

Drivers with HL showed more watchful manners with regard to visual behavior. The
higher frequency of glances in the mirrors point to the fact that individuals with HL might
value this kind of information more than that with NH. This new finding is in line with the
expectations of a compensatory strategy with a more active visual search behavior, due to the
fact that hearing gives us valuable spatial and temporal resolution. This is also in line with
Wilson and Eggemeier (1991), who found a relationship between frequency of fixation and
instrument importance, and this, might be a part of a compensatory behavior.

Visual search strategy is according to traffic inspectors the most important concept
related to risk awareness (Lidestam et al., 2010). The difference between drivers with HL and
drivers with NH in the strategy of looking away from the road was apparent during the
secondary task in the driving simulator. Drivers with HL looked away more often and for a
shorter period each time; however, there was no effect of HL on total time with the eyes off
the road. Again, this behavior might be connected to the experienced safety and feeling of
risk, suggesting that avoiding long glances away is a coping strategy on the part of those with
HL.

With the descriptive and explorative approach of this thesis, the relationship between the
secondary task performance in Paper Il and the gaze behavior in Paper Ill is interesting. In
Paper Il, we concluded that drivers with HL might be less willing to make an effort to
perform the secondary task. Their lower performance might also be due to the fact that the
task loads on the phonological loop and is thus more cognitively demanding for drivers with
HL. An acquired HL may lead to a deteriorated function in the phonological loop, which
means that drivers with HL should need to look at the letters for a longer time. However, as
seen in Paper 11, on the contrary they look at the secondary task display more frequently and
with shorter duration compared to drivers with NH. This indicates that with the limited
capacity during the secondary task, which also results in decreased speed for drivers with HL,
driving safety is prioritized before performance on the task, which could be a sign of
compensatory behavior.
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Driver Assistance Systems

In the questionnaire survey, the interest in driver assistance systems was not affected by
HL and suggested evaluation of alternative modality for driver support systems. From the
classifications suggested by Carsten and Nilsson (2001), the HMI aspect (operating and
communicating with the system) and the traffic safety aspect (system influence on driving
behavior, including changes in interactions with other road users) are relevant for evaluating
the effect of HL. Concerning the HMI aspect, and in line with the expectations and previous
findings (e.g. van Erp & van Veen, 2004;), the tactile signal in the driver’s seat was useful in
both experimental studies, for both calling for driver attention and facilitating navigation with
a GPS device. Furthermore, of high relevance for the traffic safety aspect, regardless of
hearing status, the tactile support led to higher satisfaction with the navigation system, less
time spent looking at the navigation display, more focus on the road, and better driving
performance. This was in line with the expectations too, and may increase traffic safety for
drivers regardless of HL or not, since this may release other heavily loaded sensory channels
(c.f. Wickens and Hollands, 1999) and therefore potentially provide a major safety
enhancement.

Methodological Discussion

The advantages of performing a simulator study also come with limitations (Mullen,
Charlton, Devlin, & Bédard, 2001; Nilsson, 1993). For example, motion, velocity and
acceleration ranges are limited, it is impossible to fully represent a real traffic environment,
and participants may suffer from simulator sickness, a type of motion sickness experienced
only in simulators (Nilsson, 1993).

There was an effect of HL, such that drivers with NH experienced the simulator as more
realistic. Also, some effects of eye movement behavior indicated in the simulator were
confirmed in the field study. These two effects might be related, such that the realism was
needed for some of the effects to show. Also, female drivers with HL reported the highest
values of simulator sickness, which might be connected to the realism of the simulator, such
that higher experienced realism lead to less simulator sickness.

Age-related HL is the most common type of HL and thus it is most relevant to look at the
effects of HL in the group of older people. With a quasi-experimental design (HL vs. NH)
follows a heterogeneity between groups. To create as homogenous groups as possible, apart
from hearing status, the aim was to recruit participants under 65 years of age to avoid age
effects.

Conclusion

From the studies included in this thesis, it can be concluded that there are effects of HL
on both traffic safety and mobility, such that individuals with HL are less likely to have a
driver’s license, more likely to show a more cautious driving behavior, and will sometimes
prioritize experienced safety before statistical safety. The effects of HL revealed in this thesis
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are new findings and add to the knowledge and understanding of the influence of HL on
traffic safety and mobility. Differences found consistently point to a generally more cautious
behavior, which suggests an effect of HL on experienced safety.

Compensatory strategies and coping strategies associated with HL are bound to driving
complexity and appear when complexity increases. These strategies include driving at lower
speeds, using a more comprehensive visual search behavior (compensatory) and being less
engaged in distracting activities (coping).

The influence of HL on the choice to drive a car is limited to the decision of whether or
not to learn to drive, since HL does not affect mileage or driving cessation.

Evaluation of a tactile signal suggests that by adding a tactile modality, some driver
assistance systems can also be made accessible to drivers with HL. At the same time, the
systems might be more effective for all users, since visual resources can be more focused on
the road, which could generally increase both traffic safety and mobility.

Based on the results in this thesis, drivers with HL cannot be considered an increased
traffic safety risk, and there should be no need for adjustments of the requirements of hearing
for a license to drive a car.

Suggestions for Future Research

This thesis presents exploratory and experimental research on the effects of HL on traffic
safety and mobility. Some effects of HL have been found (suggesting a more cautious driving
behavior), which can be used in future recommendations. There are also some aspects worth
looking into further. Generally, it is possible that individuals with disabilities (of different
kinds) might contribute to a better understanding of how to design better driver support
systems. Since they are more sensitive to higher workload, they might be able to indicate how
to develop support systems, which might be more useful for all drivers.

The compensatory strategies found, indicating maintenance of a different level of
difficulty, suggest further investigation of the effect of HL on feeling of risk.

The possibility of individuals with HL experiencing higher safety when there is written
information and therefore prioritizing this before statistical safety and time cost is worth
further evaluation.

The accessibility of written information on public transportation is relevant to evaluate,
since differences appeared in this and other studies (Gopinath et al., 2012b) related to the
degree of HL.

Less likelihood of having a driver’s license suggests further evaluation of the driving
lesson situation for individuals with HL.

Positive effects of tactile signals in driver assistance systems suggest further research on
how to implement accessible signals in these systems.

The effect of the use of hearing aid technologies when driving should be further
investigated. This was not included in the studies presented in this thesis although there is
reason to believe that the right aid can increase traffic safety and mobility (e.g., McCloskey,
Koepsell, Wolf, & Buchner, 1994; Wu et al., 2014).
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The fact that there is a decline in various abilities (e.g., cognitive, visual, auditory)
associated with normal aging, makes further examination of the effects of decline in each type
and combination of types, and also the effects of aid for each type, relevant for future study.

The effects of HL on perception and decision-making have not been examined explicitly
in studies presented in this thesis. However, the results pointing at a difference in experienced
safety associated with HL suggest that these aspects should be further studied.

The studies included in this thesis focus on age-related HL. It would be of interest to look
at the effects of other types of HL such as genetic deafness or individuals with CI.

It would be relevant to study the effects of HL on cognitive fatigue and of cognitive
fatigue on traffic safety, since cognitive fatigue is a known effect of HL (e.g. Moradi et al.,
2014; Ronnberg et al., 2013) and could lead to decreased attention. Also, studying the effect
of reducing cognitive fatigue on traffic safety can add to the understanding of the problem.

In this field of research, investigation into specific effects of decline in different aspects
of EF, rather than attention to the broad perspective, is more likely to yield a more
comprehensive picture.

It could be worthwhile to study other modalities of driver assistance systems than
auditory and tactile, such as ambient (light), and to evaluate which modalities and ways of
presenting the information are most suitable to which driver group or in which situations.
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Abstract

There is a growing awareness that a variety of different chemical substances can
cause hearing damage in humans. The literature of the last decade on the effect of
different chemical compounds on the human auditory system has been reviewed with
reference to the exposure in the workplace. Scientific evidence has emerged that the
exposure to styrene, p-xylene, solvent mixtures and lead may be a cause of hearing loss.
For these substances the number of studies is relatively large and a variety of approaches
have been undertaken to test their effect on the auditory system. For other chemical
substances, for example certain metals such as mercury, cadmium and arsenic, and some
neurotoxic pesticides, the available data indicate a possible ototoxic action, although in
some cases only when in combination with noise. A number of critical aspects have been
noticed: firstly, this review highlights the need to consider the possible synergistic effect
of the interactions between different ototoxic agents, primarily the co-exposure to noise.
These interactions are complex and difficult to predict, since synergistic, additive and
sub-additive effects have to be contemplated. Then, the individual variability of exposed
subjects, due to genetic differences, personal clinical histories, and occupational/
environmental exposures cannot be disregarded. Finally, there are conceptual differences
among the studies in the definition of hearing loss, which may partly account for the
different prevalence values found in the examined documents. In conclusion, it is
suggested to adopt the precautionary principle, while awaiting, on one hand, a stronger
evidence on the ototoxicity of some classes of chemicals, particularly for exposures at
low doses, and, on the other hand, new scientific studies on the effects of the interaction
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between physical and chemical agents on the hearing loss that are a priority in future
research needs.

Introduction

The problem of hearing loss, with the consequences resulting from this disease, is of
great concern in the medical community. Deafness is one of the most widespread, costly and
poorly understood disabilities in the world. According to the World Health Organization
(WHO) about 250 million people have disabling hearing loss and two-thirds of them live in
the developing world. Millions of people progressively lose their most important means of
communication and became socially isolated, especially in the later years of their life (Gatto
et al., 2013). Previous studies have shown that hearing deficits can also contribute to
occupational injury, although most of these studies evaluated traumatic injury (Hétu et al.,
1995; Sprince et al., 2003; Choi et al., 2005). Even if age-related changes, noise exposure and
head trauma are the most common causes of damage to cochlear hair cells, several other
factors may also cause hearing loss. Since the early 1980s, indeed, some chemical agents
have been investigated in order of their potential ototoxic properties in humans. An ototoxic
substance is any chemical or mixture that may impair the structures and/or the function of the
inner ear (auditory plus vestibular apparatus) and the connected neural pathways; those
substances that instead impair hearing and balance by affecting mainly the central or
peripheral nervous system are considered neurotoxic. Ototoxic agents are generally divided
into two groups, occupational and non-occupational chemicals: this study focused on the first
one, even if a brief mention about other xenobiotics that may affect the auditory system is
essential. Drugs are considered the main non-occupational substances that may damage
hearing: these include, for example, antibiotics, with a place of absolute importance for the
aminoglycosides, diuretics, and salicylates, certain antineoplastics such as cisplatin and
carboplatin, and anti-malarial medications. In addition, despite the presence of a considerable
uncertainty, some lifestyle habits, such as cigarette smoking and alcohol consumption, are
also believed to be ototoxic. The classes of compounds discussed in this chapter include
organic solvents, metals, pesticides, and other chemicals, including polychlorinated biphenyls
and asphyxiants, grouped in a separate class.

Organic Solvents

There is ample scientific evidence that the exposure to several solvents, either alone or in
concert with noise exposure, has ototoxic effects. The aromatic solvents of the alkylbenzene
family are the largest group among the solvents that have been found to affect the auditory
system. Animal models have demonstrated that the relative ototoxicity may vary among the
aromatic solvents (Gagnaire & Langlais, 2005). A tentative ranking of increasing ototoxocity
for aromatic solvents could be proposed on the basis of cochlea morphological investigation
and histological hair cell losses as: a-methylstyrene, trans-B-methylstyrene = toluene < p-
xylene < n-propylbenzene < styrene = ethylbenzene < allylbenzene. No relationship between
the degree of ototoxicity and the lipophilic properties of the ototoxic agents as expressed by
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the octanol/water partition coefficients was observed. However, correlations between some
structural properties and ototoxicity were observed. A single side-chain on the aromatic ring,
except with p-xylene, is essential for ototoxicity. The other aromatic solvents with two side-
chains were not ototoxic. When the saturated side-chain was branched (isopropylbenzene,
isobutylbenzene, sec-butylbenzene, tert-butylbenzene), no ototoxicity was found. Also the
saturation and the number of carbon atoms in the side-chain are of importance. The ototoxic
potency increases when the length of the saturated side-chain extended from one carbon atom
to two carbon atoms. Of the xylene isomers, p-xylene showed ototoxic effects whereas o-
xylene and m-xylene did not (Maguin et al., 2006). Moreover, branching of the unsaturated
chain (a-methylstyrene and trans-p-methylstyrene) decreased the ototoxicity of styrene.
Finally, some aliphatic solvents, such as n-hexane and n-heptane, as well as trichloroethylene
and carbon disulphide, have effects on neurons in the central nervous system, and
consequently are supposed to also affect the auditory system (Morata, 1989; Nylén et al.,
1994; Simonsen & Lund, 1995; Vyskocil et al., 2008a.b).

Styrene

Styrene is used in the production of plastics, rubber, and resins. Several occupational
studies have been investigated the effects of styrene on the auditory system alone or in
concert with noise. Reviewed papers were cross-sectional epidemiological studies or
occupational health cohort studies. Exposure assessment was based on styrene measurements
in the breathing zone, usually also supported by the biological monitoring of its urinary
metabolites. In many studies, lifetime exposure to both styrene and noise was calculated using
company records and questionnaire data. The results are equivocal. Some studies (Johnson et
al., 2006; Mascagni et al., 2007; Morata et al., 2011; Sisto et al., 2013) claimed to have
demonstrated styrene-induced hearing loss in industrial populations, also with synergism
between styrene and noise, but others (Hoffmann et al., 2006; Triebig et al., 2009) have
indicated no ototoxic effects of styrene exposure. Johnson et al. (2006) studied the health
effects in 313 workers exposed to noise (> 85dBA) and styrene and to styrene alone (noise <
85 dBA). Workers exposed to styrene alone or in combination with noise resulted to have
significantly poorer pure-tone thresholds in the high-frequency range (3-8 kHz) than the
control, noise-only exposed workers and non occupationally noise-exposed. In a smaller
study, hearing thresholds of 32 workers in a fiberglass reinforced industry were compared to
60 unexposed control subjects (Mascagni et al., 2007). Twenty-four of the exposed subjects
had slightly but significantly higher thresholds at all frequencies (except at 8 kHz on the right
ear). The study confirmed the results from earlier studies with larger population that styrene
alone can cause a slightly elevated hearing threshold (Muijser et al., 1988; Morioka et al.,
1999; Sliwinska-Kowalska et al., 2003). Similar findings were reported by a large cross-
sectional study on styrene-exposed workers from Sweden, Finland, and Poland (Morata et al.,
2011). Among the important results obtained from this multicenter study, such as the
corroboration of association between styrene exposure and hypoacusis, the authors observed
that noise exposure from 80 to 84 dBA did not have a significant effect on hearing, except
when in combination with styrene. In a recent study Sisto et al. (2013) evaluated the ototoxic
effect of styrene by means of otoacoustic emissions, used as biomarkers of mild cochlear
damage. The authors found a significant correlation between the otoacoustic emission levels
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and the concentration of the styrene urinary metabolites. Besides, on a subsample of styrene
exposed subjects with low exposure to noise and short exposure lifetime, cochlear
functionality degradation has been evidenced, manifesting itself with a significant reduction
of the otoacoustic signals. In contrast, other studies failed to find any effect of styrene on
hearing thresholds. An investigation on 32 workers of a boat building factory found no
consistent association and only few isolated correlations between the parameters of hearing
acuity and exposure indices (Hoffmann et al., 2006). No clear ototoxic effects were also
reported by Triebig et al. (2009). The study examined associations between occupational
styrene exposure and impairment of hearing function of a group of workers from a boat
building plant. With the exception at frequencies of 1,000 and 1,500 Hz, no dose-response
relationship between threshold and exposure data was found. In conclusion, there is some
suggestion of a likely ototoxic effect of styrene exposure, but hearing dysfunction deficits, in
particular at low concentrations, have not been demonstrated by scientifically reliable
argument. Further studies in humans are necessary to clarify this question.

Toluene

Toluene has a number of industrial uses as solvent, carrier, or thinner in the paint, rubber,
printing, cosmetic, adhesives and resin industries, as a starting material for the synthesis of
other chemicals and as a constituent of fuels. Information gained from animal studies support
the observations in humans that toluene can be ototoxic (Pryor & Howd, 1986; Johnson et al.,
1988; Sullivan et al., 1989; Li et al., 1992) and demonstrate that toluene exposure can
aggravate auditory degeneration in genetically predisposed mice. The data on the ototoxic
effect of toluene in humans originate mainly from case reports of acute toluene poisoning. In
studies focused on the voluntary inhalation of toluene, severe hearing loss in the central
auditory pathways was reported (Ryback, 1992; Morata et al., 1994). Two studies on
association between auditory damage and occupational exposure to toluene were identified in
the literature of the last 10 years. Chang et al. (2006) described hearing impairment from
simultaneous exposure to toluene and noise in 174 workers at an adhesive materials
manufacturing plant. Diametrically opposite conclusions have been reached by Schaper et al.
(2008). In a five year follow-up study, 333 rotogravure printers exposed to a relatively high
level of toluene in the printing area were compared with those exposed to a low level of
toluene in the end-processing area. No toluene exposure-related variables (duration, level,
urine metabolites) were found to be significant in the logistic regression model. To sum up,
toluene may be associated with hearing impairment when the exposure reaches a certain level
(Chang et al., 2006); the risk effect may not be observed when the level is lower than 50 ppm
(Schaper et al., 2008). However, more studies are needed to confirm these findings.

Xylenes
Xylenes are found in various solvent mixtures, including paints, varnishes, and thinners;

they are also used in histology laboratories. Several studies have been compared the
ototoxicity of three xylene isomers (Pryor et al., 1987; Cappaert et al., 1999, 2000; Campo et
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al., 2001; Gagnaire et al., 2001; Maguin et al., 2006). Unlike o-xylene and m-xylene, an
ototoxic effect was observed after a sub chronic p-xylene exposure.

In 2008, Draper & Bamiou presented a case-study of a patient with auditory neuropathy
after exposure to xylene, and in the absence of any other risk factor. More recently, in a study
on a group of 30 medical laboratory workers, Fuente et al. (2013) found significant different
ABR latencies for xylene-exposed workers than non-exposed workers.

Dichloromethane

Dichloromethane is a widely used organic solvent in a diverse range of industries such as
metals and plastics, electronics, pesticides and textiles. The effects of dichloromethane on the
auditory system have been debated in a recent study conducted by Bonfiglioli et al. (2014).
The authors reported the case of a transient bilateral hypoacusis after acute exposure to
dichloromethane, suggesting a possible ototoxic effect of this solvent.

Trichloroethylene

Trichloroethylene is primarily used as a grease remover, but is also used as a dry-
cleaning agent and as a chemical intermediary in the production of paints, waxes, pesticides,
and other products, such as adhesive and lubricants.

In animal models, exposure to high concentrations of trichloroethylene has been shown to
disrupt cochlear sensory hair and spiral ganglion cells, mainly in the middle turn, as well, i.e.
the auditory nervous pathways within the cochlea (Prasher et al., 2004; Albee et al., 2006). In
a review of the literature on the effects of low-level exposure to trichloroethylene on the
auditory system, Vyskocil et al. (2008b) found no convincing scientific evidence of
trichloroethylene-induced hearing losses in workers. No human study on the interaction
between occupational trichloroethylene exposure and noise was found.

Carbon Disulphide

Despite the usage of carbon disulfide (CS,) is strictly controlled by legislation, because of
its physico-chemical and toxicological properties, it is still widely used in various sectors
such as in the textile industry for the production of rayon fibers and in industrial applications,
mainly in tires and other reinforced rubber articles. Carbon disulphide is known to be a
neurotoxicant and in some previous studies the effects on the auditory system in workers have
been interpreted as a consequence of the known central nervous system (CNS) toxicity of the
substance.

Gelbke et al. (2009), in a review of literature on CS, health effects, suggest that hearing
deficits will only occur at relatively high carbon disulfide exposures, and there may be an
interaction between CS, exposure and ambient noise levels. The authors concluded that the
studies with highest utility support that an Occupational Exposure Limits (OEL) of 10 ppm
“may be low enough to protect workers from significant aggravated hearing impairment due
to CS; exposure in a noisy working condition” (Chang et al., 2003). However, the number of
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investigations on electroencephalogram (EEG) alterations and especially on the audio-
vestibular system is too small to come to a final decision. Audiometric studies in workers
under defined long-term exposure conditions would be helpful in this respect.

Solvent Mixtures

Several other organic solvents, such as ethylbenzene, n-hexane, methyl ethyl ketone
(MEK), ethyl acetate, butyl acetate, have been hypothesized to impair hearing. These
chemicals are rarely present separately in workplaces, but mostly as solvent mixtures. Over
the recent literature, five occupational studies examining the relationship between solvent
mixtures and hearing impairment have been identified. A variety of workplaces was
investigated, including paint and lacquer industry, petroleum refineries, aviation industry,
shipyards, and work environments exposed to jet fuel. Kim et al., (2005) studied hearing
impairments as consequence of simultaneous exposure to noise and mixed solvents in the
aviation industry. The major components in the solvent mixtures were methyl ethyl ketone,
toluene, xylene, and methyl isobutyl ketone. The study found a prevalence of hearing loss of
54.9% among workers exposed to noise and mixed solvents simultaneously; 17.1% among
workers exposed only to noise; 27.8% among workers only exposed to a solvent mixture; and
6% among non-exposed workers. Relative risks were estimated to be 4.3 for the noise-only
group, 8.1 for the noise and solvents group, and 2.6 for the solvents mixture group. In a
similar study conducted by Kaufman et al. (2005), the exposure to jet fuels, containing
several solvents such as n-hexane, n-heptanes, toluene, and xylenes, was found to increase the
odds ratio when it is combined with noise exposure during the first twelve years of exposure.
The effects of jet fuel exposure on hearing were found statistically non-significant for more
than 12 years of combined noise and jet fuel exposure, suggesting a plateau effect for jet fuel
exposure and/or that the noise-induced hearing loss may become more important for those
continuing to have exposure to both agents. In the last decade two studies on the association
between hearing impairment and the exposure to solvent mixtures and noise were published
by Sliwinska-Kowalska et al. In the first study (Sliwinska-Kowalska et al., 2004), the authors
compared the hearing impairments of 701 dockyard workers (517 noise and organic solvent
mixture exposed and 184 noise only exposed) with 205 control subjects not exposed to either
noise or solvents. The odds ratio of hearing loss resulted significantly increased by about
three times in the noise-only group and by almost five times in the noise and solvent group. In
the second study (Sliwinska-Kowalska et al., 2005) hearing disabilities of 1117 workers
exposed to both mixtures of solvents (xylene, styrene, n-hexane and toluene) and noise were
confronted with 66 workers exposed to noise only and 157 controls. A positive linear
relationship was found between exposure to solvents and hearing thresholds at high
frequencies. All solvent exposures were found to be associated with hearing impairment, with
the lowest odds ratios in the solvent-mixture-exposed group (xylene as the main component),
and the highest in the n-hexane and toluene exposed group. The authors also indicated that
additional deterioration of hearing at 8 kHz could be caused by co-exposure to solvents and
noise. More recently, Fuente et al. (2011) conducted an investigation on central auditory
functioning in normal hearing, solvent-exposed subjects (n=46) compared to normal-hearing,
non-exposed subjects (n=46). Although all subjects had normal-hearing thresholds, solvent-
exposed participants exhibited significantly poorer hearing thresholds in comparison to non-
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exposed subjects. Data were in agreement with results from a study conducted in 2007, in
which Fuente et al. demonstrated that solvents were significantly associated with poorer pure-
tone thresholds, lower amplitudes of transient evoked otoacoustic emissions (TEOAES), and
poorer results for central auditory functioning tests.

In summary, the literature data revealed the increased risk of hearing loss in workers
exposed to organic solvent mixture only, and well documented the potentiating of harmful
effects of combined exposure to solvents and noise. Hearing impairment is mainly observed
in high frequencies, but lower frequencies can also be involved. Some studies have revealed
that pure-tone audiometry might be insufficient to differentiate between noise and chemical
ototoxic effects (Sliwinska-Kowalska et al., 2004; Fuente et al., 2008, 2011). Finally, it must
be emphasized that current exposure limits for solvents, established separately for each single
chemical, are probably not effective in hearing protection when they are mixed.

Table 1. Occupational studies on auditory effects of solvents exposure

hexane, carbon
disulfide, methyl ethyl
ketone (MEK), ethyl
acetate, butyl acetate

paint thinners, and
glue solvents

Substance Structure ACGIH Industrial Uses Weight of | References
[CAS] TLV-TWA evidence
(STEL)*
Styrene _CH 20 Fiberglass, rubber, |O/PO Johnson et al., 2006;
[100-42-5] (40) plastic, insulation. Hoffmann et al.,
2006; Mascagni et
al., 2007; Triebig et
al., 2009; Morata et
al., 2011, Sisto et
al., 2013
Toluene CH, 20 Solvent of paints, O/PO Chang et al., 2006;
[108-88-3] " lacquers, thinners, Schaper et al., 2008
glues and industrial
feedstock
p-xylene 100 Solvent in leather, O/PO Draper & Bamiou,
[106-42-3] H3C @ CHy (150) rubber and printing 2008; Fuente et al.,
industries 2010
Dichloromethane (|3' 50 In paint removers, in |NC Bonfiglioli et al.,
[75-09-2] CI’C';\H manufacturing 2014
H process of film
coatings, as aerosol
spray propellant.
Trichloroethylene a a 10 Degreaser in metal |NE Vyskocil et al., 2008
[79-01-6] >—/ (25) industry and in
o chemical laundries.
Carbon Disulphide 1 Man-made cellulosic | PO Gelbke et al., 2009
[75-15-0] S=C=S 3.1) fibers, tires and other
reinforced rubber
articles.
Solvent mixtures Ethylbenzene, n- In dry cleaning, as | O/PO Sliwinska-Kowalska

et al., 2004, 2005;
Kaufman et al.,
2005; Kim et al.,
2005; Fuente et al.,
2008, 2011

CAS: Chemical Abstracts Service; TLV: Threshold Limit Value — TWA: time-weighted average; STEL: Short-Term
Exposure Limit; O: ototoxic substance, PO: possibly ototoxic substance, NC: nonconclusive, NE: no
evidence. *Values in Parts Per Million (ppm).
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Metals

In animal studies, metals such as lead, mercury, cadmium, and manganese are reported to
impair inner ear cells, leading to auditory function disorders (Yamamura et al., 1989; Lasky et
al., 1995; Ozcaglar et al., 2001; Jones et al., 2008; Kim et al., 2008). Human studies are
sparse, but there are some data supporting their effect on auditory system (Chuang et al.,
2007; Shargorodsky et al., 2011; Choi et al., 2012; Saunders et al., 2013). The interaction
with the noise has been poorly studied either in animals or in humans. Some of the ototoxic
metals are discussed in the following section.

Lead

Lead can be found in various workplaces, such as constructions, wholesale trade,
industries involved in the manufacture of ammunition, batteries, chemical compounds,
explosives, glassware, and metal products. OSHA estimates that approximately 804,000
workers in general industry and an additional 838,000 workers in construction are potentially
exposed to lead. Experimental studies on animal models suggest that lead exposure induces
degeneration in the inner ear receptor cells and latency in auditory nerve conduction velocity
(Yamamura et al., 1989; Lasky et al., 1995). There are contradictory findings on hearing loss
from human lead exposure. Several epidemiological studies on lead-exposed workers whose
blood lead levels have been related to audiological findings, suggest a probable ototoxic
effect for this metal (Chuang et al., 2007; Hwang et al., 2009; Galal et al., 2011). The study
conducted by Galal et al. (2011) on a sample of 61 lead-exposed and 50 non-exposed found a
significant correlation r=0.7 between blood lead levels and binaural hearing impairment.
Similar results were observed on 412 workers exposed to low-level lead in a steel plant
(Hwang, 2009). In addition of results on lead ototoxicity, Chuang et al., (2007) found that
selenium was inversely associated with hearing thresholds, and it may be considered an
antagonist to Pb ototoxicity. On the contrary, Counter et al., (2009) were unable to
substantiate this in their study on a group of subjects with a history of chronic exposure from
occupational Pb glazing. In the past it has also been suggested that lead exposure results in
hearing loss may be due to developmental learning disabilities consequent to the exposure to
the metal (Schwartz & Otto, 1991; Bellinger, 1995). However, given the current evidence
from several human studies, we recommend treating lead as an ototoxic agent.

Mercury (Methyl Mercury Chloride, Mercuric Sulfide)

Occupational exposure to inhaled mercury vapor OCCuUrs in many industrial applications,
including the production of caustic soda and chlorine, and in the manufacture of
thermometers, thermostats, fluorescent light bulbs, batteries, and manometers. Since mercury
is known to be neurotoxic, many studies have focused only on the central auditory system,
whereas other studies have shown that acute or chronic exposure to mercury generates
alterations in both the peripheral and/or central auditory systems (Murata et al., 2004;
Rothwell & Boyd, 2008; Prasher, 2009). A recent cross sectional study was carried out by
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Al-Betanony et al. (2013) on 138 workers and 151 matched controls in a fluorescent lamp
factory in Egypt. The measured noise levels inside the factory were below the maximal
permissible limit of the sound intensity inside closed working areas (90 dB according to the
Egyptian low). Audiometric air conduction results showed a significantly higher prevalence
of hearing loss in the exposed than the comparison group. Other mercury compounds such as
dimethyl-mercury, methyl-mercury, and mercuric sulfide have been shown to affect auditory
brain stem potentials (Pazderova et al., 1974; Chuu et al., 2001; Clarkson & Magos, 2006).

Cadmium

Industrial use of cadmium mainly occurs in nickel-cadmium batteries, PVC plastics, and
paint pigments. Cadmium has a dose-dependent deleterious effect on the auditory system in
animal models, causing apoptosis and arrangement alteration of inner ear receptor cells
leading to an elevation in auditory thresholds (Ozcaglar et al., 2001; Kim et al., 2008).
A probable ototoxic action of cadmium in association with noise exposure was shown by De
Abreu & Suzuki (2002), who observed more severe auditory damages, at the frequencies of
4000 and 6000 Hz, in a group of workers exposed to noise and cadmium than in the subjects
exposed only to noise.

Chromium

Chromium is used in the manufacturing of stainless steel and to produce several alloys, in
plating, corrosion inhibition, wood preservatives, glassware-cleaning solutions, metal
finishing and in the production of pigments. In a recent experimental study on animal models,
Zhan et al. (2012) found auditory damages with flatness of auditory brain stem responses
(ABR) in rats exposed to chromium. Besides, a protective effect of copper and manganese has
been supposed, since it has been observed a certain restoration of the hearing function in rats.
Regarding human occupational studies, the multiple exposures to a mixture of chromium and
lead in combination with noise and their effects on the auditory system were examined by
Muttamara & Leong (2004). Elevated concentrations of chromium and lead were found in
biological matrices (blood and urine) of exposed workers, as well as high levels of noise,
frequently higher than 90 dBA. According to the audiometric test, the workers showed signs
of noise-induced hearing loss, but the effect of the co-exposure to the heavy metals cannot be
excluded.

Tin

Organic tin compounds are used as heat stabilizers for polyvinyl chloride in piping,
siding, and window casings, as antifouling marine paints, wood preservatives fungicides and
acaricides. Structural alterations of the auditory system, such as losses or shortening of outer
hair cells (OHC) in the basal turn of the cochlea and loss of type 1 spiral ganglion cells, have
been reported in animal exposed to trimethyltin (Ruppert et al., 1984; Hoeffding & Fechter,
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1991) and triethyltin (Clerici et al., 1993). No study on the effect of occupational exposure to
tin compounds on human auditory system has been found in the recent literature.

Arsenic

Arsenic is used in the smelting process of copper, zinc, and lead, as well as in the
manufacturing of chemicals and glass. Target organs are: blood, kidneys, and the central
nervous, digestive, and skin systems. Animal studies of compounds containing arsenic
(sodium arsenilate and its acetylated derivative) have shown histopathological changes in the
organ of Corti and the stria vascularis (Anniko, 1976; Miller, 1985). Hearing loss, with
particularly marked changes in low-frequency region, has been also reported in human
exposed to arsenic pollution (Bencko & Symon, 1977).

To summarize, although some studies show conflicting results, data seem to confirm
previous observation of auditory toxicity in workers exposed to lead; and selenium was
supposed to reduce its ototoxic effect. Mercury, as well as other compounds containing
mercury, affects hearing, with central conduction time delay, but cochlear function may be
unaffected. Cadmium causes dose-dependent loss of hearing in animal models; chromium is
assumed to worsen the ototoxic action of noise and lead in humans. Studies on arsenic and tin
exposures show structural alterations of the auditory system in animal models and low- and
high-frequency loss with balance disturbance in humans. Finally, recent studies on cochlear
organotypic cultures and animal models (Mao et al., 2011; Apostoli et al., 2013), have
confirmed previous findings on the ototoxic properties of other metals, such as manganese
and cobalt, which can be also exacerbated by noise exposure.

Table 2. Studies on auditory effects in animals and workers exposed to metals

Substance ACGIH Industrial uses Weight of evidence |References
[CAS] TLV-TWA Animal [Human
(STEL)* models  |studies

Lead 0.05 mg/m® Car batteries, soldering and 0 0O /PO Yamamura et al., 1989; Lasky

[7439-92-1] electrodes in the process of etal., 1995; Chuang et al.,
electrolysis, cable covering, 2007; Hwang, 2009; Galal et
plumbing, glazing al., 2011; Counter et al., 2009

Mercury 0.025 mg/m®  |Production of caustic soda and 0 PO Murata et al., 2004; Rothwell

[7439-97-6] chlorine, manufacture of & Boyd, 2008; Prasher, 2009;
thermometers, thermostats, Al-Betanony et al., 2013

fluorescent light bulbs, batteries,
and manometers

Cadmium 0.01 mg/m® Nickel-cadmium batteries, PVC |O PO Ozcaglar et al., 2001; De
[7440-43-9] plastics, paint pigments Abreu &Suzuki, 2002; Kim et
al., 2008

Chromium 0.5 mg/m® Stainless steel, plating, metal O/PO PO Muttamara & Leong, 2004;
[7440-47-3] finishing, wood preservative, Zhan et al., 2012

production of pigments
Tin 2 mg/m® Stabilizer, antifouling marine PO NE Hoeffding & Fechter, 1991;
[7440-31-5] plants Clerici etal., 1993
Arsenic 0.01 mg/m® Smelting process, chemicals and |PO PO Anniko, 1976; Miller, 1985
[7440-38-2] glass manufacturing

CAS: Chemical Abstracts Service; TLV: Threshold Limit Value — TWA: time-weighted average; STEL: Short-Term
Exposure Limit; O: ototoxic substance, PO: possibly ototoxic substance, NC: nonconclusive, NE: no
evidence.
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Pesticides

Several pesticides are expected to be neurotoxic to humans; consequently these
compounds may also affect auditory system. In the following section two classes of potential
neurotoxic pesticides are evaluated for their effects on auditory system in exposed workers:
organophosphates (OPs) and pyrethroids.

Organophosphates (OPs)

OPs represent the largest class of insecticides sold worldwide. Hoshino et al. (2008)
studied associations between hearing impairments and chronic exposure to OPs at low doses
on a cohort of 18 Brazilian rural workers. Audiometric tests found that 7 exposed (38.8%)
had altered results, 4 of them (22.22%) with decreased performances at high frequencies and
the remaining 3 subjects (16.67%) with sensorineural hearing loss. Besides, the authors
observed associations between time of exposure and test results. The combined effect of noise
and OPs on auditory systems was investigated by Guida et al. (2010). Two groups of 40
individuals each, exposed to malathion and noise (group 1) and to noise only (group II) were
considered. Both groups showed similar hearing loss values in the high frequencies, but at
frequencies of 3 kHz (left ear) and 4 KHz (bilaterally) significant differences were found,
with a worsening of thresholds for group I. As the more pronounced hearing loss was found
in individuals exposed to both elements, it is conceivable a possible interaction between noise
and OPs. Similar findings were observed on 43 rural workers exposed to OPs by Camarinha
et al. (2011). A high percentage of subjects (83.7%) resulted with worse than expected
responses and the results were consistent for all three tests performed — Frequency Pattern
Test (FTP), Duration Pattern Test (DPT) and Gaps-in-noise (GIN) test.

Pyrethroids

Pyrethroids are modern insecticides, in most cases more neurotoxic to insects and less
neurotoxic to humans than organophosphates. Two types of pyrethroid structures exist: type
Il contain a cyano-group in the a-position, whereas type | do not contain a cyano-group
(Bradberry et al., 2005). Human pyrethroid poisoning is rare, and almost entirely involves
type I1. The ototoxic effects of the exposure to a mixture containing pyrethroids and OPs have
been investigated by a large study among 14,229 subjects (Crawford et al., 2008). The authors
found some evidence that pesticide exposures, including poisoning and medical treatment
after high exposure events, could increase the incidence of self-reported hearing loss. In
particular, the odds ratio for the highest quartile of exposure was 1.19 (95% CI 1.04-1.35) for
insecticides and 1.17 (95% CI 1.04-1.35) for OPs. On the contrary, carbamates,
organochlorines and pyrethroids resulted not associated with hearing loss.

In two different studies, published in 2000 and 2004 respectively, Beckett et al. obtained
conflicting results. In the first study (Beckett et al., 2000) a statistically significant association
(p<0.05) was found between hearing loss and pesticide mixture exposure (mainly OPs and
pyrethroids) of 185 farm workers. Furthermore, the exposed group presented a higher
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incidence (3%) of auditory damages compared to controls. Contrary to these previous
findings, the authors found no significant association between pesticide exposure and hearing
loss in their further 5-year follow-up study (Beckett et al., 2004). Possible biases, such as the
smaller sample size (n=65) than the previous study (n=185), the non-random selection of
participating subjects, and the exposure estimation based on recall, might have jeopardized
the results of this second survey.

The literature linking pesticide exposure to hearing loss is sparse. Results from recent
studies suggest that occupational exposure to some pesticides can induce damage to the
central auditory system. Nevertheless, no meaningful conclusions can be drawn, also
considering a number of deficiencies of some of the examined studies, such as the lack of
detailed information on the level of the exposures. No evidence on the potentiation of noise-
induced auditory impairments can be supported. Finally, since many pesticide formulations
include solvents, metals, and other so-called inert ingredients, it is possible that these
exposures can play a role in the association between hearing loss and pesticide exposure.

Other Chemicals

There is growing evidence that other chemicals, such as polychlorinated biphenyls
(PCBs) and asphyxiants, produce oxidative stress in the cochlea and consequently may have
ototoxic potential by themselves and can potentiate noise-induced hearing loss as well
(Fechter et al., 2002a.b, 2003; Morata, 2003; Pouyatos et al., 2005, 2007). Occupational
exposure to asphyxiant gases is mainly a result of accidental events; therefore, in this section
we will analyze the effects on the auditory system of the only carbon monoxide (CO), for
which a chronic occupational exposure cannot be excluded.

Table 3. Epidemiological studies on ototoxic action of occupational exposure
to pesticides

Pesticide |Exposed Controls Noise Auditory test Weight of  [Reference
class evidence
OPs n=18 - NR Audiometry, PO Hoshino et al., 2008
VENG, three
questionnaires
n =40 n =40 98.5 dB(A) Audiometry, PO Guida et al., 2010
interview, acoustic-
immittance
measures
n=48 - NR Audiometry, FTP, |PO Camarinha et al., 2011
DPT and GIN,
guestionnaire
n=18 - NR Audiometry, PO Hoshino et al., 2008
VENG, three
questionnaires
Pyrethroids |65 - 76.4+93dB(A) |Self-reported NE Beckett et al., 2004
and OPs interview
n = 4926 n =9303 YES Self-reported PO Crawford et al., 2008
interview

n, number of subjects; NR, not reported; VENG, Vector Electronystagmography; FTP, Frequency
Pattern Test; DPT, Duration Pattern Test; GIN, Gaps-in-noise; PO: possibly ototoxic substance,
NE: no evidence.
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Polychlorinated Biphenyls (PCBs)

Polychlorinated biphenyls (PCBs) consist of 209 synthetic organic compounds, called
“congeners,” in which 1 to 10 chlorine atoms are attached to a biphenyl ring. 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. Rodent studies provided
the first evidence for auditory deficits after developmental PCBs exposure. Perinatal exposure
to a commercial PCB mixture, Aroclor 1254 (A1254), resulted in long-lasting low-frequency
hearing loss (Goldey et al., 1995). The cochlea was specifically indicated as the likely site of
action in a study that found loss of outer hair cells in perinatally PCB-exposed rats (Crofton et
al., 2000). The effects of developmental exposure to PCBs on cochlear function seem to be
confirmed also by cross-sectional epidemiological studies on children (Longnecker et al.,
2004; Trnovec et al., 2008; Newman et al., 2009; Boucher et al., 2010). No current

occupational studies were identified.

Carbon Monoxide (CO)

CO is generated by incomplete combustion of any carbon-containing fuel or materials in
machines or fire accidents. Occupational exposure to CO, often in combination with noise,
notably concerns firemen (Treitman et al., 1980; Lees, 1995; Melius, 2001; Fechter et al.,
2002), as well as car mechanics, traffic police and parking lot attendants, bus drivers, truck
drivers and taxi drivers (Steenland, 1996; Wickramatillake et al., 1998; Morley et al., 1999;
Fechter et al., 2002), motor sport athletes (Walker et al., 2001), service stations workers
(Kamei & Yanagisawa, 1997; Herbert et al., 2001), industrial cooks. Studies on animal
models have demonstrated the ototoxic action of carbon monoxide and the potentiation of
noise-induced hearing loss by CO. The auditory dysfunction produced by carbon monoxide is
frequency-specific, as the basal high frequency region of the cochlea is more vulnerable to its
effect (Tawackoli et al., 2001). Over the human auditory system, the negative effects of CO
exposure have been described mainly after acute exposures to CO (Mehrparvar et al., 2013;
Berent et al., 2005; Razzaq et al., 2010). These studies confirm a potential ototoxic action of
CO on human auditory system, but did not control or report exposure to noise as a contributor
to the observed hearing deficits. The only recent study on the effect of chronic exposure to
low level of carbon monoxide in a noisy work environment has been published by Lacerda et
al. (2005). The authors analyzed a database with 8647 hearing exams realized by the Quebec
National Institute of Public Health between 1983 and 1996. The results demonstrated
significant differences (p<0.001) in the auditory thresholds of groups I, composed by subjects
exposed to CO and noise (90dBA) and group I, exposed only to noise (90dBA), especially
for high frequencies (3, 4 and 6 kHz). These findings in humans and the available evidence on
animal models indicate the need for further research on the effects of CO exposure to the
auditory system, particularly in populations exposed simultaneously to CO and noise in the
workplace (WHO, 1994; Morata et al., 2002).
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Conclusion

Recent studies have brought attention to the occupational exposure assessment to
ototoxic chemicals. Given the growing complexity of the workplace environment, where
various ototoxic agents can be simultaneously present, a clear relationship between chemicals
and hearing impairment is difficult to assess with epidemiological studies. Quite often, in fact,
workers were exposed to various substances that can interact in a synergistic, additive and
sub-additive way, highlighting the need to develop further studies, which can provide a better
understanding of the dose-effect relationship. The findings over the literature of the last
decade suggest that chemicals such as solvents, metals and pesticides may have ototoxic
properties. In particular, human studies in workers exposed to solvents including styrene,
toluene, p-xylene, have shown a higher prevalence of hearing loss among solvent-exposed
workers when compared with unexposed controls. It is a concern that, in some studies,
increased risk of hearing loss was found at exposure concentrations of toluene and styrene
lower than the recommended exposure limits. Furthermore, studies carried out in both animal
models and human subjects exposed to metals, such as lead, mercury, chromium and
cadmium, indicate that these chemicals may result in auditory dysfunction. There are
indications that also other organic pollutants, such as pesticides and PCBs, are associated with
poorer hearing thresholds of the exposed population, which consists not only of workers but
also of particularly vulnerable subjects, such as children and pregnant women.

A concomitant agent very often present in many workplaces is noise exposure.
Epidemiological studies report conflicting data, but in some cases indicate a conceivable
interaction between chemicals and noise, at least for high exposure levels. No meaningful
conclusions, however, can be drawn, also considering a number of uncertainties of these
studies, including the lack of detailed information on levels and modalities of the exposure
and the deficiency of comparable exposure between groups. Furthermore, in most of these
studies, the chronic effects were related to chemical concentrations and noise levels measured
at the time of the study, which in some cases could result different than those ascertained in
past years. While awaiting more evidence for dose-response assessments, for precautionary
action, work exposure standards cannot rule out a likely relationship between solvent
exposure and hearing impairments. In conclusion, it is believed useful to report the following
recommendations as a general guideline for industrial hygienists:

e Risk management measures aimed at reducing exposure to ototoxic substances
should be encouraged.

e For workers co-exposed to noise and ototoxic substances a more frequent health
surveillance should be considered, regardless of the level of exposure to noise.

e Appropriate tools should be developed for early diagnosis of chemically induced
hearing impairment. Otoacoustic emissions tests could be a valuable complement to
pure tone audiometry.

e In workplaces characterized by simultaneous exposure to noise and ototoxic
substances, on the basis of the precautionary principle, the use of personal protective
equipment by the noise from exposure levels greater than 80 dB (A) should be
recommended.
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e Finally, training and information of workers should highlight the risk of possible
synergistic effect of exposure to chemicals ototoxic and noise.
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Abstract

Sudden sensorineural hearing loss (SSNHL) is an important cause of acquired
hearing deficits in the adults. Several pathophysiological hypothesis have been proposed
so far, however the cause of sudden hearing loss is still unclear. Even if local
hypoxic/ischemic events as well as inner ear viral infection have been reported to be the
main hypothesis leading to transient or permanent cochlear dysfunction, and therefore to
Sudden Sensorineural Hearing Loss, still there are other hypothesis that have been
claimed.

Aim of the present study is to investigate about the possible role of iron metabolism,
and in particular about the presence of genetic variants of the principal iron-related genes,
and acute inner ear disorders such as sudden sensorineural hearing loss.

Introduction
Sudden sensorineural hearing loss (SSNHL) represents an acute inner ear disorder,

mostly unilateral, that generally affect adults worldwide, even if higher occurrence rates are
reported in developed countries [1, 2]. It has been estimated that SSNHL has an overall
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incidence rate of 5-20 / 100,000 individuals per year, though this is most likely an
underestimate [2, 3].

Several pathophysiological mechanisms for idiopathic SSNHL have been proposed in the
literature. The most reported are: local hypoxic/ischemic events (such as coagulopathies,
vascular hypotension and thrombo-embolism), autoimmune disorders, metabolic diseases,
viral inner ear infections, rupture of the inner ear membranes, free radicals induced-damage,
neuronal damage and dysregulation of the local inflammatory response [3-5] leading to
transient or permanent dysfunction of cochlear microcirculation [6].

Since iron has been linked to oxidative stress, we hypothesized that iron metabolism
regulatory genes could have a role in the homeostasis of the oxidative balance also in the
inner ear and, consequently, in the pathophysiology of acute inner ear disorders such as
SSNHL.

Aim of this chapter is to focus on the possible role of divalent metallic ions, and in
particular on the presence of genetic variants of the principal iron-related genes, in the
aetiopathogenesis of SSNHL [7].

Methods

The Pubmed database was searched up to September 2014 (going back for 10 years); full
text articles were obtained when the title, abstract or key words suggested that the study may
be eligible for this study. The search was carried out independently, and restricted to papers in
English language. Other papers were also identified from the references in the published
literature.

The medical subject heading (MeSH) used included: Sudden Sensorineural Hearing Loss,
Iron metabolism, Iron Homeostasis, Iron genes, Oxidative stress, Inner ear.

Iron Metabolism and Oxidative Stress

There is a growing interest in the possible association between iron metabolism and
oxidative stress, as it has been reported that local iron excess is a potential cause of increased
oxidative stress and therefore could be involved in cellular injury and death. Iron is an
essential nutrient, but its divalent form (Fe2+), as well as other divalent metal ions, also
retains the capacity to enhance redox cycling and free radical formation [8, 9]. Iron-mediated
oxidative stress is hypothesized to be involved in the pathogenesis of several degenerative
disorders, including thrombosis, venous ulcers, chronic venous disease, and central nervous
system disorders such as multiple sclerosis and other neurodegenerative diseases, or
neoplasms [10-13]. In addition, a novel iron-driven aetiopathogenetic mechanism, responsible
for increase free radical generation, has been formulated in degenerative skin lesions
appearance comprehending coexistence of local iron overload and iron homeostasis gene
variants [14]. Similar conditions could also be potentially associated with sudden hearing loss
[15]. So, divalent ions homeostasis could be a central pathway involved in the
pathophysiology of sudden hearing loss [16, 17, 18].
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The main genes and their variants that could be possibly involved in the
aetiopathogenesis of SSNHL are described below [10, 19].

The HFE gene (6p21.3-22.2) encodes a membrane protein of 348 amino acids that
belongs to the MHC class | family. The protein is normally expressed in cryptal enterocytes
of the duodenum, liver, placenta, kidney, central nervous system, plasma and platelets.
By complexing with beta 2 microglobulin and transferrin receptor 2 (TFR2), it plays a crucial
role in iron homeostasis, and, when mutated, it is believed to be responsible for
hemochromatosis, variegate porphyria and microvascular complications of diabetes.
Gene variants and/or mutated proteins bind to the transferrin receptor and reduce its affinity
for iron-loaded transferrin. Thus, they finally unbalance the iron intake. Recent increasing
interest in neuro-degenerative disorders mediated by iron overload, have highlighted the HFE
gene among candidates for further investigations into iron homeostasis involvement in similar
conditions. A review of the literature suggests a potential role even in iron-mediated hearing
loss also in the past [20, 21]. Finally, it is important to note that the HFE gene is also
expressed in the brain, spinal cord, cortex and cerebellum [22, 23]. Thus, it could be directly
involved or responsible for specific conditions concerning the central nervous system.

The FPN1 (SLC40A1l) gene is located on chromosome 2 (2932.2), and it encodes a
protein (ferroportin) of 570 amino acids with the specific function of exporting iron out from
cells in the basolateral space, except for the reticulo-endothelial cells, which can spread iron
ions into the blood circulation. Consequently, FPN1 plays a crucial role in iron homeostasis
[24], and, generally, it has the opposite function of the divalent metal transporter 1 (DMT1)
protein product [25], which allows intracellular passage of divalent iron (Fe2+). Ferroportin is
expressed in different tissues, brain and spinal cord included, though to the best of our
knowledge, there are no previous reported studies that document its localization specifically
into the cochlea. Similar to other iron genes, it undergoes iron regulation at the transcriptional
and translational level [26-28].

Another important gene related to ferroportin expression and function is the HEPC gene
(19913.1) encoding the protein Hepcidin Anti-Microbial Peptide (HAMP). This protein is a
25-amino acid peptide, derived from the cleavage of an 84-amino-acid long pro-peptide that
is mainly synthesized by hepatocytes, but it is expressed also in brain, spinal cord, cortex and
cerebellum included. HEPC is the major regulator of iron balance activity via binding to the
FPN1 protein on the cell membrane, sup-pressing it [29, 30]. HEPC expression and its role in
iron homeostasis may play a crucial role in different conditions [31].

The TF gene (3g22.1) encodes for the protein transferrin, which forms a stable complex
with the HFE protein, which facilitates iron transfer via the transferrin receptor. The function
of this protein is to transport iron from the intestine, reticuloendothelial system, and liver
parenchymal cells to all proliferating cells in the body. Tansferrin is expressed in different
tissues, brain, spinal cord included, cortex and cerebellum included. The effect of HFE on
iron absorption depends on its relationship with the transferrin receptor. HFE variants affect
TF binding, determining a loss of HFE-repressor function for TF uptake, thereby increasing
iron transport within the cells [32-34].
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Iron Metabolism and the Inner Ear

Sudden hearing loss has been reported to be associated with a huge number of clinical
conditions and its aetiopathogenesis is still unclear [35-38]. The uncertainty of reasonable
etiologies has encouraged continuous investigations aimed at identifying the most convincing
pathological explanations. Far from the identification of an unequivocal mutated gene, the
study of genetic variants of several conditions has attracted several researchers even if a
specific correlation between a precise inner ear gene mutation and SSNHL still has to be
proved. Some studies have reported a correlation of various polymorphisms with an increased
[39-43] or reduced [44] risk of developing hearing impairment.

Recent findings concerning ROS-mediated damage, NO activity and inner ear iron
metabolism have encouraged researchers to focus their studies on possible connections
between microvascular damage and free radical production in the inner ear [45-47, 49]. In this
sense, some have speculated that polymorphisms of genes related to iron metabolism, such as
FPN1 (SLC40A1) gene, the HFE gene or the TF gene, could be involved in the pathogenesis
of some acute inner ear disorders, such as sudden sensorineural hearing loss [47,48,49]. Of
particular interesting are the observations among iron metabolism within the stria vascularis.
Stria vascularis is particular sensitive to free radical stress due to its high metabolic activity
and dense vascular system [50], and, consequently, when iron cheletor proteins are not
adequately functioning to contrast and neutralize the damaging effect of iron and linked free
radicals, its function can be dramatically impaired, therefore hampering inner ear homeostasis
[50]. The significant presence of ferritin [47] and DMT1 [48,49], within the cochlear stria,
suggest that these proteins have an active role in restoration and deposition of iron, and can
retain a role in reducing the endolymphatic concentration of divalent ions [51, 52]. In fact,
preliminary experimental studies on mouse models have shown that free radical stress,
induced by the loss of specific protein expression related to iron metabolism in stria
vascularis, cause hearing loss [18]. It is possible to speculate that polymorphism of genes
related to iron metabolism such as FPN1 (SLC40A1) gene, or of the HFE gene or the TF
gene, could possibly contribute in altering the inner ear oxidative homeostasis.

Apart from the stria vascularis, the exact location of the proteins involved in the
metabolism of iron, within other inner ear settings, is still not clear. The identification of their
position could offer indications in understanding how iron metabolism works within the inner
ear oxidative homeostasis.

Unfortunately, the knowledge among the iron metabolism within the inner ear is still very
limited; further experimental studies are necessary in order to understand which could be its
role within the inner ear homeostasis.

Iron Metabolism and Sudden Sensorineural
Hearing Loss

So far, there are no clinical evidences to support this association, clinically. Only very
few studies have claimed a relationship between these two conditions. In particular, Chung et
al have observed a relation between SSNHL and iron deficiency anemia [53]. Also, Sun et al
described significant improvements in clinical results using iron therapy in patients with
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SSNHL [54]. However, their clinical success only warranted the use of iron therapy in
managing SSNHL, and their limited case numbers meant that the relationship between
patients affected by iron deficiency anemia and SSNHL should still be further elucidated [54].

Even if the few available studies on animal models seem to encourage this hypothesis as
described in the previous paragraph, the aetiopathogenetic mechanism that links the onset of
an acute inner ear disorder, such as SSNHL, and iron metabolism is still far to be understood,
though it can be an intriguing hypothesis.

Conclusion

In conclusion, clinical and genetic studies are required to further elucidate the
pathophysiological mechanisms of SSNHL. Such a complex disease is to consider a
multifactorial and polygenic condition in which gene-environment interactions have a key
role. In particular, considering the possible link between iron metabolism and inner ear
oxidative stress, more efforts should be performed in order to better understand the complex
biochemical environment and mechanisms of the inner ear.
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Abstract

The cochlea is especially sensitive to circulatory alterations because it is supplied by
a single terminal artery and lacks adequate collateral blood supply.

To examine the putative association between Sensorineural Hearing Loss (SNHL)
and Sleep Disordered Breathing (SDB) through the literature review is very interesting.

In fact these medical disorders usually are associated to cerebral circulatory
alterations resulting in hypoxia, acute hemodynamic change, and decreased cerebral
blood flow, because the Sleep Disorder Breathing (SDB), for example OSAHS
(Obstructive Sleep Apnea Hypopnea Syndrome), is characterized by periodic
hyposia/reoxygenation. These noxious stimuli can, in turn, activate the sympathetic
nervous system, depress parasympathetic activity which results in oxidative stress,
endothelial dysfunction, and activation of the inflammatory cascade of different
anatomical structure as inner ear. Is reasonable to assume that could cause and/or
esacerbate sensorineural hearing loss with/or without tinnitus.

Based on these clinical evidences some authors studied the association between SDB
and a dysfunction of auditory pathway showing an improved risk of sensorineural hearing
loss, a lower transient otoacoustic emissions (TEOAE) reproducibility and an impairment
of auditory brainstem responses in OSAHS populatio. In fact it is known that the
transduction mechanism of the inner ear and the transmission of nerve impulses along the
auditory way are highly dependent upon the oxygen supply. Recent studies evidenced
how through oxidative injury due to a hypoxic stress induced apoptosis in spiral ligament
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and in the cochlear basal turn of the Organ of Corti of obese CD/1 mouses, causes a high
frequencies sensorineural hearing loss.

Therefore OSAHS may lead to cerebral vascular insufficiency resulting in hypoxia,
acute hemodynamic change, and decreased cerebral blood flow during episodes of apnea
with consequent ischemic injury to the cochlea.

Keywords: Sensorineural Hearing Loss (SNHL), Sleep Disordered Breathing (SDB),
Hypoxia, OSAHS (Obstructive Sleep Apnea Hypopnea Syndrome), Endothelial
dysfunction

Introduction

Sleep Disordered breathing (SDB), including Obstructive Sleep Apnea Hypopnea
Syndrome (OSAHS) is a condition, affecting 24% of men and 9% of women in their middle
age, associated to high values either of Body Mass Index (BMI) and neck circumference,
where intermittent obstruction of the airway during sleep causes sleep fragmentation and
repeated desaturations. This disorder carries potentially serious consequences: excessive
daytime sleepiness, neurocognitive deterioration, endocrine and metabolic derangements, and
is universally recognized as independent risk factor for cardiovascular disease and its related
mortality [1-3]. Ear hypoxia is linked to damage of cochlear structures, vascular streaks,
afferent synapses, internal ciliated cells but above all it is external ciliated cells of the basal
turn which seem most vulnerable: this damage is responsible for sensorineural hearing loss
and tinnitus [4-9]. These phenomena lead to a chronic state of oxidative stress resulting in
endothelial inflammation, in fact some studies estimated that in patients with sleep-related
breathing disorders the probability of a cerebral vascular infarction (CVI) is 3.1 times that in
patients without sleep apnea and that 25-50% of all patients who have a stroke suffer from
sleep apnea (OSAHS) and have a respiratory disturbance index (RDI) higher than 10. CVI
may be caused by variations in intracranial pressure or in intracranial hemodynamics owing
to decreasing pO(2) and increasing pCO(2) during cessation of airflow. It is suspected that the
most common causes of sudden deafness are vasospasm, thrombosis, embolism,
hypercoagulation and sludging [10-15].

Basing on these clinical evidences some authors studied the association between OSAHS
and a dysfunction of auditory pathway showing an improved risk of sudden sensorineural
hearing loss (SSNHL), a lower transient otoacoustic emissions (TEOAE) reproducibility and
an impairment of auditory brainstem responses in OSAHS population [16,17].

What Are the Mechanisms that Determine
the Audiological Damage in Patients
with SDB?

The transduction mechanism of the inner ear and the transmission of nerve impulses
along the auditory way are highly dependent upon the cochlear oxygen supply,
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SDB, in particular OSAHS, is characterised by repetitive airway occlusion resulting in
cyclical surges of hypoxia which may occur hundreds of times a night. In addition, OSAHS is
associated with heart failure, stroke and coronary artery disease [18-22]. Endothelial
dysfunction, linked to oxidative stress (“Oxidative stress” is the general phenomenon of
oxidant exposure and antioxidant depletion, or oxidant-antioxidant balance), a key early event
in hypertension and atherosclerosis, has been implicated as a possible mechanism linking the
acute cyclical vascular stresses during sleep in OSAHS and the increased prevalence of
chronic vascular diseases. Oxidative stress may induce neurotoxicity phenomena that lead to
neurodegeneration. As the hair cells of Corti is particularly sensitive to oxidative stress,
especially at the mitochondrial level, can go more easily meet degeneration or cell death
(disorganization of cochlear homeostasis induced), resulting in an irreversible hearing
damage [23]. In addition, the metabolic implications in common with hearing disorders and
SDB are obvious, in fact, one of the most important is that anoxia during OSAHS is a potent
stimulus for catecholamine secretion and glycogenolysis. An indirect effect regards obesity,
as it is tightly connected with diabetes (to emphasize this connection the term “diabesity” has
been created) [24,25]. There are also some studies that demonstrate the increase of
inflammatory factors in subjects with OSASH: among these, C-reactive protein and
cytokines, which are responsible for systemic atherosclerosis and probably have a role in the
appearance of neoplasms [26,27] and also evidence of an increase of atherogenic
dyslipidaemia [28,29]. Hyperlipidemia determines, at the level of small vessels, a suffering of
flow related to increased blood viscosity. This results in a reduced supply of oxygen to the
inner ear and its suffering.

Literature Review

Many authors investigated the epidemiologic association between OSAHS and either
sudden SNHL and dysfunction of auditory pathway. In a study of Fischer et al. a 7-channel
polygraph was used to test 33 subjects with normal hearing and 27 patients suffering from
sudden hearing loss and found that 29.6% of the patient group and 21.2% of those in the
study control group were suffering from OSA and had RDI >10; this difference was not
significant (p=0.554). Sudden hearing loss may also be an indicator of arteriosclerosis
secondary to such risk factors as hypertension (p=0.005), diabetes (p=0.003), and
hyperlipidemia (p=0.004), which were highly significant for the patient group [10]. Sheu
et al. evidenced how in a case-control study performed on 19152 patients, OSAHS is present
on 1.7% of SSNHL population respect to the 1.2% of the controls with a significant
difference between the groups (P<0.04) [16]. Recently Casale et al. studied 30 patients
divided in two groups, cases (18 subjects) with severe OSA and controls (21 subjects) with
snoring without OSAHS and evidenced higher mean values at pure tone audiogram and lower
TEOAE signal to noise ratio in severe OSAHS group with significant differences among
cases and controls (P<0.01) [17]. The authors suggested as possible explanation for the
association between SDB and SSNHL, that OSAHS indirectly contributes to the development
of SSNHL, the effects of cardiovascular disease and cardiovascular risk factors and that is
associated with reduced basal and functional capillarity rarefaction with an additional risk of
impaired peripheral perfusion and therefore dysfunction of cochlear hair cells [16,17].
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Hwang et al. evidenced how through oxidative injury due to a hypoxic stress induced
apoptosis in spiral ligament and in the cochlear basal turn of the Organ of Corti of obese
CD/1 mouses, causes a high frequencies sensorineural hearing loss [30]; as also demonstrated
by a study of CAO Yongmao et al. which analyzed the hearing at extended high frequencies
of patients with obstructive sleep apnea-hyponea syndrome. The youth group, adult group and
OSAHS group were tested with pure tone audiometry and high frequency audiometry, and the
res ponse ratio was calculated [31]. The conclusion was: the high frequency thresholds
increased obviously when OSAHS group comparing with the adult group (P0.01), and the
indicating ratio decreased obviously (P 0.05) [31].

One of the most interesting studies on this topic was conducted by Jau-Jiuan Sheu et al.,
in this case-control study, identified 3192 patients diagnosed with SSNHL from the Taiwan
Longitudinal Health Insurance Database as the study group and randomly extracted the data
of 15 960 subjects matched by sex, age and year of first SSNHL diagnosis as controls. Of 19
152 patients, 1.2% had OSA diagnoses prior to the index date; OSA was diagnosed in 1.7%
of the SSNHL group and 1.2% of the controls. After adjusting for sociodemographic
characteristics and comorbid medical disorders, we found that male patients with SSNHL
were more likely to have prior OSA than controls (odds ratio, 1.48; 95% CI, 1.02-2.16)
(P=.04) [32]. Dziewas et al. in a study performed in 2007 showed how the recurrent
intermittent hypoxaemia may be considered a risk factor for peripheral sensory nerve
dysfunction and suggested that the treatment for OSAHS might result in an improved
function of these nerves [33].

Conclusion

The cochlea is especially sensitive to circulatory alterations because it is supplied by a
single terminal artery and lacks adequate collateral blood supply [34]. Obstructive sleep
apnea may lead to cerebral vascular insufficiency resulting in hypoxia, acute hemodynamic
change, and decreased cerebral blood flow during episodes of apnea [2]. In addition, elevated
sympathetic nerve activity secondary to the reflex effects of hypoxia and hypercapnia as well
as oscillations in blood pressure occurring during episodes of apnea may result in adverse
cerebrovascular events and hence ischemic injury to the cochlea [35].

The correlations between SDB and hearing disorders are widely demonstrated in the
literature and is still studied.

The presence of sensorineural hearing loss associated with essential hypertension, high
cholesterol and high BMI should suspect the presence of SDB misunderstood. This would
allow an early diagnosis of these disorders, the resolution of hearing loss and protection to
cardiovascular and cerebrovascular accidents.

In fact the early treatment of OSAHS with CPAP (continuous positive airway pressure)
improves systemic vascular endothelial function. OSAHS has been implicated in the
pathogenesis of hypertension, cardiovascular disease, heart failure, and stroke, all of which
are associated with impaired endothelial responses. CPAP treatment may therefore provide an
opportunity to reduce the vascular risk attributable to OSAHS, as well as hearing loss,
allowing a better and continuous oxygenation of the blood vessels smaller [36].
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Abstract

Tinnitus is a common symptom in individuals of various age groups, but the impact
it causes is variable, depending on the characteristics of subjects. The aim of this study is
to analyze the characteristics of tinnitus and the discomfort it causes in individuals
assessed in a specific outpatient clinic in a tertiary hospital. Participants were evaluated
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by medical history interview, medical examination, grading of tinnitus severity, hearing
screening and testing, measurement of tinnitus pitch and loudness and THI instrument for
identifying tinnitus discomfort. The sample consisted of 199 individuals; 124 of them
(62.30%) were females, with a mean age of 58.18 + 12.79 years, with bilateral tinnitus
(50.8%) and average length of tinnitus presence was 5.18 + 4.67 years. Tinnitus pitch was
acute and tinnitus loudness was moderate, within the values reported in the technical
literature. Mean tinnitus severity was 5.18 * 4.67 years and the THI score ranged from 0
to 98 points (mean 40.03 + 25.48 points). No difference was observed between THI
scores and sex and tinnitus location. Correlation was observed between tinnitus severity
and THI scores, between age and tinnitus loudness in the left ear, and between age and
THI scores.

Introduction

Tinnitus is a common symptom in medical and audiological exams. It is defined as the
sound perceived by the subject without an external source being present. [1, 2] It may be
caused by otological, neurological, cardiovascular, rheumatological, endocrine, metabolic and
immune diseases. Trauma, temporomandibular joint disorders, psychological problems and
use of ototoxic medication are also causes of tinnitus. [2, 3]

Tinnitus can be graded in several ways. Tinnitus can be considered as subjective
(perceived only by the affected individual) or objective (perceived by others), continuous or
intermittent, pulsatile or non-pulsatile, unilateral or bilateral or located in the center of the
head. The onset may be sudden or insidious. [2, 4] Grading is used by health professionals to
categorize the symptom as shown by individuals. It assists in determining etiology and
treatment.

The prevalence of tinnitus varies depending on the population studied. A study conducted
in South Korea showed that 19.7% of individuals aged 12 years or older had the symptom. [5]
Another study with Japanese elderly showed that 18.7% of them had tinnitus. [6] In Egypt,
the prevalence was 5.17% and in the United States, 25.3%. [7, 8] The prevalence of tinnitus
in the elderly is higher than in adults, with values ranging between 33% and 72.5%. [9,10]
General data show that in 2004, tinnitus affected 15% of the world population, [11] and its
prevalence increased to 25.3% in 2012. [12]

Although it is a more frequent complaint by adults and the elderly, children can also have
tinnitus. Research conducted in Brazil showed a high prevalence of tinnitus in children. In a
study that evaluated 477 children, continuous tinnitus was found in 21.7% and pulsatile
tinnitus in 3.8% of them. [13] Another more recent study showed that 54.7% of the children
interviewed had had tinnitus for the past 12 months. [12]

The relationship between tinnitus and gender of affected individuals is still controversial
in the literature. [14] Some studies showed a similar number of affected individuals, [6, 14]
while others showed a higher prevalence of women [10, 15, 16] or men. [17, 18, 19]

Despite the high prevalence of tinnitus, the discomfort it causes is variable, because some
individuals reported tinnitus but their activities were not affected by the symptom, while
others reported severe problems. [2, 19] It is believed that approximately 20% of tinnitus
patients feel discomfort. [20] Factors such as personality traits, depression, anxiety, difficulty
in dealing with problems, and concentration difficulties influence the level of discomfort
caused by tinnitus. [21, 22] It is actually a prognostic factor for treatment.® Thus, primary
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psychological factors influence the level of discomfort and the result in the treatment of
tinnitus. [4, 14, 20] Patients' concern about tinnitus is crucial for adapting to it, and there may
be a vicious circle that patients cannot cope with. [14]

On the same line of reasoning, depression can be caused by tinnitus, but it can also be
indicative of poor adaptation to it. [24] Likewise, sleep disorders may be caused by tinnitus,
but they could also exist prior to the appearance of the symptom, i.e. they could be a
comorbidity rather than a consequence of it. [14] These and other disorders (anxiety and
stress, for example) lead to loss of quality of life, which is widely described in the literature.
[2, 23, 25, 26] However, in a study with subjects outside the hospital or clinical environment,
there was no influence of tinnitus on quality of life. [17] This seems to reinforce the idea that
the discomfort and the consequences of tinnitus are related to the psychological aspects of
individuals.

Research conducted to date showed no influence of the variables age and gender on
discomfort caused by tinnitus. [14, 20]

The evaluation of individuals with tinnitus aims to define the etiology and treatment of it.
It is supposed to include detailed history, physical examination, laboratory tests, audiological
evaluation and radiological assessment. [27] Moreover, questionnaires should be used to
determine the impact of tinnitus on a patient's life. The Tinnitus Handicap Inventory (THI) is
one of the most used, and it has already been translated, adapted and validated into several
languages. Originally created in the English language, [28] it has versions in Brazilian
Portuguese [29], Chinese - Mandarin and Cantonese [30, 31], French, [32] Italian, [33]
Spanish, [34] Filipino [35] and Persian, [36] among others.

THI is composed of 25 questions for assessing the effects of tinnitus in the restriction of
daily activities of affected individuals. [37] There are three types of response for each
situation: Yes (4 points), Sometimes (2 points) or No (0 points). The sum of points obtained
in each response allows one to assess the level of discomfort caused by the symptom: slight
(0-16 points), mild (18-36 points), moderate (38-56 points), severe (58 to 76 points) and
catastrophic (78-100 points). [14] Because it is quick and easy to apply and interpret,
addresses the influence of tinnitus on a patient's life, and has adequate validity and reliability,
THI is routinely used in the clinical evaluation of patients. [28, 38]

Although tinnitus is studied by researchers from various countries, further research about
tinnitus and its effects is still needed, especially in light of the contradictions in the literature.
Thus, the objective of this study is to analyze the characteristics of tinnitus and the discomfort
it causes in subjects evaluated in a specific outpatient clinic in a tertiary hospital.

Methodology

This was a cross-sectional study conducted in a tertiary care hospital in southern Brazil.
The sample consisted of both male and female patients suffering from chronic tinnitus and
history of tinnitus discomfort, who were seen in a specific outpatient clinic. The presence of
the symptom for a period of time greater than six months was defined as chronic tinnitus. [26]

Patients were evaluated by otolaryngologists and audiologists who determine the
presence of hearing loss, tinnitus characteristics, the etiology of it and the presence of other
comorbidities, such as depression, anxiety, metabolic disorders, etc.
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ENT evaluation consisted of medical history interview, physical examination and
otoscopy. After that, patients wree evaluated by audiologists through pure tone audiometry
testing of hearing thresholds for high frequencies and conventional frequencies, speech
audiometry, acuphenometry, measurement of loudness discomfort levels and acoustic
immitance. Next, patients underwent laboratory tests and imaging tests, if necessary.

The medical history interview, conducted through oral questions to be answered by
patients, investigated sociodemographic data (age, gender, race), health history (diseases,
medication use) and tinnitus history (length of symptom presence, laterality, improvement or
worsening factors, etc.). Patients were also asked about tinnitus severity. Patients were asked:
"On a 0-10 scale, how much does tinnitus bother you in your life?". After that, the version of
the THI instrument that was validated and translated into Portuguese. [29]

Then, patients underwent audiological evaluation, and a complete audiological evaluation
was made. At first, all patients underwent pure tone audiometry; conventional frequencies and
high frequencies were measured. The examination was conducted in a soundproof booth, and
thresholds were measured by air (250Hz to 16000Hz) and bone conduction (500Hz to
4000Hz). Then, acuphenometry was performed. It is a subjective measurement of tinnitus
pitch and loudness, since it is not possible to objectively measure the intensity and frequency
of the symptom.

Pitch corresponds to the sense of frequency and loudness to the sense of intensity of
tinnitus reported by the patient. Patients were asked to compare their tinnitus to sounds
emitted by the audiometer (pure tone or narrow band noise). [39] Acuphenometry was
performed according to the procedure described by Branco-Barreiro. [40] Initially, pitch was
measured. The hearing threshold of patients was selected in all frequencies, 10dBNA were
added, and either pure tone or noise was presented, depending on patients’ description of the
characteristics of their tinnitus. Patients was asked to raise their hand when they realized that
the sound they heard was similar to their tinnitus. After that, loudness was measured.
The stimulus (pure tone or noise) was presented at the frequency indicated by the patient as
similar to tinnitus, with initial intensity of 10dBNA below the patient's threshold.
Then, intensity was increased 2dBNA at a time, and patients were asked to raise their hand at
the time realized that the intensity presented was similar to that of their tinnitus.
Such intensity was recorded and subtracted from the individual's hearing threshold.
This calculation determined tinnitus loudness.

After that, the following measurements were performed: loudness discomfort levels,
acoustic immitance, with tympanometry and contralateral and ipsilateral acoustic reflexes,
transient evoked otoacoustic emissions and distortion product otoacoustic emissions.
In specific situations, patients were evaluated for auditory evoked potentials.

After the completion of all tests, the subjects underwent medical evaluation again to
determine the etiology and appropriate treatment for each case.

This study focuses on results of the evaluation of patients through acuphenometry,
considering tinnitus pitch and loudness. Patients who had all assessments described above
were included in the study.

The analysis was done by descriptive quantitative statistics, considering the absolute and
relative values of the variables studied. The comparison of the results for THI between
the groups used non-parametric tests (Mann-U-Whitney and Kruskal-Wallis), because the
variable follows a non-normal distribution. To study the correlations between variables, the
Spearman correlation coefficient was used.
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Results

Examinations were evaluated for 199 patients seen at the chronic tinnitus outpatient
clinic. According to data shown in Table 1, the highest prevalence was in females (62.3%),
the mean age was 58.18 + 12.79 years, with bilateral tinnitus (50.8%). The length of presence
of the symptom ranged from less than one year to 32 years, with a mean time of 5.18 + 4.67
years. Mean tinnitus pitch in both ears was approximately 4000Hz, while mean loudness was
approximately 15dBNA. THI scores showed a mean of 40.03 + 25.48. However, the analysis
of grading by the instrument showed a greater number of individuals with slight, mild and
moderate discomfort levels. In comparison, the grading of tinnitus severity, by the question
about this, showed that subjects graded the discomfort caused by tinnitus between 2 and 10
points, averaging 5.18 £ 4.67 points.

Table 1. Descriptive analysis of the sample

Variables N %
Gender
Male 75 62,3
Female 124 37,7
Age (years)
Average + standard deviation 58,18 + 12,79
Minimum - Maximum 19-82
Time of tinnitus (years)
Average * standard deviation 5,18 + 4,67
Minimum - Maximum 0-32
Location of tinnitus
Right ear 47 23,6
Left ear 51 25,6
Both ears 101 50,8
Pitch of tinnitus (Hz)
Right ear
Average + standard deviation 4359,80 + 2735,54
Minimum - Maximum 250 - 8000
Left ear
Average + standard deviation 4458,88 + 2678,63
Minimum - Maximum 250 -9000
Loudness of tinnitus (dB)
Right ear
Average + standard deviation 16,65 + 14,99
Minimum - Maximum 0-75
Left ear
Average + standard deviation 15,84 + 14,05
Minimum - Maximum 0-70
Score THI
Average * standard deviation 40,03 £ 25,48
Minimum - Maximum 0-98
Classification THI
Slight 44 22,1
Mild 62 31,2
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Table 1. (Continued)

Variables N %
Moderate 41 20,6
Severe 31 15,6
Catastrophic 21 10,6

Gravity of tinnitus
Average + standard deviation
Minimum - Maximum

5,18 £4,67
2-10

Correlation was analyzed between the variables THI score, age, tinnitus length, tinnitus
severity, tinnitus pitch and tinnitus loudness (Table 2 and Table 3). There was a positive
correlation between tinnitus severity and THI score (r = 0.32, p <0.001) and negative and
statistically significant correlations between age and THI score (r = -0.254, p <0.001), and
between age and tinnitus loudness in the left ear (r = -0.18, p = 0.02). There were no
correlations between other variables: age and length of tinnitus (r = 0.08, p = 0.24), age and
tinnitus severity (r = 0.11, p = 0.11), age and tinnitus pitch and tinnitus loudness in the right
ear (r=-0.03, p=0.67 and r = -0.18, p = 0.29, respectively), age and tinnitus pitch in the left
ear (r = 0, 02, p = 0.80), length of tinnitus and THI score (r = 0.01, p = 0.78), length of
tinnitus presence and tinnitus severity (r = -0.06; p = 0.38), length of tinnitus presence and
tinnitus pitch and loudness in the right ear (r = -0.06, p = 0.43 and r = -0.24, p = 0.78,
respectively) and in the left ear (r = -, 014, p = 0.06 and r = -0.33, p = 0.68, respectively).
Tinnitus severity was not associated with length of tinnitus presence (r = -0.06, p = 0.38), nor
with tinnitus pitch and loudness in the right ear (r = 0.00, p = 0, 91 r = -0.32, p = 0.70,
respectively) and in the left ear (r =-0.49, p = 0.55 and r = 0.03, p = 0.63, respectively).

Table 2. Analysis of the correlation between gender and scores on THI

THI score
Average Median Minimum Maximum
Female 40,3 36 0 98
Male 39,6 36 0 90
p-value — 0,82 (Mann-Whitney).
Table 3. Location of the THI score and tinnitus
THI Score
Average Median Minimum Maximum
Right ear 40,4 36 6 96
Left Ear 37,8 32 0 98
Both ears 41,0 36 0 90

p-value — 0,69 (Kruskal-Wallis).
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Discussion

The results obtained in the study show that the sample was composed mostly by females.
This finding is in disagreement with some studies that showed a similar number of men and
women, [14] or a greater number of men,*”* but it is equivalent to others. [10, 15, 16] In the
study group, women may be considered to be more affected by tinnitus, but the data may also
reflect a situation that Brazilian women seek health services more often. [41, 42]

The age of the studied subjects ranged between 19 and 82 years, with a mean of 58.18 +
12.79 years. It was found that 121 (60.80%) patients were younger than 65 years old, which is
indicative that the sample consisted primarily of adults, similar to samples of other recent
studies. [18,26] The lower presence of elderly in the sample was not expected by the
researchers, since the literature reports an increase in the symptom with aging, [9] but it can
be indicative of two possibilities. One is the decrease of the current age of individuals
affected by tinnitus who seek specialized care. Another possibility to explain the age of
treated patients is the association between tinnitus and resilience. Patients who complain
about tinnitus and discomfort are seen in the outpatient clinic. It is known that elderly people
have higher levels of resilience than adults, and that greater resilience is associated with less
discomfort caused by tinnitus. A study on resilience showed that it is associated with better
emotional health, which, in turn, stops tinnitus from having such a negative impact on quality
of life. [23]

No children and adolescents were evaluated, although the technical literature reported
that tinnitus can be observed in individuals of various age groups, and there is a high
prevalence of children with the symptom. [12, 13] This can be explained by the fact that
parents do not always know the complaints and otologic symptoms of their children, and the
latter rarely report tinnitus spontaneously. [13] Thus, it is crucial for parents and health
professionals who evaluate children to investigate the presence of tinnitus, so that etiology is
clarified and appropriate treatment is given, since 19.6% of children may report discomfort by
the presence of the symptom. [43]

The length of tinnitus presence in the subjects of the sample was 5.18 + 4.67 years,
similar to the results of one study conducted in the USA, whose sample was comprised of
some Brazilian individuals. [26] Length, however, was lower than in other studies, [44-46]
and most evaluated patients had bilateral tinnitus (50.8%), which is consistent with previous
studies [46-48] but it is in disagreement with others, where there was a predominance of
tinnitus in the left ear. [18, 26] It is believed that the results obtained in the present research,
as regards tinnitus location, can be attributed to the etiology of the symptom, predominantly
caused by presbycusis, noise-induced hearing loss and metabolic changes.

The study of psychoacoustic characteristics of tinnitus showed mean pitch of about 4000
Hz in both ears and mean loudness of 16.65 dB HL in the right ear and 15.84 dB HL in the
left ear. The values were lower than in other studies. [45, 46] Previous studies showed an
average tinnitus pitch of 6000 Hz and tinnitus loudness between 51dBNA and 61dBNA.
This large difference in loudness can be explained by the evaluation method used in the
studies.

THI scores ranged between 0 and 98 points, averaging 40.03 + 25.48 points. The values
were similar to those of another study. [46] The analysis of THI grading showed that most of
the evaluated patients had mild discomfort (31.2%), followed by slight (22.1%) and moderate
discomfort (20.6%).
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The analysis of THI score and gender, and THI score and tinnitus location showed no
significant differences. These data had already been described by other authors. [14, 48]

The analysis of the correlations between the characteristics of tinnitus, tinnitus discomfort
and tinnitus severity showed that there was a positive correlation between tinnitus severity
graded by patients and THI score. Thus, the higher the score on the scale, the greater the
discomfort caused by tinnitus in the assessment made by THI. These data were expected by
the researchers, since both tests evaluated the impact of tinnitus on patients’ life. A similar
result was obtained in a previous study which analyzed the relationship between the responses
from THI and the visual analogue scale. [38]

There was also a negative and significant correlation between age and THI score,
indicating that the higher the age, the lower the score. The analysis of these data and the fact
that there was no correlation between age and most psychoacoustic characteristics of tinnitus
(pith and loudness), seem to confirm that individuals adapt more easily to the symptom as
they grow older. Again, resilience must be taken into account. [23] These data, however,
differ from results of other studies that used the same instrument to assess the impact of
tinnitus and found no relationship between age and THI score [18, 20,48, 49] or even an
increase of the impact of tinnitus with increasing age. [47]

Conclusion

Data analysis has shown that the majority of the sample was comprised of female adults
who had had tinnitus for about five years in both ears. Tinnitus pitch was acute and tinnitus
loudness was moderate, within the values reported by the technical literature. The discomfort
caused by tinnitus was mostly mild, slight or moderate, and subjects rated the discomfort
caused by tinnitus as grade 5.

No difference was found between THI scores and gender and tinnitus location. There was
correlation between severity of tinnitus and THI score, between age and tinnitus loudness in
the left ear, and between age and THI score.
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Onychodystrophy (DDOD) Syndrome
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Abstract

Dominant deafness-onychodystrophy syndrome (DDOD, MIM 124480) is a type of
ectodermal dysplasia characterized mainly by congenital deafness, absent nails and/or
toes with variable presence of brachydactyly, hypoplastic distal phalanges, and bulbous
distal phalanges. Using the whole-exome sequencing approach, we identified a de novo
mutation (¢.1516 C>T [p.Arg506X]) in ATP6V1B2 as the cause of DDOD syndrome in
three independently identified individuals. Molecular epidemiology analysis showed that
the ATP6V1B2 p.Arg506X mutation was not present in 1053 ethnically matched normal
hearing controls. ATP6V1B2 encodes a component of the vacuolar ATPase (V-ATPase,
also known as H+-ATPase), a multisubunit enzyme that mediates acidification of
eukaryotic intracellular organelles. We generated an Atp6v1b2 knockdown mouse model
and found that Atp6vlb2 deficiency leads to severe sensorineural hearing loss. In vitro
pathogenic evaluation showed that the ATP6V1B2 p.Arg506X mutation is a dominant
haplo-insufficient mutation that caused abnormal acidification in the lysosomes.
The acidification defect in lysosomes may cause decreased activity of acid-dependent
hydrolases and thus hydrolytic dysfunction of the lysosome affects development of
multiple systems such as the inner ear, phalanx, and nail in the DDOD syndrome.
The findings provide the molecular basis for DDOD genetic diagnosis as well as exciting
developments in future therapeutic interventions.
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Introduction

Dominant deafness-onychodystrophy syndrome (DDOD syndrome, MIM 124480) is
characterized mainly by congenital sensorineural hearing loss, and accompanied by
dystrophic or absent nails. In some individuals, conical and hypoplastic teeth may also be
observed. Prominent differences between DDOD and DOORS syndrome (deafness,
onychodystrophy, osteodystrophy, intellectual disability and seizures, MIM 220500) are the
intellectual disability and seizure aspects of DOORS [1]. TBC1D24 mutations were verified
as a cause of DOORS syndrome recently [2]. The association between deafness and
onychodystrophy segregating as an autosomal dominant condition was first recognized in
1962 by Robinson et al. [3], and later was confirmed by Kondoh et al.[4] as well as White and
Fahey [5]. To date, ten families with DDOD syndrome in various ethnic populations have
been reported [2-9]. However, the molecular etiology of DDOD remains unknown. In this
chapter, we report the identification of a common de novo mutation in ATP6V1B2 among
three independent Chinese families with the DDOD syndrome. We will present evidence
supporting that ATP6V1B2 is essential for hearing and that the identified mutation causes
abnormal acidification in the lysosome.

Pedigrees and Clinical Evaluations

Three DDOD pedigrees were collected in China during the year 2011~2012. The DDOD
pedigrees 1 and 3 were ascertained from Shanxi province, and pedigree 2 was from Jilin
province of mainland China. The probands displayed identical phenotypes including severe
congenital sensorineural hearing loss, absence of all toe nails, absence of nails on the little
finger and thumb, phalanx deficiency of the little finger, onychodystrophy-like malacia, and
pitting of the middle three fingernails (Figure 1). The gross inner ear structure was normal in
all probands in this study as assessed by magnetic resonance imaging and high-resolution
temporal bone computed tomography (Figure 1). All three individuals had unilateral cochlea
implantation at the ages of 2.5, 2, and 18 years, respectively. Cognitive evaluation was
performed using selected subclasses from a Chinese revised version of Griffiths Mental
Development Scales (GMDS, 0-8 years of age) prior to cochlea implant operation[10].
The normal range of General Quotients of the Griffith test was above 70 in non-syndromic
Chinese hearing loss individuals, and cases 1 and 2 scored 75 and 77, respectively. After
cochlea implantation, language rehabilitation in the probands from pedigree 1 and pedigree 2
showed no distinct difference compared to other nonsyndromic hearing loss individuals.
Although the proband in pedigree 3 had prelingual hearing loss and had received a cochlea
implant as an adult, she made significant improvement in speech perception in both listening
and pronunciation skills due to speech training in a language rehabilitation school from the
age of 3 years. This successful language rehabilitation in the three DDOD probands further
confirmed their normal mental development.
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Pedigree 1 Pedigree 2 Pedigree 3

A

wt/ c.1516C>T wt/ ¢.1516C>T

(A) Pedigree of three DDOD families and segregation of the ¢.1516 C>T mutation. The DNA sample of 11:3
is not available in Pedigree 3.

(B) Audiograms of three probands showing bilateral severe sensorineural hearing loss. The blue curves
indicate the left ear and red curves indicate the right ear.

(C) High-resolution radiology results using computed tomography (CT) or magnetic resonance imaging
(MRI) show normal inner ear development indicated by white arrows. Note: Due to infection of the first
cochlear implant, the proband of Pedigree 2 received a second cochlear implant operation. The CT
image shown here was obtained prior to implantation of the second cochlear implant. The implanted
cochlea is indicated by the blue arrow.

(D) Pictures of the hands show the absence of the fifth finger and thumb nails indicated by black arrows,
fifth finger phalanx deficiency indicated by white arrows, as well as onychodystrophy-like malacia and
pitting of the middle three fingernails.

(E) X-ray of the hand shows fifth finger phalanx deficiency indicated by white arrows.

(F) Pictures of the feet show the absence of all toenails.

(G) X-ray of the foot shows no abnormalities.

Figure 1. Phenotype of the three Chinese DDOD (dominant deafness-onychodystrophy) probands.

Evidence Support that a De Novo Mutation in ATP6V1B2 Causes the DDOD
Syndrome

Blood samples (~3-5 ml) were drawn from 6 participants so that genomic DNA could
be extracted with the Genomic DNA isolation kit (QIAGEN). Paternity was confirmed
by genotype analysis of 19 informative short tandem repeats (STRs) using Goldeneye™
20A kit (Peoplespot, Beijing, China) [11], yielding a probability of paternity of 0.999999
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(assuming a prior probability of 0.50). Exome capture was performed in pedigrees 1 and 2,
including the two probands and their parents, by BGI-Shenzhen using NimbleGen SeqCap
EZ Human Exome Library v2.0 (Roche NimbleGen, Inc., Madison, W1, USA) according to
the manufacturer’s protocols, and sequencing was performed using a HiSeq2000 platform
(IMumina, San Diego, CA, USA). lllumina base calling Software 1.7 was used with default
parameters to process the raw image files and to sequence the individual products as 90-bp
paired-end reads. The sequenced reads were aligned to the human genome reference
(UCSC hg19 version, build37.1) using SOAP aligner/SOAP2 [12]. SNP or indels were
called using Soapsnp [13] software and bwa [14], respectively. The alignment results were
identified using GATK [15] to identify the breakpoints.

In each sample, we obtained approximately 5.9-6.9 Gb of data after whole exome
sequencing. The data mapped to the targeted region have a mean depth of 145.74 folds, and
99.41% of the targeted bases was covered. For bioinformatic analysis, we focused on variants
in coding regions. Variants in individuals and their parents were filtered by four databases,
including the 1000 Genomes Project, HapMap database, the EVS database, and in-house
database from the BGI, with the Minor Allele Frequency lower than 0.005. Based on 1) the
dominant inheritance of DDOD, 2) the identical phenotype of the two probands, and 3) the
pedigree traits (only one individual and neither parent had symptoms) based on the
assumption that there may be a de novo mutation following the dominant inheritance
characteristics. Under assumptions of the autosomal-dominant analysis strategy (when
incomplete penetrance can be excluded), the case must have a heterozygous mutation in a
certain gene, while the control has no mutation. After completing such a filtering process, we
identified 6 genes with variants shared by the two individuals (Table 1). Detailed variants in
the six shared genes can be found in Table 2. Among the six genes, no known
hearing-loss-related gene was identified. The 14 variants in the six shared genes were then
tested by Sanger sequencing. Considering the sequencing results, the prediction results by
SIFT, Polyphen, Mutationtaster, the genes’ pathway and their expressions in human fetal
cochlear ESTs database, ATP6V1B2 was identified as the gene associated with DDOD.
An identical heterozygous missense mutation (c.1516 C>T [p.Arg506X]) in ATP6V1B2 was
verified in two probands but not in their parents (Figure 2). The above results were further
confirmed by Sanger sequencing in another DDOD pedigree (Pedigree 3) we collected in
China, in which we found that the proband carried the same ATP6V1B2 mutation.
The ATP6V1B2 ¢.1516 C>T (p.Arg506X) mutation segregated with the phenotype within the
three DDOD families.

Table 1. Filtering of SNP variants obtained in whole exome NGS[9]

SNP Filter process Individual 1 Individual 2
Total 110722 117704
Functional 14472 14642
Filtered 1000Genomes 2491 2545
Filtered_1000Genomes_Hapmap 2469 2521
Filtered_1000Genomes_Hapmap_EVS 2469 2521
Filtered_1000Genomes_Hapmap_EVS_control 215 242
Filtered_1000Genomes_Hapmap_EVS_control_BGI 83 96
Genes shared by individual 1 and individual 2 6*

* Details were shown in Table 2.
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Table 2. Variants in the 6 genes shared by 2 DDOD cases [9]

Detailed
Gene Name Codons Substitution Information for Genotype Quality Gene description
cases
casel | CIB1 - - W34A4T3,000, Low_Confidence calcium and integrin
spliceAcceptorSite binding 1 (calmyrin)
+6
MUC4 CAC11271CAG H3757Q $99G123C9,000,mi | High_Confidence mucin 4, cell surface
ssense associated
MUC4 CCT4703CGT P1568R S41G191C7,000,mi | High_Confidence mucin 4, cell surface
ssense associated
OR5H6 ACT368CTT T123L Y97C23T9,000,mis | Low_Confidence olfactory receptor,
sense family 5, subfamily H,
member 6
PRAMEF1 ATG122AGG M41R K20T251G4,000,m | High_Confidence -
issense
AMBN GGAB39GTA G180V K43G137T9,000,m | Low_Confidence ameloblastin (enamel
issense matrix protein)
ATP6V1B2 CGA1516TGA R506* Y99T56C44,000,no | High_Confidence ATPase, H+
nsense transporting, lysosomal
56/58kDa, V1 subunit
B2
case 2 CiB1 - - W32T5A3,000,spli | Low_Confidence calcium and integrin
ceAcceptorSite+6 binding 1 (calmyrin)
MUC4 CCT12574TCT P4192S R39G140A8,000,m | High_Confidence mucin 4, cell surface
issense associated
MUC4 ACC12568GCC T4190A Y45T119C7,000,mi | High_Confidence mucin 4, cell surface
ssense associated
MUC4 ATG4604ACG M1535T R22A54G5,000,mis | High_Confidence mucin 4, cell surface
sense associated
OR5H6 GGG239GAG G80E R27G216A7,000,m | High_Confidence olfactory receptor,
issense family 5, subfamily H,
member 6
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Table 2. (Continued)

Detailed
Gene Name Codons Substitution Information for Genotype Quality Gene description
cases
PRAMEF1 ATG82GTG M28V R35A178G8,000,m | High_Confidence -
issense
AMBN GGA539GCA G180A $22G129C6,000,mi | Low_Confidence ameloblastin (enamel
ssense matrix protein)
ATP6V1B2 CGA1516TGA R506* Y99T61C62,000,n0 | High_Confidence ATPase, H+
nsense transporting, lysosomal

56/58kDa, V1 subunit
B2
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The p.Arg506X in ATP6V1B2 is a nonsense mutation that inserts a premature stop codon,
which results in a truncated protein that lacks the last five amino acids. Conservation analysis
of amino acids in nine ATP6V1B2 orthologs indicated that the last five amino acids (residues
506 to 511) are highly conserved (Figure 2). Three-dimensional protein structure modeling
suggested that the p.Arg506X altered structure of ATP6V1B2, resulting in a failure of
hydrogen bond formation between Tyr 504 and Asp 507 (Figure 3). The absence of this
mutation in the parents of the three individuals indicates its de novo nature. Using a restriction
enzyme (Taq ) assay to perform a molecular epidemiology analysis of the ATP6V1B2 c.1516
C>T variation in 1053 ethnically matched normal hearing control subjects, we found that
none of the normal hearing individuals showed such a mutation (Figure 4). In addition, the
€.1516C>T variant is not seen in ESP65000 database.

Immunostaining of mouse cochlea sections and cultured cochlea tissues showed
Atp6v1b2 expression in the organ of Corti, spiral ganglion neurons, the limbus, and fibrocytes
close to the stria vascularis (Figure 5). This expression pattern was found in both the early
postnatal (postnatal day 2, orP2) and the adult (P30) cochleae.

A Sense strand Antisense strand B Sense strand Antisense strand
c]i'ié o7 clﬁ'.‘i GxA ('Iil‘étﬂ c'lil‘i G
Casel i _ ) _ _ Case 2
Father i Mo Father
Mother I no . Mother
C Homo sapiens 479-IGWQLLRIFPKEMLKRIPQSTLSEFYPRDS-AKH 511 NP_001684.2
Pongo abelii 479-IGWQLLRIFPKEMLKRIPQSTLSEFYPRDS-AKH 511  NP_001126673.1
Macaca mulatta 479-IGWQLLRIFPKEMLKRIPQSTLSEFYPRDS-AKH 1511 AFI37447.1
Mus musculus 479-IGWQLLRIFPKEMLKRIPQSTLSEFYPRDS-AKH{511  NP_031535.2
Canis lupus familiaris ~ 479-IGWQLLRIFPKEMLKRIPQSTLSEFYPRDS-AKH 511  XP_543263.2
Bos Taurus 479-IGWQLLRIFPKEMLKRIPQSTLSEFYPRDS-AKH{511  NP_788844.2
Xenopus laevis 478-IGWQLLRIFPKE L LKRIPQSTLAEFYARDSSAKH-511  NP_001080613.1
Danio rerio 478-IGWQLLRIFPKEMLKRIPQSTLAEFYHRDS -- KHE509  NP_878299.1

A),(B) Partial sequences of exon 14 in ATP6V1B2 from normal-hearing parents and affected DDOD
probands 1 and 2, respectively, showing the ¢.1516 C>T(p.Arg506X) nonsense mutation.

(C) Conservation analysis shows that the last six amino acids, p.Arg506, p.Asp507, p.Ser508,
p.Ala509, p.Lys510 and p.His511 in ATP6V1B2 are conserved across human, pongo, macaca,
mouse, canis, bos taurus, Xenopus and danio.

Figure 2. Mutation Analysis of ATP6V1B2.
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Mut N

Structure analysis of the wild-type ATP6V1B2 and mutant ATP6V1B2 (by Swiss model Workspace:
http://swissmodel.expasy.org/workspace/). p.Arg506X results in failure of hydrogen bond
formation between Tyr 504 and Asp in ATP6V1B2.

Figure 3. Altered protein structure by ATP6V1B2 p.Arg506X.

Hetero WT
€1516C>T
350bp ¢- \l« —
250hp S 165hp
100bp 87 bp
50 bp

Example gel showing that three bands, 252bp, 165bp and 87bp, in individual with heterozygous
ATP6V1B2 c.1516 C>T mutation, and two bands, 165bp and 87bp, in wild-type controls. The pair
of primers used for restriction enzyme reaction was designed around ATP6V1B2 ¢.1516 C, which
can amplify a fragment of 252bp. The restriction enzyme Taq | recognizes the ‘TC’ at c.1515 and
c.1516. After the Taq | reaction, the 252bp fragment is cut into two fragments of 165 and 87 bp.
However, the mutation ¢.1516 C>T deletes the Taq | restriction endonuclease site. Thus, for the
heterozygous ¢.1516 C>T mutation, three bands (252, 165 and 87 bp) were detected, while in
controls lacking the c.1516 C>T mutation, two bands (165 and 87 bp) were detected.

Figure 4. Taq | restriction enzyme assay showing normal versus ATP6VV1B2 ¢.1516 C>T mutant PCR
fragments.
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(A) Atp6v1b2 distribution in mouse cochlea. Atpév1b2 expresses mainly in the organ of Corti, spiral
ganglion neurons, the limbus, and fibrocytes close to the stria vascularis; (B) Atp6v1b2 expression
in hair cells; (C) Atp6v1b2 expression in the spiral ganglia (SG) neurons; (D) Double staining of
Atp6v1b2 and tubulin in ganglia neurons. Green: Atp6v1b2, Red: B-tubulin; (E) Double staining of
Atp6v1b2 and Myo6 in cultured hair cells. Green: Atpév1b2, Red: Myo6

Figure 5. Atp6v1b2 expression in the cochlea.

Atp6v1b2 Cochlea Knockdown Mouse Shows Hearing Loss

To further investigate the function of ATP6V1B2 in the cochlea, we generated a mouse
model in which the expression of Atp6vlb2 was specifically reduced in the cochlea using a
morpholino oligomer. The oligomer was designed to anneal at the junction of intron 12 and
exon 13, which resulted in a partial inclusion of intron 12 followed by a stop codon that
excluded the expression of exons 13 and 14 in the mature mRNA (Figure 6A). The Atp6v1b2
morpholino oligomer was microinjected (0.05-5.0 pg/uL) into the scala media of the basal turn
of the mouse cochlea before postnatal day three. Hearing sensitivity has been shown to be
unaffected by such an injection procedure if the injection was done to mice younger than
postnatal day 5 (P5) [16]. Reverse transcription-polymerase chain reaction (RT-PCR) was used
to verify the abnormal transcript product containing part of intron 12 in the mouse cochlea 3
days after injection (Figure 6A). At 4 weeks post-injection, auditory brainstem response (ABR)
tests measured across a frequency range of 4-32 kHz showed that hearing thresholds in the ear
injected with the morpholino oligomer at the concentration of 0.5, 1.25, 2.5 and 5.0 pg/pL were
elevated by 30-50 dB compared to wild-type mice. However, hearing thresholds in mice
injected with 0.05 pg/pL morpholino oligomer was within the normal range, indicating the
dosage dependence of the hearing loss phenotype. In addition, all the mice received scrambled
morpholino oligomer (0.5 pg/uL) displayed normal hearing (Figure 6B). These results
supported the specific effects of the injected morpholino oligomer. Immunological staining
observations revealed that Atp6év1lb2 expression was knocked down significantly in the gross
cochlea (Figure 7), especially in the hair cells and the spiral ganglion neurons. In addition, we
observed hair cell degeneration in the cochlea that received the morpholino oligomer to
knockdown the Atp6v1b2 expression (Figure 6C).
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Western Blot Analysis of Atp6v1b2 Shows Reduced Expression of
atp6v1b2 in the Spiral Ganglion Neurons and the Organ of Corti

Western blot analysis performed 7 days after injections demonstrated significantly
decreased levels of V-ATPase encoded by Atp6vlb2 in the group that received morpholino
oligomer in both the spiral ganglion neurons (Tukey’s multiple comparison test, P=0.0073,
0=25.99) and in the organ of Corti. The comparsion was made between the experimental
group and the group that received scrambled morpholino oligomer as well as the wild-type
group. At three weeks after morpholino oligomer injection, the V-ATPase level was
decreased further in the organ of Corti (Tukey’s Test, P=0.039, q=10.37, Figure 8).

ATP6V1B2 C.1516 C>T is a Dominant Loss-of-Function Mutation, Causing
Abnormal Acidification in Lysosomes

To evaluate the pathogenicity of the ATP6V1B2 ¢.1516 C>T mutation, we transfected the
PIRES2-EGFP-ATP6V1B2 wild-type plasmid and pIRES2-EGFP-ATP6V1B2 c.1516 C>T
mutant plasmid into HEK293 cells. V-ATPase is expressed in HEK293 cells, and transfection
with ATP6V1B2 caused an overexpression of the V-ATPase. However, no change in
ATP6V1B2 intracellular distribution was detected in ¢.1516 C>T mutant-transfected cells. We
found that the ATPase hydrolysis activity significantly decreased in the transfected cells when
the ratio of the mutant increased. The ATPase hydrolysis in cells transfected with ATP6V1B2
was 42.24 + 2.11, that in cells transfected with a 1:1 mixture of ATP6V1B2 and the ¢.1516
C>T mutant was 38.48 + 2.87, and that in cells transfected with ¢.1516 C>T mutant was
36.09 £ 2.89. The ATPase hydrolysis activity in cells transfected with empty vector was
30.28 £ 2.79 (Newman-Keuls Multiple Comparison Test, P=0.032,q=4.508, Figure 9A).
This trends indicated the ¢.1516 C>T mutant had reduced ATPase hydrolysis compared with
the wild-type ATP6V1B2.

We measured the proton transport activity of V-ATPase in lysosomes using a lysosome-
specific dye. The lysosome pH measurements were 5.02 + 0.05 in cells transfected with
empty vector control, 4.72 + 0.046 in cells transfected with the ¢.1516 C>T mutant, 4.65 +
0.042 in cells transfected with a 1:1 mixture of ATP6V1B2 and the ¢.1516 C>T mutant, and
459 = 0.048 in cells transfected with wild-type ATP6V1B2. A statistically significant
difference in lysosomal pH was detected between ATP6V1B2 and c.1516 C>T mutant-
transfected cells (LSD test, P=0.02, Figure 9B and 9C). The ATPase hydrolysis activity and
proton transport activity did not differ significantly between HEK293 cells and pIRES2-
EGFP-transfected HEK293 cells. These results of the ¢.1516 C>T mutant that the V-ATPase
hydrolysis decreased and the lysosome pH increased which indicated the reduced
acidification suggest that ATP6V1B2 ¢.1516 C>T is a loss-of-function mutation.
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(A) RT-PCR analysis shows intron 12 retention in the Atp6vlb2 transcript of Atp6vlb2-specific
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morpholino oligomer (MO)-knockdown mouse cochlea. The morpholino oligomer was designed to
anneal at the junction of intron 12 and exon 13, which resulted in a partial inclusion of intron 12
followed by a stop codon UAA (indicated by the red arrow). The forward RT-PCR primer was in
exon 11 and the reverse primer was in intron 12. The RNA was extracted 3 days after morpholino
inner ear injection. Since the reverse primer corresponded to intron 12 sequences, it could not bind to
the normal Atp6vlb2 transcript. No bands were observed in the wild-type (WT)- or scrambled
morpholino oligomer (SMO)-injected mice. The primer pairs amplified a product of 581 bp,
including part of exon 11, exon 12 and part of intron 12 in the presence of abnormal splicing due to
the Atp6v1b2-specific morpholino.

Hearing thresholds (y-axis) were determined based on ABR measurements at various frequencies
(x-axis) for Atp6vlb2-specific morpholino oligomer (MO)-knockdown mice, scrambled
morpholino oligomer (SMO) control mice and wild-type mice. ABR thresholds were measured at
postnatal day 30 (P30), 4 weeks after cochlea injection. Hearing thresholds in Atp6vlb2-
knockdown mice at 0.5, 1.25, 2.5 and 5.0 pg/uL were elevated by ~30-50 dB compared with wild-
type and scrambled-morpholino-injected mice. Hearing thresholds in Atp6vlb2-specific-MO-
cochlea-injected mice at 0.05 pg/uL were within the normal range. Legends for different mouse
groups are shown in the panel, n=the number of ears. Vertical bars represent standard errors of the
mean.

Flattened whole mount cochlea staining shows the degeneration of hair cells in the Atp6vlb2-
knockdown mice. At 21 days after cochlea injection with Atp6v1b2-specific morpholino oligomer
(MO, 0.5 ug), the majority of hair cells in the basal, middle, and apical turns had died. At 21 days
after cochlea injection with the scrambled morpholino oligomer (SMO, 0.5 pg), the hair cells in the
basal, middle and apical turns remained normal. Green: Atp6v1b2; Red: Phalloidin.

Figure 6. Atp6v1b2-knockdown analysis in the mouse cochlea.
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(A)

Knockdown of Atp6vlb2 in the whole cochlea 30 days after cochlea injection with Atp6vib2-
specific morpholino (0.5 pg); (B) Hair cell degeneration 30 days after cochlea injection with
Atp6v1b2-specific morpholino (0.5 pg); (C) Spiral ganglia neuron degeneration 30 days after
cochlea injection with Atp6v1b2-specific morpholino (0.5 pg); (D) to (F) Whole cochlea, hair cells
and spiral ganglia neurons remain normal 30 days after cochlea injection with scrambled
morpholino (0.5 pg). Green: Atp6v1b2

Figure 7. Degeneration of mouse spiral ganglia neurons and organ of Corti in Atpév1b2 knockdown
mice.
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Western blots of ATP6V1B2 in the organ of Corti (OC) and spiral ganglion (SG) of wild-type
(WT), scrambled-morpholino-oligomer (SMO, 0.5 pg/ul) control and Atp6vlb2-specific
morpholino oligomer (MO, 0.5 pg/ul)-knockdown mice. Legends for each lane are shown in the
figure. Protein was extracted from the postnatal day 9 (P9) mouse cochlea 7 days after inner ear
injection.

Western blots of ATP6V1B2 in the organ of Corti (OC) of wild-type (WT), scrambled-
morpholino-oligomer (SMO, 0.5 pg/ul) control and Atpév1b2-specific-morpholino-oligomer (MO,
0.5 pg/ul)-knockdown mice. Legends for each lane are shown in the figure. Protein was extracted
from postnatal day 23 (P23) mouse, 21 days after inner ear injection.

The band intensities in Figure 8A were normalized to the corresponding R-actin bands for
quantification. Two asterisks on top of bars indicate significant reductions in ATP6V1B2
expression compared with the WT and SMO control in the spiral ganglion (Tukey’s multiple
comparison test, P<0.01). Data are presented as means + standard deviation. Four biological
replicates are represented in the bar graphs.

The band intensities in Figure 8B were normalized to the corresponding R-actin bands for
quantification. The asterisk on top of the bars indicates significant reductions in ATP6V1B2
protein expression compared with the WT and SMO control in the organ of Corti (Tukey’s
multiple comparison test, P<0.05). Data are presented as means + standard deviation. Four
biological replicates are represented in the bar graphs.

Figure 8. Protein levels of ATP6V1B2 in two regions of the cochlea from wild-type, scrambled-
morpholino-control and Atp6v1b2-knockdown mice.
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(A) ATPase assays showed that ATPase hydrolysis activity decreased significantly in the transfected
cells as the ratio of the mutant increased. The data in each group represent a sample size (n) of 9.
The asterisk on the top of bars indicates a significant increase or reduction in ATPase hydrolysis
activity (P<0.05), compared to the empty vector control pIRES2-EGFP or pIRES2-EGFP-
ATP6V1B2, respectively. Statistical analyses were performed by the Newman-Keuls Multiple
Comparison Test. Data are presented as means + standard deviation.

(B) Calibration curve for determining the lysosomal pH in HEK 293 cells. Calibration was performed
as described in the Materials and Methods to generate a curve relating to the emission intensity
ratio at 460 and 528 nm using an excitation at 360 nm to lysosomal pH. Vertical bars represent
standard errors of the mean of four identical samples.

(C) The lysosomal pH increased in transfected cells as the ratio of the mutant increased, indicating that
ATPase proton transport activity decreased as the ratio of the mutant increased. The data in each
group represent a sample size (n) of 4. The asterisk on top of bars indicates significant reduction or
increase in lysosomal pH (P<0.05), compared to the empty vector control pIRES2-EGFP or
pIRES2-EGFP-ATP6V1B2, respectively. Statistical analyses were performed using the LSD Test.
Data are presented as means + standard deviation.

Figure 9. Effects of the ATP6V1B2 PA"®%* mutant on ATPase activity in transfected HEK293 cells.
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Discussion

Deafness and onychodystrophy diseases (DODs) are classified into two genetically
distinct groups: the autosomal recessive form (DOOR syndrome) and the dominant (D) form
(DDOD). Clinically, individuals with DOOR syndrome show features such as mild to severe
mental retardation, seizures, mutism, hypotonia, congenital sensorineural deafness,
triphalangeal thumbs, and hypoplastic nails. The phenotypes of DDOD are milder than those
in the recessive form [3], and do not usually involve mental retardation. Features in our
DDOD families resembled those reported in several previous studies [4-8] and included
deafness, absence of nails and/or toes with more variable presence of brachydactyly,
hypoplastic distal phalanges, and bulbous distal phalanges. Of note, the probands reported by
Feinmesser and Zelig [8] were affected sisters from a consanguineous family; both had
normal intellect, which was suggestive of autosomal recessive inheritance, genetic
heterogeneity, or possibly gonadal mosaicism for an autosomal dominant condition. The
conditions in the other reported families segregated in an autosomal dominant manner. To
date, the hereditary pathogenesis has not been clarified for either DDOD or DOOR syndrome
[1], although a neurometabolic etiology has been postulated for latter.

Prior to our study, White and Fahey [5] performed an SNP microarray analysis of one
DDOD individual from Australia. However, they found no evidence of a change in copy
number. Our study is the first report of a de novo heterozygous mutation in the ATP6V1B2
gene that appeared to be a cause of autosomal DDOD syndrome. The ATP6V1B2 gene on
chromosome 8p21.3 contains 14 exons and normally encodes 511 amino acids. The
availability of two independent individuals with a strikingly similar phenotype was very
useful for identifying the causative gene and we took advantage of it. Our results obtained
from these two individuals indicated that the ATP6V1B2 defect causes DDOD syndrome, and
this was further verified in a third independent family. The identification of the specific
ATP6V1B2 ¢.1516 C>T (p.Arg506X) mutation in three independently identified DDOD
individuals, but not in a large number (1053 cases) of normal hearing controls, provides
further supporting evidence that the p.Arg506X in ATP6V1B2 is responsible for the DDOD
syndrome.

Schinzel-Giedion syndrome (MIM 269150) and Kabuki syndrome (MIM 147920) [17,18]
are known to be caused by dominant de novo mutations. De novo mutations have recently
been shown to play a major role in human diseases with reduced reproductive fitness [18-21].
The identification of a same de novo dominant mutation in 3 unrelated DDOD individuals by
chance should be extremely unlikely. Our results indicate a high correlation between
phenotype and genotype in these individuals with the DDOD syndrome. Given a transmission
risk of 50% and a recurrence risk of <1% for de novo autosomal dominant mutations,
compared to a transmission risk of <1% and a recurrence risk of 25% for autosomal recessive
inheritance, the relatively high frequency of the de novo mutation in our cohort has significant
implications for genetic counseling in our individuals and their relatives.

ATP6V1B2 encodes a component of the vacuolar ATPase (V-ATPase, also known as H+-
ATPase), which is a multisubunit enzyme that mediates acidification of eukaryotic
intracellular organelles. V-ATPase-dependent organelle acidification is necessary for
intracellular processes such as protein sorting, zymogen activation, receptor-mediated
endocytosis, and synaptic vesicle proton gradient generation. V-ATPase is composed of a
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cytosolic V1 domain and a transmembrane VO domain. The V1 domain is responsible for
ATP hydrolysis, and the VO domain is responsible for protein translocation. The protein
encoded by ATP6V1B2 is one of the two V1 domain B subunit isoforms, and as it is highly
expressed in the organ of cerebrum and in the organelle of Atp6vlb2, it is usually called a
brain isoform or lysosomal V1 subunit B2 [22,23]. Deficiency in ATP6V1B2 has been related
to hereditary diseases such as osteopetrosis and renal tubular acidosis. It has been suggested
that deficiencies of ATP6V1B1 and ATPVOA4 is related to distal renal tubular acidosis and
hearing loss [24-27]. To the best of our knowledge, no report has linked the function of
ATP6V1B2 to hearing. The distribution of Atp6v1b2 in hair cells and spiral ganglia neurons in
mouse indicates it may play a role in the auditory system. The gene related to DOORS
syndrome, TBC1D24, encodes a member of the Tre2-Bub2-Cdc16 (TBC) domain-containing
Rab (Ras-related proteins in brain)-specific GTPase-activating proteins, which coordinate
Rab proteins and other GTPases for the regulation of membrane trafficking. TBC1D24 and
ATP6V1B2 are all known to be widely expressed, most highly in the brain and kidneys.
Tbcl1d24 expresses in the stereocilia of the hair cells as well as in the spiral ganglion neurons
[28]. TBC1D24 and ATP6V1B2’s identical distribution regions and their function with
GTPases or ATPases indicate they may have some physiological link. The hearing loss
phenotype of our Atp6vlb2 cochlea knockdown mouse model confirmed that the normal
function of the gene is required for normal hearing. Significantly reduced Atp6vlb2
expression in the mouse cochlea resulted in the death of hair cells and spiral ganglion
neurons, leading to hearing loss.

Cell metabolism depends on the endocytic pathway [29,30]. Lysosomes, the terminal
organelles in the endocytic pathway, play an important role in hydrolyzing macromolecules
and making their components available as nutrients for the cell. Hydrolytic enzymes in
lysosomes are activated by the acidic pH (between 4.5 and 5.0), which is generated and
maintained by the activity of the proton-pumping V-ATPase, using metabolic energy in the
form of ATP to pump protons into the lysosome lumen [31,32]. Our functional studies
demonstrating that the ¢.1516 C>T mutation caused a decrease in the ATP production and an
increase in lysosomal pH indicate that ATP6V1B2 ¢.1516C>T is a dominant loss-of-function
mutation. According to PhyloP vertebrate conservation scores, the ATP6V1B2 ¢.1516 C is a
highly conserved base in the genome. The coded amino acid 506 is highly conserved
according to multiple sequence alignment and mutant protein structure abnormality predicted
by SWISS-MODEL [33]. These support the pathogenicity of the mutation. We propose that
insufficient acidification in the lysosome caused by ATP6V1B2 c.1516 C>T mutation may
result in decreased activity of acid-dependent hydrolases, thereby limiting the decomposition
of proteins, lipids, and polysaccharides in cells and affecting the development of multiple
ectoderm-derived systems. Embryologically, the inner ear, nails, and teeth are all ectoderm-
derived organs. The fact that ATP6V1B2 is ubiquitously expressed in humans makes it
reasonable to assume that ATP6V1B2 may play important roles in other developing ectoderm-
derived organs. Knock-in mouse model studies are underway in our laboratory to elucidate
the consequences of ATP6V1B2 mutation on ectoderm-derived organs, with the goal of
targeting these effects therapeutically.

In summary, whole-exome sequencing in DDOD pedigrees revealed a de novo ¢.1516
C>T (p.Argh06X) mutation in ATP6V1B2 that was present in three independently identified
individuals with DDOD. Immunolabeling for localization of ATP6V1B2 in the mouse cochlea
as well as functional and morphological studies in the ATP6V1B2 knockdown mouse model
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provided further evidences that support the idea that ATP6V1B2 is a syndromic deafness
gene. Direct assessment of the in vitro effects of the ATP6V1B2 c.1516 C>T mutation in
transfected cells indicated that it is a dominant haplo-insufficient mutation leading to
insufficient acidification of the lysosome. Understanding molecular mechanisms in rare
syndromic hearing impairments might lead to valuable insights into the molecular triggers for
hair cell and spiral ganglion neuron degeneration and provide the basis for genetic diagnosis
as well as new developments in future therapeutic interventions.
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Abstract

Identifying the genetic basis of deafness provides crucial information for diagnosis,
intervention and treatment of the disease. Non-syndromic sensorineural hearing loss,
however, are extremely heterogeneous, with both common and rare forms occurring due
to mutations over estimated 500 genes. Due to the larger number and presumably low
mutation frequencies of those genes, it would be highly expensive and time-consuming to
address this issue by conventioanl gene-by-gene Sanger sequencing. Next generation
sequencing (NGS) has become a highly efficient strategy for identifying novel causative
genes and mutations involved in heritable disease. Both simple nonsyndromic and
complex syndromic forms of hearing loss can be resolved efficiently using NGS,
especially in small families with distinct and interesting phenotypes that were once too
small to map. To date, more than a dozen syndromic or nonsyndromic deafness genes
have been identified using targeted genomic enrichment and NGS. Here, we summarized
novel deafness genes and mutations identified by NGS methodologies.

Introduction

To date, more than 100 genes and 100 genetic loci have been implicated in NSHL
(http://hereditaryhearingloss.org/). The marked heterogeneity of genetic hearing loss can be

* Corresponding author: Xue Gao. E-mail: mixueer0110@126.com.
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explained by the complexity of the auditory system, which requires coordination of multiple
processes involving the inner ear and nervous system. A defect in any part of this complex
chain of events can lead to hearing impairment. For many decades, linkage analysis has been
the most powerful and widely used strategy to identify the gene defects responsible for
inherited disorders. However, this approach is time consuming and requires the availability of
cohorts of homogeneous and informative, possibly large families and a large proportion of
NSHL remain genetically unexplained.

These limitations, however, may be overcome by the next-generation sequencing (NGS)
technologies. NGS offers an unprecedented ability to identify rare variants and new causative
genes. Several next generation sequencing platforms allow for a DNA-to-diagnosis protocol
to identify the molecular basis of inherited non-syndromic hearing loss, including whole
genome sequencing (WGS), whole exome sequencing (WES) and targeted deafness gene
capture. Updated guidelines from the American College of Medical Genetics and Genomics
(ACMG) recommend that clinicians consider NGS when testing for genetic causes of hearing
loss [1]. The guideline, which is build on guidelines issued in 2002, include panel tests
targeted at genes related to hearing loss, whole exome sequencing, and whole genome
sequencing after negative results are returned on initial single-gene testing indicated by a
patient’s family medical history and presentation.

Whole Genome Sequencing

Whole genome sequencing (WGS) by next generation sequencing technologies has the
potential for simultaneous, comprehensive, differential diagnostic testing of monogenic
illnesses.

In 2003, the cost of sequencing a single human genome was estimated to be 2.7 billion
dollars, that price had dropped to 4,000 dollars by 2012, and it is anticipated that this cost will
soon be 1,000 dollars. Clinical use of WGS by NGS has taken at least a month. Researchers
already have been able to help clinicians aid some children born with rare birth defects by
sequencing and analyzing their whole genomes to diagnose and treat their illness [2].

This is only the beginning of the whole genome sequencing era, which has the potential
to revolutionize medicine.

However, there is no report about application of whole genome seugencing on the
inherited non-syndromic hearing loss. There are major obstacles to the clinical
implementation of WGS, such as hidden costs, issues surrounding sequencing and analysis,
quality assurance and standardization protocols, ethical dilemmas, and difficulties with
interpretation of the results. With the availability of human WGS data from many individuals,
it’s now clear that two unrelated individuals have at least two million differences in their
genomic DNA sequences [3]. The full potential of WGS can be realized only when we gain a
much better understanding of the functions of noncoding regions. WGS should be carefully
implemented in the clinic to allow the realization of its potential to improve patient health in
specific indications.
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Whole Exome Sequencing

Approximately 85% of disease-related mutations in Mendelian disorders have been found
in the protein-coding region, although this portion constitutes only approximately 1% of the
human genome [4, 5]. WES has become a highly efficient strategy for identifying novel
causative genes and mutations involved in heritable disease.

Over 1,778 publications since 2009 whose abstracts contain the term “whole exome
sequencing”, confirm the success of exome sequencing as a new and effective technological
paradigm within human genetics.

Whole exome sequencing has proven useful for identifyding the molecular defects
underlying single gene disorders (Mendelian inheritance), as well as some genetically
heterogeneous disorders, such as inherited non-syndromic hearing loss.

Inherited non-syndromic hearing loss can be resolved efficiently using WES, especially
in small families with distinct and interesting phenotypes that were once too small to map
using linkage analysis.

Recently, there have been many successful applications of WES in identifying the
causative genes and mutations of inherited non-syndromic hearing loss (table 1).

Table 1. List of genes and mutations related with non-syndromic hearing loss identified

by WES
GENE NAME Mutation (protein) References
p.GIn53Argfs*100
OSBPL2 p.Leul95Met [6]
TBC1D24 p.Serl78Leu [7]
p. Thr 1796Ser
TNC p.V1773M (8]
ELMOD3 p.Leu265Ser [9]
p.Asp377Asn
KARS p.Tyrl73His [10]
GRXCR2 €.714dupT [11]
ATP1A2 p.Vall191Met [12]
ADCY1 p.Arg1038X [13]
BDP1 p.*2625Gluext*11 [14]
EPS8 p.GIn30* [15]
PNKP p.Gly292Arg [16]
p-Met65lle
PCDH15 0.Serd04Arg [16]
p.Pro240Leu
CDH23 p.Glul595Lys [17]
p.Asn342Ser
POU4F3 p.Arg326Lys [18]
p.Ser1481 Pro
p.GIn1425X
MYO15A p.Alal551Asp [19, 20, 21]
IVS11 +1
p.Arg2146Q
p.Ser530X
TMC1 p.Gly197Arg [19, 22]
p.GIn391X
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Table 1. (Continued)

GENE NAME Mutation (protein) References
ACTG1 p.Met305Thr [23]
p. Argl1494X
LOXHD1 0. GIU9SEX [19]
GIPC3 p.His170Asn [19]
ILDR1 p. GIn 274X [19]
MYO7A p.Gly2163 Ser [19]
TECTA p. Tyr 1737Cys [19]
TMPRSS3 p.F13Lfs*10 [19]
TRIOBP p. Arg785 Ser fs*50 [19]

To date, 10 non-syndromic deafness genes and more than 30 novel causative mutations
were identified by WES (Table 1). These studies show that WES, followed by verification
and functional and immunolabeling examinations, can reveal critical disease-causing genes
from small pedigrees.

Even with the rapid maturarion of this field, there are a number of areas that are still
many work in progress: (1) WES fails to solve a substantial proportion of presumably
Mendelian phenotypes [24]. (2) There is tremendous interest understanding the contribution
of rare variation to the genetic basis of common disease. Many such studies have been
initiated using WES, but are still ongoing as they require other samples to tesifty the results.
(3) The discrete prioritazation of all protein-altering variation over all other variations has
clearly proven to be useful, but is undeniably crude.

Targeted Deafness Gene Capture and NGS

The popular application of targeted gene capture is all of the genes involved in causing
hearing loss, including all exons, exon/intron boundaries and promoter sequences could be
fully sequenced on a diagnostic platform to produce a specific genetic test for hearing loss.
Targeted deafness gene capture combined with NGS is suited to identify the causative
mutations of non-syndromic hereditary hearing loss owing to the following advantages: 1)
comprehensive coverage of large numbers of genes and large genes associated with the
disease; 2) significant cost saving; 3) higher sequencing accuracy because of deeper
achievable coverage; 4) a significantly shorter turnaround time and 5) more convincing
dataset by excluding other deafness genes [25].

To date, more than 100 human genes implicated in non-syndromic hearing loss are
confirmed [25]. Approximately 100Gbp of sequencing is needed to obtain NGS results for
one human genome (~3.2G bp) at about 30x average coverage. Targeted gene enrichment
typically increases this proportion by at least 1,000 fold [26, 27, 28].

Therefore, the same sequencing capacity can theoretically be used to sequence more than
1,000 samples for a panel of genes associated with deafness.

The recent studies demonstrated the feasibility of conducting diagnostic tests for all
deafness-related genes by targeted gene capture and NGS [26, 27]. Its success in research has
already resulted in its translational uses in clinical care, and many of them are for diagnostic
mutation detection of focused panels of disease genes.
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OtoSCOPE (Otological Sequence Capture Of Pathogenic Exons) is the first massively
parallel sequencing platform that utilizes targeted sequence capture and NGS for genetic
testing of hearing loss [27]. It has been developed by the University of lowa and is being used
in a research setting to fully sequence all exons of 57 deafness genes
(http://www.healthcare.uiowa.edu/ labs/morl/index_CDS.htm). At this stage in its
development various methods of targeted sequence capture and NGS are being compared to
determine which combination has the greatest level of sequence coverage. Otogenetics
Corporation in the US is currently offering a genetic mutation testing service using targeted
sequence capture and NGS for the detection of variants in 131 known deafness genes for
approximately $500 per sample (www.otogenetics. com). Richard J.H. Smith, MD, Director
of the Molecular Otolaryngology and Renal Research Laboratories at the lowa Institute of
Human Genetics at University of lowa in lowa City, is a proponent of panel testing for
hearing loss. His lab offers a test that covers 90 genes known to cause hearing loss, which he
suggests over any initial single-gene test. Because panel tests offer more depth of coverage in
genes associated with hearing loss, they are superior to WES at some extent, which looks at
20,000 genes and may miss parts of them. The drawbacks of panel tests are these tests that
use disease-targeted exon capture focused on specific genes may only sequence a subset of
the genes known to cause hearing loss, and there is limited knowledge of which genes are
involved in hearing loss.

Challenge and Future

Applications of NGS technologies are now beginning to enter clinical practice.
Interpreting the data and translating the research results into applications that improve
healthcare is still challenging. Filtering through the millions of vatiants in an individual’s
genome for the pathogenic mutation seems to be the most urgent task at hand. Another
important aspect is the concurrent development of genetic counseling capabilities to interpret
the large amount of data revealed by NGS for clinical use. In the near future, physicians may
combine a past medical history and family history with NGS diagnostic data to identity
disease predisposition vatiants and variants that affect drug metabolism in individuals.

Althoght NGS-based molecular diagnostic tests are still in their infancy, they have
demonstrated excellent clinical utility for single-gene disorders. With further developments in
NGS technologies for data generation and with more effective bioinformatics tools for data
analysis and clinical extraction, the full potential of WES/WGS that we expect to be revealed
in the coming years will greatly enrich and empower the practice of genomic medicine
beyond the rare single-gene disorders. The improvements in patient care demonstrated in
recent studies justify all effort and cost for moving these new and exciting approaches into
molecular diagnostics practics.

In our opinion, WES, WGS, and targeted deafness gene capture should remain as options
to be considered for inherited non-syndromic hearing loss and be used according to a patient’s
specific conditions. Alternatively, a combined approach can be used to capture all variety of
genomic variations.
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Abstract

Hearing impairment is a condition that involves medical, psychological and social
aspects. Surveys report that children and adolescents with hearing impairment show high
prevalence of psychopathology. Among numerous definitions which are largely
overlapping (Oppositional Defiant Disorders, Externalizing Disorder, Behavior Problems,
Socio-emotional Problems), we have chosen the definition of conduct disorder given by
the World Health Organization in ICD -10. Some of the criteria for the diagnosis are:
violation of the rules of adults, frequent anger and resentment, deliberate destruction of
other people's property. The aim of this paper is to examine the relationships between
hearing impairment and conduct disorder. The survey was conducted in Serbia, the
environment characterized by specific circumstances concerning the educational and
socio-economic conditions. This society has not developed a tradition of inclusive
education for children, and inclusive trends are slow in general. The study was conducted
on 375 patients of whom 169 are with a hearing impairment, and 178 with no hearing
impairment. The respondents with hearing impairment attended school for hearing-
impaired children. Some of the respondents with hearing impairment live in abroad
school and some with their families. As an instrument, we used a scale for assessing
behavioral disorders (Dimoski, 2004), which was filled by the specialists working in the
institutions for children and youth with hearing impairments. The survey did not show
statistically significant differences in the presence of behavioral disorders in the sample
without hearing impairment and the sample of individuals with hearing impairment.
However, the results showed that the children with hearing impairment showed
significantly greater degree of two indicators of behavioral disorders - the tendency to
steal (t = -3.18, p = 0.002) and extortion of money or benefit from the younger or weaker
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(t =-2.07, p = 0.039). This paper also deals with correlates of behavioral disorders in all
patients (sex, age, academic achievement, socio-economic status) and with connection to
the onset, severity of hearing impairment and type of accommodation (boarding or
family) in the group of patients with hearing impairment. The male respondents (t = 3:07,
p = 0.003) with lower school achievement (F = 11.219, p = 0.000) have more evident
indicators of behavioral disorders. This work has important implications relating to the
practice of working with children and youth with hearing impairment. It was
recommended to work on prevention of behavioral disorders, and suggested which types
of psychosocial interventions for those who express this disorder may be used.

Keywords: Hearing impairment, conduct disorder, children, youth, practice of working

Conduct Disorder in Children and Youth
with Hearing Impairment

Problematic behavior in children and adolescents is a common subject of studies in
contemporary researches. It is approached to these researches from the perspective of
psychology, psychiatry, pedagogy and other related scientific fields. The research of
problematic behavior in children and adolescents is followed by methodological difficulties
related to the lack of precise terminology used to determine the object of study, and various
criteria by which certain manifestations of behavior are treated as problematic behavior in
children and adolescents. The large number of various definitions, which are often at least
partially overlapping is used. The terms: antisocial behavior, externalized behavioral
problems, oppositional defiant disorder, behavioral problems, socio-emotional problems,
conduct disorder, and specific criteria that define this phenomenon were used. In Serbian
language the terms that are in common use are: juvenile offenders and delinquents. There are
also various categorical and dimensional approaches to the definition of these phenomena.

The approaches of the researchers are not in compliance neither. Some senior researchers
support the attitude that antisocial behavior in childhood and adolescents is a unique
syndrome, regardless of variety of symptoms relating to the phenomenon (Robins, 1966,
Robins & Ratcliff, 1980) while many recent studies, as well as factor analysis do not confirm
this hypothesis. Summing up the results of the factor analysis of a large number of different
studies, it was concluded that the problematic behavior of children can best be conceptualized
on the basis of two dimensions, namely discovered-hidden dimensions and destructive-non-
destructive dimension (Frick et al., 1993).

In Diagnostic and Statistical Manual (DSM-IV) conduct disorder is related to the
repeated and persistent patterns of behavior that violates the basic rights of others and the
general norms and rules appropriate to age (aggression toward people and animals,
destruction of property, deceitfulness or theft, and serious violation of rules).

In modern dimensional systems the division of the externalized and internalized behavior
problems is accepted (Achenbach & Rescorla, 2001). We have isolated two externalized
syndrome, which are only partially consistent with the diagnosis of DSM-IV. The first
syndrome, called aggressive behavior, includes oppositional defiant behavior and aggressive
conduct disorder, while other syndrome, so-called behavior that violates the rules, includes
only non-aggressive forms of behavior disorders. This division implies the existence of two
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types of behavioral disorders. The first "discovered” or "aggressive" type, characterized by
hostile confrontations with others, either in the form of a legal opposition or aggressive
behavior, and other "hidden" or "non-aggressive" type includes symptoms of conduct
disorder, which does not includes a confrontation with the victim, substance abuse and
association with delinquent peers (Loeber & Schmaling, 1985).

We have accepted the definition of conduct disorder offered by the World Health
Organization 1CD-10, 1993. In the scientific and professional practice in Serbia none of the
definitions is unanimously accepted. Determination of the ICD-10 is largely used in clinical
work with children and young people with this kind of disorder which led us to choose this
definition. Some of the criteria for the diagnosis of conduct disorder are: often reluctance or
refusal of requests and rules of adults, deliberately destroying other people's property,
sensitivity and tendency to be annoyed by others (Often touchy or easily annoyed by others),
frequent anger and resentment (Often angry or resentful) excessive fighting with other
children, excluding children in the family (Excessive fighting with other children, with
frequent initiation of fights (not including fights with siblings), criminogenic episodes
involving confrontation with the victim - intimidation, extortion, frequent truancy from
school beginning before 13 years of age. It is considered that it is more significant for the
foresight to take into account the severity and not the exact type of symptoms. During
diagnosis, manifestations of behavioral disorders that last no less than six months and are not
isolated antisocial acts are taken into account. This classification makes a distinction between
socialized, none-socialized and oppositional defiant disorder.

The existence of different approaches in diagnosing the problematic behavior in
childhood is a major reason for the inconsistency of the data on their prevalence. In a study in
which the criteria of the DSM are applied, the prevalence of conduct disorder among children
and adolescents ranges from 1% to 9%, while the opposition defiant disorder is not so
present, with prevalence of about 2% (Essau, 2003). Frequency of externalized problems in
the total population of children and adolescents ranges between 2% and 15% (Hinshaw,
1992). Conduct disorder, which involves persistent patterns of rule-breaking and violent
behavior, is estimated to have a prevalence of 9% for boys and 2% for girls (Offord et al,
1986). In Serbia, the research Zunic-Pavlovic et al, (2009) shows that 12% of students
exhibited antisocial behavior, and in 6% of the deficit of social competence and antisocial
behavior is present.

The presence of psychopathology during developmental period in children and
adolescents with hearing impairment is a frequent subject of study. Also, the presence of
behavioral problems of children and youth with hearing impairments has been studied,
although in this area there are several approaches of the authors and defining disorder.
However, the development of research dealing with the presence of specific behavioral
disorders in children and adolescents in this population is absent.

Imprecise terminology and a variety of criteria for diagnosis are followed by specific
methodological difficulties related to the procedures and instruments by which we determine
the presence of problem behavior in children and young people with hearing impairment.
Assessment of children is difficult, due to the inability of deaf children to understand verbal
instructions or verbal tasks placed before them, and the limited expressive aspects of language
and speech. Experts generally do not have enough experience or social skills to conduct
diagnostic assessments and are not familiar with sign language. Sometimes they include sign
language interpreters, whose presence necessarily affects the tested situation. The presence of
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behavioral disorders is generally assessed based on the reports of parents and teachers, and
some research suggests peer evaluation about the functioning of a particular child in the
school context. However, estimates of the parents must not be objective, and are often
saturated by subjective interpretations of children's behavior. Some authors (Van Gent, 2007)
believe that the most reliable are the estimates of experts. In addition, certain symptoms
(especially those related to internalized problems) have distinct subjective tone and are best
detected on the basis of introspection.

In Serbia, the studying of children and youth with impaired hearing by psychologically
measuring instruments is accompanied by the difficulties related to the lack of a standardized
sign language in which it would be possible to translate the items of the instrument, as well as
a shortage of professionals who are trained in the diagnosis of psychopathology,
developmental age of this specific population. Families and children and youth with hearing
impairments use the expression of spontaneous gestural communication to achieve
communication. Schools and medical facilities for persons with impaired hearing have no
systematized praxis on the field of communication using the sign language.

Contemporary research practice is followed by attitude that different variables, which are
often not sufficiently controlled in research studies of personality of children and youth with
hearing impairments (speech development, the degree of experiential, emotional, social and
educational deprivation, etiology and time of occurrence of hearing loss, the time of initiation
and duration of rehabilitation, the existence of cochlear implants, etc.) strongly influence the
results of this group of people on personality tests. This situation is particularly applicable to
the assessment of the developmental period of psychopathology, including the presence of a
behavioral disorder. In studies dealing with psychopathology developmental age of children
and youth with hearing loss in our society, the control of the relevant variables often lack.
This particularly concerns the variables related to socio-emotional deprivation of children and
youth with hearing impairments characteristics of dynamics of family relationships and the
conditions of education and rehabilitation.

In Serbia, the children and young people with hearing impairment attend almost
exclusively special schools for education of this population and a large number of them is
housed in dormitories, or are separated from their families, already at the preschool level. A
significant percentage of children and youth with hearing impairments who are educated in
this system of special education have not enough well-developed language and speech
abilities. The percentage of children with cochlear implants is negligible.

The importance of language and verbal abilities for adequate development many studies
have emphasized. Quirin & Lane (2012) show that poor language skills can cause difficulties
in understanding the social environment and, in turn, are related to an impaired emotion
understanding. Many studies suggest that a delay in language development of children and
youth with hearing impairment is in connection with serious difficulties in developing a
proper understanding of emotion (Rieff & Terwogt 2006; Meerum Terwogt & Rieff, 2004).
Some studies (Dammayer, 2009) even show that good oral or sign communication with the
environment is in relation to the normal prevalence of psychosocial problems in deaf children
and youth.

These difficulties may explain that the prevalence rates of mental disorders in hearing-
impaired children and adolescents found in the literature vary from 15% to 60% (Bailly et al.,
2003). Some studies provide disturbing data on the prevalence of psychiatric disorders in
young people with hearing impairment. Hindly (1994) provides information about more than
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50% of children between 11 and 16 years, Colvin et al. (1979) cites 54%. Van Gent et al,
(2007) provide a comprehensive overview of recent studies of psychopathology in children
and adolescents with hearing impairment analysis instruments for the evaluation. Their
research indicates elevated levels of psychopathology. However, some studies do not confirm
a difference in the manifestation of symptoms of psychopathology in a population of deaf and
hearing respondents. Sinnkoen (1994) confirmed the slightly higher incidence of
psychopathology in young people with hearing impairment, but this difference was not
statistically significant.

Hearing impairment among children affects psychosocial development, but there is no
consensus about the rate of prevalence. Older studies (Meadow, 1980, Freeman et al., 1975)
suggest prevalence of 8-23% presence of socio-emotional problems. The largest number of
recent studies (Vostanis et al., 1997; van Eldik, 1994; van Eldik et al, 2004) confirms these
results. Dammajer (2009) states that studies that were performed in the last two decades
provide data on the prevalence of psychosocial problems in childhood from 20% to 50%.
However, the findings of the authors from Belgium, Maes & Grietens (2004) did not find
elevated levels of these disorders in deaf children that were assessed by parents. Bailly et al.
(2003) reported that some studies have shown the presence of normal levels of behavior
emotional functioning of deaf children and youth.

Older studies (Schlesinger & Meadow, 1971), which gave information about the elevated
levels of behavioral problems in this population, were the impetus for further research.
Children with hearing loss have a higher level of externalized behavioral problems (30-38%
van EIldik; Vostanis, et al., 1997) than children with normal hearing. Mitchell & Quittner
(1996) reported that half or one-third of children and adolescents with hearing impairment
(depending on whether they are evaluated by parents or teachers) exhibit behavior problems.
Regarding behavioral disorder studies indicate the presence of a 12% and 14% of children
and adolescents with hearing impairment compared to 7% in the control group (Hintermair,
2007). Expert’s estimates show the presence of behavioral disorders in 11% of children and
youth with hearing impairments (Van Gent, 2007).

Complex relations between neurological, family and social factors are basis of conduct
disorders in children and adolescents with hearing impairment (Meadow, 1980). Theoretical
perspectives on this issue are related to assumptions about the specific environmental
conditions of children with hearing impairments which affect their emotional development or
lead to the manifestation of behavioral problems. Family environment, in this respect, has a
very important role. Difficulty in verbal communication and gestures between parents and
hearing impaired children strongly influence the overall development of children, not just the
transfer of information. Conditions of wider social environment are related to environmental
factors, the socio-economic, through general social factors, conditions, rehabilitation and
education, and especially terms of social acceptance of people with hearing impairment,
contributes to the development or maintenance of various psychopathological symptoms.

Attempts to understand the development of conduct disorder in contemporary literature
range from taking into account the role of genetic and biological predisposition over the
characteristics of temperament, socio-cultural context, family relationships, experience
rejection by peers, social-cognitive factors etc.

Contemporary concepts are characterized by eclectic approach to the authors and involve
the effects of multiple factors in the development of the disorder and emphasize the need for
verification of theoretical concepts in empirical research. Many models are a synthesis of
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different theoretical approaches and research findings (Moffitt, 1993; Patterson & Yoerger,
1997; Lahey & Waldman, 2002, Dodge and Pettit, 2003; Frick and Morris, 2004). Dodge &
Pettit (2003) offered a bio-psychosocial model of the development of chronic conduct
problems. This model posits that biological dispositions and sociocultural contexts place
certain children at risk in early life but that life experiences with parents, peers, and social
institutions increment and mediate this risk. They point out that certain types of mutual
influences that occur between predispositions, context and life experiences of the child or
adolescent, may contribute to the occurrence of behavioral disorders. In the process of
developing this disorder cognitive and emotional processes play the role of mediator.

The nature of conduct disorders, as defined by ICD-10 criteria is related to the expression
of resistance and aggressiveness towards the environment (peers, adults, things, institutions,
rules, etc.). We believe that we should take into account the hypothesis on the tendency of
children and youth with hearing loss to a more distinct expression of aggression through such
nonverbal (behavioral) ways, rather than through verbal, which are not sufficiently developed
for this population. The expression of emotions, including aggression in children and
adolescents with hearing impairment is different than the normal hearing children and youth.
As stated Rieff et al. (2003) recent findings have shown that deaf children have a different
rationale for the emergence of emotions than their hearing peers. They have restricted
opportunities to learn from their own and others' experiences in this respect. The research of
Reiff & Terwogt (2006) showed that deaf children employed the communicative function of
anger expression differently from hearing children. Whereas hearing children used anger
expression to reflect on the anguish that another child caused them, deaf children used it
rather bluntly and explained less.

One of the few epidemiological studies of the presence of psychopathology in children
and youth impaired in our community (Tadi¢, 1998) dealt with the presence of behavioral
problems. This study demonstrated the presence of lying in 3.2% of subjects with impaired
hearing, conflicts with friends in 8% of patients, conflicts with teachers at 3.2%, and the fits
of rage, breaking objects and hitting the 8.8% of respondents.

Research are trying to detect variables that may be associated with conduct disorders -
gender, age, academic achievement, socio-emotional status, the nature of relationships with
peers, especially the experience of rejection by peers, characteristics of temperament,
character relationships with parents, the influence of parental styles of parents, presence of
criminal and maladjustment behavior in close environment... When it comes to children and
youth with hearing impairments in personality tests of the population, usually controlled
variables affecting the degree of hearing loss are the occurrence of the hearing loss,
rehabilitation characteristics, ways of communication with the environment and especially in
the family and etc. We will discuss the variables in more details that are often taken into
account in the various studies, which are included in this research.

Surveys consistently show a statistically significant relation between conduct disorder
and half of respondents. Boys are more prone to these impairments than girls (Friedrich et al.
1984; Kerr et al. 2004; Bjorkqvist et al. 1992; Cohen et al. 1993; Crick, 1995; Grotpeter &
Crick, 1995; Feehan et al., 1994; Offord et al. 1987, Keenan & Loeber, 1994). Peterson
(1961) showed that age comparison showed that boys displayed more severe conduct
problems than girls at all age levels. From about 4 years of age, boys are more likely than
girls to engage in conduct problems (Keenan & Shaw, 1997; Moffitt et al., 2001; Lahey et al.,
2000, Tremblay et al., 1996). Lahey et al. (2000) find that the behavioral problems of youth

Complimentary Contributor Copy



Conduct Disorder in Children and Youth with Hearing Impairment 137

can not be explained without taking into account the gender (and age) differences. These
authors, in a large sample of respondents aged 9 to 17 years found that boys were more likely
to express aggression, and to have a common property, and misdemeanor offenses. Instead of
physical aggression, females tend to use indirect, verbal and relational aggression. Moffit et
al. (2001) present new findings on a number of subjects of both sexes from 3 to 21 years
aligning approaches of developmental psychology, psychiatry and criminology. They suggest
the need for revision of the diagnostic criteria of conduct disorder suitable for girls. Study
Keenan et al. (1999) report on studies of behavioral disorders limitation only regarding boys.
They believe that understanding gender differences in the course and severity of conduct
disorder may lead to important information about etiology.

Research findings on the relation of conduct disorders and academic achievement are
consistent, and an interest in author large. Children and adolescents of lower academic
achievement are more likely to express behavioral disorder than those of academic
achievement. Antisocial behavior is treated as a variable that has a negative impact on
academic achievement throughout the years of educating (Bardone et al., 1996; Stott, 1981,
Hawkins et al., 2003, Masten et al., 1995; Williams & McGee, 1994). Research (Dodge &
Pettit, 2003; Hinshaw, 1992; Maguin & Loeber, 1996; Hinshaw & Anderson, 1996) show that
externalized behavioral problems (externalizing behavior) are quite stable in early childhood,
the relationship between antisocial behavior and academic skills may establish more in pre-
school period and in the later period, this relationship becomes more apparent.

The researchers' interest was stimulated by the fact that the existence of behavioral
problems of children with poor school achievement represents an impairment which required
professional intervention. But the presence of lower academic achievement phenomenon can
not be seen only in the educational context, since it can lead to self-esteem deficits and
interpersonal difficulties (Mann & Brady, 1988; Lagreca & Stone, 1990).

Also, the common occurrence of behavioral disorders and poor academic achievement
may be treated as a clear predictor of later lack of adaptation in adolescence, which can lead
to antisocial behavior and substance abuse (Hinshaw, 1992). Vostanis et al. (1997) found that
poor functioning in school variable best predicts the presence of behavioral and emotional
problems in children and adolescents with hearing impairment. Many authors (Williams &
McGree, 1994) pointed out the importance of reading skills in commonly injured children and
youth with hearing impairments and their relationship with challenging behavior.

Developed research practice concerns the attempts to determine the relationships between
risk factors of the environment and the occurrence of antisocial behavior. Environmental
effects, those related to family and related to the environment, highly correlate (Ingoldsby &
Shaw, 2002; Leventhal & Brooks-Gunn, 2000), although it is considered useful to separate
them for a deeper understanding of the etiology (Schonberg & Shaw, 2007). From about five
to six years of age, differences in conduct problems in children living in disadvantaged
neighborhoods become more pronounced even after controlling family demographic
characteristics (Brooks-Gunn, Duncan, Klebanov & Sealand, 1993; Chase-Landsdale &
Gordon, 1996). Research findings (Lahey et al., 1999, Sampson et al., 1997), generally
suggest that children and adolescents from families of lower socioeconomic status are more
likely to express behavioral disorder than those from the upper. Keenan et al. (1997) have
given the finding that child from low-income families in nearly 5% of express behavior
disorder. Research (Hausman & Hammen, 1993; Carr, 1999) indicates the relationship of low
socio-economic status, poverty and social isolation and behavioral disorders. Duncan et al.
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(1994) find that it seems that the longer the child has been living in poverty within the first
four years of life, the more prevalent externalizing behavior problems become.

Many studies confirm that the prevalence of conduct disorder and delinquency is in
relation to the different characteristics of the immediate environment (neighborhood),
including socioeconomic and cultural conditions of the general (Bursik & Grasmick, 1993;
Loeber & Wikstrom, 1993, Sampson & Groves, 1989; Stouthamer- Loeber et al. 1999;
Wikstrom, 1991, 1998).

Significant research data (Moffitt et al., 1996; Nagin & Tremblay, 1999) show that nearly
half of all children who engage in high levels of conduct problems show considerable
improvement by early adolescence. Research suggests that risk factors have a different impact
on the occurrence of behavioral disturbances during development and highlights the
importance of understanding these complex interactions.

Method

Participants

The total sample of this study is N = 347 respondents. Part of the sample consists of
children and young people with hearing impairment (N = 169), or 48.7% of the respondents.
They are students of only two special schools for pupils with hearing impairment in Belgrade,
capital of Serbia. In these schools the highest percentage of children with hearing impairment
are being educated, because in inclusive programs, which are defined by law only in 2013,
only small percentage of children and youth is included. The sample did not include the
children and young people with hearing impairment who still have some kind of associated
disturbances. Regarding the degree of hearing loss, the sample consisted of (N = 120) deaf
patients, or 71% of the sample (N = 49) partially deaf, hard of hearing respondents, or 29% of
the sample. Hearing loss is caused by perilingualy N = 141, or 83% of the sample, a lingual
with N = 28 respondents, or 17% of the sample.

Children and youth with hearing impairment attending special schools and living in the
dorms, N = 107, or 63% of the sample. These are respondents whose families do not live in
the Serbian capital (or other cities where there are schools for children and the youth
impaired). These children leave the family in the pre-school period and the entire education
live in boarding schools. The second part of the sample of children and youth impaired
respondents, N = 62 who live with their families, the capital of Serbia and attend a special
school for the deaf, or 37% of the sample.

The children and youth who were included in the study aged from 7 to 18 years. Included
are children of eight years of primary school, and youth first three years of high school.
Sample respondents with hearing loss male consisted of N = 102 and female N= 67.

As an indicator of academic achievement the sample of achievement in school subjects in
the previous academic year was taken into account. This variable was divided into three
categories: good or underachievement success in school, very good grades in school and
excellent school. Success in school subjects with impaired hearing is the largest in the
category of great success, 54% of respondents.
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Considering the economy, the situation in Serbia and the transition through which the
country is going, there are simple difficulties in identifying indicators of socio-economic
status of the family, which would be relevant for research purposes. We have opted for the
educational attainment of the respondent’s father, which is one indicator of the socio-
economical position of the family that often accompanies the research in our community.

This variable is divided into four categories: elementary school, finished vocational
training school, high school and university or university degree. Educational level of the
father is in nearly 30% of the sample primary school, or the lowest category of education in
Serbia, which implies a low socio-economic position.

The control group consisted of children and young people with a normal hearing
(N = 178), or 51.3% of the total sample. They are regular students of primary and secondary
school in Belgrade. The sample consisted of male respondents N = 84, a female N = 94.
According to school success they were distributed relatively equally in all three categories.
Academic success of finished high school of the father of the respondent’s is most frequent
followed by fathers with secondary education, that is 40% of the sample with proper hearing.

Statistical comparison of groups of patients (with and without hearing loss) showed the
following:

Group 1 was significantly different from the variable gender (2 = 6.041, p = 0.005,
Cramer's V = 0.132)

Groups are significantly different in relation to school success, subjects with impaired
hearing have better academic success than subjects without hearing impairment (32 =
15.760, p = 0.001, Cramer's V = 0.213). Explanation of this difference can be found
in a weaker assessment criteria in a special school for deaf students;

Groups are significantly different compared to graduates father of respondents (y2 =
67,132, p = 0.001, Cramer's V = 0.441); Respondents with impaired hearing come
from lower socioeconomic families compared with patients with normal hearing.

Instrument

In Serbia not one instrument to measure conduct disorders was used in the research
practice which is used in Anglo-Saxon scientific research. Also, there are no standardized
instruments that are designed for subjects with impaired hearing in this region. Therefore, we
decided to use the instrument of the local authors (Dimoski, 2001), Scale for assessment of
the presence of behavioral disorders. This instrument is filled by teachers of children and
youth, the survey respondents. Assessment of teachers matched the plan of this research,
given that a large percentage of respondents with impaired hearing lived away from their
families, and parents often do not have the relevant data on the investigated phenomena.
Some authors (Van Gent, 2007) suggest that the most reliable are the estimates of experts.

The instrument consists of 15 statements that are evaluated on a scale in which 1 point
denoted the absence of manifestations of behavior disorder, 2 points, the presence of low
intensity, medium presence of 3 points, 4 points expressed presence. The claims set in the
instrument are mainly related to the manifestation of conduct disorder as defined in this
disorder ICD-10. The instrument is accompanied by a recommendation from the ICD-10,
which suggests that the manifestation of behavioral disorders should be present in the last six
months.
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Detailed instruction is preceded by the instrument.

Reliability of the instrument, measured by Cronbach's Alpha is 0.921. The reliability of
the instrument for sample hearing impaired subjects was 0.934, and the sample of respondents
without hearing damage is 0.917.

Procedure

After the detailed planning of the sample, we have started the research. The subjects with
hearing impairment were evaluated by their teachers in special schools. Teachers are
professionals for hearing impairments (special educators) who are well familiar with the
children, at least several years. They are also their homeroom teachers or principal
professional persons for training and general care of a particular child.

Subjects without hearing impairment were assessed by their teachers, homeroom teachers
in regular education system.

All participants in the study who gave their assessment by filling the Scale of the the
presence of conduct disorder were given detailed oral and written instructions. The purpose of
the study was explained and their consent to use the results for research purposes was
obtained. Previously, the consent of parents of children and youth, and school management
was obtained.

Results

The main results of this study concern the estimation of the presence of conduct disorders
in hearing impaired children and young people in Serbia.

Table 1. Total score on a scale of conduct disorders in a sample with and
without hearing loss

Group N AS SD T df p

No damage 178 2151 7.02

With hearing 169 20.59 5.24 1.304 | 262.836 0.193
damage

When used a total score on a scale of conduct disorders it is not possible to determine a
statistically significant difference (p = 0.193) between patients with and without hearing
impairments.

We have accessed to the additional analysis of the items of the instrument in order to
supplement the basic findings of research that is not indicating the difference between the two
groups in terms of the presence of conduct disorders. For the purpose of the work we have
selected items which have statistically significant difference present.

The research included the identification of correlates of conduct disorders in children and
adolescents with hearing impairment. The following are findings that are related to assumed
variables that are related to behavioral disorders in children and adolescents with hearing
impairment.
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Table 2. T test for items found to have statistically significant differences in the
manifestations of conduct disorders in the groups with and without damage

Item Group AS SD T df p
Prone to theft No damage 1.03 0.15
With hearing 1.53 0.42 3.176 | 208.20 | 0.002
damage
Extort money Without 1.02 0.18
from younger damage
or weaker With hearing 1.39 0.38 2.074 | 240.55 | 0.005
students damage

Table 3. Summary scores of conduct disorder distributed according to the degree of
hearing loss

Degree of N AS SD T df P
hearing
impairment
Deaf 120 19.63 4.50

-1.518 167 0.131
Hard of 49 20.98 5.48
hearing

Analysis of the total score of conduct disorder shows that in a sample of individuals with
hearing loss there were no statistically significant differences (p = 0.131) between the deaf
and hard of hearing patients. The level of impairment is not related to the presence of conduct
disorders in hearing impaired children and youth.

Table 4. Total score of conduct disorders distributed by time of origin of hearing loss

Time of occurence of the N AS SD T df p
hearing impairment

Prelingnual 141 | 20.67 | 5.10 0.449 | 167 0.654
Postlingual 28 20.18 | 5.59

The analysis of the total scores of conduct disorder shows that in a sample of individuals
with hearing loss there was no statistically significant difference (p = 0.654) between patients
who had hearing loss caused prelingually and postlingually. Time of occurrence of the
hearing impairment was not related to the presence of conduct disorders in hearing impaired
children and youth.

Analysis of the total scores of conduct disorder in relation to gender shows that there is a
statistically significant difference (p = 0.003) in the expression of conduct disorders among
boys and girls with hearing impairment. Male respondents expressed a greater presence of
behavioral disorders.
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Table 5. Total score of conduct disorders in boys and girls
with hearing impairment

Gender N AS SD t df p
Male 102 21.55 5.127
Female 67 19.12 4.86 3.072 149 0.003

Table 6. T test for items in which we found statistically significant difference in the
manifestations of conduct disorders in boys and girls with hearing impairment

Item Gender | AS SD T df p
Prone to physical cruelty | Boys 1.73 | 0.80
toward younger and Girls 1.37 | 055 3.408 166 0.001

weaker students
Prone to purposefully Boys 175 | 0.78

annoy others Girls 1.33 | 0.59 3.954 164 0.000
Tends to threaten, Boys 129 | 048
intimidate and harass Girls 1.09 | 045 2811 147 0.006
other
Prone to fights Boysi 150 | 0.66

Girls 112 | 0.48 4.359 165 0.000
Destructive towards Boys 1.26 | 045
common things (eg. Girls 106 | 0.24 3.457 160 0.001

School inventory)

Table 7. Total score of conduct disorder scores assigned to the school success of children
and youth with impaired hearing

Academic achievement N AS SD

Weaker and average grades in school 32 23.34 5.59
Very good grades in school 45 21.87 6.24
Excellent grades in school 92 19.00 5.24

Table 8. Analysis of variance for scores on a scale of conduct disorders in general
assigned to the school success

The sum of df Average F p
squares square
Between groups | 548.587 2 274.294 11.219 0.000
Within groups 4058.419 166 24.448
Total 4607.006 168

Analysis of variance showed a statistically significant difference between the cumulative
score on a scale of conduct disorders among respondents with hearing impairments in relation
to school success (p = 0.000). Respondents with lower school achievement are more likely to
express conduct disorder than those with better school achievement. Given the established
statistical significance of difference between the better and worse hearing impaired students,
the T test for items in which statistically significant difference was found.
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Table 9. T test for items found in which a statistically significant difference in the
manifestations of conduct disorders among groups with different academic success

was found
Item The sum of squares df The average of | F p
squares

Prone to physical Between groups 6.738 2 3.369 6.798
cruelty toward Within groups 82.268 | 166 | 0.496
younger and weaker | Total 89.006 | 168 0.001
students
Prone to Between groups 4.294 2 2.147 4.102
purposefully annoy | Within groups 86.877 | 166 | 0.523
others Total 91.172 | 168 0.018
Tends to threaten, Between groups 1.187 2 0.933 4.249
intimidate and Within groups 36.465 | 166 | 0.220
harass other Total 38.331 | 168 0.016
Prone to fight Between groups 2.744 2 1.372 3.694

Within groups 61.658 | 166 | 0.371

Total 64.402 | 168 0.027
Destructive towards | Between groups 1,314 2 0.657 4.414
common things (eg. | Within groups 24710 | 166 0.149
School inventory) Total 26.024 | 168 0.014
Destructive Between groups 2.202 2 0.101 3.991
towardsother Within groups 45798 | 166 | 0.276 0.020
persons's things Total 48.000 | 168
Prone to theft Between groups 1.923 2 0.961 5.865

Within groups 27.213 | 166 0.164

Total 29.136 | 168 0.003
Prone to lying from | Between groups 7.657 2 3.829 10.489
personal reasons Within groups 60.591 | 166 0.365

Total 68.249 | 168 0.000
Unexcused absence | Between groups 6.974 2 3.487 9.628
from school Within groups 60.126 | 166 | 0.362

Total 67.101 | 168 0.000
Tantrums Between groups 4,797 2 2.389 7.212

Within groups 55203 | 166 | 0.333 0.001

Total 60.000 | 168
Often opposition Between groups 3.109 2 1.554 4.308
and strife in Within groups 59.897 | 166 | 0.361
relationships with Total 63.003 | 168 0.015
adults

Analysis of the total scores of conduct disorder in the scale shows no statistically
significant difference (p = 0.341) between patients who live with their families and those
living in a boarding school for children and youth impaired in relation to the presence of
conduct disorders.
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Table 10. Total scores of conduct disorder assigned to the residence of children and
youth with hearing impairments

Residence N AS SD t df P
Family 107 | 20.88 5.67 0.954 167 0.341
Boarding school | 62 20.08 4.40

Table 11. Total scores of conduct disorder assigned to age of the respondents

Age N AS SD

7-10 45 19.82 430
11-14 67 20.97 543
15-18 57 20.74 5.69

Table 12. Analysis of variance for the total score of conduct disorder scores assigned by
age of the subjects with hearing impairment

The sum of df The average of | F
squares squares
Between groups 37.435 2 18.718 0.680
Within groups 4569.571 166 27.528
Total 4607.006 168

Table 13. Total score of conduct disorders distributed by educational level of the father

of respondents
Educational level of father | N AS SD
Primary School 50 21.40 5.62
Trade school 47 21.43 5.77
High school 62 19.82 4.59
Higher or university 10 17.30 1.77
degree

The results show that there is no statistically significant difference (p = 0.508) in the total
score of conduct disorders among subjects with impaired hearing of different age.

The table shows that there is no normal distribution of the variable of educational level of
the father of the hearing impaired subjects. Fathers of children and youth with hearing
impairments with college or university education comprise just over 6% of this part of the
sample.

Table 14. Analysis of variance for scores on a scale of conduct disorders in general
distributed by educational level of father of respondents

The sum of df The average | F p
squares of squares
Between groups 210.368 2 70.123 2.632 0.050
Within groups 4396.638 166 | 26.646
Total 4607.006 168
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Analysis of variance showed that the differences in the educational attainment of fathers
of those with hearing loss is at the limit of statistical significance (p = 0.050). Children and
young people with hearing impairment from lower educational and socio-economic
conditions are somewhat more likely to express conduct disorder.

Table 15. T test for the item in which was a statistically significant difference was found
in the manifestations of conduct disorders in patients whose fathers have different
educational level

Item The sum of squares df The average F p
of squares
Prone to lie | Between gropus 3.507 |3 1.169 2.979
for personal | Within groups 64.741 | 165 | 0.392
gain Total 68.249 | 168 0.033
Discussion

Results of this study show that children and adolescents with impaired hearing are not
more prone to conduct disorder than children and youth with no impairments as indicated by
the total score on a scale that measured the presence of conduct disorder (Table 1). However,
analysis of the individual items of the instrument shows that children and youth with hearing
impairments showed statistically more emphasized some manifestations of conduct disorders
(Table 2). It is the tendency of theft and extortion of money or benefits from younger or
weaker students.

The findings of our study are not in accordance with the highest number of surveys that
provide information that in children and youth with hearing impairments the problematic
behavior is more present, no matter how they are defined, such as: behavioral problems,
antisocial behavior, externalized problems, etc. Conduct disorder, as defined by ICD-10
refers, for its quality and intensity of the serious developmental problems and in this fact
should be sought the explanation of our findings. Namely, the used definitions indicate more
severe developmental problems than those tested in alleged researches (Schlesinger &
Meadow, 1971 Freeman, et al., 1975; Meadow, 1980; van Eldik et al., 2004; Vostanis, at al.,
1997). Studying developmental problems and psychopathology in children and adolescents
with hearing impairments, the authors did not specifically directed their attention to the
conduct disorder, as was the case with this research. Authors Prinstein & La Greca (2004)
argue that the results of the study depend on how the phenomenon that is being studied is
defined (ie, delinquency, aggression, illegal offenses, and nonspecific outcomes).

On the other hand, the results on variables that are assumed to be related to conduct
disorders in hearing impaired in children and young people are in accordance with the
findings and theoretical assumptions about the development of conduct disorder.

Our findings indicate that conduct disorder in children and adolescents with hearing
impairments, in relation to the gender of the respondents - male respondents expressed a
greater tendency to disorder behaviors than female respondents. Published studies (Peterson,
1961; Friedrich et al., 1984, Kerr et al. 2004; Bjorkqvist et al., 1992, Cohen et al. 1993; Crick,
1995; Grotpeter & Crick, 1995; Feehan et al. 1994; Offord et al., 1987, Lahey et al., 2000,
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Loeber & Keenan, 1994;) on gender differences in the presence of behavioral disorders, are
consistent with our results.

In addition, the findings of our studies are consistent with the findings (Bardone et al.
1996; Stott, 1981; Hawkins et al., 2003, Masten, et al., 1995, Williams & McGee, 1994;
Dodge & Pettit, 2003; Hinshaw, 1992; Maguin & Loeber, 1996; Hinshaw & Anderson, 1996)
that show that children and youth of lower academic achievement are more likely to express
behavioral disorder.

The results of our research show that children and young people with hearing impairment
who come from lower socio-economic status, if it is used as an indicator of educational level
of their fathers are more prone to disorder behaviors than those from higher status families.
Our findings are consistent with studies (Lahey et al., 1999, Sampson et al., 1997) on
expressed emergence of behavioral disorders in families of lower socio-economic position.

The assumptions that the variables (degree of hearing loss, the time of occurrence of
hearing loss and accommodation during training - a boarding school or family) are related to
conduct disorders in hearing impaired children and youth are not confirmed. Also, the age of
subjects is not related to the presence of behavioral disorders in children and adolescents with
hearing impairment.

The value of the findings of this study is that they suggest that in the development of
conduct disorders in children and adolescents with hearing impairment the specific patterns
that are related specifically to the loss of auditory communication channels are not needed.
The presence of the conduct disorder is more pronounced in boys, children and adolescents of
lower school achievement and those from families of lower socioeconomic status. It seems
that the presence of conduct disorders in childhood and adolescence is not characteristic for
children and youth with hearing impairment, that is in conjunction with the hearing loss.

On the other hand, it should be considered that the diagnosis the disorder involves severe
forms of antisocial behavior. Impacts of variables related specifically to children and youth
with hearing impairments may be identified with less serious forms of maladaptive behaviors
(eg. externalized behavioral problems).

Limitations

This study had a number of limitations. The study did not take into account the many
variables that are associated with conduct disorders in children and adolescents. One of the
most important, as we consider, is relation with parents and the general situation in family.
This is related to a second limitation of the research. It has failed to learn the impact of
specific characteristics of families of children with hearing impairments (primarily a way of
communication and acceptance of a deaf child) that can be assumed to have effects on the
development of conduct disorder. Research has failed to examine the relationship or other
potentially relevant variables related to hearing loss (the time of initiation of rehabilitation,
the development of sign language, the linguistic peculiarities and speech development). The
study sample consisted of children who are educated in special forms of education, including
isolation, lack of contact with normal hearing population, reduced educational expectations,
and low assessment criteria and so on) or circumstances that may have affected the results of
the research. Also, we were not able to attach the control related to the general characteristics
of the environment (poor economic situation, transition, disrupted the system of values, the
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characteristics of the educational system) that could affect children and young people with
hearing impairments and those without damage. Given that the environment variables are
considered as possible determinants of the disturbance of conduct, we believe that their
consideration in this research would be desirable.

Praxis Implications

The results of this study have implications relating to work with children and youth with
hearing disorders and the prevention of potential developmental disorders and later
psychopathology. Although the survey results did not indicate the prominent conduct disorder
in children and adolescents with hearing impairment, we should not ignore the fact that
certain indicators are more present than in children and young people without hearing loss. It
would be important to check to what extent the presence of these indicators is a consequence
of boarding lifestyle and isolated education that is available to a large number of children and
youth with hearing impairments in Serbia.

Prevention programs that are expected to be able to have a positive impact on reducing
the risk factors for occurrence of conduct disorders in children and adolescents with hearing
impairments are related to psychosocial interventions. In schools for children and youth with
hearing impairment it is advisable to conduct additional sports activities (especially for boys),
and consider the possible positive impact of martial arts that would help control aggression
and destructiveness. Art therapy and projective, non-directive non-verbal therapeutic
techniques may be considered desirable for all children and youth with hearing impairments.
In those who have stronger risk factors for occurrence of conduct disorders the additional
psychotherapeutic intervention and family support is required. Prevention programs should be
directed to the environment of children and youth with hearing impairments, particularly for
reducing prejudice, given the research results (Dimoski, et al., 2013) demonstrated the
presence of indifference and resistance to children and youth with impaired hearing.
Preventive interventions for improving the academic achievement of children and young
people with hearing impairment, according to research findings (e.g., Hawkins, Catalano,
Kosterman, Abbott, & Hill, 1999) are in relation to a reduced risk of developing behavioral
problems, including conduct disorders. Positive interventions in the education system in
Serbia may have a potential very large positive impact because it would contribute to the
development of inclusive trends that are still in their beginning. These changes would have a
positive effect on strengthening the implicit self-esteem of children and youth with hearing
impairments, reducing the risk of developing psychopathology, developmental age, including
behavioral disorders.

Conclusion

This study did not find that children and young people with hearing impairments in
Serbia have a higher presence of conduct disorders compared to children and youth with no
damage. Findings suggest similar patterns of development of conduct disorders, regardless of
hearing damage, since that established correlates of conduct disorders in hearing impaired
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children and young people this research detected with hearing population. Since conduct
disorder involves serious manifestations of antisocial behavior, future research should
examine the presence of developmental disorders that are characterized by less severe
symptoms (externalizing disorder, behavior problems, socio-emotional problems) in children
and adolescents with hearing impairment and determine any specificity in the occurrence
related to hearing loss (method of communication during start-up and success of
rehabilitation, acceptance of violence, experience with normal hearing peers, etc.). Also,
future research should examine the presence and effects of risk factors of disturbance
behaviors that have already been established in children and adolescents without impairments
and their impact on children and young people with hearing impairment.
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