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Abstract

Research showing differences between the driving outcomes of hearing impaired and
normally hearing individuals (such as raised road traffic accidents), proposes this has
occurred due to two main reasons: (1) that sound present in the driving environment is
inaudible for hearing impaired drivers, and (2) that audible sound is disproportionately
distracting for the hearing impaired driver.

This thesis reports on a series of experiments which investigated the latter of these
proposals. A questionnaire study was used to explore driving patterns and experiences
of hearing impaired individuals. Empirical studies were also conducted to investigate the
effect of hearing loss on driving performance and visual attention, under auditory task
conditions.

Questionnaire responses suggested that hearing impaired individuals did not perceive
hearing loss as problematic for driving performance. However, the self-reported hearing
of respondents predicted reports of driving difficulty better than any other independent
variable. A laboratory-based study hinted that extra visual task performance decrements
as a result of auditory engagement occurred in hearing impaired individuals.

Since these findings were in older adults, the influence of factors co-existing with
hearing loss (such as cognitive decline) were questioned. These confounds were removed
by presenting an auditory task subject to simulated hearing loss in a dual-task driving
simulator experiment; allowing for a young, normally hearing sample, and within-subjects
design. The resulting data showed no disproportionate effect of hearing loss on driving
performance during the concurrent auditory task.

Accordingly, distortion to sound arising from hearing loss may not be entirely responsible
for the disproportionate effects of auditory distraction in hearing impaired drivers. Other
factors, co-existing with hearing loss, appear to act synergistically to cause problems.
Future work should investigate further the aspects of hearing loss (and co-existing factors)
responsible for changes in driving outcomes, by, for instance, using a group of young hearing
impaired participants.
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Chapter 1

Introduction: The Effect of
Hearing Loss on Driving

1.1 Introduction

Driving is the primary mode of travel in many developed countries and possession of a
driver’s license in a number of societies is an important symbol of personal independence
(Owsley and McGwin Jr, 1999). However, driving is considered one of the most complex
tasks in modern society (Groeger, 2000) and its safety implications if performed incorrectly
are profound; during 2013 in the United Kingdom 21,657 people were seriously injured
as a result of road accidents (Department for Transport, 2014). Due to the safety critical
nature of driving, a great deal of academic research has focused on identifying related
performance limiting factors and how they may be improved.

One particular area of research which has emerged is the impact of changes in sensory
function on driving safety; though given the reliance of driving on vision (Sivak et al.,
1996), this work has primarily focused on visual sensory changes (see e.g. Anstey et al.,
2005 for a review). However, in his commentary on the different senses used during driving,
Sivak et al. (1996) also describes that (in addition to vision) audition has a role to play.

Hearing loss is one of the most common chronic conditions (Collins, 1997), yet despite
its high prevalence, it has not been given much academic attention in terms of its affect on
driving. As such, the relationship between driving and hearing has been seen as ill-defined
(Burg et al., 1970), and authors have pointed out that the specific auditory requirements
for safe driving are not entirely known (Henderson and Burg, 1973).

In the 1960–70s there was an emergence of discussion in the literature regarding
profoundly deaf individuals’ ability to drive safely, with particular reference to commercial
motor vehicle drivers. However, a rather simplistic view of hearing impairment was taken,
whereby many authors assumed that sound was not at all accessible to drivers with hearing
loss. Work based on this assumption led to suggestions that hearing loss limited audition of
warning signals, vehicle function problems, vehicle inspection processes, and communication
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with other road users (Wagner, 1962; Henderson and Burg, 1973, 1974).

Since the debate of this topic in the 1960–70’s there has not been a concerted effort to
empirically investigate the driving habits or ability of the hearing impaired demographic.
Indeed, Songer (1993) carried out a risk assessment of hearing disorders for driving ability
on behalf of the US Department of Transportation Federal Highway Administration. His
review of the existing literature referenced one unpublished study which had investigated
road traffic accident risk in hearing impaired individuals since 1974; some 19 years earlier.

All of the work cited by Songer (1993) related to profoundly deaf individuals. Whilst it
is important that driving behaviour in this group of individuals is studied, the exclusive
investigation of driving performance in this demographic group prior to 1993 meant the
neglect of those who had a hearing loss, but were not profoundly deaf. Indeed, Burg
et al. (1970, p. 289) pointed out that “deafness is not an all or none phenomenon” and
that “there are degrees of hearing impairment”, leading him to the conclusion that “many
variables are involved in evaluating the driving capability of the hard of hearing”.

After the publication of the report by Songer (1993), however, results of studies in
to the effect of partial hearing loss (rather than profound deafness) on driving began to
be published, although these were far from exhaustive. Furthermore, the methodologies
adopted usually incorporated a wide range of age-related conditions as explanatory variables
for driving outcomes. Thus they were not aimed explicitly at investigating the effect of
hearing impairment (McCloskey et al., 1994; Ivers et al., 1999; Sims et al., 2000; Gilhotra
et al., 2001; Unsworth et al., 2007; Green et al., 2013). This has made it difficult to isolate
the exact influence of hearing impairment on driving performance and outcomes. However,
some research has recently been carried out which explicitly investigates hearing loss as a
factor for driving performance (Hickson et al., 2010; Thorslund et al., 2013a,b,c, 2014).

The publications arising in the 1960–70s were not in agreement on whether deafness
had a negative effect on driving. Some studies found an increase in road traffic accident
likelihood (Coppin and Peck, 1963, 1965), whereas others found a decrease (Finesilver, 1962;
Wagner, 1962; Ysander, 1966; Roydhouse, 1967; Schein, 1968). More recent work on those
with partial hearing impairments has exhibited the same disagreement between studies,
with some showing no effect of hearing loss (McCloskey et al., 1994; Sims et al., 2000; Green
et al., 2013), but others showing an increased risk of road traffic accident (Barreto et al.,
1997; Ivers et al., 1999; Picard et al., 2008). This disagreement in the literature, twinned
with the general lack of investigation in this area has led to disjointed legislation regarding
the acceptability of driving in the deaf and hearing impaired demographics around the
world. The studies which have been performed in this area and their findings, an overview
of current legislation, and the importance of driving for hearing impaired individuals is
provided in the next section.
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1.1.1 Hearing loss and driving performance

In the examination of the effect of deafness on driving, much of the historic evidence
draws on observations of individual cases. For example, Songer (1993) cites authors who
published in the magazine The Deaf American, providing case studies of deaf drivers who
had not had an accident history over long periods of time. Observations on larger samples
who had been involved in road traffic accidents were also carried out, and results suggested
that only a very small proportion of those experiencing an accident were deaf (McFarland
and Moore, 1955; Finesilver, 1962; Norman, 1962; Grattan and Jeffcoate, 1968). This
suggested that deafness did not have a significant bearing on driving performance.

Early case-control studies also found no effect of deafness on driving (Finesilver, 1962;
Wagner, 1962; Ysander, 1966; Roydhouse, 1967; Schein, 1968). In fact, the results of
his study led Wagner (1962) to conclude that “Deaf-Mutes are the safest motorists on
Pennsylvania’s highway system”. However, interspersed with these findings, other case-
control research was showing that deafness was associated with a higher accident risk
(Coppin and Peck, 1963, 1965).

Coppin and Peck (1963) produced a report for the California Department of Motor
Vehicles and, using a case-control methodology, found that profoundly deaf drivers differed
from those with normal hearing across a number of variables: (1) the deaf had more
accidents and violations on their driving records, (2) the deaf drove a greater number of
miles per year, (3) the distribution of deaf drivers among occupational categories differed
from that of the non-deaf, and (4) the deaf and normally hearing drivers differed with
respect to the shape of their age distributions. However, because cases and controls were
not adequately matched on variables such as annual mileage, occupation or age it could
not be inferred that the finding of an increased number of accidents in the deaf sample
was as a direct result of sensory loss. In fact, it is a fair criticism of the majority of this
early work studying the driving outcomes of deaf individuals that annual mileage was not
controlled (Songer, 1993).

Coppin and Peck (1965) later addressed the limitations of their previous study (Coppin
and Peck, 1963) in a new observational study and controlled for the previously omitted
variables, and showed that deaf males had a significantly higher number of road traffic
accidents than normally hearing drivers (Coppin and Peck, 1965). The results are curious,
and the authors themselves questioned why gender should interact with hearing impairment.
Their conclusion was that deaf males may spend more time driving in situations where
hearing is important, such as during rush hour or in heavy traffic. However, this was in no
way suggested by their data, which did not investigate the types of roads driven by deaf
individuals.

The work carried out in the 1960–70s is now approximately 50 years old, and focused
not on hearing impairment, as does this thesis, but on profound deafness. However, the
work investigating the effect of hearing impairment on driving performance has found a
similar trend of disagreement. Case-control methodologies have been used in order to



4 CHAPTER 1. INTRODUCTION

establish the influence of partial hearing loss on various measures of driving safety (e.g.
road traffic accident risk, speeding citations). Whilst some suggest a higher risk of road
traffic accidents in the hearing impaired demographic (Barreto et al., 1997; Ivers et al.,
1999; Picard et al., 2008), others exhibit no such association (McCloskey et al., 1994; Sims
et al., 2000; Green et al., 2013).

Other authors have used similar case-control designs, showing that hearing impairment
may encourage people to cease driving, or alter their driving habits (Gilhotra et al., 2001;
Unsworth et al., 2007). A recent questionnaire study has also highlighted some differences
in transportation habits between hearing impaired and normally hearing individuals
(Thorslund et al., 2013c).

More detailed research carried out during on-road and simulated environments has
shown that hearing loss significantly alters driving behaviour whilst under dual-task
conditions: hearing impaired individuals appear more distracted by concurrent tasks
performed whilst driving (Hickson et al., 2010), tend to drive slower than their hearing
counterparts (Thorslund et al., 2013b), have altered eye movement behaviour (Thorslund
et al., 2014), and are less inclined to engage in secondary tasks whilst driving (Thorslund
et al., 2013b).

These findings have been explained in terms of an ‘effortfulness hypothesis’ (Rabbitt,
1991); whereby hearing impaired individuals have to use more cognitive resources in the
processing of auditory information than their normally hearing counterparts, thus leaving
fewer available for the completion of other tasks. Accordingly, tasks performed whilst
processing auditory information will experience greater performance decrements. Various
effects of auditory task engagement on driving have been shown in normally hearing
individuals (Jamson and Merat, 2005; Engström et al., 2005b; Victor et al., 2008), and
Hickson et al. (2010) hypothesise that these effects will be magnified for hearing impaired
drivers, given that extra cognitive resources will be required for the processing of the
auditory task.

However, alterations in eye movement behaviour and travelling speed in the hearing
impaired demographic have also been replicated in an on-road study not using a dual-task
methodology, suggesting that an adaptation to driving style may be, at least in part,
responsible (Thorslund et al., 2013a).

Though noteworthy, the above studies involve a number of methodological limitations.
Amongst these are the use of self-reported hearing loss as a method of classifying hearing
impaired individuals (McCloskey et al., 1994; Ivers et al., 1999; Gilhotra et al., 2001;
Unsworth et al., 2007; Green et al., 2013), limited sample diversity (Barreto et al., 1997;
Picard et al., 2008), and uncertainty regarding how well matched the experimental groups
were (Hickson et al., 2010). Accordingly, whilst the possibility of negative effects of
hearing loss on aspects of driving are suggested by this work, the results derived cannot be
considered entirely conclusive.

A more detailed discussion of each individual study cited is given in Chapter 2, where
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limitations will be discussed in greater depth, and the results of each study will be reviewed
to give an overview of the current state of knowledge in this area. These studies all
contribute to the wider picture on the effect of hearing loss on driving, and show a much
more complex situation than simply a distinction between profoundly deaf drivers, and
those who can hear, as was inferred by earlier work performed during the 1960–70s.

In this regard, a key consideration is that the consequences of partial hearing impairment
may be very different to profound deafness for driving performance (see Chapter 2).
Profound deafness means a complete loss of audibility (e.g. hearing warning signals),
whereas hearing impairment presents a partial loss of audibility, giving rise to issues which
may occur as a result of sound which is audible (e.g. distraction as a result of speaking on
a mobile phone). It is important to consider, for example, that improved visual perception
in the deaf demographic might actually lead to an increased awareness whilst driving
(Bavelier et al., 2000; Bosworth and Dobkins, 2002; Bavelier et al., 2006). Furthermore,
considerations regarding driving performance may not only be governed by the magnitude
of hearing loss, but may also be intertwined with other co-existing factors given the age
profile of the hearing impaired demographic (Davis, 1995).

It is also important that other factors are considered, such as how hearing impaired
individuals might alter their driving behaviour in order to counteract any negative effects
on their driving performance; a suggestion which Burg et al. made as early as 1970. For
example, one research group (Thorslund et al., 2013a,b, 2014) have argued that they
observed adaptive driving behaviour by which hearing impaired individuals nullified the
negative consequences of hearing loss on driving performance. Whether or not this approach
to driving is successful is unclear, though the studies which have found an increased accident
rate in the hearing impaired demographic would tend to suggest not (Barreto et al., 1997;
Ivers et al., 1999; Picard et al., 2008).

The heterogeneous nature of the methodologies and outcomes of past research in this
area has made it difficult to infer whether hearing loss does have an effect on driving
performance. This has lead to disjointed policy decisions which are summarised in the
following section.

1.1.2 Hearing loss and driver licensing

As a result of the uncertainty over whether hearing loss has an effect on driving performance,
the licensing of hearing impaired drivers is entrenched in debate, some of which continues
today. In the 1920’s deaf individuals were banned from driving in a number of U.S.
states, a piece of legislation which was met angrily by the deaf community (Burch, 2004).
Subsequent action from the National Association of the Deaf, supported by accident
statistics and reasoned arguments, was highly successful in overturning all bans (Tabak,
2006). Nevertheless, there is some evidence that deaf drivers are still discriminated against
today. For example, in the United States of America a case was successfully brought
against the United Parcel Service in 2007 for discriminating against hearing impaired
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individuals by not allowing them to be employed as drivers (Bates vs. United Parcel Serv.,
Inc., 04-17295). Furthermore, as recently as 2010 there was legislation in place in Jamaica
requiring deaf individuals to install special systems in their cars to alert them to external
vehicular sounds. These two examples highlight that some view deafness as a barrier for
safe driving, despite a lack of empirical support for this assumption.

Current licensing regulations worldwide appear to be somewhat varied. For instance,
in a number of developing countries profoundly deaf individuals are not allowed to drive.
In a report for the World Federation of the Deaf and Swedish National Association of the
Deaf, Haualand and Allen (2009) surveyed 93 countries regarding their stance on deaf
drivers. Although not all of the countries responded, 31 indicated that they did not allow
profoundly deaf individuals to obtain a driving license (see Figure 1.1 for locations). In
some of these cases, there was no written legislation in place, but responses from respective
countries indicated that suitable infrastructure was not in place for deaf people to be
able to drive and/or authorities saw deaf drivers as dangerous and prevented them from
practicing this behaviour.

Figure 1.1 Countries in which deaf individuals are prevented from obtaining a driving
license (shown in red). N.B. These are the countries known to ban deaf people from driving,
there may be others. Source: World Federation of the Deaf and the Swedish National
Association of the Deaf (2008).

There appear to be no such prohibitions in place in the developed world. In the United
Kingdom, people with a hearing loss are not currently required to report their sensory
impairment to the Driver and Vehicle Licensing Agency unless they are a commercially
employed driver (Driver and Vehicle Licensing Agency, 2012). There is no explanation as
to why this is the case, or what potential effect this type of sensory impairment may have
on licensing. However, it appears that the main concern is with regard to an ability to
communicate over the telephone in emergencies. The questions asked are:
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1. Is your hearing good enough to receive information using a telephone, with or
without the use of a special appliance? e.g. Minicom

2. Do you have access to an alternative means of communication in an emergency?
e.g. Text telephone

Similarly, in Australia, commercial drivers are the only group who need to declare
their hearing loss, though it appears that this is more because of safety concerns. The
legislation states that drivers must have an awareness of changes in engine or road noise and
external warning signals, and that this may be compromised by a hearing loss. Accordingly,
commercial drivers must have a clinical evaluation and may only be granted a conditional
license if their hearing reaches a certain standard, though hearing aids can be employed in
order to reach this standard (Austroads and the National Transport Commission Australia,
2014). The licensing agency in Australia are, therefore, mainly concerned with the problems
of audibility for hearing impaired drivers, suggesting that they do not view milder forms of
hearing impairment as a problem for driving.

1.1.3 The importance of driving for hearing impaired individuals

Driving is considered an important factor in the maintenance of independence and is
linked to other activities which are important for daily living (Persson, 1993; Retchin and
Anapolle, 1993). The continuation of driving may, therefore, guard against some of the social
consequences of hearing loss such as social isolation, increased dependence and depression
(Marottoli and Drickamer, 1993; Sindhusake et al., 2001; Tambs, 2004). Conversely,
retirement from driving, which increases the risk of isolation and depression (Wiseman and
Souder, 1996), may exacerbate these problems for hearing impaired individuals. Thus, the
ability to drive contributes strongly to the concept of health-related quality of life (Patrick
and Deyo, 1989). Accordingly it is important for people with hearing loss to be able to
continue driving.

The previously described legislation, and the lack of research and debate surrounding
this topic threatens the ease with which the hearing impaired can continue to drive. Indeed,
some authors have questioned the provisions in place for deaf drivers in terms of the ease
with which they can learn to drive. Steinhardt and Wishart (2006) carried out a review
of licensing practices for deaf individuals across Australia, the United Kingdom, Ireland,
New Zealand and Canada, concluding that there is significant variation in the support
provided for deaf learner drivers across licensing authorities. In certain areas, licensing
test materials do not cater for deaf individuals, and support from outside parties is not
permitted during assessments; a highly problematic situation given that literacy rates in
this demographic can be low (Mayer, 2007). Other authors have highlighted the safety
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considerations in terms of communicating with the police once deaf drivers have obtained
their license, pointing out that many officers are inept at communicating effectively with
the deaf demographic (Ohene-Djan et al., 2010). Research regarding this topic is, therefore,
of paramount importance not only for the development of knowledge, but also in terms
of identifying measures which can be taken to improve these considerations for deaf and
hearing impaired drivers.

1.1.4 Thesis focus

The aim of the work presented in this thesis is to begin to unpick the effect of partial
hearing loss on driving in order to inform knowledge in this area. Most of the existing work
looking at the effect of partial hearing loss on driving has simply investigated accident
or cessation rates; it does not inform on the specific driving practices of people with
a hearing loss. Whilst it is important to assess the accident risk arising as a result of
hearing impairment, this information does not provide knowledge regarding the underlying
reasoning behind potential driving complications. This depth of information could be used
to inform the development of suitable countermeasures, which may aid the continued safe
driving of hearing impaired individuals.

The work presented here is primarily concerned with expanding the understanding of
how partial hearing loss specifically affects driving performance. In line with the thinking of
Hickson et al. (2010), the studies described are interested in whether auditory distraction
has a disproportionate effect on hearing impaired drivers. Only one prior study has
investigated the effect of hearing loss on driving whilst subjects performed a concurrent
auditory task (Hickson et al., 2010). Indeed, data regarding the specific driving practices
of those with a hearing loss is sparse, and so the course of study described in this thesis
fills an important gap in the academic literature on this topic. This new knowledge should
contribute to more informed decisions for policy makers and practitioners when considering
the driving performance of hearing impaired individuals.

Chapters two and three provide a detailed overview of the different manners by
which hearing loss might affect driving performance. However, it is the disproportionately
distracting effect of sound for hearing impaired drivers, described by Hickson et al. (2010),
which becomes the focus of this thesis. This document reports on a series of experiments
aimed at investigating the effect of auditory distraction on driving in partially hearing
impaired individuals.

Chapter four reports on a questionnaire study which was performed on hearing
impaired individuals to gather self-reported problems related to everyday driving. This
was a novel approach which has been entirely neglected by previous research in this area.
Having investigated what hearing impaired individuals identified as being problematic
for driving, objective work in which the distracting effect of speech comprehension was
compared between normally hearing and hearing impaired individuals. Research suggests
that the efficiency with which visual information is processed can be affected by the
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concurrent performance of an auditory/cognitive task (Pomplun et al., 2001; Wood et al.,
2006). Thus chapter five describes a laboratory-based experiment was performed where
normally hearing and hearing impaired individuals were asked to simultaneously perform a
computer-based visual task with a speech comprehension task. This study was suggestive
of a disproportionate reduction in the functional visual processing abilities of the hearing
impaired sample. However, there was some concern that factors co-existing with hearing
loss may be having an effect on study outcomes.

Chapters six and seven describe a method of hearing loss simulation which was
selected for continuing work in this area, in order to control extraneous factors. This
method was analysed in terms of its accuracy, validity, and effect on listening-based working
memory tasks. The simulation provided an accurate representation of hearing loss, and as
such was employed in a final study assessing the effect of hearing loss on driving using the
University of Leeds Driving Simulator (UoLDS). Chapter eight reports on this study, in
which participants were asked to drive whilst performing some of the working memory tasks
both under normally hearing and Simulated Hearing Loss (SimHL) conditions. Various
measures of driving performance, eye movement behaviour and cognitive workload were
used in order to establish the effect of hearing loss on driving ability. Chapter nine
summarises and discusses the work described in this thesis, and provides some questions
and directions for future work which have arisen from undertaking this project.





Chapter 2

Literature Review

2.1 Introduction

This chapter provides a review of existing literature relevant to how hearing loss affects
driving. However, it will begin by giving a brief overview of what hearing loss is, what
effect it has on various aspects of the perception of sound, an explanation of how it is
measured, and defining certain technical terms which will be used throughout this thesis.
Following this overview, studies which have explicitly investigated the effect of partial
hearing loss on driving will be reviewed, and literature which is relevant to this topic will
be discussed. Finally a summary of the current state of knowledge in this area will be
presented, as well as the research questions addressed by work described in this thesis.

2.2 A brief overview of hearing loss

Hearing loss is a highly prevalent condition (Roth et al., 2011) which is considered to
affect one in twelve people aged 18–80 in the United Kingdom (Akeroyd et al., 2014). As
a commonly age-related condition (Davis, 1995), the prevalence of hearing loss appears
to be growing in accordance with an aging population (Laplante-Lévesque et al., 2010).
Furthermore, the emerging leisure activities of adolescents (e.g. prolonged personal stereo
use) are suggesting that hearing impairment may become a problem for the younger
demographic (Niskar et al., 2001; Crandell et al., 2004; Chung et al., 2005). Research on
the implications of hearing loss and management strategies for its effects are, therefore,
more pertinent than ever.

The Oxford Dictionary 2012 defines the phrase hearing impaired as ‘partially or com-
pletely deaf’, and the term deaf as ‘lacking the power of hearing or having impaired hearing’.
In this thesis a distinction is made between those who are ‘completely deaf’ and those
who are ‘partially deaf’, given that the considerations for driving are likely to be different
for each group. Henceforth, in accordance with the World Health Organization (2015)
classifications, the term ‘deaf’ will be used to describe individuals who can hear no sound
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and rely entirely on lip-reading and/or sign language in order to communicate. Conversely,
individuals who have the ability to hear sound, but subject to distortions and reduced
sensitivity associated with damage to the auditory system will be described as ‘hearing
impaired’ or having a ‘hearing loss’. The focus of this thesis is the driving performance
of hearing impaired individuals.

Although the dictionary definitions of ‘deaf’ and ‘hearing impaired’ are accurate, they
fail to indicate the vast number of problems that arise from such a sensory loss (Graham and
Baguley, 2009). Plomp (1986) discusses two separate facets of hearing loss: (1) attenuation
to sounds, which arises as a result of loss of sensitivity within the auditory system, and (2)
distortion to sounds, a degradation in the quality of sounds which are above the threshold
of hearing. This distortion to sounds is not accounted for if hearing loss is simply seen as
something which limits audibility in the driving environment.

The effect of sound distortion is important, given that its implications cannot be
reversed. Rehabilitative interventions such as hearing aids provide greater audibility.
However, despite aiming to minimise the influence of distortion to sounds (Moore, 1996),
problems with speech understanding persist, even when sound is audible. This is true
especially in unfavourable listening conditions, such as in background noise (Ricketts, 2001).
In fact, in some cases, the louder the sound, the less information can be extracted from
the signal by an individual with hearing loss (Studebaker et al., 1999).

There are a number of pathologies which can cause hearing loss (e.g. noise exposure,
aging, the use of ototoxic drugs), though it is beyond the scope of this thesis to provide an
in depth discussion of them all. Accordingly, the main complications that arise as a result
of generic sensory hearing loss will be discussed. The following section will provide a brief
overview of how human hearing operates, and how it can be tested in order to establish
normal functioning.

2.2.1 A brief overview of human hearing

The human ear is a complex system consisting of multiple structures which can be broadly
classified in to three main components: the outer, middle, and inner ears (see Figure 2.1).

Sound is heard through a series of sequential events: vibrations of the air are focused
by the pinna and are propagated down the external auditory canal where they strike the
‘tympanic membrane’, which vibrates according to the waveform of a sound. Attached to
the tympanic membrane is a chain of three bones in the air-filled middle ear (the malleus,
incus and stapes; collectively known as the ‘ossicles’) which move in accordance with
vibrations of the tympanic membrane. The last of the three ossicles in the chain, the stapes,
is attached to the fluid-filled sensory organ of hearing (the cochlea) via a structure known
as the ‘oval window’, a flexible membrane which separates the inner and middle ears.

The function of the ossicles (in conjunction with the tympanic membrane) is to overcome
an ‘impedance mismatch’ between the air-filled middle ear and fluid-filled inner ear and
ensure efficient transfer of sound to the inner ear (Moore, 2007). The term ‘impedance
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Figure 2.1 The anatomy of the human ear, how each part operates and their respective
functions. Source: Yost (2000).

mismatch’ refers to the difference in resistance between air (low-impedance) and the fluid
of the inner ear (high-impedance), meaning that if sound impinged directly on the oval
window, most would simply be reflected back, leading to a large loss (between 30–40 dB)
of acoustic energy (Goode, 1986).

The oval window is attached to one of three chambers (or scalae) within the cochlea, the
‘scala vestibuli’ (see Figure 2.2). Lateral movement of the stapes causes waves, congruent
with the acoustic source, to travel through the fluid within the cochlea. These waves follow
the path shown in Figure 2.3, causing movement of the various membranes within the
cochlea, and terminate at the ‘round window’.

As can be seen, the cochlea is essentially a tube which is divided in half along its
length by a structure known as the ‘Organ of Corti’. The Organ of Corti contains rows
of two different types of hair cell (stereocillia), which are positioned along the length of
the cochlea: (1) Inner Hair Cells (IHCs), and (2) Outer Hair Cells (OHCs). The structure
of the Organ of Corti, and the progressive nature of the stereocillia continuing along the
length of the cochlea can be seen in Figure 2.3.

The motion of the fluid within the cochlea causes the ‘basilar membrane’ (a structure
within the Organ of Corti on which the stereocillia are located) to vibrate, and these different
types of stereocillia to deflect. The physiology of the basilar membrane progressively
changes from the base of the cochlea to the apex; at the base the basilar membrane is
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(a) A magnified cross section of the cochlear duct (b) A schematic diagram of the cochlear duct de-
picted as unrolled. The path of vibrations is shown

Figure 2.2 The physiology of the human cochlea. Source: Pickles (2012).

(a) Cross section of the Organ of Corti (b) Scanning electron micrograph of a cross section
of the Organ of Corti

Figure 2.3 The physiology of the Organ of Corti. MP: marginal pillars, OHC: outer hair
cell, CC: claudius cell, OP: outer pillar cell, HP: habenula perforata, IHC: inner hair cell,
TM: tectoral membrane, OSL: osseous spiral lamina, HS: Hensen’s stripe. Source: Pickles
(2012).

relatively narrow and stiff, whereas at the apex it is wider and less stiff. Due to the
mechanical properties of travelling waves this means that different frequencies produce
peaks at different points on the basilar membrane (see Figure 2.4). This is known as a
‘tonotopic’ arrangement, meaning that the cochlea is arranged in a progressive, (high–low)
frequency-specific manner.

The deflection of the IHCs activates them to depolarise, causing action potentials to be
sent along the cochlear nerve to higher auditory centres. Given the frequency-specific nature
of the cochlea’s physiology, IHCs will respond to a specific frequency, depending on their
location within the cochlea. OHCs are also frequency specific, depending on their location,
but instead of relaying auditory information to higher auditory centres, are involved in
an active process within the cochlea whereby, as part of an efferent feedback loop, they
utilise somatic electromotility (oscillate their own length through active vibrations of the
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Figure 2.4 A depiction of the physiological differences in the basilar membrane at the base
and apex of the human cochlea. These differences produce distinct vibratory patterns by
sounds of different frequencies (shown on the right with the cochlea unwound). This leads
to frequency specificity at certain points in the cochlea, the regions of maximal vibration
for different frequencies (Hz) are provided on the left. Source: Chiras (2013).

cell body; Brownell, 1990). The motion produced by OHCs increases basilar membrane
vibration at specific frequencies, thus acting as an amplifier and fine tuning frequency
response within the cochlea. Therefore, IHCs can be described as the ‘true sensory cells of
the inner ear’, as OHCs do not provide sensory information about sound to higher auditory
centres (Yanz, 2002).

Hearing impairment can arise from damage to, or abnormalities associated with, any
of the structures within the outer, middle, or inner ear, or at higher auditory centres.
Loss of hearing occurring at the gross division of the inner ear or thereafter is known as
Sensorineural Hearing Loss (SNHL), whereas ‘conductive’ hearing loss occurs at, or prior
to, the gross division of the middle ear.

Given the function of associated structures, the perceptual consequences of SNHL
are more complex than conductive hearing loss (Moore, 2007). Conductive hearing loss
generally only subjects a listener to a loss of auditory sensitivity, given that the auditory
system is compromised in terms of its ability to overcome the impedance mismatch between
the air-filled middle ear and fluid-filled inner ear. Within the inner ear, however, an ‘active
mechanism’ is at work (Moore, 1996), meaning that damage to these structures not only
reduces audibility, but also distorts other aspects of sound; this is discussed further in
subsection 2.2.3.

The common clinical methods used to measure hearing function are discussed in the
following section.

2.2.2 The measurement of hearing loss

The standard method of assessing hearing in clinical practice is a technique known as
‘pure tone audiometry’. Using an ‘audiometer’, a calibrated device capable of producing
sinusoidal pure tones at a known intensity across different frequencies, the quietest sounds
that a subject can hear across the frequency range 250–8000 Hz are established; these
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are known as ’absolute thresholds’. Pure tones of different frequency and intensity are
produced (each lasting 1–3 seconds), and subjects are asked to indicate when they are able
to hear these sounds via a button press. Generally, patients are tested at frequencies of
0.25, 0.5, 1, 2, 4, and 8 kHz, one ear at a time. A staircase method is used to establish
each respective absolute threshold.

This assessment is normally carried out in a sound-proofed booth, minimising the
influence of background noise. Plotting these absolute thresholds for each ear produces a
graph known as an ‘audiogram’. Figure 2.5 shows an example audiogram for a patient, with
the absolute thresholds for both ears. Note that ‘air conduction’ and ‘bone conduction’
values are shown. Air conduction is measured using headphones that pass sound through
the entire auditory system (outer, middle, and inner ears), whereas bone conduction is
performed by using a vibrating pad placed on the mastoid bone behind the outer ear.
This propagates sound through vibration of the skull, bypassing the outer and middle
ear, sending sounds straight to the inner ear, thus testing underlying sensory ability. A
difference in the air and bone conduction absolute thresholds is, therefore, indicative of a
conductive hearing loss.

Figure 2.5 An example audiogram. Source: Stach (2008).

From these hearing thresholds an average (usually from data at 250, 500, 1000, 2000,
and 4000 Hz) is taken to classify the degree to which an individual has an impairment; the
common clinical classification guidelines for the United Kingdom are shown in Figure 2.6.
These are the descriptors which will be used throughout this document.

Though it provides a measure of physiological function, pure tone audiometry cannot
provide information about the level of damage to different types of hair cell within the
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cochlea (i.e. differentiate between OHC and IHC damage), nor can it discern whether there
is an influence of any central auditory processing deficit. Given the variety of functions
associated with these different types of structure within the auditory system (e.g. frequency,
temporal and loudness processing), it is not possible to predict the extent to which an
individual will experience issues in day-to-day living as a result of their sensory impairment.
For example, the extent to which an ear is able to distinguish between two different
frequencies is not very well predicted by audiometric thresholds (Simon and Yund, 1993).
Indeed, measures of hearing sensitivity, such as pure tone audiometry, are often not very
well correlated with more subjective reports of hearing ability (Weinstein and Ventry, 1983;
Newman et al., 1990; Stephens and Zhao, 1996; Nondahl et al., 1998).

Figure 2.6 Audiometric descriptors for hearing loss severity used in the United Kingdom.
Mean thresholds are calculated from data at 0.25, 0.5, 1, 2, and 4 kHz, and are specified for
each ear individually. Source: British Society of Audiology (2011).

In order to establish what effect hearing loss has in a more ecologically valid manner,
two main approaches have been taken: speech testing and self-reported experiences of
individuals.

During speech testing, a pre-defined list of words or sentences are played at different
intensities to the subject, who is asked to repeat back aloud what was heard. A percentage
correct score as a function of intensity can then be plotted, resulting in what is known as a
‘speech audiogram’ (see Figure 2.7). Further validity can be incorporated by testing speech
perception in noise, thus providing a measure of the ability to extract auditory information
of interest from a background masker. A speech audiogram sometimes highlights the
distortion to sound brought about by SNHL. The example shown in Figure 2.7 exhibits
what is termed ‘rollover’ - above a certain threshold, the louder a sound is made, the less
intelligible it becomes.
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Figure 2.7 An example speech audiogram. The percentage of correct words in a list, or
phonemes in a set of words, are plotted against the intensity of the signal used. Source:
Stach (2008).

Self-reported experiences of hearing loss are also used to measure the extent to which an
individual has a problem with their hearing. This assessment technique is usually carried
out in a structured manner through the use of a validated questionnaire. One of the most
commonly used examples of this is the Hearing Handicap Inventory for the Elderly (HHIE),
which is shown in Figure 2.8.

Self-reported hearing loss, assessed in this manner, measures a different construct to
speech or pure tone audiometry, a distinction which is highlighted by the use of the word
‘handicap’ in the title of the questionnaire. The term ‘handicap’ was defined by the World
Health Organization (1980) as: “a disadvantage for a given individual resulting from an
impairment or a disability, that limits or prevents the fulfilment of a role that is normal
(depending on age, sex, and social and cultural factors) for that individual”. Impairment was
defined as “any loss or abnormality of psychological, physiological, or anatomical structure
or function” and disability as “any restriction or lack (resulting from an impairment) of
ability to perform an activity in the manner or within the range considered normal for a
human being”.

Though this document has since been superseded (World Health Organization, 2000),
and the terms replaced, the notion remains that the extent to which an individual is
affected by a sensory impairment is not entirely governed by the characteristics of their
disability, but more so by the associated social and environmental factors.

Accordingly, self-reported hearing loss establishes the extent to which loss of hearing
impacts upon the performance of other activities and roles. This distinction can, therefore,
explain the fact that objective and subjective measures of hearing function are not always
related, as might perhaps be expected (Weinstein and Ventry, 1983; Newman et al., 1990;
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The Hearing Handicap Inventory for the Elderly
Please answer all of the following questions with either (1) ‘yes’, (2) ‘no’, or (3) ‘maybe’.

1. Does a hearing problem cause you to use the phone less often than you would like?
2. Does a hearing problem cause you to feel embarrassed when meeting new people?*
3. Does a hearing problem cause you to avoid groups of people?
4. Does a hearing problem make you irritable?
5. Does a hearing problem cause you to feel frustrated when talking to members of your

family?*
6. Does a hearing problem cause you difficulty when attending a party?
7. Does a hearing problem cause you to feel “stupid” or “dumb”?
8. Do you have difficulty hearing when someone speaks in a whisper?*
9. Do you feel handicapped by a hearing problem?*
10. Does a hearing problem cause you difficulty when visiting friends, relatives, or neigh-

bours?*
11. Does a hearing problem cause you to attend religious services less often than you would

like?*
12. Does a hearing problem cause you to be nervous?
13. Does a hearing problem cause you to visit friends, relatives, or neighbours less often than

you would like?
14. Does a hearing problem cause you to have arguments with family members?*
15. Does a hearing problem cause you difficulty when listening to TV or radio?*
16. Does a hearing problem cause you to go shopping less often than you would like?
17. Does any problem or difficulty with your hearing upset you at all?
18. Does a hearing problem cause you to want to be by yourself?
19. Does a hearing problem cause you to talk to family members less often than you would

like?
20. Do you feel that any difficulty with your hearing limits or hampers your personal or

social life?*
21. Does a hearing problem cause you difficulty when in a restaurant with relatives or

friends?*
22. Does a hearing problem cause you to feel depressed?
23. Does a hearing problem cause you to listen to TV or radio less often than you would

like?
24. Does a hearing problem cause you to feel uncomfortable when talking to friends?

25. Does a hearing problem cause you to feel left out when you are with a group of people?

Figure 2.8 The Hearing Handicap Inventory for the Elderly (Ventry and Weinstein, 1983);
the screening version (Weinstein et al., 1986) is highlighted with asterisks.
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Stephens and Zhao, 1996; Nondahl et al., 1998).

Since the development of the HHIE, its correlation with absolute thresholds has been
assessed (Weinstein and Ventry, 1983), in order to establish if it can be used as a screening
tool to identify individuals with a hearing loss. Data suggested that the absolute thresholds
of 100 elderly subjects accounted for less than 50% of the variance in their HHIE scores,
and word recognition accounted for less than 20%. This weak correlation with pure tone
audiometry and word recognition data has also been shown for a version of the HHIE
adapted for younger adults, the Hearing Handicap Inventory for Adults (HHIA) (Newman
et al., 1990). Both Weinstein and Ventry (1983) and Newman et al. (1990) argue that
audiometric data alone is insufficient to gauge an individual’s reaction to their own personal
hearing impairment. Though this is the case, given the test-retest repeatability of the HHIE
and HHIA (Weinstein et al., 1986; Newman et al., 1991), and the ease of administration, it
has been suggested that these measures may identify individuals in a community setting
in need of more thorough audiological examination. To this end, a shorter version of the
HHIE was produced; the Hearing Handicap Inventory for the Elderly (screening version)
(HHIE-S) (Ventry and Weinstein, 1983). This version contained 10 of the original 25 HHIE
items (see Figure 2.8), and retained its validity (Weinstein, 1986).

Differences in the impact of hearing loss can arise, even when individuals exhibit identical
absolute thresholds (Halpin and Rauch, 2009). This is because pure tone audiometry
cannot distinguish between the damage that has occurred to different structures within
the auditory system, rather it provides a measure of overall function. Different perceptual
consequences can arise as a result of damage to different parts of the auditory system (e.g.
the complete loss of IHCs would have very different outcomes compared to the complete loss
of OHCs). The next section will provide a brief overview of the perceptual consequences
which arise as a result of SNHL.

2.2.3 The perceptual consequences of hearing loss

It is beyond the scope of this document to cover all of the perceptual consequences
associated with SNHL (for a detailed overview see Moore, 2007). However, four of the
main perceptual consequences, ‘elevation of absolute threshold’, ‘loudness recruitment’,
‘reduced frequency selectivity and discrimination’, and ‘impaired temporal processing’ are
key concepts which are referred to extensively later in this thesis. They are described
below.

2.2.3.1 Elevation of absolute threshold and loudness recruitment

Elevation of absolute threshold is the aspect of hearing loss that is measured by pure tone
audiometry. It refers to the fact that sounds have to be made louder before they can be
perceived by somebody with a hearing loss, i.e. the auditory system has a lower sensitivity.
This reduction in sensitivity can manifest in a frequency specific manner. For example,
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noise induced hearing loss causes a sharp dip in sensitivity at 3–6 kHz (Rabinowitz, 2000),
and age-related hearing loss exhibits progressively less sensitivity with increasing frequency
(Gates and Mills, 2005). Although the elevation of absolute threshold also occurs for
conductive hearing loss, SNHL has the added complication of ‘loudness recruitment’.

Loudness recruitment is a well-established and extensively studied phenomenon which
most (if not all) individuals with SNHL exhibit to some extent (Moore, 2007). It describes
an abnormal growth of (perceived) loudness level with increasing (physical) sound level
at intensities above absolute threshold. This abnormal growth of loudness continues for
sounds up to a level of between 90-100 dB SPL, after which loudness growth returns to
normal (Moore, 2007). This is depicted in Figure 2.9, which shows what would be expected
if somebody with a unilateral SNHL was asked to match the loudness of a tone played to
their normal ear (the reference tone) against another tone played to their impaired ear
(the comparison tone) (Moore and Glasberg, 1997, 2004; Moore et al., 1999).

Figure 2.9 An example of loudness recruitment for a hearing loss of absolute threshold 50
dB HL. The graph reflects the expectation if a subject with unilateral SNHL were asked to
match the loudness of a tone played to their normal ear against the loudness of a tone in
their impaired ear.

In some cases, hearing impaired individuals can experience what is termed ‘over
recruitment’, where loudness growth does not return to normal at high sound intensities
(Moore, 2007). This can lead to a reduction in the loudest comfortable noise intensity for
those with a hearing loss.

There are a number of practical implications of elevated absolute thresholds and
loudness recruitment:

1. Missing auditory information.
A loss of sensitivity in the auditory system means that certain sounds are simply
not heard by the listener. This applies to complete sounds, but also gives rise to
problems in speech perception as phonemes or whole words within a passage may
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be missed. Of particular concern in this regard is the fact that certain consonant
sounds are often weak or are easily masked by other content, and are thus missed
more often (Moore, 2007). This presents problems as consonants are the part of
speech which tend to carry most meaning (Yost, 2000), and as such people with a
hearing impairment may often mishear words.

2. A reduced ‘dynamic range’.
Due to the abnormal growth of loudness, reduced sensitivity in the auditory sys-
tem, and over recruitment, a reduced ‘dynamic range’ (the range between absolute
threshold and the highest comfortable level) is sometimes noted (Moore et al., 1992;
Moore, 2003b). This reduced dynamic range may present problems for rehabilitative
interventions such as hearing aids, as a certain degree of amplification may cause
some sounds to be uncomfortably loud, whilst still not providing enough amplification
for other sounds to be heard.

3. Altered loudness cues used in the perception of speech.
The loudness relationships between components of speech sounds are thought to be
important for speech intelligibility (Plomp, 1988; Shannon et al., 1995). However,
loudness recruitment leads to a distortion of these loudness relationships, as the
difference in level between soft and loud phonemes of speech will be exacerbated
(Moore, 2003b). Thus, the intelligibility of speech will be compromised.

2.2.3.2 Reduced frequency selectivity and discrimination

‘Frequency selectivity’ refers to the ability of the auditory system to separate out the
elements in a sound made up of many components (Moore, 2007). For example, if two
pure tones of distinct frequency were played to somebody with normal hearing, they would
be able to hear each tone individually. This is an important feature of the auditory system,
as frequency selectivity plays an important role in many aspects of auditory perception
(Moore, 2007).

Frequency selectivity can be measured using masking experiments. In these experiments
a stimulus tone of a fixed low intensity is played simultaneously with a masker noise covering
a specific band of frequencies. The masker is played at different intensities until the subject
indicates he/she can no longer hear the stimulus tone. The procedure of establishing the
quietest masker noise needed to cease perception of the stimulus is repeated for masking
noises of various frequency bands, and the results are plotted to produce a graph called a
Psychophysical Tuning Curve (PTC), an example of which is shown in Figure 2.10.

The masker provides less interference with the perception of the stimulus tone as its
centre frequency is moved away from the frequency of the tone. This is because, due to
the tonotopic arrangement of the cochlea, different IHCs are activated by the two sounds.
Given the specificity of IHCs, and the fine tuning provided by OHCs, however, it can
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Figure 2.10 A PTC measured at a stimulus frequency of 1 kHz (shown by the dot). Adapted
from: Gelfand (2009).

be seen that the stimulus tone is perceived even when its frequency is very close to the
frequency content of the masker, hence this example exhibits good frequency selectivity.

When PTCs are recorded for a range of frequencies, the result is a number of overlapping
PTCs (see Figure 2.11). These results have led to the cochlea being modelled as a bank of
overlapping ‘bandpass filters’, which are able to pass sound information of interest and
filter out interfering off-frequency noise (Moore, 2003a).

Figure 2.11 PTCs measured for a range of stimulus frequencies. The solid line represents
the masking level required to halt perception of the signal. The dashed line is the subject’s
absolute threshold, and the dots below each PTC represent the various stimuli tones. Source:
Moore (2003a).

In individuals with SNHL, these auditory filters sometimes appear to be broader than
they are for normally hearing subjects (see Figure 2.12); thus showing a reduction in
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frequency selectivity, because two pieces of auditory information are more likely to fall
within the same auditory filter. Furthermore, in some cases, all of the IHCs at a certain
place within the cochlea may be absent, or non-functioning, rendering the ear incapable of
responding to corresponding frequencies (Moore, 2001). In this case, off-frequency listening
occurs whereby IHCs from a different region in the cochlea relay information about the
sound to higher auditory centres (see Figure 2.12); this causes distortion to the quality of
sound.

Figure 2.12 Hypothetical PTCs measured to a 2 kHz stimulus from three ears: (1) normal
hearing - the PTC shows sharp tuning; (2) an ear with OHCs damage - a broader shape is
noted with less frequency specificity; (3) an ear that has no functioning IHCss corresponding
to 2 kHz, the tone is perceived by IHCs at a different place along the basilar membrane.
Adapted from: Yanz (2002).

A reduction in frequency selectivity can have a number of practical implications:

1. Extraneous masking sounds have a greater influence on successful listening.
Because auditory filters are wider in those with SNHL, sounds extraneous to the
source of interest are more likely to have a masking effect. This may lead to an
increased difficulty in listening during very noisy conditions. In addition to this,
complications with temporal resolution1, another common perceptual consequence
of SNHL, mean that hearing impaired individuals are less able to take advantage
of dynamic gaps in a masking noise and ‘listen in the gaps’ in order to maintain
successful speech understanding (Moore, 2003b).

2. Reduced perception of spectral components in a sound.
The output of the auditory filters in the cochlea resembles a blurred version of

1The ability to resolve sounds with respect to time.
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the input spectrum (Moore and Glasberg, 1997). The perception of this spectral
shape is important for speech recognition, but in cases of SNHL, auditory filters are
broader, and as such the spectrum is more ‘smoothed’ or less distinct (Moore, 2003b).
Accordingly in some cases, small spectral details of a sound may be imperceptible,
and the addition of a background noise may exacerbate this problem by reducing
this spectral detail further, thus degrading speech understanding.

3. Impaired ‘timbre perception’.
Timbre is often referred to as the quality of a sound, and allows for distinction
between sources of sounds, e.g. which instrument has played a note (Halpern et al.,
2004). Certain abilities associated with timbre perception, such as the differentia-
tion of steady-state vowels, are heavily reliant on the subtle spectral differences in
sounds (Moore, 2007). As such SNHL, which makes it difficult to pick-up on these
spectral differences as a result of impaired frequency selectivity, hinders successful
understanding of speech in this regard.

2.2.3.3 Impaired temporal resolution

‘Temporal resolution’ refers to an ability to detect changes in sound over time (Moore,
2007). Individuals with SNHL often exhibit poor temporal resolution, as damage to
some of the structures in the cochlea alter aspects of temporal processing. For example,
loudness recruitment leads to altered loudness relationships between sounds (Moore, 2007).
Therefore, natural fluctuations in the waveform of a sound (e.g. white noise) can be
confused as gaps within it, rather than natural variation (Glasberg and Moore, 1992).
Phenomena such as this may lead to an impaired ability of hearing impaired individuals to
detect gaps in a sound relative to those with normal hearing (Fitzgibbons and Wightman,
1982).

Temporal cues such as the above are thought to be important for speech understanding.
For example, fricatives2, such as ‘f’, rely on the ability to accurately detect duration
to distinguish them from affricatives, such as ‘ch’ (Raphael and Isenberg, 1980). The
confusion of these two types of sound has obvious implications for speech recognition and
understanding. Likewise the duration of gaps in speech is thought to be important for the
identification of phonemes (Rawool, 2006). Duration detection, however, appears to be
impaired in those with a hearing loss (Irwin and Purdy, 1982), presenting difficulties for
processing the temporal aspects of sound.

Another common observation in hearing impaired individuals is that it takes them
longer to recover from ‘forward masking’ (Kidd Jr et al., 1984). Forward masking is a
phenomenon whereby a masker sound played shortly before a stimulus can stop perception
of the stimulus (Moore, 2007). This is thought to occur as a result of a reduction in

2A speech sound characterised by audible friction produced by forcing the breath through a constricted or
partially obstructed passage in the vocal tract.



26 CHAPTER 2. LITERATURE REVIEW

sensitivity of recently stimulated cells, or a persistence in the pattern of neural activity
evoked by the masker (Moore, 2012). Thus, a loud sound quickly followed by a quieter one
(i.e. as commonly occurs in speech) would be less perceptible for those with SNHL than
it would for an individual with normal hearing, and thus portions of a sound of interest
would not be heard.

These impairments to temporal processing ability render hearing impaired individuals at
a greater disadvantage when perceiving speech, particularly in the presence of background
noise. Moore (2007) argues that most sounds in everyday life are characterised by rapid
fluctuations in amplitude from moment to moment, and because of inefficiencies in temporal
processing, those with a hearing loss will be at a disadvantage in following the temporal
profile of these sounds. Furthermore, in acoustically adverse environments, such as in
excessive background noise, the ability to temporally resolve a sound source of interest
may be hampered by the presence of fluctuating competing noise.

2.2.3.4 Summary of the perceptual consequences of sensorineural hearing loss

The overview of perceptual consequences associated with SNHL given here is far from
exhaustive. However, this section has shown that the effect of SNHL goes far beyond
a simple loss of sensitivity within the auditory system. Although SNHL manifests as a
reduced ability to hear acoustic information, it also presents a number of problems for the
perception of sound once it is at an audible level.

It is this difficulty in processing and understanding auditory information that has led
authors to hypothesise that those with a SNHL have to employ more ‘listening effort’ in
order to achieve successful auditory perception (Hornsby, 2013). The increased listening
effort in hearing impaired individuals is highly pertinent in the context of this thesis. Thus,
this consideration is discussed further in Chapter 3.

Given that various technical terms and concepts have now been introduced, the following
section provides an overview of the work which has been carried out investigating the effect
of hearing loss on driving. A review of directly related work is included, but there is also
some discussion regarding work which has looked at the effect of auditory information on
normally hearing drivers. These factors are considered in terms of their transferability to
the hearing impaired demographic.

2.3 Current evidence regarding hearing loss and driving out-
comes

Chapter 1 has summarised the limited evidence available regarding the effect of hearing
loss on driving, and the disjointed policy decisions in the area. The following sections
provides a more detailed review the existing literature in this area. These studies fall in to
one of three categories with respect to the effect of hearing loss on driving: (1) road traffic
accident rates, (2) driving cessation rates, and (3) measures of driving performance. This
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section will discuss Road Traffic Accidents (RTAs) and driving cessation rates that have
been observed in hearing impaired individuals, section 2.4 then goes on to suggest why
these observations might have occurred.

2.3.1 The effect of hearing loss on road traffic accident rates

A number of studies have investigated road traffic accident rates in hearing impaired drivers,
and do not form a strong consensus.

2.3.1.1 Ivers et al. (1999)

Ivers et al. (1999) collected data from an older population (≥ 49 years old) using a
questionnaire administered to a large sample (n = 2, 326) by trained researchers in an
interview setting. The questionnaire included information regarding driving habits, RTAs
during the past year, and level of hearing loss. Hearing loss was stratified into four
categories: none, mild, moderate, and severe. Ivers et al. (1999) calculated prevalence
ratios for RTAs relative to normally hearing individuals, which were adjusted for age and
sex, and found that self-reported severe hearing loss was associated with a significant
increase in the likelihood of self-reported car accidents. They also found that a hearing
impairment in the right ear was significantly associated with accidents, and argued that in
a country with right-hand drive vehicles (Australia), this ear may aid with hazard detection.
These conclusions must be considered taking in to account that a propensity to self-report
one variable (e.g. hearing loss) may be reflective of a participant’s willingness to report
another (e.g. driving accidents). As such, the relationship between hearing loss and RTAs
may be inflated as a result of using self-reported measures.

2.3.1.2 McCloskey et al. (1994)

However, McCloskey et al. (1994) also investigated road traffic accident risk in this
population, but found no effect of hearing loss. They performed a matched case-control
study investigating the motor vehicle collision injuries of older drivers and their association
with certain sensory impairments. They identified cases as older drivers (65 years or
older) who had been involved in at least one road traffic accident reported to the police in
Washington, USA between 1987 – 1988. The authors then assigned two controls to each of
their cases, using age, sex and county of residence as matching criteria. They were able
to access pure tone audiometry and speech test data, but found no significant effect of
either on the risk of RTAs. Contrary to the results of Ivers et al. (1999), this would suggest
that an inability to hear sounds whilst driving does not have a bearing on road traffic
accident risk. McCloskey et al. (1994) did, however, find that hearing aid ownership was
significantly associated with an increased risk of road traffic accidents. They also noted
that those who reported wearing their hearing aids whilst driving were more at risk of
having an accident, and that those who reported not wearing their hearing aids whilst
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driving also had an increased risk of accidents, though the latter of these trends did not
reach significance. The authors suggested that extraneous sounds emitted from hearing
instruments (e.g. feedback) might serve to distract drivers wearing hearing aids.

2.3.1.3 Sims et al. (2000)

Sims et al. (2000) also found no link between hearing loss and RTAs. They undertook
a prospective cohort study in which a source population of older drivers (≥ 55 years)
was assembled and followed for five years. Information about the number of crashes that
subjects had experienced during the study period was collected from state records. Their
primary aim was to develop a structural equation model which predicted crash frequency
according to visual and cognitive data, but they also collected self-reported hearing loss
data using the HHIE-S and information regarding subjects’ hearing aid use. Their data
showed no significant association between hearing loss or hearing aid use and the frequency
of road traffic accidents during the five year observation period.

2.3.1.4 Green et al. (2013)

More recently Green et al. (2013) have replicated the finding that hearing impaired
individuals were not at an increased risk of RTAs. They performed an observational study
using an elderly demographic aged 70 or older. The authors asked participants whether
they had ever been diagnosed with a hearing impairment, and used this to classify people
into a ‘yes/no’ hearing impairment group. Driving accident records from the past five
years were obtained and participants were asked to complete a questionnaire regarding
their driving habits. Again, contrary to Ivers et al. (1999), Green et al. (2013) found no
significant association between hearing loss and an increased risk of motor vehicle collisions.
However, they did find a significant increase of road traffic accidents in people who had
both hearing and visual acuity impairments. Green et al. (2013) conclude that older drivers
with dual sensory impairment are more at risk of road traffic accidents.

The above studies were all carried out in an older demographic, and investigated the risk
associated with road traffic accidents for hearing impaired individuals alongside a number
of other variables (e.g. visual acuity). However, two studies have explicitly investigated the
effect of occupational noise exposure on RTAs, one of which specifically investigated the
effect of noise induced hearing loss on accident rates (Barreto et al., 1997; Picard et al.,
2008). These studies were performed on younger cohorts than the previously cited studies,
thus reducing potentially confounding factors which are present in older drivers’ accident
records, e.g. an increased likelihood of injury from RTAs or a low-mileage bias (Langford
et al., 2006).

2.3.1.5 Barreto et al. (1997)

Barreto et al. (1997) undertook a nested case-control study in a cohort of Brazilian



CHAPTER 2. LITERATURE REVIEW 29

steelworkers employed at a single mining plant. They investigated the socio-demographic,
medical and occupational risk factors underlying an increased likelihood of mortality from
motor vehicle injury (Barreto et al., 1996). The authors classified a case as workers who
had died as a result of a motor vehicle accident whilst under employment at the mining
plant within a given epoch. They do not present the age of their sample, but do divulge
that 50% of cases were under the age of 35 years. Four controls were selected at random
from all workers that were under employment at the same time, and born in the same year,
as each respective case. Barreto et al. (1997) were able to collect medical data from routine
measurements that the Occupational Health Department had made, and amongst these was
whether the employee had a hearing deficit - although the authors provide no explanation
of the criteria for this classification. When calculating odds ratios for death from road
traffic accidents, they found a significant inflation of death risk in those diagnosed with a
hearing deficiency.

2.3.1.6 Picard et al. (2008)

More recently, Picard et al. (2008) built upon the results of Barreto et al. (1997) by
performing a retrospective case-control study on the very specific demographic of workers
exposed to daily noise levels of over 80 LAeq8hr in Québec, Canada (age range = 16–64).
They wished specifically to establish whether noise induced hearing loss was associated
with an increased risk of road traffic accidents and/or violations. They linked state driving
to public health records, and analysed the factors underlying road traffic accidents and
violations during a five year study period. The public health records contained individually
measured audiograms, as well as the level of occupational noise that workers were being
exposed to. Picard et al. (2008) only analysed noise induced hearing losses. The authors
found that hearing loss significantly increased the risk of having at least one road traffic
accident in the five year period studied. The results also showed an increasing prevalence
of road traffic accidents with increasing hearing loss severity, suggesting that the degree of
hearing impairment is positively associated with accident risk. Picard et al. (2008) also
found that speeding violations were less frequent in those with a hearing loss, and hearing
loss severity was negatively correlated with speeding offences. However, traffic offences not
related to speeding were positively correlated with hearing loss. Thus the data showed that
those with a hearing impairment were more likely to commit traffic offences than their
hearing counterparts, whereas they were less likely to be caught speeding.

In summary, it is clear that there is disagreement between the studies performed in this
area, an overview of which is provided in Table 2.1. Some have found that hearing loss
inflates accident risk (Barreto et al., 1997; Ivers et al., 1999; Picard et al., 2008), whereas
others have found no such trend (McCloskey et al., 1994; Sims et al., 2000; Green et al.,
2013). One striking difference in the methodologies of these studies might explain this
difference in outcomes; all of the studies finding an effect of hearing loss on driving failed
to control for driving experience or annual mileage, whereas those which did not, had
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accounted for these factors.

Hole (2013) notes that one of the main limitations of accident rate data is the difficulty in
determining the exposure rate of people involved in recorded crashes. This is a complication
because those who drive more miles per year have a greater exposure to involvement in
accidents, yet those with a lower annual mileage tend to be less experienced drivers, and
so have a higher crash risk when calculated per kilometre driven (Langford et al., 2006).
Accordingly, it is of paramount importance to control for this factor in analyses of RTAs.
The fact that certain studies cited here did not, casts doubt over their accuracy (Barreto
et al., 1997; Ivers et al., 1999; Picard et al., 2008).

In addition, Ivers et al. (1999) used self-reports of accident involvement, which can be
easily biased by intentional or unintentional misrepresentation (Elander et al., 1993). This
is thought to be a particular problem in samples of older adults (McGwin Jr et al., 1998;
Boufous et al., 2010); the demographic being studied by Ivers et al. (1999). Furthermore,
Ivers et al. (1999) quantified hearing loss through self-reports, rather than audiometric data.
This method is apparent in other cited studies (Sims et al., 2000; Green et al., 2013), whereas
some have used pure tone audiometry data in order to confirm hearing loss (McCloskey
et al., 1994; Barreto et al., 1997; Picard et al., 2008). The use of different assessments of
hearing loss does not appear to have a bearing on study outcomes, because studies using
self-reported hearing loss do not form a consensus regarding driving outcomes, and likewise
this is the case for studies using pure tone audiometry data. However, as mentioned in
subsection 2.2.2, these two assessment types do not measure the same constructs, and as
such it is implausible to compare results from them.

The study of Barreto et al. (1997) used a small number of observations, which is often
a complication in accident rate data (Hole, 2007). They identified only 13 individuals
with a hearing loss who had been killed as a result of a road traffic accident, but 132 who
did not have a hearing loss. This very low sample size may have artificially inflated their
estimation of accident risk in the hearing impaired sample, thus bringing their findings
under further scrutiny.

The sample size of 11,683 hearing impaired participants used by Picard et al. (2008)
was much greater, and they also used state-recorded accident data which are not prone
to misrepresentation. However, although Picard et al. (2008) controlled for a number of
variables in their analyses (age, noise exposure levels, and the length of noise exposure in
career), annual mileage and driving experience were not amongst these. This, again, calls
the results of this study in to doubt, just as was the case for Ivers et al. (1999) and Barreto
et al. (1997).

Thus, all of the studies which have found an effect of hearing loss on road traffic accident
rates are questionable because of methodological oversights. Other studies which have been
cited tend to have stronger methodologies. In particular, Green et al. (2013) based their
calculations on accidents per kilometre driven, and controlled for a number of extraneous
variables (race, gender, age, number of medical conditions, and three measures of cognitive
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abilities). The latter three of these variables are considered important, given the older
demographic in the majority of studies investigating the effect of hearing loss on RTAs.
Hearing loss is heavily correlated with age, and so other age-related factors (e.g. cognitive
slowing; Salthouse, 1991) should be sufficiently accounted for in analyses. Particularly as
many age-related changes in function are considered important factors in the maintenance
of driving safety (Anstey et al., 2005).

A number of studies did not investigate accident involvement as a function of hearing
loss severity, instead simply classifying hearing loss as ‘present’ or ‘absent’ (Barreto et al.,
1997; Sims et al., 2000; Green et al., 2013). Of the studies which did investigate hearing loss
severity, one found an increase in road traffic accidents only as a result of severe hearing
loss (Ivers et al., 1999), one found that all degrees of hearing loss (classified as ≥ 15 dB in
both ears at 3, 4, and 6 kHz) resulted in an increase in accident risk, and that this accident
risk was positively correlated with hearing loss severity (Picard et al., 2008), and one study
did not find an increase in accident rate regardless of severity (McCloskey et al., 1994).
Thus it cannot be concluded that the severity of hearing loss is an important consideration
for changes in driving performance.

Studies which did not find a distinct effect of hearing loss on driving, did identify two
outcomes of interest. The first is that, when co-existing with a vision impairment (defined
either in terms of contrast sensitivity of visual acuity), hearing loss did cause a significant
increase in road traffic accident risk (Green et al., 2013). The authors do not provide an
explanation as to why this may have been the case, but it is considered here that it may
have arisen as a result of a ‘common cause’ theory, which essentially postulates that sensory
functioning is an indicator of the overall condition of an individual’s neurological status
(Baldwin, 2002). The presence of a dual-sensory impairment may, therefore, predispose an
individual who has less ability to perform complex mental tasks (such as driving). This is
an idea which will be discussed in more detail later (see Chapter 3).

The second finding of interest is that hearing aid owners and hearing aid users are
more at risk of having a road traffic accident (McCloskey et al., 1994). This finding cannot
be considered conclusive, particularly as Sims et al. (2000) found no significant effect of
hearing aid use on the number of road traffic accidents. However, McCloskey et al. (1994)
claim that extraneous noise produced by hearing aids may serve to distract the driver from
the primary task of driving. This is an important consideration, and one which will be
discussed in depth later in this chapter (see subsection 2.4.2).

There are three studies which have investigated driving cessation as a result of hearing
loss, though they also do not reach a consensus. These studies are reviewed in the following
section.

2.3.2 Driving cessation habits in hearing impaired individuals

Gilhotra et al. (2001) ran an observational study similar to that of Ivers et al. (1999) using
data collected as part of the same survey, thus their age demographic was similar (partici-
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pants aged ≥ 49 years). However, instead of studying road traffic accident involvement,
they investigated the likelihood of individuals relinquishing their driving license as a result
of various sensory impairments and medical conditions. One of these impairments was
hearing loss, which was self-rated and categorised as ‘none/mild’, ‘moderate’, or ‘severe’.
Results showed that those with a severe hearing loss were significantly more likely to cease
driving than those who reported no/mild hearing loss, thus suggesting that severe hearing
loss has a bearing on individuals’ decision to stop driving.

Unsworth et al. (2007) performed a longitudinal study investigating factors associated
with driving cessation in an elderly demographic. They drew a sample of people aged
65 years or older from an existing baseline survey (The Melbourne Longitudinal Studies
on Healthy Ageing Program). The survey gathered information on a range of variables
including information about driving habits, and a self-rated measure of hearing which
was scored on a four-point Likert scale (‘excellent’, ‘good’, ‘fair’, or ‘poor’). From the
questions about driving habits, participants were classified in to one of three driving groups:
‘continuers’, ‘modifiers’, or ‘relinquishers’, pertaining to their driving status. The authors
found that poor self-rated hearing was related to an increase in people’s decision to modify
or relinquish their driving. However, Unsworth et al. (2007) noted that the independent
variables used in the study were correlated, and performed a logistic regression, building
a model in order to establish which independent variables could be used to predict the
categorical outcome of driving cessation. In this analysis, hearing loss status was not found
to be a significant factor in peoples’ decision to modify their driving behaviour or relinquish
driving. This suggests that other factors inextricably linked with hearing loss (e.g. age;
Davis, 1995) may be more responsible for the earlier significant findings of Unsworth et al.
(2007).

Although not explicitly investigating causes of driving cessation, Thorslund et al.
(2013c) performed a questionnaire study with hearing impaired individuals, aiming to
derive their transport safety and mobility concerns. Their survey included information
regarding driving licence ownership, whether people had stopped driving recently, annual
mileage, the avoidance of driving under certain conditions, and how often people drove
as opposed to being a passenger. They were able to link survey responses to audiometric
data for each respondent, thus allowing the measurement the influence of hearing loss on
this data.

Although Thorslund et al. (2013c) found that profound hearing loss was associated with
an increased likelihood of not owning a driving licence, they clarify that the reasons for this
were related to other medical motives such as vision disorders or disabilities. This lower
license ownership in profoundly hearing impaired respondents is also partly contradicted
by annual mileage, which was significantly higher for those with a profound hearing loss.
Hearing loss status was not significantly associated with items asking whether people had
stopped driving recently, whether they preferred being a passenger or driver, or whether
they actively avoided driving under certain road conditions.
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Table 2.2 Statistically significant odds ratios associated with driving participation for the
hearing impaired demographic.

Reference Trend noted Demographic group Odds Ratio
(95% CI)

Gilhotra et al.
(2001)

Increased risk of earlier
driving cessation

Those with a self-reported
severe hearing loss 1.6 (1.0–2.5)

Unsworth et al.
(2007)

Higher likelihood of
driving cessation

Those with relatively poor
self-reported hearing Not calculated

Thorslund et al.
(2013c)

Higher annual mileage Those with a profound
hearing loss

6.49
(1.07–42.5)

Higher ownership of
driving license versus
people with a profound
hearing loss

Those with normal
hearing

5.42
(1.00–29.2)

Those with a mild hearing
loss

9.42
(2.11–42.0)

Those with a moderate
hearing loss

6.45
(1.86–22.4)

Those with a severe
hearing loss

4.22
(1.04–17.1)

These results (summarised in Table 2.2) are, therefore, similar to the accident rate
studies in that they exhibit a mixture of conclusions. The most important point in the
consideration of these results is the same highlighted by the study of Unsworth et al.
(2007), that hearing loss increases driving cessation, but that a number of other factors
also contribute.

Regardless of their methodological limitations, these observational studies investigating
crash risk and cessation rates identify trends which warrant further investigation. It is only
possible to speculate the reason behind these observed trends, as studies in the area do not
investigate the underpinning driving behaviour changes which occur as a result of hearing
loss. The next section outlines the possible reasons why hearing loss might alter driving
behaviour, and thus result in a potential increase in road traffic accidents and driving
cessation.

2.4 Reasons for altered driving trends in hearing impaired
individuals

A number of studies suggest two broad presupposed manners by which hearing loss is likely
to pose problems for skills relevant to driving:

1. Hearing loss causes a failure to perceive relevant auditory information in the driving
environment, and this impacts on overall driving ability.

2. SNHL distorts auditory signals (even at audible levels), leading to a disproportionately
distracting effect of acoustic information in the driving domain.
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These two considerations will be discussed in this section, although there is limited
research that can be drawn upon. Therefore, some of the research that has been carried
out in normally hearing individuals investigating the effect of reduced audibility on driving
performance will also be discussed. This work is considered applicable as it replicates one
of the perceptual consequences of SNHL; threshold elevation.

2.4.1 Missing driving-relevant auditory information

Artificial reductions of auditory information in driving relevant situations have been shown
to affect aspects of driving performance in normally hearing individuals. These situations
are outlined in this section because it follows that a reduction in audition as a result of
hearing loss would likely result in the same observations.

It should be noted, however, that unless an individual has a hearing loss of a more
severe nature, access to road-relevant auditory information will be reduced, rather than
eradicated. For example, the pass/fail criteria for police sirens being tested in the UK is a
level of 97 dB recorded at a distance of 50 metres (Metropolitan Police, 2014), a level which
is well above threshold for people with a mild or moderate hearing loss, and should also be
audible for some people with a severe hearing impairment (British Society of Audiology,
2011). Thus a lack of auditory information is something which is likely to primarily affect
profoundly deaf individuals, rather than those with a hearing loss.

2.4.1.1 The ability to hear warning signals

A consequence of an inability to hear auditory information in the car is the lack of access to
warning sounds such as sirens from emergency services vehicles, or the horns of other cars
on the road. This consideration was cited by early work investigating the driving habits
of deaf individuals (Coppin and Peck, 1963, 1965), and has recently been pointed out by
authors investigating the safety consequences of listening to loud music whilst cycling (e.g.
de Waard et al., 2011). It also gains anecdotal support from situations such as that shown
in Figure 2.13, depicting a deaf cyclist pointing out to other road users that he does not
have access to auditory information. However, there have been no formal investigations on
to the ability of those with a hearing loss to hear external auditory warning signals, or
how this may affect their driving performance.

2.4.1.2 Reductions in situation awareness

Hearing is a sense which offers highly important information about the surrounding
environment, but is often ignored at a conscious level (Horowitz, 2012). Humans are able
to perform the complex task of organising sounds from the surrounding environment into
perceptually meaningful elements in an automatic fashion (Bregman, 1994). This makes
it possible to form a rich, conscious experience of the surrounding environment (Snyder
et al., 2012). As such, the inability to hear sound, or a difficulty in doing so, is likely to
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Figure 2.13 A photograph taken by Mary Evans entitled ‘deaf cyclist in the 1930’s’. The
sign on the riders back reads: ‘Beware, I am deaf’. Source: Ohene-Djan et al. (2010).

impact on this formation of auditory scenes and awareness of the surrounding environment.
It follows that situation awareness, and its related processes, may be affected by hearing
loss. Situation awareness is a key element of real-time tasks (Gugerty, 1997), and even
small disruptions to this psychological state can have profound safety implications in terms
of crash risk (Fisher and Strayer, 2014). The investigation of whether impaired hearing
affects successful situation awareness is, therefore, of importance.

The term ‘situation awareness’ has been given a number of definitions, but is most
simply put as “what is going on around you” Endsley (2000). In earlier work, Endsley
(1988) described situation awareness as “the perception of the elements in the environment
within a volume of time and space, the comprehension of their meaning and the projection
of their status in the near future”. She subsequently published a conceptual model of how
situation awareness informs dynamic decision making (Endsley, 1995; see Figure 2.14). The
model suggests that a person’s perception of relevant elements in the environment form
the basis of situation awareness. Specifically Endsley (1995) notes that this information is
gauged via in-vehicle system displays, or directly from the senses.

To date, one study has linked a lack of sound in the driving environment to reduced
situation awareness (Walker et al., 2008). The function of the two-part experiment was to
determine which vehicle characteristics had a bearing on the situation awareness of drivers.
Walker et al. (2008) hypothesised that feedback from vehicles is important for drivers to
understand what has been accomplished from their actions whilst driving, and pointed
out that a body of research has shown sensitivity of drivers to vehicle feedback whether
it be vibratory, tactile or auditory. Thus, in line with Endsley (1995), their suggestion
was that if perception of relevant elements in the environment were removed, situation
awareness would be reduced. This standpoint was compounded by their first experiment
in which participants drove their own vehicles (classified as high- or low-feedback from
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Figure 2.14 A model of situation awareness and how it links to decision making. Source:
Endsley (1995).

characteristics such as power to weight ratio, drive, instrumentation and dynamics) and
gave a running commentary of their thoughts whilst driving. Walker et al. (2008) performed
a thematic analysis on these verbalisations and classified them in to four themes: own
behaviour, behaviour of the car, road environment, and other traffic. They found that
participants with higher feedback cars supplied significantly more information about the
road environment.

Walker et al. (2008) went on to use a driving simulator under a number of different
conditions in which auditory, steering force, and tactile feedback were entirely removed
both individually, and simultaneously, at various points during a drive. They used a
‘freeze probe technique’, whereby the simulated environment was randomly frozen, display
screens were blanked, and participants were asked to rate how confident (on a scale of
1–7) they were regarding the presence or absence of probed information in the driving
environment. The authors paused the driving scene 36 times during a 30 minute drive,
and during each pause 7 relevant probes were selected from a pool of 47 individual items
which were developed from a ‘hierarchical task analysis’ of driving (Walker et al., 2001).
This process involves the identification of information necessary for the completion of
operational aspects of driving. Probe items consisted of statements such as: “there’s [some
salient feature] on the [right/left]”, “the road conditions there had a significant effect
on the car’s performance”, or “the car felt like it was losing grip”. Results showed that
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the inclusion of vehicle feedback information in modalities other than visual resulted in
significant improvements in sensitivity to information in the driving environment. Analyses
showed that applying vibratory and steering feedback on top of auditory feedback yielded
no significant improvement in situation awareness over and above simply providing auditory
feedback alone. The authors argue that these results promote auditory feedback from
vehicles as an important source of environmental information whilst driving.

It is, however, unclear how situation awareness may be impacted by SNHL. In this
experiment, auditory information was entirely removed, rather than being attenuated,
presenting a situation which more closely resembles how profoundly deaf individuals would
perceive the driving environment. Furthermore, it may be that adaptive driving behaviours
would negate any issues posed by this potential reduction in situational awareness. Thus
the consideration of a reduced situation awareness whilst driving for hearing impaired
individuals is more complex than is suggested by the experimental paradigm used by
Walker et al. (2008).

2.4.1.3 Perception of travelling speed

Vehicles inherently create internal noise whilst in motion (Eisele et al., 2005), and past
research suggests that the level of noise present reflects our perception of travelling speed.
The ability to estimate travelling speed under normal listening conditions appears to be
accurate up to a threshold velocity (approximately 90 km/h), but above this level, speed
is increasingly underestimated (Wang and Wang, 2012). However, a number of studies
using on-road (Evans, 1970; Matthews and Cousins, 1980), driving simulator (Merat and
Jamson, 2011; Hellier et al., 2011), or video clip methodologies (Horswill and McKenna,
1999; Horswill and Plooy, 2008) have generally shown that the louder the noise levels
during driving, the faster the perception of travelling speed.

Typically these studies have manipulated the level of engine noise present whilst driving,
either by attenuating it in some manner, or by removing it completely. When engine
noise is reduced, participants estimate a slower speed (Evans, 1970; Horswill and Plooy,
2008), and consequently choose to drive at a faster speed (Matthews and Cousins, 1980;
Horswill and McKenna, 1999; Merat and Jamson, 2011; Hellier et al., 2011). This argument
is feasibly transferable to the case of hearing loss, in that the level of car noise is likely
to be lower than it is for a normally hearing individual (given the reduction in hearing
sensitivity). As a result, the perception of this demographic should be of a slower travelling
speed, and so this is likely to manifest in an increase in travelling speed.

However, this inference may not hold true when the reduction in vehicle noise is brought
about by SNHL, which usually occurs in a frequency-specific manner; sensitivity to all
frequencies of sound are not reduced to the same extent, resulting in the equivalent of an
audio filter3 applied to sound. Particularly in the case of age-related, and noise-induced
3An audio filter is a device which applies frequency dependent gain/attenuation to a sound source, such that
the frequency response of a signal can be manipulated. A low-pass filter applies attenuation to frequencies
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hearing loss, low frequency information will be largely preserved, whereas high-frequency
information will be degraded (Gates and Mills, 2005).

This is relevant because recent results suggest that the frequency content of noise
in the car can alter the perception of travelling speed; in some cases the reduction of
sound at certain frequencies can actually improve the accuracy with which travelling
speed is estimated. Wang and Wang (2012) performed a video-clip based study whereby
they dubbed real-world recordings of engine noise at different speeds over the top of a
visually simulated driving scene. They applied two filters to their sound recordings; low-
and high-pass filters using a cut-off frequency of 600 Hz and a third condition providing
attenuation across all frequencies. They also collected data from a baseline condition
where sound was congruent with the video clips used. Their results exhibited poorer speed
estimation when sound was attenuated across all frequencies, but little difference between
the other three conditions up to a speed of 100 km/h. Above this threshold speed, however,
the high-pass filter condition resulted in an improved accuracy in speed estimation, whereas
the control and low-pass conditions remained similar. Wang and Wang (2012) argue that
speed estimation has a relationship with the frequency content of interior vehicle noise,
and therefore measures aimed at attenuating certain frequencies may actually improve
velocity estimation. The fact that a cut in high-frequency information causes an improved
perception of travelling speed would agree with data which shows that speeding violations
are not significantly higher in the hearing impaired demographic (Picard et al., 2008).

2.4.1.4 Summary of an inability to hear driving-relevant auditory information

The removal of auditory feedback in the driving environment has been shown to lead
to reduced situation awareness and an alteration in the perception of travelling speed
in normally hearing individuals. It is also suggested that hearing will lead to a reduced
audibility of warning sounds. This work may be applicable to those with hearing loss, as
hearing impairment results in a loss of audibility. However, it should be noted that hearing
loss does not lead to a complete reduction in audibility, nor does it always manifest in a
non-frequency specific manner. Accordingly, these trends may not be entirely replicated as
a result of hearing loss.

2.4.2 A disproportionate distracting effect of acoustic information

Alongside an inability to hear auditory information in the driving environment, there
is also concern that sound information which is audible causes a problem for hearing
impaired individuals. McCloskey et al. (1994) touch on this when explaining their finding
that hearing aid ownership increases the risk of road traffic accidents. They argue that
superfluous sound emitted by hearing aids may distract hearing impaired drivers. Their
exact reasoning behind this suggestion is not entirely clear, though they cite hearing aid

above a certain cut-off, and a high-pass filter applies attenuation to frequencies below that cut-off.
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feedback as a source of this disturbance. This would appear to suggest that they view
transient, non-speech sounds as the most problematic for driver distraction. However,
correctly fitted hearing aids should not produce extraneous noise such as feedback (Dillon,
2001), particularly given novel techniques aimed at reducing this issue (Guo et al., 2012).

Other authors have argued that the processing of auditory information can be dispro-
portionately distracting for the hearing impaired demographic, regardless of hearing aid
use (Hickson et al., 2010; Thorslund et al., 2013b). This line of thinking relies on two
underpinning assumptions: (1) that cognitive engagement in auditory tasks (e.g. conversing
on a mobile phone) whilst driving causes changes in driving performance, and (2) that
auditory processing is more ‘effortful’ for people with a hearing loss (Rabbitt, 1991), causing
the performance of auditory-based tasks to be more cognitively demanding. Thus, it is
suggested that the extra cognitive demand associated with auditory task performance in
hearing impaired individuals will lead to a more marked propensity for driving behaviour
changes compared to normally hearing individuals (Hickson et al., 2010; Thorslund et al.,
2013b).

The hypothesis that auditory processing is more effortful for hearing impaired individuals
is discussed in depth in Chapter 3, but this section will present work relevant to the specific
changes in driving performance which have been observed in normally hearing individuals
as a result of auditory task engagement. It is considered that these changes will be more
marked in the hearing impaired demographic.

2.4.2.1 The effect of auditory task engagement on driving in normally hearing
individuals

A wealth of research has been undertaken to quantify the effect of various auditory
distractions on driving performance in normally hearing individuals. A prime example is
mobile phone conversations and their affect on driving performance (e.g. McKnight and
McKnight, 1993; Redelmeier and Tibshirani, 1997; Haigney et al., 2000; Hancock et al.,
2003; Strayer et al., 2003; McEvoy et al., 2005; Törnros and Bolling, 2005; Horberry et al.,
2006; Horrey and Wickens, 2006; Drews et al., 2008). Young et al. (2007) summarise
that early work in this area suggested an effect of mobile phone conversation on driving
performance as a result of physical interference caused by handling and manipulating the
phone. However, subsequent research has shown that hands-free phone use can also have
serious safety implications as a result of the cognitive demands of engaging in a conversation
(Ho and Spence, 2012).

The effects of performing auditory-based cognitive tasks on driving performance were
actually observed as early as 1969 by Brown et al. They asked 24 male drivers to judge
whether a vehicle could be manoeuvred through a set of twenty openings that they had
laid out on a test track. Some of the openings were just wider than the car, whereas others
were slightly narrower. At the same time as performing this task, participants were also
asked to complete a secondary task which involved listening to a statement regarding the
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order of two letters (e.g. “A follows B - B A”) and answering whether it was true or false.
They found that, when completing the auditory task, participants’ judgement of the gaps
was impaired, though their ability to steer through them was not. The authors concluded
that automated aspects of driving (such as steering) were not affected by the simultaneous
performance of a cognitive task, whereas perception and decision making abilities were.
They hypothesised that this was as a result of repeated attention-switching between visual
and auditory modalities. The majority of work which has been performed in this area since
the study of Brown et al. (1969) has supported their early conclusions (Ho and Spence,
2012).

In this vein, Logan and Crump (2009) present a hierarchical control model which Cooper
et al. (2013) argue is applicable to driving processes. The model makes a distinction between
automated and attentionally controlled processes, suggesting that skilled performance is
subsumed by two separate control loops (outer and inner) which are encapsulated (i.e.
do not monitor each other). The outer loop is resource demanding, and plays a pivotal
role during the initial learning of a task, whereas the inner loop is automatic and does
not require attention or effort. This account explains the findings of Brown et al. (1969),
because it follows that more automated aspects of driving (e.g. lateral vehicle control;
Michon, 1985) will not be affected by cognitive task engagement, as they do not require
attentional control in the first instance. However, the hierarchical control model proposed by
Logan and Crump (2009) predicts that when attention is allocated to inner loop processes,
their performance actually decreases. It follows that when cognitively engaging tasks are
performed during driving, there will be a reduction in attention that can be allocated to
inner loop process, and their performance will actually ‘improve’. Conversely, the reduction
in attention allocated to outer loop processes will result in a decrement to their performance.
Indeed, a specific pattern of results has been observed in dual-task driving studies whereby
specific behaviours are observed as a result of auditory task engagement; some exhibiting
‘improvements’ in driving skills, and others exhibiting decrements.

One such behaviour that has been established is an increase in gaze concentration
to the road centre, or a decrease in visual scanning (Cooper et al., 2013). For example,
Victor et al. (2005) reports a study, performed as part of The Human Machine Interface
And the Safety of Traffic in Europe Project (HASTE), in which participants were asked
to perform a continuous memory task whilst driving at three different experimental sites
(two fixed-base simulators, and one on-road instrumented vehicle). The task consisted of
remembering a set of target numbers and counting how many times they occurred in a
randomly generated list. Eye tracking technology was used to establish where participants
were looking during each experimental condition. The results showed that during auditory
task engagement participants spent significantly more time looking at the road centre, and
the standard deviation of gaze was also significantly reduced under the same conditions.

Similar results of concentrated spatial gaze whilst under auditory task conditions have
been obtained from a wider set of experimental studies performed in on-road driving settings.
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Nunes and Recarte (2002), for example, asked participants to drive an instrumented vehicle
under a number of different auditory/cognitive task conditions. They offer little description
of the tasks, but do divulge that: “...there were listening and learning audio messages,
several verbal production tasks with either abstract or spatial imagery contents, memory,
arithmetical calculation etc.” They found that when a demanding secondary task was used,
the gaze pattern of participants was significantly more focused on the road centre, and
that this pattern became more marked as the difficulty of the cognitive demand of the
auditory task was increased.

Similarly, Harbluk et al. (2007) performed an on-road study of the effects of auditory
distraction on visual behaviour whilst driving. They asked participants to perform a mental
arithmetic task whilst driving, and used two levels of difficulty (single-digit and double-digit
numbers). They also found a propensity for their participants to fixate directly ahead
significantly more often when performing the secondary task. Additionally they noted that
the more difficult the cognitive task, the greater the effect on visual attention. Figure 2.15
exhibits the results obtained, showing an increased rate of fixations on central visual areas
with a concomitant decrease in monitoring of peripheral areas, mirrors and the driving
instruments. They also exhibit an exacerbation of this trend under more difficult task
conditions.

In explanation of this phenomenon, Jamson and Merat (2005) argue that “drivers,
either consciously or subconsciously [develop] a strategy to reduce primary task load whilst
performing concurrent secondary tasks” in order to “[attempt] to free up resources for the
secondary task by simplifying the primary task”. They go on to infer that auditory task
engagement leads to ‘cognitive narrowing’, whereby visual resources are focused more to
the area of greatest interest and hazard likelihood - the lead vehicle. This explains the
results summarised here that show a reduced span of visual scanning during auditory task
engagement.

Visual scanning whilst driving is, however, of paramount importance given that the
performance of several visual functions degrade towards the periphery of the visual field
(Findlay and Gilchrist, 2003). Victor et al. (2005) therefore state that delays in reaction
times to critical events strongly depend on instances of looking away from the immediate
road scene and scanning for such occurrences. Indeed, the reduction in visual scanning
triggered by cognitive task engagement whilst driving appears to lead to failures of visual
attention.

Strayer et al. (2003) examined how mobile phone conversations affected drivers’ attention
to objects encountered whist driving. They used a car following paradigm in a high-fidelity
driving simulator. During their experiment, a lead vehicle would suddenly brake at random
intervals, and when participants applied their brake, sped back up to its constant travelling
speed. At points in the experiment, participants were asked to hold a hands-free mobile
phone conversation with an experimenter. The density of traffic on the road was also
manipulated to give two different conditions: low and high density. Participants drove
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Figure 2.15 The change in the proportion of time drivers spend looking at areas of interest
as a result of performing an auditory task whilst driving. Source: Harbluk et al. (2007).

this simulated environment, without prior knowledge that their recall of objects in the
driving scene would be subsequently tested. Once the drive had finished, the authors asked
participants to discriminate billboards which had been present in the driving scene from
foils which were not. They contrasted the successful recall of billboards in a condition
where participants were conversing on a mobile phone against a control condition, and
found a significantly lower successful recall rate in the auditory task condition.

The ramification of such failures of visual attention is that drivers will be unable to react
to salient events as quickly as they might without a cognitive task simultaneously present.
It should be noted, however, that some work has suggested that cognitive distraction may
not interfere will all types of salient event. Specifically, cognitive distraction may focus
attention toward the road centre, reducing the number of glances away from the roadway
(see e.g. Jamson and Merat, 2005). This potentially has the capacity to cause some events
to become more salient in the presence of cognitive distraction, in turn decreasing reaction
times to them (see e.g. Victor et al., 2015). However, Strayer et al. (2003) found that
participants were more likely to crash in to the lead vehicle whilst conversing on the
mobile phone during high traffic density situations. They also found that, regardless of
traffic density, brake reaction times were slower during the phone conversation condition.
An increased traffic density exacerbated this trend. Other research has also shown that
engagement in cognitively demanding auditory tasks leads to a reduced reaction to events
in the driving environment.

Lamble et al. (1999) investigated drivers’ ability to detect the deceleration of a lead car
whist undertaking mobile phone related tasks. They performed an on-road study in which
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they asked participants to follow a lead vehicle (driven by an assistant) on a 30km section of
motorway. The experimental vehicle was equipped with dual-controls, and an experimenter
(seated in the passenger seat) positioned the vehicle 50m behind the lead vehicle and
engaged cruise control prior to the start of each experimental trial. The participant was
asked to follow the lead vehicle, whilst cruise control was still engaged, with his or her foot
above the brake pedal, and to brake as soon as the lead vehicle started to decelerate. They
asked participants to perform a number of different tasks whilst driving, one of which was
the Paced Auditory Serial Addition Task (PASAT) in which the experimenter sat in the
passenger seat called out random integers between 1–9 one at a time, and the participant
had to add the two most recent numbers together. A significantly smaller time to collision
was noted when participants performed PASAT whilst driving than when they drove in a
single-task condition. Brake reaction times were also significantly slower for participants
when they performed PASAT.

As part of HASTE, Jamson and Merat (2005) examined the alterations to driving
performance that were brought about by the performance of a visual or a non-visual
(auditory) cognitive task in a simulated driving environment. They asked 48 participants
to drive a simulator whilst simultaneously completing an auditory secondary task, the
Auditory Continuous Memory Task (aCMT), which involved memorising a number of
complex sounds and keeping a mental tally of how many times each occurred within a list.
This was an adaptation of an earlier visual version of this task (Veltman and Gaillard, 1998).
Participants were asked to follow a lead vehicle on a single-carriageway, the time headway of
which was manipulated to be 3s. At some points during the drive, the lead vehicle rapidly
reduced its speed, meaning that participants had to brake to avoid a collision. Jamson and
Merat (2005) found that, as this auditory task was made more difficult (by increasing the
number of target sounds), participants had increasingly slower brake reaction times, and
were therefore increasingly closer to colliding with the lead vehicle. However, they also
found that participants adopted an increasingly longer headway. Alm and Nilsson (1995),
argue that longer following distances can be associated with an increased ‘safety buffer’, as
they give drivers more time to react to sudden changes in behaviour of the lead vehicle.

Other authors appear to share a similar viewpoint, providing similar explanations after
having noted more variable longitudinal vehicle control during cognitive task engagement.
Haigney et al. (2000), for example, asked thirty participants to undertake four simulated
drives whilst they performed a grammatical reasoning task. The auditory task led to
significantly slower mean speeds and less standard deviation of accelerator travel. Haigney
et al. (2000) argue that this speed reduction was a compensatory strategy to minimise
risk which had arisen as a result of an increased mental workload during the auditory
task. They also hypothesise that the reduction in deviation of accelerator pedal travel is
indicative of a reduction in driver reactivity to road or traffic conditions during cognitive
task engagement.

Strayer and Drew (2004) noted a similar trend. In a driving simulator, the authors
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asked participants to follow a lead vehicle whilst conversing on a hands-free mobile phone
with an experimenter. The lead vehicle was programmed to brake at random intervals
throughout the drive, and when participants deployed the brake to avoid a collision, the
lead vehicle accelerated back to travelling speed. If a participant did not deploy the brake, a
collision would take place. Strayer and Drew (2004) found that, during periods of auditory
task engagement, their sample adopted a longer headway to the lead vehicle. They argue
that this was a compensatory strategy to give drivers an additional buffer for responding
to unpredictable events.

These compensatory behaviours may have the capacity to nullify negative effects of
auditory task engagement whilst driving. As a result of the increased accident risk that has
been identified by laboratory studies investigating the effect of mobile phone conversation
on RTAs, legislation has been implemented outlawing the use of hand-held mobile phones
whilst driving. However, recent results from naturalistic driving studies, where drivers
are able to make their own decisions about when to engage in mobile phone conversation,
actually support a ‘protective’ effect of hands-free mobile phone use, whereby drivers have
been found to be at lesser risk of RTAs whilst conversing hands-free (Dingus et al., 2006;
Olson et al., 2009; Hickman et al., 2010). There are a number of explanations why this
trend may have emerged, but one explanation is that drivers adapt their driving behaviour
in order to negate negative effects of mobile phone conversation (Metz et al., 2015).

As well as longitudinal vehicle control, it appears that the reduction in visual scanning
occurring as a result of cognitive task engagement also affects lateral vehicle control. As
research has shown a concurrence between an increased gaze concentration on the road
centre and improved lateral vehicle control (Engström et al., 2005b), Jamson and Merat
(2005) suggest that this cognitive narrowing “indirectly leads to a superior perception of
the roadway, allowing an improvement to the lane keeping performance of the driver”.
Cooper et al. (2013) questioned whether the improvement in lateral vehicle control might
result from drivers’ propensity to steer in the direction of gaze; straight ahead under
conditions of cognitive workload. However, their subsequent investigation, in which they
manipulated workload and eye movements independently, suggested that eye movements
only have a small role to play in the improvement of lateral vehicle control. Thus, they
concluded that the effect of cognitive workload on lateral vehicle control is independent of
eye movements. Regardless, there are examples of lateral vehicle control improvements as
a result of cognitive task engagement in previous studies.

Brookhuis et al. (1991) performed an on-road experiment using an instrumented vehicle
to study the effects of operating hand-held and hands-free mobile phones whilst at the same
time driving in three different traffic situations: light traffic on a relatively quiet motorway,
heavy traffic on a four-lane ring-road, and in city traffic. The authors asked participants
to perform the PASAT task, which was presented aurally. As a result of performing the
auditory task, participants had a smaller standard deviation of lane position, particularly
whilst driving on the motorway.
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Jamson and Merat (2005) showed a similar trend in their simulator experiment. Al-
though they noted a reduced reaction time which concurred with an increase in demand of
their auditory task, they also noticed a greater stability of lateral position within their
lane. Their results showed that, as the demand of the auditory task was systematically
increased, the standard deviation of lane position was increasingly decreased. Furthermore,
Jamson and Merat (2005) noted a similar trend for minimum time to line crossing data,
suggesting that auditory task engagement reduces the likelihood that drivers will deviate
from their lane of travel.

Engström et al. (2005b) also noted the trend of a reduced degree of lateral deviation
during periods when drivers were under conditions of auditory task engagement. As part
of HASTE, they used two different driving simulators (fixed-base and moving-base) and
a field study in order to investigate the effect of in-vehicle information systems on eye
movements and vehicle control measures. In all three cases, participants were asked to
drive a motorway route whilst concurrently undertaking supplementary tasks. One of the
tasks they asked participants to perform whilst driving the simulator was a memory task
presented in the auditory modality; memorising a number of target sounds and keeping a
mental tally of how many times these occurred throughout a list. Results from the two
simulator studies showed a significant reduction in lane deviation, and the field trial showed
a propensity for this to be the case, although the data did not reach significance.

Cooper et al. (2013) summarises that perceived unsafe or dangerous driving practices
(such as driving and conversing on a mobile phone) actually lead to an “improvement” in
lateral vehicle control.

Summary of driving outcomes as a result of auditory task engagement in nor-
mally hearing individuals

Research shows that auditory task engagement leads to a number of effects on measures of
drivers’ performance and behaviour. These effects all appear to be linked, and arise from
an alteration in visual behaviour, whereby visual scanning is reduced and individuals fixate
more exclusively on the point directly in front of their vehicle.

1. Reduced visual scanning, which leads to;

2. Failures of visual attention, causing;

3. Reduced reaction times, which mean that drivers adopt;

4. Lower speeds and longer following distances;

5. But this visual behaviour also leads to improved lateral vehicle control.

Increasing the demands of the auditory task leads to a more marked trend of some
of these observations (Jamson and Merat, 2005; Harbluk et al., 2007). It follows that
the increased demand posed by SNHL will also lead to a more marked trend of these
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observations, as it will essentially raise the demands of the auditory task being undertaken
concurrently with driving. There is very little work, however, that has been performed to
investigate this inference. A number of authors have raised the demands of an auditory
task by making the cognitive processing associated with it more difficult; e.g. Harbluk et al.
(2007) asked participants to add together double-digit, rather than single-digit, numbers.
However, very little work has assessed the effect of making the perception of sound the
source of increased task difficulty; this is the primary concern for hearing impaired drivers.
Some research has been carried out to this end, but it largely neglects suprathreshold
complications associated with SNHL, and does not assess the above aspects of driving
explicitly (Baldwin and Struckman-Johnson, 2002; Baldwin, 2007). Regardless, this work is
of interest because it assesses the effect of stimulus presentation level, essentially emulating
the reduction in sensitivity aspect of SNHL.

The effect of reduced auditory stimulus presentation level on auditory distrac-
tion whilst driving

In a dual-task, low-fidelity driving simulator study, Baldwin and Struckman-Johnson (2002)
investigated the alteration in mental workload by different presentation levels of auditory
stimuli (in the range 45–65 dB). They argued that an optimal presentation level range for
auditory-based systems has been established, but that variations within this range might
have an impact on cognitive workload. Accordingly, they asked 28 participants with normal
hearing to drive a vehicle on a computer game at a steady speed, whilst they simultaneously
performed an auditory task. The auditory task consisted of 3–4 word statements, and
participants were required to decide whether they made sense (e.g. stimulus: “dogs have
five legs”; response: “false”). Baldwin and Struckman-Johnson (2002) measured the number
of crashes and off-road occurrences (defined as the number of times the participant ran
off the road) during dual-task conditions. They found no significant effect of stimulus
presentation level on these measures of driving performance. They did, however, find
that at higher presentation levels, participants made fewer sentence processing errors and
responded faster than they did at lower presentation levels. However, when the listening
task was performed as a single-task paradigm, this trend was not apparent. This suggests
that hearing impaired individuals, who have a lower auditory sensitivity, are likely to make
more auditory processing errors and respond more slowly to auditory information whilst
driving.

Baldwin (2007) investigated the effect of altering stimulus presentation level (in the
range 60–70 dB SPL) on the reaction time to-, and accuracy of, a tone matching task in
which participants had to say whether musical notes presented differed from a reference
stored in memory. The main aim of her study was to examine the effect of stimulus
intensity of echoic persistence, but she used a concurrent simulated driving task to load
participants’ processing resources. A low-fidelity driving simulator was used, and Baldwin
(2007) recorded the number of times a single tire crossed a lane demarcation (a minor
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lane deviation), the number of times the vehicle’s centre-line crossed a lane demarcation
(a major lane deviation), and the number of times more than one major lane deviation
took place within a single instance (e.g. the centre of the car crossed the left and then
right lane demarcations). Again, none of these measures were significantly altered by a
change in the presentation level of auditory stimuli, but performance on the auditory task
was; participants performed more quickly when stimuli were presented at higher levels.
Baldwin (2007) argued that echoic persistence is related to presentation intensity, and that
because of this, under low presentation level conditions, extra effort needs to be applied to
speech processing. In turn, this will reduce the resources available for the performance of
concurrent tasks, and may manifest in their performance being affected. This suggests that
hearing impaired individuals, who have a lower auditory sensitivity, are likely to experience
this type of performance decrement more often than their normally hearing counterparts.

This work does not explicitly link to all of the driving behaviour changes described
above, but the measurement of lane deviations does link to an improvement in lateral
vehicle control. Because Baldwin and Struckman-Johnson (2002) or Baldwin (2007) did
not find a change in this variable as a result of auditory task presentation level, it suggests
that a reduction in auditory sensitivity is unlikely to manifest in changes to lateral vehicle
control. As the improvement in lateral vehicle control is possibly linked to changes in eye
movement behaviour, it also suggests that auditory sensitivity will not have a bearing on
eye movement behaviour, and its associated driving behaviour outcomes. Taken in isolation,
this study could, therefore, be evidence that increased task difficulty as a result of perceptual
changes may not affect driving performance. However, it may be that lane deviations
may not be a sufficiently sensitive measure to show this improvement in lateral control.
Furthermore, the reduction in presentation level might relate to a reduction in auditory
sensitivity, but it does not incorporate the array of sensory problems which SNHL presents.
This aspect is considered pertinent, given the influence that suprathreshold complications
associated with SNHL have on speech understanding. Some work has, however, begun to
investigate the effect of cognitive task engagement on driving performance and behaviour
in individuals with a SNHL. This work does take in to account all of the perceptual
consequences associated with SNHL, and presents a different outcome.

2.4.2.2 The effect of hearing loss on auditory task engagement whilst driving

Hickson et al. (2010) investigated the effect of distraction on the driving of hearing impaired
individuals and hypothesised that auditory task performance would have a disproportionate
effect on them. They recruited 107 drivers aged between 62–88 years and undertook three
different measures of hearing impairment: audiometry, speech testing, and self-reported
problems (measured using the HHIE). The sample constituted a range of hearing losses, with
a mean better-ear pure tone average of 27.0 ± 14.5 dB HL (range 2.5–82.5) at frequencies of
500, 1000, 2000, and 4000 Hz. 45% of the sample had some degree of hearing impairment,
while fewer than 5% had a hearing loss of a severe or profound nature. 78% of the sample
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had bilaterally symmetrical hearing thresholds. Of the 48 participants who had some
degree of hearing loss in the study, Hickson et al. (2010) identified 46 of them as having a
sensorineural origin, thus the results of the study largely reflect the effects of SNHL rather
than conductive hearing loss.

The experimental closed-road circuit used by Hickson et al. (2010) was 5-km long and
was representative of a rural road, free of other vehicles. Along this course three tasks were
included for completion by participants:

1. 54 road signs were located along the driving course containing a total of 77 pieces
of information (e.g. stop, give way). Participants were asked to report back this
information as and when it occurred;

2. Large, low-contrast foam rubber pads were placed across the centre of the driving
lane to act as hazards. Participants were asked to report the presence of these pads,
and avoid hitting them;

3. Pairs of cones were strategically placed in the roadway to create ‘gates’ for the
vehicle. These gaps varied in their width producing gates which were not wide
enough, just wide enough, and obviously wide enough for the test vehicle to pass
through. Participants were asked to report whether gaps were big enough to fit their
vehicle, and (if so) to drive through. Where the gaps were perceived to not be big
enough, participants were instructed to drive around the pair of cones.

Hickson et al. (2010) used success on these three tasks, alongside the time taken to complete
the road course as measures of driving performance. They also derived an overall driving
z-score, which was a composite of the previous four measures (with each given an equal
weighting). Participants were asked to drive this course three times in a randomised
order; once without distraction, once with an auditory distraction, and once with a visual
distraction. The distraction task was similar between the visual and auditory conditions,
requiring participants to add two random numbers together. In the auditory condition
these numbers were presented in the auditory domain at a comfortable listening level
(the authors did not divulge the method of presentation), and in the visual condition the
numbers were presented on a liquid crystal display mounted on the dashboard of the vehicle
(just to the left of the steering wheel, slightly below driver eye height).

Although both the visual and auditory tasks required cognitive effort, it was hypothe-
sised that hearing impaired individuals would require a greater cognitive effort than their
normally hearing counterparts to complete the auditory task, given the listening demands
that hearing loss poses (see e.g. Sarampalis et al., 2009). However, a similar level of
cognitive effort was expected on the visual task for both normally hearing, and hearing
impaired individuals. The authors therefore expected that, as a result of an increase in
effort required to perform the auditory task, hearing impaired participants would be more
affected by auditory task engagement than normally hearing participants, but affected to
the same extent as their hearing counterparts by the visual task.
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In order to establish the most predictive measure of hearing loss for driving performance,
bivariate correlations between the overall driving z-score and the different measures of
hearing function were performed. Although no single measure significantly predicted overall
driving performance when controlling for age, better-ear pure tone average thresholds were
found to be most strongly correlated with the driving z-score. As a result, subsequent
analyses were performed between two groups which were established through better-ear
pure tone audiometry data: those with normal hearing/mild hearing loss and those who
had a moderate/severe hearing loss.

The authors found a main effect of distraction, in that overall z-scores were reduced
during the performance of either the visual or auditory secondary task (see Figure 2.16).
However, there was no difference between the visual and auditory conditions, suggesting
that the auditory and visual tasks had a comparable effect on overall driving performance.
An effect of hearing loss level was also apparent, such that those with a moderate-severe
hearing loss were compromised to a far greater extent when required to undertake either of
the secondary tasks whilst driving. However, there was no interaction between hearing loss
and secondary task type, meaning that the visual distraction had just as much of a negative
effect on the driving performance of hearing impaired individuals as did the auditory
secondary task. These results are curious, as they suggest that the driving performance of
hearing impaired individuals is compromised to a greater extent than normally hearing
individuals as a result of visual distraction. This was not expected, given the hypothesis
that it is an increased effort in processing auditory information which underpins driving
performance decrements. However, the authors offer no explanation as to why this may
have been the case, but it is considered that there must have been some differences between
the two experimental groups beyond their hearing capabilities.

(a) Overall Z-score (b) Number of signs recognised

Figure 2.16 The overall Z-scores and number of road signs recognised by the two exper-
imental groups under different conditions in the study of Hickson et al. (2010). Source:
Hickson et al. (2010).

The time taken to complete the course was significantly increased by visual distraction
(but not by auditory distraction). The number of road signs recognised was also significantly
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decreased by visual distraction, but to an even greater extent by auditory distraction for
all participants. This is in line with the previously noted patterns of failures in visual
attention as a result of auditory task engagement in normally hearing individuals. Further
to this trend, a significant influence of hearing loss on road sign recognition was also noted,
whereby significantly fewer road signs were recognised by the hearing impaired group whilst
performing either the visual or auditory secondary tasks.

However, for the hearing impaired group, the difference in road sign recognition was
not significantly different between the visual and auditory distracter conditions, though
the trend for fewer signs to be recognised in the auditory task condition did approach
significance (p = .08). Again these results are curious as they exhibit a disproportionate
effect of visual task engagement in the hearing impaired sample, a trend which was not
hypothesised.

Hickson et al. (2010) argue that their results show driving performance decrements
for people with a moderate to severe hearing loss when they perform concurrent tasks.
Accordingly, they suggest that this demographic should be advised not to engage in
cognitively challenging tasks whilst driving.

This study only used older participants, so it is likely that the demographic studied
consisted primarily of those with an age-related hearing loss. This assertion fits with the
majority of the sample exhibiting a SNHL. Age-related hearing loss may have some unique
physiological features, such as the development of central auditory processing problems
(Humes et al., 2012), and so information from Hickson et al. (2010) cannot be generalised
to the hearing impaired population as a whole who may not exhibit these physiological
changes. Accordingly, whilst these shortcomings in driving performance could explain the
results of studies which have shown an increased accident risk in older hearing impaired
individuals (Ivers et al., 1999), they may not necessarily be relevant to the younger hearing
impaired demographic (Barreto et al., 1997; Picard et al., 2008).

Furthermore, it is unclear how these findings may transfer to a more ecologically valid
situation. These findings were apparent in a driving environment void of any other traffic,
or real risk of crashing. Thus, participants may have been more inclined to engage fully
with the secondary task. Indeed, the results suggest that people obliged in performing
the secondary task reliably, with an overall accuracy of 67% on all sums presented. The
performance decrements associated with secondary task engagement may lead hearing
impaired individuals to withdraw from this behaviour whilst on the road, or adapt their
driving style so that it is more cautious (e.g. slower speeds, more vigilant visual behaviour
etc). This could potentially negate the effect of distraction noted by Hickson et al. (2010)
so that it is no longer an issue.

This notion has, in fact, been observed by another research group investigating driving
performance decrements as a result of hearing loss (Thorslund et al., 2013a,b, 2014),
suggesting that hearing impaired individuals exhibit an altered driving behaviour in order
to counteract the negative consequences of hearing loss for driving.
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Thorslund et al. (2013b) performed a study which investigated the effect of cognitive
workload on driving in situations of varying complexity. The authors asked a normally
hearing group (n = 24) and a hearing impaired group (n = 24) to drive a simulated
environment in which they presented drivers with impending near-collision events. This
was achieved in one of two manners:

1. Critical event: participants had their visual attention taken away from the road
scene by performing a secondary task on a screen placed at a large downward angle
(40◦–45◦). Whilst this happened a manipulation of the steering angle was introduced
into the simulated vehicle such that it was ‘pushed’ towards an oncoming vehicle.
This presented participants with a situation in which they needed to take evasive
action quickly.

2. Parked car event: A parked car with its warning lights flashing was seen at a distance
of 360m and (for trials incorporating the secondary task) when the distance from the
car reached 70m, participants were asked to perform a secondary task.

In both of these situations, the secondary task consisted of four letters presented in sequence
on a screen in the car cabin, with participants asked to repeat them back in order. The
difficulty of the task was manipulated through the phonological similarity effect (Conrad
and Hull, 1964), such that some lists were phonologically alike (e.g. B-D-P-T) and others
were not (e.g. R-K-N-J).

It is curious that the authors used a visually delivered secondary task, but hypothesised
that persons with a hearing loss should be more distracted by this secondary task, given
that aspects of the auditory processing system deteriorate as a function of poor auditory
stimulation (Andersson, 2002). Therefore, Thorslund et al. (2013b) reasoned that the
storage of these letters in memory and their subsequent retrieval would be compromised,
particularly when the letters being stored were phonologically similar. The secondary task
was also administered during baseline driving, when neither the parked car or critical event
was present.

Driving performance measures were compared between both experimental groups
during the critical and parked car events, but also during baseline driving (driving whilst
performing the secondary task, but without the critical or parked car event occurring).

Thorslund et al. (2013b) outlined a number of expected observations. They hypothesised
that hearing impaired participants would show a more cautious driving style in which speed
and the motivation to perform the secondary task would be lower, and safety margins
would be larger. They also thought that increasing the demand of the secondary task
would have a greater effect on the hearing impaired participants. Finally, they expected
that increasing the complexity of the driving situation (e.g. as a result of the parked car or
critical event) would have more of an effect in the hearing impaired participants such that
their brake distance before the parked car would be longer, their driving speed around it
would be slower and secondary task performance would be worse. Performance correlates
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for these three main hypotheses are shown in Table 2.3, which also shows the authors’
observed results in relation to these hypotheses.

Table 2.3 The experimental expectations of Thorslund et al. (2013b) and a summary of
whether their results support these as a result of significant statistical tests.

Expectation
Performance correlates
for hearing impaired
participants

Significant
difference
observed
from data?

Hearing impaired drivers will show a more
cautious driving behaviour

Lower driving speed Yes

Larger safety margins within
travelling lane No

Lower motivation to perform
secondary task Yes

The effect of increasing the complexity of
driving situations will be larger for the
hearing impaired participants

Braking distance before
parked car longer No

Driving speed around the
parked car slower Yes

Worse secondary task
performance when under
dual-task conditions

Yes

Increasing secondary task complexity will
have more of an effect on hearing impaired
participants

Effect of phonological
similarity effect greater for
those with hearing loss

Yes

When performing the secondary task under baseline driving conditions (with a con-
current secondary task, but no critical or parked car event), hearing loss was found to
significantly reduce the speed at which participants drove by an average of 6 km/h. Hearing
impaired drivers also had a significantly smaller time to line crossing when performing the
secondary task than did the normally hearing group (by approximately 1 second).

In terms of the performance on the secondary task itself during baseline driving, the
normally hearing group had a significantly higher percentage of correct responses compared
to the hearing impaired group. The hearing impaired group also skipped significantly more
letters than their normally hearing counterparts.

Whilst driving around the parked car and performing the secondary task, hearing
impaired individuals drove significantly slower, on average, than their hearing counterparts.
This difference in speed was approximately 5 km/h. Under this driving condition there
were no differences noted in the performance of the secondary task, itself, between the
hearing loss and normally hearing groups.

Thorslund et al. (2013b) did not present driving variables during the critical event,
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but did present the effect this driving event had on secondary task performance; hearing
impaired drivers were significantly poorer in their performance of the secondary task,
skipping more of the letters presented and recalling less correct letters. Furthermore,
when the difficulty of the secondary task increased (through the phonological similarity
effect), the hearing impaired participants were affected more than the normally hearing
participants. This was evidenced by the statistical interaction between hearing loss and
task difficulty, when the number of skipped letters was analysed.

The results of Thorslund et al. (2013b) corroborate those of Hickson et al. (2010), in
that secondary task engagement had a disproportionately negative effect on the driving
of hearing impaired individuals. However, the specific measures which differed did not
match between the two studies; whilst Thorslund et al. (2013b) found an effect of cognitive
task engagement on travelling speed, Hickson et al. (2010) did not. Furthermore, whilst
Hickson et al. (2010) found no difference in the performance of their secondary task between
experimental groups, Thorslund et al. (2013b) found that hearing impaired drivers were
less able to perform the secondary task whilst driving.

These differences are not likely to have occurred as a result of the variation in driving
scenarios used. Although Thorslund et al. (2013b) used two specific near-collision events,
they also measured driving performance in a baseline condition in which no near-collision
events were presented, and participants were simply required to drive and perform the
secondary task. During this condition participants still exhibited reduced driving speed
and less engagement in the cognitive task. This condition was considered comparable to
the situation studied by Hickson et al. (2010), which involved general driving with some
specific tasks (related to everyday driving) interspersed.

A possible reason for the discrepancy in findings between these two studies might have
been a distinct difference in the delivery of cognitive tasks used. Whilst both studies
involved secondary tasks which involved phonological processing, the task used by Hickson
et al. (2010) was delivered in the auditory modality, whereas Thorslund et al. (2013b)
delivered theirs in the visual modality. However, Hickson et al. (2010) also included
a visually presented version of their secondary task and assessed its effect on driving
performance. Participants took significantly longer to complete the course in the visual
distracter condition, but, contrary to the results of Thorslund et al. (2013b), there was no
significant interaction of hearing loss with this dependent variable.

The fact that a visually presented distracter had a disproportionate effect on the road
sign recognition task (Hickson et al., 2010), and on the travelling speed and secondary
task performance (Thorslund et al., 2013b) of hearing impaired participants is of concern;
as perception in the visual modality should be comparable between hearing impaired and
normally hearing subjects. Thus it is possible that factors extraneous to hearing loss
may have had an influence on study outcomes, or that the premise behind the hypothesis
proposed by Hickson et al. (2010) is incorrect.

Thorslund et al. (2013b) cite work performed by Andersson (2002) as their reason
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for expecting a difference in the driving performance of hearing impaired and normally
hearing individuals. Andersson (2002) showed that a small number of participants (n = 16)
with an acquired severe hearing loss in older adulthood (average thresholds at 0.5, 1,
and 2 kHz were all greater than 85 dB HL) were significantly slower and less accurate
than a normally hearing group at rhyme judgement and generation. He argued that this
was because the hearing impaired participants had poor phonological representations in
their mental lexicons. Lyxell et al. (2003) went on to summarise that the deterioration
of these representations is progressive; indeed Classon et al. (2013) state that mental
representations of both speech sounds and non-speech sounds become less well-defined as a
result of cumulative years with an impoverished auditory input.

However, the serial recall task used by Thorslund et al. (2013b) is incongruent with
the findings of Andersson (2002). Andersson (2002) showed no difference between their
hearing impaired and normally hearing participants on a letter span task, regardless of
the phonological similarity of stimuli, and concluded that the verbal working memory of
hearing impaired individuals was intact. Accordingly, there should have been no difference
in the groups studied by Thorslund et al. (2013b), as the task used was not explicitly
tapping phonological representations in the lexicon. Furthermore, Thorslund et al. (2013b)
specifically recruited participants with a moderate hearing loss (average absolute thresholds
of 41–70 dB HL), whereas the results of Andersson (2002) were only apparent in subjects
who had pure tone thresholds of ≥ 85 dB HL. These discrepancies cast doubt over the
hypothesis presented by Thorslund et al. (2013b).

In a subsequent investigation, Thorslund et al. (2014) analysed eye tracking data
collected during their earlier study (Thorslund et al., 2013b). Eye movements during
baseline driving, and during periods of driving where they had asked participants to perform
a secondary task were analysed. They found that during secondary task engagement, hearing
impaired drivers made significantly more glances to their rear view mirrors than under
baseline driving conditions (in this case twice as much). This was also noted to be the
case for glances in the left and right wing mirrors. None of these trends were apparent for
normally hearing participants.

Thorslund et al. (2014) also showed that during the critical event (which required a
deviation of gaze from the driving scene), hearing impaired drivers looked away from the
road more often than those with normal hearing. However, these glances away from the
road were shorter for the hearing impaired group than the normally hearing group. The
authors suggested that this type of visual behaviour occurred because hearing impaired
individuals are reluctant to look away from the driving scene, given that they are likely to
compensate for a lack of audibility by visually checking for potential hazards which normally
hearing individuals might be aware of aurally. However, although differences in visual
scanning were not entirely evident from the data, the authors did notice a propensity for
their hearing impaired sample to spend more time checking all directions before deviating
their view from the straight ahead position. They argue that this is a cautious approach
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to driving during secondary task engagement, again because hearing impaired individuals
appeared to be visually scanning for hazards which could otherwise be aurally perceived.
Interestingly, this cautious approach to driving was also apparent during baseline driving
(without a concurrent secondary task). Thorslund et al. (2014) found that hearing impaired
participants made significantly more glances towards their rear view mirrors than did the
normally hearing participants whilst under baseline driving conditions. The significant
difference in eye movement behaviour under baseline driving conditions, and the results of
an earlier field trial in which no secondary task was used (Thorslund et al., 2013a; discussed
in the following section), suggest that adaptive driving behaviour may be present in the
hearing impaired demographic when there is no concurrent cognitively engaging auditory
task present.

A change in baseline driving behaviour as a result of hearing loss

In one study, Thorslund et al. (2013a) investigated the driving performance of hearing
impaired individuals to understand the design needs of support systems for hearing impaired
drivers by contrasting driver preferences and performance metrics associated with a stand-
alone visual route guidance system, and the same system supplemented by a tactile
signal.

A normally hearing and hearing impaired group (16 participants in each) with mean
ages of 56.4 years and 52.5 years respectively, were asked to drive an instrumented vehicle
around a pre-defined road course in Linköping, Sweden. The course was indicated to
participants either via either of the two route guidance systems. The authors wished
to establish whether there were differences in driving behaviour between each system
configuration.

An experimenter, seated in the passenger seat of the car, recorded driving behaviour and
performance using a previously developed protocol (Selander et al., 2011). This protocol
comprised of a matrix which covered driving behaviours regarding: manoeuvres, attention,
position, speed adjustment, interaction and planning. These behaviours were graded in a
number of driving scenarios: roundabouts, crossings, traffic lights, straights, speed bumps,
and “other”. Each time a driving error was made, the experimenter noted this in the
relevant position on the matrix. It should be noted that the protocol is unpublished, but
is in use at a driving assessment centre in Stockholm, Sweden.

Participants also wore eye-tracking SMI ETG glasses (SensoMotoricInstruments, 2013)
for all conditions, and a frame-by-frame analysis of the eye tracking video data (30 Hz)
was undertaken by an assessor blinded to the groups and task. Data was coded by the
experimenters to identify the percentage of time participants spent looking at, the duration
and frequency of glances towards specific regions of interest: windscreen, speedometer,
navigation system, rear view mirror, left window and mirror, right window and mirror, and
‘other’. A hardware GPS-based data logger was also used to collect objective speed data
about the drive.
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Results showed that hearing impaired drivers travelled significantly slower than the
normally hearing participants (approximately 4 km/h less) during 70 km/h speed limited
sections of road. Although a similar trend was noted in 50 km/h speed limited sections
(hearing impaired drivers were approximately 2 km/h slower), this difference did not reach
statistical significance. The experimenter also rated hearing impaired drivers as being
significantly more likely to drive too slow, and have an uneven speed control. Additionally,
hearing impaired drivers spent a significantly greater percentage of their time in the vehicle
looking in their rear view mirror than normally hearing participants (1.4% more) and
performed this action on average three times more frequently (0.3 compared to 0.1 times
per minute).

The authors maintain that their results support an alteration in driving behaviour
in hearing impaired individuals, whereby a more cautious approach to driving is taken.
Although a measure of situation awareness was not made in this experiment, Thorslund
et al. (2013a) comment that it is a reduced situation awareness in the driving environment
which causes an adaptation in driving behaviour as a compensatory method.

It is unclear whether this adaptive driving behaviour is undertaken consciously or
subconsciously, however one study can inform this consideration. Holland and Rabbitt
(1992) evaluated older individuals’ (age range 50–80 years) awareness of their sensory
abilities and the extent to which these govern changes to driving behaviour and self-
reported accident rates. Alongside collecting pure tone audiometry data, Holland and
Rabbitt (1992) asked 68 participants whether they thought their hearing had worsened over
the prior ten years, whether they found it difficult hearing in background noise, and whether
they often misheard speech in conversations. They also gathered information about how
far people drove in a year, their driving experience, motorway use, whether any changes to
driving patterns had been made, whether various errors (such as misreading signs) were
commonly experienced during driving, and the anxiety of participants when driving in
certain situations. Self-reported accident data was also included on the questionnaire, as
was a section addressing attitudes toward certain issues such as what they thought were
the causes of increased accident rates amongst older drivers.

Results showed a significant correlation between pure tone audiometry data and answers
to self-assessments of hearing. However, those reporting that they had poor hearing did
not report making any changes to their driving behaviour or an increase in road traffic
accidents. Thus, the adaptive driving behaviour of which Thorslund et al. (2013b,a, 2014)
talk appears to be subconscious in nature, as those with a hearing loss do not divulge
knowingly making changes to their driving behaviour.

2.5 Summary of past research

The results obtained from studies in this expanding area do not definitively inform on
the effect of hearing loss on driving; results are varied and, in some cases, contradictory.
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Despite noted methodological limitations, however, the reviewed literature does provide
some potential differences in driving outcomes as a result of hearing loss which warrant
further investigation:

• Driving with a hearing loss might raise the risk of having a motor vehicle
collision.
This has been shown in an elderly demographic (Ivers et al., 1999) and in younger
populations likely to have sustained a hearing impairment as a result of noise
exposure (Barreto et al., 1997; Picard et al., 2008). However, three studies with
stronger methodologies exhibited no such associations (McCloskey et al., 1994; Sims
et al., 2000; Green et al., 2013).

• Hearing loss may cause people to consider to stop driving, or adapt their
driving habits.
Two studies suggest that elderly individuals with a hearing loss are more likely to
cease driving compared to those with normal hearing (Gilhotra et al., 2001; Unsworth
et al., 2007). This is supported by other work which has shown a lower driving license
ownership in the hearing impaired demographic (Thorslund et al., 2013c).

• Those with a hearing loss may be less likely to commit speeding offences,
but are more likely to commit other traffic offences.
Hearing loss severity has been shown to be negatively correlated with the number of
speeding tickets (Picard et al., 2008). A few behavioural studies have also exhibited a
slower driving speed in the hearing impaired demographic (Thorslund et al., 2013a,b).
However, Picard et al. (2008) also noted a positive association between hearing loss
and other types of traffic offences, though they do not detail exactly what these were.

The observation of these trends is not compounded by any information about why they
have arisen. However, two possibilities about how hearing loss might affect driving have
been identified:

1. There will be a loss of auditory sensitivity, which may have a deleterious
effect on certain road-relevant auditory information:

• Warning signals such as sirens and horns may be missed by the hearing impaired
demographic.

• Sound information that raises awareness of the surrounding environment might
be absent, or reduced, for people with a hearing impairment.

• Aerodynamic and vehicular noise that aids the perception of travelling speed
may be altered for people with a hearing loss.

2. Sound which is audible causes a problem for hearing impaired individuals:
Hickson et al. (2010) found that, when asked to perform a superfluous auditory task
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in the driving environment, the number of road signs recognised and overall driving
performance of their hearing impaired participants was more affected than for those
with normal hearing. The authors argue that this arises as a result of the extra
demand that hearing loss places on auditory task completion.

Also,driving performance, and related measures, are affected by auditory task en-
gagement in normally hearing individuals. Reduced reaction times to events, failures
of visual attention, reductions in visual scanning, changes in longitudinal vehicle
control and an improvement in lateral vehicle control are all noted in the driving
environment. Varying the difficulty of the auditory task results in a more marked
observation of some of these trends. Thus it is suggested that hearing impairment
will have the same effect.

As a result of the two above considerations (Thorslund et al., 2013a,b, 2014) suggest that
hearing impaired drivers exhibit an adaptation of driving behaviour, whereby a more
cautious driving style is adopted:

• Hearing impaired drivers make more frequent glances at mirrors.

• Hearing impaired individuals tend to drive at slower speeds.

• Individuals with a hearing loss seem to have a disinclination to look away
from the roadway during driving.

• Hearing impaired individuals exhibit a reluctance to engage in other tasks
whilst driving.

These outcomes have been noted as a result of a number of studies in the area, some of
which are subject to limitation, but the research is far from extensive. Indeed, some of
these assertions have been made from research performed within a single research group.
It is clear that further work is required in order to establish more definitively what effect
hearing loss has on driving ability. The aim of the work described in this thesis was to
begin to investigate this topic. The specific aims of the work are identified in the following
section.

2.6 Thesis aims

Clearly the effect of hearing loss on driving is a contentious issue, and one which presents
a number of important considerations. These considerations are diverse and complex, and
are likely to be dependent on a variety of variables (hearing loss type and severity, the
specific driving situation etc). Work carried out to investigate driving behaviour in the
hearing impaired demographic is sparse, and therefore presents an unclear picture of how
hearing loss interacts with driving performance. Regardless, the literature review provided
in this chapter has identified two manners by which a loss of hearing might have an impact
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on driving performance: (1) an inability to hear sound, and (2) a disproportionately
distracting effect of sound which is audible. However, only the former of these suggestions
is relevant for deaf individuals, and a majority of studies have concluded deaf drivers are
not at an increased road traffic accident risk (Finesilver, 1962; Wagner, 1962; Ysander,
1966; Roydhouse, 1967; Schein, 1968). In contrast, other work has shown that partially
hearing impaired drivers might be at an increased risk of road traffic accidents (Barreto
et al., 1997; Ivers et al., 1999; Picard et al., 2008), and further study has exhibited driving
behaviour changes in hearing impaired individuals (Hickson et al., 2010; Thorslund et al.,
2013a,b, 2014). Thus, those with a loss of hearing who were not profoundly deaf were the
subject of investigation in this programme of research.

Limited work has investigated the effect of auditory distraction on driving performance
in hearing impaired individuals (Hickson et al., 2010). Accordingly, the second of the two
assertions given above was the focus of work described in this thesis: “Certain types of
hearing loss distort auditory signals (even at easily audible levels), and this leads to a
disproportionately distracting effect of acoustic information in the driving domain.”

The potentially disproportionate effect of driver distraction for those with a hearing loss
is an important consideration given that the driving environment is becoming increasingly
intricate due to the development and incorporation of complicated in-car technologies
(Hickson et al., 2010). A number of these systems function in the auditory modality,
and so driving can often involve the simultaneous performance of multiple, cognitively
demanding tasks, some of which are presented in the auditory modality. Existing work
in this area has shown that auditory distraction affects aspects of driving performance,
but it is curious that visual distraction also seems to be disproportionately distracting
for hearing impaired drivers (Hickson et al., 2010; Thorslund et al., 2013b). This finding
requires further investigation, given that it is incongruent with the hypothesis used to
explain why hearing impaired individuals are more affected by engagement in cognitive
tasks whilst driving.

Furthermore, the only study assessing the effect of auditory distraction on driving in
hearing impaired individuals did so in an older sample (≥ 62 years old). This makes it
difficult to generalise results to other age groups of hearing impaired individuals, but also
brings about potential influences from confounding factors, as is discussed in Chapter 3.

Hickson et al.’s (2010) study also used very few objective measures of driving performance
and related skills. Driving research has identified a specific set of observations which arise
as a result of cognitive task engagement: improvement in lateral vehicle control, reduced
reaction times, visual attention failures, reductions in visual scanning, and changes in
longitudinal vehicle control. The hypothesis that SNHL increases the cognitive demands
associated with auditory processing suggests that a more marked observation of these
trends should be apparent. However, none of these performance metrics were explicitly
studied by Hickson et al. (2010).

The overarching aim of this thesis is, therefore, to investigate whether hear-
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ing impairment has an effect on driving, and especially whether engagement
with simultaneous auditory tasks whilst driving has a disproportionate effect
on performance, when results are compared to those with normal hearing.
Through the course of research described in this thesis, an attempt is made to address the
research questions detailed in Table 2.4.

In order to answer the research questions posed it is useful to refer to theoretical
frameworks/models which can explain how hearing impaired individuals might be at a
disadvantage whilst driving under conditions of distraction. Whilst this chapter has alluded
to the fact that auditory processing is more effortful for those with SNHL, it does not
divulge why or how it interacts with the performance of other tasks. Understanding this
relationship is key, as it can provide insights about the types of tasks, and the driving
conditions which are particularly challenging for hearing impaired individuals.

Thus, in the next chapter, models of human multi-task performance are presented and
discussed in order to provide an overview of how dual-task performance is undertaken,
what might affect it and in what way. A model of listening effort, and how it is affected by
hearing impairment will then be discussed, in order to establish why the hearing impaired
demographic need to exert more effort in order to ensure successful listening. How this
listening effort model feeds in to the model of human task performance will then be
discussed, in order to identify the specific situations which may be problematic for those
with a hearing loss.
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Chapter 3

Models of Human Task
Performance and Listening Effort

3.1 Introduction

Chapter 2 has provided an overview of research which has specifically investigated the
effect of hearing loss on driving, and has also summarised how hearing loss might affect
driving. The main focus of this thesis is the investigation of whether auditory distraction
has a disproportionately distracting effect on drivers with a SNHL. The premise under
which this hypothesis has been suggested is that hearing impairment raises the processing
demands of auditory-based cognitive tasks, and that this manifests as a disproportionate
degradation in various facets of driving performance.

But why should an alteration in the processing demand of a listening task affect the
performance of the predominantly visual task (Sivak et al., 1996) of driving? This question
can be answered by drawing upon theoretical models of dual-task performance in humans.
These models have been informed by experiments which have investigated performance
decrements as a result of undertaking different types of tasks simultaneously (e.g. Pashler,
1994). Therefore, they can provide information regarding the extent to which tasks of
different modalities interact (e.g. auditory and visual tasks).

The focus of this chapter is to consider the dual-task performance of individuals with a
SNHL in the context of these models. Various models which have been used to explain
dual-task performance in humans will be summarised, and the implications of an increased
listening effort on the most valid model, in terms of its ability to explain past experimental
findings (e.g. Hickson et al., 2010; Thorslund et al., 2013b), will be discussed. The outcome
of this chapter is the identification of models of task performance and listening effort
which can be used to predict outcomes from experiments performed in this programme of
research.

63
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3.2 Human task performance

The distracting nature of engaging in concurrent auditory-based activities whilst driving has
been shown to have an impact on various measures of driving performance (see Chapter 2).
It has long been the focus of driver safety research to investigate what types of secondary
tasks impair driver performance, to what extent, and how their effect can be minimised.
To this end, a plethora of dual-task experiments have been undertaken in laboratory,
driving simulator, and field driving settings. These experiments usually take a format in
which subjects are asked to perform two or more separate tasks at the same time (e.g.
driving and conversing on a mobile telephone). Their performance in either (or both)
task(s) is then calculated, and inferences are drawn about the extent to which certain task
combinations/types limit performance.

Normally the understanding of results derived from these studies is aided by models
of dual-task performance. These models are used to predict what effect a certain type
of distracter might have on a primary task (such as driving). There are a number of
distinct models of multi-task information processing which have been suggested, and a
brief overview will be given in this section.

In order to understand how hearing impairment might affect driving in terms of its
susceptibility to the effects of distraction, an empirically supported, pre-existing model of
human task performance which can explain past research results (e.g. Hickson et al., 2010;
Thorslund et al., 2013b) will be identified. This will allow for an easier understanding of
the implications of hearing loss for driving, and will provide information as to why listening
effort is increased in hearing impaired individuals. Therefore, the types of auditory task
which are likely to impact on driving performance in this demographic, can be identified.

3.2.1 Theories of information processing

Two main approaches have been used for modelling dual-task interference in the past:
those that focus on processing in serial and those that focus on it in parallel.

Serial-processing models (e.g. Broadbent, 1958; Treisman, 1960) take the view that
parallel processing of tasks is not possible, i.e. there is a limitation in processing capacity
at a single, serial processing stage - a bottleneck. At this bottleneck, processing resources
can only be allocated to a single task at any given time, and so it is presumed that at
some point one task will have to be prioritised over another for processing, whilst the
other is briefly held in a sensory store1 before being completed. As such, if tasks occur
simultaneously then they cannot be performed together, and this will manifest in a delayed
response to one or both of the tasks.

A number of authors have suggested theories as to the location of this bottleneck within
the processing chain. Broadbent (1958) proposed an early filter theory whereby he inferred

1A temporary buffer from which information can be accessed for a short time after a stimulus has ceased
(Winkler and Cowan, 2004).
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that a sensory buffer in the processing chain would select a single stimulus to pass at a
time, based on the physical characteristics of all incoming stimuli. He argued that this filter
prevented overloading of a hypothesised limited capacity mechanism located thereafter. A
large amount of evidence for this theory was derived from work performed by Cherry (1953)
who found that listeners could not separate out two different spoken messages played to
separate ears when they had similar physical characteristics.

However, Treisman (1960) proposed an alternative to this filter theory, whereby unat-
tended information is attenuated rather than filtered out. This was supported by her
finding that single words played to the unattended ear of listeners were sometimes recalled,
particularly if they were probable in the context of the attended message. Deutsch and
Deutsch (1963) postulated that the processing bottleneck is nearer the response portion of
the processing system. They argued that all incoming stimuli are processed semantically
before the most relevant one is selected for further in-depth processing.

More recently Lavie (2005) has argued for a combination of these early- and late-
selection models in her ‘perceptual load’ model. This model proposes that everybody has a
limited attentional capacity, and that the amount of attentional capacity allocated to the
main task depends on its perceptual load. Beyond this, remaining capacity is automatically
allocated to irrelevant stimuli. Accordingly, early selection occurs when perceptual load is
high, and when it is low, late selection is preferred. Whilst this model has gained support
from experimental evidence (e.g. Lavie, 1995), it is mainly limited to presentation within
the visual modality (Eysenck, 2000). Contrary to this, recent evidence suggests that ‘load’
does not modulate auditory distracter processing (e.g. Murphy et al., 2013). As such,
this model is considered inapplicable for the work described in this thesis, as it does not
adequately explain the processes underlying auditory distraction.

Whilst serial-processing models have gained some empirical support, they fail to
adequately explain why some tasks can be time-shared with seemingly no decrement
in performance (Edwards, 2010). Well-cited examples of this are the ability of trained
pianists to successfully shadow a spoken message whilst playing sight read music (Allport
et al., 1972), expert typists who can sight-type whilst shadowing speech (Shaffer, 1975), or
individuals who could be trained to read and write down dictated words simultaneously
(Spelke et al., 1976).

Parallel processing models (e.g. Kahneman, 1973; Wickens, 1984), on the other
hand, postulate that two tasks can be time shared, but view mental resources as a limited
entity which are shared amongst these various tasks. It is supposed that, if two tasks are
competing for resources, performance in one or both of the tasks suffers. Central-resource
models are, therefore, seen as a manner in which this ‘time-sharing’ of certain tasks can be
successfully accounted for. Two types of parallel processing model have been proposed in
past literature:

Single resource models of attention suppose that humans have a single limited ‘pool’ of
processing resources, and that the performance of any task imposes a demand on these.
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Therefore, when the processing demands of tasks are greater than the finite resources
possessed, a performance decrement results. One such model was suggested by Kahneman
(1973), who postulated that an undifferentiated pool of resources could be allocated to
any task or processing stage. As such, this model does not predict that tasks of different
modalities can be time-shared entirely efficiently, rather that if the overall demands of any
concurrently performed tasks exceed the available resources, performance decrements will
occur. The relative simplicity of this model has caused it to be largely dismissed, with
some authors doubting whether it can explain the complex nature of attention (Neisser,
1976; Allport et al., 1993). Another problem is the prominence of task similarity as a major
factor in dual-task studies. Whilst distinct modality tasks can suffer a dual-task cost, the
dual-task cost is greater when two tasks of the same modality are being performed (Lund,
2002). This type of finding is better explained by models which envisage information
processing comprising of multiple resources.

The existence of a number of single processing pools, multiple resources, has been
suggested by other authors. These processing pools have been conceptualised as ‘specialised
mental resources’ (Navon and Gopher, 1979) or ‘modules’ (Allport, 1980); distinct, limited-
capacity processing resources which deal with a particular skill or ability (Lund, 2002). In
this case, it is thought that if two tasks differ in terms of their modality (e.g. a visual and
an auditory task) they can successfully be performed simultaneously, as they do not share
common resources.

Whilst the concept of modules suggested by Allport (1980) does support some studies
which have found successful time sharing in separate modality tasks (e.g. Allport et al.,
1972; Shaffer, 1975; Spelke et al., 1976), it cannot explain findings that exhibit a dual-task
cost associated with two modality specific tasks (e.g. Hickson et al., 2010), as, theoretically,
these tasks should draw upon distinct processing resources. Furthermore, these accounts of
information processing do not specify the number of modules that exist, or precisely what
the modules deal with. Accordingly, testing models of this type is problematic, as results
can be explained by simply suggesting the existence of a new, distinct module (i.e. the
model is non-falsifiable). There is also no explanation as to how the modules interact with
each other; tasks require co-ordination from senses, but the module account of information
processing does not explain how information from these modules is interrelated. The notion
of Navon and Gopher (1979) is more accomplished in this manner. They maintain the view
of specialised modules, but view information processing in economic terms, suggesting that
performance in one modality can be traded for performance in another, depending on the
demands and priorities of the situation.

These theories, however, do not explain how it is that separate resources co-ordinate
(Lund, 2002). Indeed, Ho and Spence (2012) comment that, in attention research, there
has been a great deal of focus on establishing independent sensory modality resources.
However, the authors postulate that incoming sensory information is integrated in order to
provide a multisensory perceptual representation of the external world. These apparent
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cross modal links have been used to explain the finding that mobile phone conversation
leads to difficulties in driving cars; as people will find it hard to visually attend to the road
scene whilst simultaneously attending to a sound source which is incongruent in terms of
its spatial location (Spence and Driver, 2004).

Whilst the assertion that dual-task decrements are exacerbated by incongruent spatial
locations of stimuli is interesting, it fails to explain why it is that SNHL has a dispropor-
tionate effect on driving performance in the presence of a simultaneous auditory task. In
the study of Hickson et al. (2010), hearing impaired and normally hearing individuals were
presented with visual and auditory tasks that originated from the same spatial location,
yet the tasks had a more distracting effect on the hearing impaired demographic. Hearing
loss may cause disturbances in auditory localisation (Moore, 2007), but this cannot explain
Hickson et al.’s 2010 results; an alteration in the perceived source of auditory stimuli in
their experiment would have resulted in one of two outcomes: (1) a perceived sound source
that was comparable to that for normally hearing individuals - one which was incongruent
with the visual area of interest (the windscreen), or (2) a perceived sound source which
was congruent with the windscreen - thus theoretically improving driving performance.
Accordingly, models of cross modal attention cannot be used to explain greater driving
performance decrements in hearing impaired individuals compared to normally hearing
individuals.

Contrary to the theory of cross modal attention, Wickens (1984) also supports the idea
of ‘modules’ (Navon and Gopher, 1979; Allport, 1980), though he suggests an alteration in
the manner by which these modules are used in that they may deal with different aspects
of a particular task. His Multiple Resources Theory (MRT) (Wickens, 1984, 2002, 2008)
proposes that modules exist for distinct stages of task processing: input mode, processing
mechanism, and output mode. This model is reviewed in more detail below.

3.2.1.1 Multiple Resources Theory

Wickens (1984; 2002; 2008) developed the MRT to account for the differences found in
dual-task performance across different modalities. The model proposes that the human
processing system consists of independent processing mechanisms across five dichotomous
resource pools (see Figure 3.1):

1. Input modality (visual/auditory);

2. Processing code (spatial/verbal);

3. Visual processing (focal/ambient);

4. Processing stage (perception-cognition/response selection);

5. Response type (manual spatial/vocal verbal).
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Figure 3.1 A depiction of Wickens’ four-dimensional Multiple Resources Theory. Source:
Wickens (2008).

This approach to dual-task modelling supposes a limited processing capacity, but
posits that these limits exist only in separate resource pools. As a result, performance
decrements are hypothesised to be governed by the extent to which tasks share processing
stages/demands. As each of these dimensions is assumed to possess distinct processing
resources, it is suggested that certain tasks can be performed in parallel provided that they
do not draw on the same processing resources. For example, the perception of auditory and
visual stimuli can be carried out simultaneously as the resources required are drawn from
different pools. However, Wickens (2008) suggests that two tasks which appear dissimilar
are still likely to share some common processing demands, and as such perfect time-sharing
between two tasks is unlikely.

MRT has been applied extensively in driver safety literature, perhaps because it allows
for tangible predictions about the extent to which two tasks will interfere with each other.
For example, and pertinently for this thesis, the simultaneous performance of an auditory
and visual task is likely to result in a lesser performance decrement than the performance
of two visual tasks. This is the case as auditory and visual input modalities draw from
separate resource pools.

A number of examples from driver safety literature are in accord with predictions of
MRT. For example, in a driving simulator, Liu (2001) assessed the difference in driving
performance as a result of route guidance information offered by visual only, auditory only
and visual and auditory information. They asked participants to drive a simulated road
course, following instructions presented under these three conditions, and at certain points
presented warnings under these same three conditions. Participants were required to push
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one of two buttons (corresponding to the type of information presented) in response to these
warnings. The authors found that response times to the warnings, the number of correct
turns, and subjective workload ratings were all better under auditory, or auditory-visual
conditions. Thus it was suggested that visual information conflicted more with driving than
did auditory information. This is in agreement with MRT, as driving can be considered a
visual-spatial-manual task across MRT dimensions (Jamson and Merat, 2005). In the study
of Liu (2001), the visual task (visual-spatial-manual) shared more common processing
resources with driving than did the auditory task (auditory-spatial-manual), thus more
competition for resources was present in the visual task, leading to driving performance
decrements.

However, when applying MRT in the domain of hearing loss and driving performance,
it cannot fully explain the outcomes of previous research. The hypothesis proposed
by Hickson et al. (2010) was that hearing impairment increases the cognitive resources
required to understand a spoken message, and that it is this extra perceptual load which
interferes with the primary task of driving. According to MRT, this extra perceptual
effort in the auditory modality should not interfere with driving, because the input stage
of driving can be considered predominantly visual (Jamson and Merat, 2005), and so
in Hickson et al.’s (2010) study their driving and secondary tasks should have drawn
upon separate input modality processing pools. However, the authors found that hearing
impaired individuals’ driving performance was disproportionately affected in relation to
normally hearing individuals as a result of performing an addition sum presented in the
auditory modality. Whilst perceptual differences were likely to be present between the
two experimental groups at this processing stage in MRT, the driving and auditory tasks
were drawing from distinct processing pools, and so driving decrements should not have
occurred as a result (see Figure 3.2).

In accordance with MRT, some of the driving outcomes measured by Hickson et al.
(2010) must have been due to conflicts at the cognition and response portions of MRT. They
noted a reduction in the number of road signs recognised in their hearing impaired sample.
This primarily draws upon the verbal pool of resources at the cognition and response stages
of processing, as did the performance of their auditory task (see Figure 3.2). Accordingly,
using MRT as a model to explain outcomes, it is clear that the hearing impaired group must
struggle to a greater extent with verbal processing at either the cognition or response stage
of processing, as these are the only stages at which a dual-task cost should be apparent.
This does not fit with the explanation offered by Hickson et al. (2010) as to why it is that
hearing impaired individuals are more affected by an auditory task.

MRT also fails to adequately explain the findings of Thorslund et al. (2013b). This
study asked participants to perform a visual task which drew upon verbal processing
(repeating back visually presented letters), which was hypothesised to be less efficient
in hearing impaired individuals (Andersson, 2002). They noted a difference in various
driving performance measures (e.g. increased gap around other vehicles, slower driving
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Figure 3.2 The resource pools used (with reference to Multiple Resources Theory) at each
stage of processing during the study of Hickson et al. (2010). The task of recognising road
signage whilst driving was performed simultaneously with a mental arithmetic task which
was either visually or aurally presented. In each condition a significant decrease in the
number of signs recognised was noted for the hearing impaired participants.

speed) between normally hearing and hearing impaired individuals when performing this
task. However, Thorslund et al. (2013b) hypothesised that normally hearing and hearing
impaired individuals would differ from each other in terms of the cognition portion of
their secondary task. However, at this stage of MRT, the secondary and driving tasks
used different processing resources (i.e. verbal and spatial respectively; see Figure 3.3).
One would, therefore, not expect the secondary task used to have different outcomes for
hearing impaired and normally hearing individuals. Accordingly it would appear that
Wickens’ MRT may not be the best model in the explanation of differences in distraction
susceptibility for hearing impaired drivers.

Figure 3.3 The resource pools used at each stage of processing during the study of Thorslund
et al. (2013b). The task of driving was performed simultaneously with a secondary task
which was visually presented.
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The inconsistency between the results of Thorslund et al. (2013b) and MRT can perhaps
be explained by a criticism of the model, in that it accounts only for bottom-up processes,
whereas top-down processes can also have a significant impact on the performance of
dual-task paradigms (Engström, 2011). For example, self-regulation of attentional effort
has the capacity to interfere with bottom-up processes. Van der Hulst et al. (1998)
suggest that drivers allocate their attention to tasks based on how task performance meets
their overall goals of driving safely. Indeed, Thorslund et al. (2013b) argue that hearing
impaired individuals adapt their driving behaviour in order to counteract problems which
they experience. Their top-down influence on driving processes may, therefore, alter the
outcomes which would be predicted by MRT. Models such as MRT do not take this factor
in to account, and so they must be considered when making predictions based on the
model.

3.2.1.2 Working memory

Baddeley and Hitch (1974); Baddeley (1992, 2000, 2003) have favoured an approach to
attention and performance limitations which resembles a synthesis of central capacity
and multiple-resource models: the ‘Working Memory’ model, which is proposed to be
responsible for the temporary storage and manipulation of information. However, Working
Memory was originally borne out of a link between perception, long-term memory and
action (Baddeley and Hitch, 1974; Baddeley, 2003), and as such can be thought of in terms
of predicting processing performance on one or more tasks.

Working Memory is seen as a limited capacity model which is arranged in a hierarchical
structure and is used to temporarily store and process information required to carry out
complex cognitive tasks (Rönnberg et al., 2013). However, it postulates the co-existence of
modality specific limited capacity pools as well as a general limited capacity store (Eysenck,
2000). The modality specific resource pools are envisaged as two, non-interfering slave
systems which are coordinated by the general resource pool known as the central executive
(see Figure 3.4):

1. A phonological loop, which holds speech-based information for a period of one to two
seconds before being lost. This loss of verbal material can be avoided if sub vocal
rehearsal is undertaken (Baddeley, 1997).

2. A visuospatial sketchpad, which manipulates and processes spatial and visual informa-
tion.

A third slave system, the ‘episodic buffer’, which is also controlled by the central executive,
was a later addition to the model by Baddeley (2000), and is considered a non-modality-
specific temporary storage system. It is thought to integrate information from the other
two slave systems and long-term memory.

Admittedly, the structure of Working Memory mirrors MRT to a certain extent, but
differs in the fact that it encompasses the central executive (a general resource pool). This
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Figure 3.4 A version of the multi-component Working Memory model. Source: Baddeley
(2000).

aspect of Working Memory was, until recently, a relatively unknown entity. Indeed, upon
the conception of this model Baddeley et al. (1986) described this portion of the model as
a ‘ragbag’ which dealt with any poorly grasped, or complex, phenomenon. The function
of this system is now better understood, and it is thought to be responsible for focusing,
dividing, or switching attention (Baddeley, 2003). As such, although the phonological
loop and visuospatial sketchpad are distinct subsystems which do not interfere with each
other, both systems are coordinated by the central executive. Thus, in order to function
efficiently, they rely on the general pool of resources possessed by the central executive not
being depleted or otherwise engaged.

As the central executive is responsible for attention switching between the two slave
systems, it is considered that it might be the source of a performance decrement if more
than one subsystem requires its input simultaneously, or the central executive itself is under
load. It is this aspect of Working Memory that allows it to explain dual-task interference,
even when two distinct subsystems are performing concurrent tasks. This addresses the
problems associated with MRTs ability to account for the findings of Hickson et al. (2010)
and Thorslund et al. (2013b). The dual-task paradigm presented by Hickson et al. (2010)
included mental arithmetic, which requires extensive involvement from the central executive
(de Rammelaere et al., 2001; Seitz and Schumann-Hengsteler, 2002). The inability of the
central executive to efficiently carry out other necessary functions for satisfactory driving
performance may, therefore, have been the source of interference on aspects of the driving
task. Although the primary task of driving, and particularly the road sign recognition task
(which showed a decrement in hearing impaired individuals), relies heavily on the modality
specific visuospatial sketchpad, this subsystem is coordinated by the central executive.
In the complex environment devised by Hickson et al. (2010), where participants had
to navigate a number of highly complex tasks simultaneously, success would have been
dependent upon successful attentional control. Given that the central executive was under
a high load (from coordinating the subsystems and completing a mental arithmetic task),
it is likely that this attentional control was compromised to an extent, and resulted in
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decrements in performance on various aspects of each task. Therefore, hearing impaired
participants would have struggled to a greater extent with the driving task than those with
normal hearing, since their perception of auditory stimuli would have been impaired. This
would have required more attentional control to be placed on their phonological loop, a
process mediated by the central executive. The implications of hearing loss for Working
Memory processes will be covered later in this chapter, and the discourse shows that explicit
processing undertaken by a construct similar to the central executive is hypothesised to
be used more often in hearing impaired individuals than normally hearing individuals.
Thus hearing impairment is proposed to engage central executive resources for listening
processes, which would otherwise be used to aid other concurrent processes such as driving.

In a similar vein, the results of Thorslund et al. (2013b) can be explained under the
premise that phonological loop operations are less efficient in persons with an acquired
hearing loss (Andersson, 2002). Presenting their participants with a task which relied
heavily on the phonological loop portion of Working Memory may have, again, instilled
more explicit processing, placing a load on the central executive during periods of secondary
task engagement. This may have impaired the ability of the central executive to adequately
control visuospatial sketchpad operations, and as a result driving performance suffered.
This explanation is also relevant to the study of Hickson et al. (2010), who found that
a visually presented task which uses phonological loop operations (the addition of two
numbers presented visually) impaired driving performance disproportionately in their
hearing impaired sample.

The ability of Working Memory to explain past results in the field of hearing loss
and driving, and results which have shown an effect of auditory task engagement on
driving performance, suggest that it is a more applicable model in this programme of
research than MRT. To summarise, it is hypothesised that the phonological loop portion of
Working Memory requires greater mediation from the central executive in hearing impaired
individuals in order to successfully process auditory information. This will lead to a reduced
attentional control of the visuospatial sketchpad and episodic buffer, and less efficiency in
tasks which explicitly use the central executive (see Figure 3.5). The consequence is that
decrements in tasks which make use of any of these constructs (of which driving is one)
are likely to be observed.

An assumption has been made, however, that hearing impairment does, indeed, lead to
a disproportionate engagement of the central executive. This assumption is discussed in
the following section.

3.3 Cognitive consequences of hearing loss

Hearing loss leads to a loss of audibility, but also distortion to sound once it is above
the threshold of hearing (see Chapter 2). Speech understanding is a complex multi-stage
task which draws upon a number of different cognitive processes (Fritz et al., 2007).
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Figure 3.5 How Working Memory processes might be adversely affected by hearing loss.
Phonological loop processes are put under more demand by the hearing loss, thus demanding
more input from the central executive. This may lead to erratic control of the visual-spatial
sketchpad and episodic buffer.

However, perception is only one of these processes; Craik (2007, p. 545) stresses that
“attention, perception, comprehension, memory and thinking are all aspects of the same
cognitive system and that, as such, deficiencies in one aspect will have consequences for
other aspects”. Despite the complexities of listening described by Craik (2007), speech
understanding is often automatic and effortless for young adults with normal hearing
sensitivity. However, this is often not the case for those with a SNHL (Pichora-Fuller et al.,
1995), and cannot simply be rectified by the use of hearing aids because the perceptual
consequences associated with SNHL mean that simply increasing sound level does not
restore efficient listening processes (Killion et al., 2004).

However, although SNHL will lead to imperceptibility of portions of an auditory signal,
or a distortion beyond recognition, linguistic knowledge can be used to reconstruct a
spoken message drawing on contextual support. For example, Warren et al. (1970) asked
subjects to listen to recordings of sentences which had single phonemes replaced by a
cough. After listening they were asked to circle, on a typewritten version of the sentence,
where the cough had occurred, and whether it completely replaced their circled section.
All but one of their twenty subjects said that the sentences had been complete, and the
one who did not, incorrectly indicated the position of the cough. Thus participants had
‘perceptually completed’ the missing portion of speech, a phenomenon which the authors
termed ‘phonemic restoration’. It has since been shown that this perceptual filling occurs
for non-speech sounds, and is known as ‘auditory induction’ (Warren, 1982).

Linguistic knowledge is well preserved into older adulthood (Wingfield et al., 2005) and,
as such, phonemic restoration is a manner in which SNHL can be adapted to. However, a
number of studies have shown that individuals with greater levels of hearing loss are unable
to perform phonemic restoration as efficiently as those with normal hearing (Başkent et al.,
2010). Furthermore, the retrieval and employment of linguistic knowledge to inform current
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discourse requires cognitive resources (Baddeley, 2003). Indeed, a number of authors have
agreed that the perceptual decrements associated with hearing loss lead to an increase
in the required cognitive resources to understand an auditory message (Pichora-Fuller
et al., 1995; Edwards, 2007; Stenfelt and Rönnberg, 2009). It is not surprising, therefore,
that cognitive skills are related to speech understanding when listening conditions are not
optimal. Akeroyd (2008) reviewed twenty papers published since 1989 which investigated a
link between speech understanding in noise and some measure of cognitive function. He
summarised that there was a link between cognition and speech understanding, secondary
to the predictive power of hearing loss. He found that measures of Working Memory, such
as reading span, were most related to speech understanding, whereas measures of general
ability (e.g. IQ) were less predictive.

Stenfelt and Rönnberg (2009) explain this link between hearing loss and cognition
by suggesting that that listening under optimal conditions is fast and implicit, whereas
distortion to a signal (e.g. through hearing loss or masking) leads to an additional top-down
strategy, whereby attention and explicit decoding of phonological content is necessary
(see Figure 3.6), raising the cognitive resource requirements. Top-down processing refers
to a voluntary allocation of selective attention (Klingberg, 2010), thus (in terms of the
Working Memory model) engaging the central executive, and drawing from its general pool
of resources. The obvious implications of SNHL are, therefore, that a top-down listening
strategy will be more extensively used than it would for a person with normal hearing.
Therefore, in order to maintain understanding of an auditory message, those with a hearing
loss must allocate more cognitive resources to processing sound than do people with normal
hearing (Hornsby, 2013).

Stenfelt and Rönnberg (2009) base their arguments on a model of language under-
standing, which has been reported in recent literature, to explain this increase in cognitive
resource requirements for successful listening in terms of Working Memory: the Ease of
Language Understanding Model (ELU) Ronnberg (2003); Rönnberg et al. (2008, 2013).
This model envisages language understanding as a Working Memory system which can
describe and predict the dynamic interplay between explicit and implicit cognitive functions,
particularly in the case of poorly perceived acoustic signals. Accordingly, it is considered a
useful tool in the development and explanation of the studies performed in this programme
of research, and is discussed in further detail in the following section.

3.3.1 The Ease of Language Understanding model

The ELU (see Figure 3.7) has been developed based on a programme of work performed
over the past thirty years. Rönnberg et al. (2008) argue that Working Memory is highly
related to language comprehension, and as such the ELU is heavily based on Working
Memory processes. This inference arises from work whereby Working Memory capacity has
been shown to be a significant predictor of speech understanding. For example, Lyxell and
Rönnberg (1989) asked participants to perform a number of language tasks whereby parts
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Figure 3.6 A generalized model for bottom-up and top-down processing of auditory input.
Source: Stenfelt and Rönnberg (2009).

of written words or sentences were deleted and subjects were asked to fill in the gaps to
derive what the word or sentence was. They found that successful inference making about
these excerpts of language was highly predicted by Working Memory capacity, as measured
by a Working Memory span test. They argued that a capacious Working Memory allows
information to be buffered up until there is enough to make an inference about the content
of the message.

Lunner (2003) reports similar findings, whereby the speech recognition in noise of
first-time hearing aid users was significantly correlated with reading span and verbal
information processing speed. This correlation remained even when controlling for age,
degree of hearing loss and regardless of hearing aid use.

Accordingly, Rönnberg et al. (2013) argue that during conversations, those with a
hearing loss must coordinate the interplay between a distorted perceptual input, long-term
memory and contextual cues. They suggest that the skills reflected in complex Working
Memory tasks are central to the performance of these compensatory interactions in people
with hearing loss. This explains why Lunner (2003) found a correlation between Working
Memory skills and speech recognition in noise.

Pichora-Fuller (1996) also suggests that language comprehension is related to Working
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Figure 3.7 AWorking Memory system for ease of language understanding. Source: Rönnberg
et al. (2008).

Memory, requiring the perception and recognition of words, though the on-going uptake
of information must also be interpreted with reference to information stored in long-term
memory and recently stored information derived from earlier portions of the signal. In
particular she points out that in adverse listening conditions (when listening is effortful),
mental resources are allocated with priority to word recognition, thus leaving fewer resources
available for storage and deeper processing of the information; an inference which she bases
on findings that word recall is poorer when stimuli are presented at low signal-to-noise
ratios (Rabbitt, 1968; Pichora-Fuller et al., 1995).

Rabbitt (1968) performed an experiment in which participants were asked to remember
a list of eight digits presented either in isolation or through a masking noise. He found
that, although his participants were able to correctly transcribe the numbers with nearly
no errors in both conditions, their aptitude for remembering them in the masked condition
was significantly lower. He argued that this may have been because digits in noise are
less discriminable, or that the process of recognising the digits overloaded the available
processing capacity, which had an effect on immediate memory processes.

He tested the second of these theories by playing only half of the digit lists through
noise and asking for recall. Results showed that if the second half of the list was played in
silence, recall of the first half of the list was significantly better regardless of whether it
had been in the presence of masking noise, or not. When the second half of the list was
presented in the presence of a background noise, this effect was not apparent. Because of
this finding, Rabbitt (1968) concluded that channel capacity was being pre-empted by the
perceptual effort associated with recognising digits in noise, rather than the digits being
inaudible.

Pichora-Fuller et al. (1995) showed a similar pattern of results when asking participants
to listen to a set of sentences played at different signal-to-noise ratios, repeating what
they had heard and then recalling each of the sentence-final words. She found that there
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was no difference between the recall of the words in quiet and at high signal-to-noise
ratios (easy listening conditions). However, when the signal-to-noise ratio was lowered
such that it became challenging to hear the stimuli, word recall was significantly reduced,
despite participants’ ability to successfully shadow the words. Pichora-Fuller et al. (1995)
concluded that re-allocable processing resources were used to support auditory processing
when listening became difficult because of noise.

Pichora-Fuller (1996) therefore reasons that, whilst reduced perception and consequent
failures in recognition jeopardise comprehension, Working Memory abilities are likely to
account for the ability of people to comprehend language. Because of the reallocation of
processing resources in acoustically adverse situations, those with better Working Memory
abilities are better equipped for a reduction in resources available for processes after the
perceptual stage. Thus, those with good working memory skills are likely to be able to
perform other cognitively demanding tasks better than those with poor working memory
skills in adverse acoustic environments, or in the presence of sensory loss.

The ELU essentially encapsulates the sentiments of Pichora-Fuller (1996), describing how
and when Working Memory is engaged to support listening in adverse conditions. Rönnberg
et al. (2008) assume that multimodal speech information is Rapidly, Automatically, and
Multimodally Bound into a PHOnological representation in an episodic buffer; a process
they refer to as ‘RAMBPHO’. They go on to assume that this representation is then
matched against phonological representations held in semantic long-term memory. This
assumption appears to be based loosely on findings such as those reported by Poeppel
et al. (2008) and Bendixen et al. (2009), where it has been shown that the auditory system
exhibits ‘predictability’; it can ‘predict’ a sound that is about to occur, based on contextual
factors. If RAMBPHO corresponds to phonological representations, lexical access and
speech understanding is successful with no need for top-down processing. In this case,
lexical retrieval occurs implicitly and at a rapid rate, explaining why young, normally
hearing adults are able to perform effortless speech understanding in acoustically favourable
environments.

However, if information from RAMBPHO is unclear and cannot be immediately or
unambiguously related to phonological representations held in semantic long term memory,
a mismatch occurs and top-down processing strategies are employed in order to aid language
understanding. This assertion is supported by studies such as that performed by Foo
et al. (2007). The authors altered the compression settings of habitual hearing aid users’
hearing aids, thus inducing a mismatch between RAMBPHO and phonological-lexical
representation. The authors tested participants’ speech recognition thresholds in noise
whilst they wore the altered hearing aids, and found that successful perception with the
new settings was predicted by a measure of Working Memory ability (reading span). Thus
the study suggested that the ability to overcome mismatches between RAMBPHO and
phonological-lexical representations was dependent on Working Memory abilities, inferring
that the mismatch had invoked a more explicit method of processing.
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Likewise, it is also possible that phonological representations in long-term memory are
less precise, causing a mismatch between RAMBPHO and phonological-lexical representa-
tions. For example, Andersson (2002) showed that severely hearing impaired individuals
are less accurate and slower at rhyme judgements and generations than normally hearing
individuals, arguing that this is because they have poor representations of words in their
mental lexicons.

Giving an overview of the ELU, Rönnberg et al. (2008) point out that it functions as
a system separate from the Working Memory model under optimal listening conditions.
However, when listening conditions become suboptimal, a more explicit approach to
language understanding that more closely resembles the Working Memory model is employed.
The authors claim that this highlights maximisation of resource economy, in that the
processing of language capitalises on implicit processing where it is possible, and only
switches to more effortful processing in cases where listening conditions are suboptimal.

This advocates that, according to the ELU, suboptimal listening conditions will have a
profound effect on the performance of concurrent Working Memory processes, as cognitive
resources will be reallocated to aid speech understanding. Given the cognitive processes
that ELU postulates will be employed in cases of RAMBPHO mismatch (inference-making,
semantic integration, switching of attention, storing of information, and inhibiting irrel-
evant information), Rönnberg et al. (2013) clearly envisage a substantial input of the
central executive in aiding language understanding. Indeed, the original suggestion of the
model shows ‘explicit processes’ are drawn from a general capacity store (see Figure 3.7).
Therefore, when Working Memory processes are employed to aid speech understanding,
other concurrently performed tasks will suffer performance decrements as a result of central
executive input being otherwise engaged.

Given the variable conditions under which communication usually takes place with
regard to ambient noise, speech level, or acoustic environment, the relative contributions
of implicit and explicit processes are likely to fluctuate continuously during a dialogue.
However, in the case of hearing loss it is assumed that mismatches between RAMBPHO
and long term memory stores will be more common still, given the decreased quality and
audibility of the acoustic input. Accordingly, it can be argued that those with a hearing loss
will have to employ explicit, effortful processing to a greater extent during conversation than
will somebody with normal hearing. For some people with good Working Memory abilities
this may not be an issue, as they are able to account for the mismatch of RAMBPHO
and phonological representations using the explicit processing that Rönnberg et al. (2008)
suggest is employed in suboptimal listening conditions. However, for those whose cognitive
abilities are less efficient, it may present a problem in language understanding. This may
go some way towards explaining why the experienced perceptual consequences of certain
hearing losses are varied, even if they exhibit identical clinical hearing test results (Stephens
and Zhao, 1996).

The theory that hearing loss has the capacity to introduce sufficient distortion to an
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auditory signal to evoke apparent effects on Working Memory processes is supported by
empirical work. Rabbitt (1991), in a manipulation of his earlier study (Rabbitt, 1968),
hypothesised that the effect he had found by using masking noise to degrade an auditory
stimulus would remain for participants with a hearing loss in the absence of any masking
noise. Indeed, he found this to be the case, and concluded from his results that “hearing
loss will cause recognition errors, but may also impose an additional load on information
processing capacity which prevents individuals from optimally rehearsing even those words
that they have correctly heard.” His results also support the inference that successful
language understanding is reliant on cognitive abilities, given that he found an interaction
between hearing loss and age, suggesting older adults are less able to cope with the
cognitive consequences of hearing loss. This is in keeping with age-related declines in
Working Memory processes (Salthouse, 1991), a topic which will be discussed later in this
chapter.

A study, subsequent to the work of Rabbitt (1991), also showed that degraded auditory
information had a profound effect on Working Memory processes. McCoy et al. (2005)
asked older normally hearing and hearing impaired participants to listen to lists consisting
of fifteen words. Lists were stopped at random points, and participants were asked to
repeat the last three words that they had heard. Whilst the recall of the final word was
comparable between the two experimental groups, the preceding two words were more
poorly recalled by the hearing loss group, despite all words being presented at an audible
level (as indicated by a word shadowing check).

The ELU, therefore, offers an explanation about how degraded auditory information
may pose extraneous strain on Working Memory processes, and tie in to a disproportionately
negative effect on concurrently performed tasks (such as driving) in the hearing impaired
demographic. A new, updated model of the ELU has now been suggested (Rönnberg
et al., 2013). The new model incorporates an explicit processing loop which feeds-back
information to early stages of language understanding, informing RAMBPHO information
until a degree of gist or understanding is obtained. Rönnberg et al. (2013) state that this
gist induces a semantic ‘framing’ of the next processing loop, in other words providing
context from which understanding can be achieved. However, the basic premise of the
model remains, in that RAMBPHO information is matched against lexical information
held in long term memory, and when a mismatch occurs, explicit processing is employed
(see Figure 3.8). This is the salient point for this thesis; the model shows a load placed
on Working Memory processes in cases where an auditory stimulus is degraded. It is this
aspect of the model which explains why hearing loss may pose extraneous effects for driving
whilst under dual-task conditions.

However, it should be noted that a number of studies have shown a reduced propensity
for using contextual support in language understanding in older adults (e.g. Pichora-Fuller
et al., 1995). Considering the ELU, this may be as a result of less efficient Working
Memory processes in this demographic (Salthouse, 1991). For example, Rönnberg et al.
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Figure 3.8 AWorking Memory system for ease of language understanding. Source: Rönnberg
et al. (2013).

(2008) argue that chronological age has no bearing on the RAMBPHO mismatch portion
of the ELU, but does on associated explicit functions. In this regard, it is a concern that
the degree of hearing loss is positively correlated with age (Davis, 1995), because when
RAMBPHO mismatches do occur as a result of age-related hearing loss, explicit cognitive
processes will be less efficient in restoring language understanding. Of further concern
is that some studies have identified an association between sensory impairments and the
slowing of cognitive functions, such as Working Memory processes, meaning that these
explicit processing abilities may be reduced to a greater extent in older hearing impaired
individuals than older normally hearing individuals. The next section will provide a brief
overview of the evidence in this domain, as it is considered a potential concern in the
design of experiments carried out in this programme of research.

3.4 The effect of age on auditory perception and task per-
formance

An important consideration for hearing research is the influence of age, given its strong
correlation with hearing loss (Davis, 1995). Indeed, it has already been pointed out that
most research in the field of hearing loss and its effect on driving performance has been
undertaken in an older demographic (McCloskey et al., 1994; Ivers et al., 1999; Gilhotra
et al., 2001; Hickson et al., 2010; Green et al., 2013; Thorslund et al., 2013a,b,c, 2014). In
two specific cases it is questioned whether factors co-existing with hearing loss (of which
age is one) may be significantly confounding, given that visual task performance had a
disproportionate effect on the driving performance of hearing impaired individuals (Hickson
et al., 2010; Thorslund et al., 2013b), thus suggesting that hearing loss was not the only
difference between the two experimental groups studied.

Increasing age has been shown to reduce cognitive skills (e.g. Salthouse, 1991; Lin-
denberger et al., 1993; Craik, 1994; Salthouse, 1994; Craik, 2000; Cepeda et al., 2001),
and Salthouse (2000) summarises that this effect is most apparent for skills related to
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fluid intelligence2, but less so for those related to crystallised intelligence3. This change in
cognitive abilities appears to lead to a degradation of dual-task performance (Verhaeghen
et al., 2003). In fact, as early as 1977, Craik wrote that older subjects are penalised when
they must divide their attention between two tasks.

There are now numerous examples of dual-task performance decrements in the older
demographic. In an example relevant to the content of this thesis, Baldwin and Schieber
(1995) investigated the dual-task performance of younger and older participants (mean ages
of 19.1 and 72.7 years respectively) by asking them to perform mental arithmetic whilst
undertaking a steering (tracking) task. The mental arithmetic task required participants
to subtract the larger of two aurally-presented, double-digit numbers from the smaller,
and verbally report the answer. The difficulty of the tracking task was manipulated
by increasing the apparent speed and curvature of the simulated roadway. The authors
measured the reaction times to the auditory task, and the Root-Mean Squared (RMS)
of tracking error to reflect participants’ steering performance. Although auditory task
performance was comparable between groups in the low tracking difficulty condition, they
found that reaction times to auditory stimuli were significantly increased for some of the
older participants when the difficulty of the tracking task was increased. This was not the
case for the younger group of participants.

Examples of age-related difficulties in dual-task performance such as this are thought to
reflect impaired cognitive functions, such as slowed information processing or a decreased
Working Memory/attentional capacity (Baldwin and Ash, 2011). The link between age
and reductions in Working Memory abilities is highly pertinent for this thesis, given that
Working Memory can be used to explain driving performance decrements as a result of dual-
tasking. Hearing impairment has been hypothesised to disproportionately degrade driving
performance during auditory task engagement, but the added dimension of age-related
cognitive decline may exacerbate this problem by affecting dual-tasking skills directly,
regardless of hearing status.

A Working Memory model has also been used to explain an increase in the cognitive
demands of listening for hearing impaired individuals. Therefore, age-related cognitive
decline not only has the capacity to affect driving performance directly (by reducing
dual-tasking ability), but also by increasing the difficulty of sensory perception, leading to
a reduced ability to perform dual-task paradigms (see Figure 3.9).

Indeed, Wingfield et al. (2005) explicitly envisage age related changes in processing
capabilities as a synergistic influence which adds to the burden of sensory decline on
mental processes (see Figure 3.10). In other words, as a result of sensory impairment, more
explicit perceptual operations must be undertaken in order to aid speech perception, but
the efficiency of these mental processes is already compromised by age-related changes in
processing ability. This would suggest that certain hearing loss pathologies may be more
2The capacity to think logically and solve problems in novel situations, independent of acquired knowledge
(Cattell, 1987).

3The ability to use skills, knowledge, and experience (Cattell, 1987).
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Figure 3.9 The influence that age-related cognitive decline might have on operations
associated with driving performance whilst performing an auditory task.

problematic than others for ease of language understanding. For example, age-related
hearing loss (presbycusis) is likely to be accompanied by reductions in cognitive processing
efficiency and as such explicit processing will be employed more often, but will also be
less efficient in individuals with this impairment. Younger hearing-impaired individuals
may be more apt at language understanding than older ones, as they are more likely to
infer meaning from an auditory source more efficiently as a result of more efficient Working
Memory processes.

Figure 3.10 A schematic diagram of the operations required for successful recognition of a
speech message. Source: Wingfield et al. (2005).

This distinction was highlighted in a study by Baldwin and Ash (2011). They investi-
gated cognitive task performance as a result of altered stimulus presentation level in groups
of young (age-range 18–30 years) and old (age-range 60–82 years), normally hearing adults.
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They asked the two groups to complete a number of cognitive tasks with stimuli delivered
at varied presentation levels above absolute threshold. Their tasks comprised measures of
Working Memory capacity, processing speed, and auditory Working Memory span. Their
results showed that, compared to the young group, the performance of older adults on
the auditory Working Memory span task was significantly more affected by reductions in
stimulus presentation levels.

Baldwin and Ash (2011) suggest that declining acuity plays an important role in
age-related declines in cognitive ability. However, they also point out that the interaction
between sensory and cognitive processes should be considered. They point to a common-
cause hypothesis, whereby sensory decline reflects a general age-related degradation of
the central nervous system that affects all functions (Li and Lindenberger, 2002). This
has also been proposed by Lindenberger and Baltes (1994), who suggested that sensory
acuity may act as an index of the physiological integrity of the aging brain. However,
Baldwin and Ash (2011) argue that their data supports a modality-specific association
in this regard, given that their visual Working Memory span task was not significantly
different between their young and old group, whereas the auditory version was. This agrees
with research which has shown a degradation of verbally administered cognitive tests in
hearing (but not visually) impaired participants (Van Boxtel et al., 2001), and deficits
in visually administered cognitive tests in visually (but not hearing) impaired subjects
(Gussekloo et al., 2005).

In support of a link between sensory acuity and cognitive functioning, associations have
been shown in the literature between the development of age-related hearing impairments
and a higher prevalence of cognitive decline. When considering cognitive changes in this
context, it is important to note that it is not with explicit reference to disorders such
as dementia, rather age-related changes in cognition that occur in many older adults as
a result of ‘healthy aging’ (Humes et al., 2012). Some authors have noted a correlation
between the presence of hearing loss and measures of cognitive functioning. For example,
Baltes and Lindenberger (1997) present data where they measured the auditory acuity of a
large participant group (n = 687), as well as administering a total of fourteen cognitive
tests aimed at measuring five intellectual abilities: perceptual speed, reasoning, memory,
knowledge and fluency. Their analysis supported an earlier inference (Lindenberger and
Baltes, 1994) that age-based changes in the central nervous system affect both cognitive and
sensory systems of functioning, noting that a large amount of variance (31%) in cognitive
scores could be accounted for by sensory impairment in their older sample.

The link between cognitive status and sensory acuity is a contentious issue, and it
is unclear whether changes in sensory abilities cause cognitive slowing, or whether the
development of these problems is as a result of more global cognitive changes. Regardless,
Humes et al. (2012) points out that central auditory declines in aging are often intertwined
with age-related changes in peripheral hearing, cognition, or both. Notwithstanding the
underlying aetiology of such a problem, the possibility of a naturally higher prevalence of
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cognitive slowing in the hearing impaired demographic was considered in the design and
analysis of experiments carried out during this programme of research. This was achieved
initially through the use of a cognitive test battery in order to assess the underlying
cognitive differences between the normally hearing and hearing impaired individuals being
recruited. This made it possible to establish whether one experimental group was more
predisposed to cognitive slowing, thus potentially affecting their performance on tasks being
undertaken. Thereafter, age-related cognitive concerns were removed from experimental
paradigms used by simulating a hearing loss for young, normally-hearing individuals. This
meant that a within-subjects design could be used, meaning that the cognitive capabilities
of both experimental groups (hearing loss and normal hearing) were identical, and older
participants did not have to be recruited.

Undoubtedly, not controlling for the issue of cognitive decline would have a dispropor-
tionate effect on the interpretation of results in this research programme, particularly since
the overarching hypothesis driving this research was that driving is affected by peripheral
distortions to a sound source, and not central complications which co-exist with hearing
loss.

3.5 Summary

The potential implications of hearing loss for driving and related tasks have already been
discussed (see Chapter 2). One key area identified was the potential disproportionate effect
of concurrent auditory task performance on driving and relevant skills. In the current
chapter, the Working Memory model has been used to explain why auditory tasks affect
driving in normally hearing individuals. However, cognitive requirements for successful
auditory perception are increased in the hearing impaired demographic, and this is likely
to have a further effect on concurrent driving performance. Therefore, this chapter has
also presented the likely reasons why this increased listening effort will manifest, and its
implications for task performance have been discussed by linking it with the Working
Memory model.

According to the model, driving decrements as a result of auditory task engagement
will occur in the normally hearing population if the auditory task places sufficient demand
on the central executive. The ELU suggests that hearing impaired individuals have to
employ more explicit processing in order to understand an auditory message, and that
this explicit processing arises from a construct similar to the central executive of Working
Memory. Accordingly, greater driving decrements will occur as a result of concurrent
auditory task engagement for hearing impaired individuals, as the central executive will
be under a greater load and will, thus be less efficient at carrying out its own explicit
processes, including attention switching between the phonological loop and visuospatial
sketchpad.

Finally, age has been identified as a potentially confounding factor in studies that have
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been outlined in this thesis. Age leads to a reduction in Working Memory capabilities
and explicit processing abilities, which the ELU postulates will be employed more often in
hearing impaired individuals.



Chapter 4

Self-Reported Data On Driving
Performance and Hearing Loss

4.1 Introduction and study aims

This chapter reports on the first study of this programme of research, which aimed to
address the first three research questions presented in Chapter 2:

1. Is hearing loss seen as a cause of any problem for driving by people with a hearing
loss?

2. Do people with a hearing loss report any alterations to their own driving behaviour?

3. Is there a difference between self-reported hearing loss and measured hearing sensi-
tivity in terms of its affect on driving?

There is currently little evidence in existence from which to answer these questions.
Despite a growing body of research starting to link hearing loss to a number of driving
variables (see Chapter 2), the majority of these studies have been hypothesis-driven and
were not informed by information taken directly from individuals with a hearing loss.

There are only two reports of driving habits of individuals with a hearing loss:

1. Holland and Rabbitt (1992), who investigated reports of altered driving behaviour
in hearing impaired individuals, but found no association between their measures
of hearing loss and outcomes. Their study was under-powered (n = 68), did not
explicitly focus on hearing loss (they also investigated visual deficits), and they only
asked simple questions regarding themes such as avoiding driving on certain types of
road, or at certain times of day, rather than driving-specific behaviours.

2. Thorslund et al. (2013c) who also did not exclusively ask about the effect of hearing
loss on driving (and specific driving skills), but did gather some information regarding
annual mileage and license ownership. Their data suggested a lower likelihood of
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license ownership in those with a profound hearing loss, but also a higher annual
mileage; these results are considered inconclusive (see Chapter 2).

The study reported in this chapter consisted of a self-report questionnaire, exclusively
designed to understand the effect of hearing loss on driving, administered to a large sample
of hearing impaired individuals. The questions were concerned with driving behaviour,
and specific situations in which hearing impairment might have an effect on driving. The
questionnaire aimed to establish an insight into whether this demographic experienced any
problems in terms of their own individual driving with a hearing loss, and if so, which issues
were most problematic for them. The collection of various measures related to hearing loss
allowed for the analysis of whether increasing severities of hearing impairment or functional
hearing loss, and different types/lateralities of hearing loss affected the manner by which
driving outcomes were reported.

Establishing the opinion of hearing impaired individuals with regard to driving be-
haviours is important, particularly as one research group has identified that there may
be a behavioural adaptation in driving style adopted in this group of drivers (Thorslund
et al., 2013a,b, 2014). Whether or not this driving style is intentionally or unintentionally
used can only be informed by the limited study of Holland and Rabbitt (1992). However,
this information is of value, as the opinions of hearing impaired individuals are likely to be
highly correlated with the uptake of any potential rehabilitative measures. If, for example,
an individual with hearing loss does not perceive any ill-effects of hearing impairment on
driving, he or she will be reluctant to engage with any treatment proposed. A questionnaire
is a valid manner by which to investigate this theme; Lajunen and Summala (2003) argue
that questionnaires are often used to study driver behaviour, and have several advantages
including the ability to collect large amounts of data, and access to driving behaviours
which would otherwise be difficult or impossible to study. However, questionnaires are
also subject to some limitations, such as self-deception (Lindeman and Verkasalo, 1995),
over-confidence in one’s own skills (Lajunen et al., 1997), and giving socially desirable
responses (Lajunen and Summala, 2003). Furthermore, there may be issues with the recall
of relevant information (Gallo et al., 1999); a driver may experience an episode whilst
driving and be oblivious to it at the time, or subsequently forget it, meaning that it cannot
be recorded through the use of a self-report methodology. Provided that these limitations
are acknowledged, a questionnaire approach was considered an ideal manner in which to
explore the perceptions of the hearing impaired demographic themselves with regard to
driving.

4.2 Experimental hypotheses

Past literature was used to inform the items that were included in the questionnaire; it
was considered that responses would follow trends previously described in the literature.
Hearing impaired individuals were expected to report a generally cautious approach to
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driving, whereby purposeful violation behaviour (such as disregarding speed limits) would
not be apparent (Picard et al., 2008; Thorslund et al., 2013a,b). On the other hand it
was considered that hearing impaired individuals may exhibit an increase in errors whilst
driving, induced by lapses in concentration, given that they are hypothesised to be more
prone to the effects of auditory distraction (Hickson et al., 2010). These trends were
hypothesised to become more marked with increasing degree of functional hearing loss,
and pure tone audiometry thresholds (Picard et al., 2008; Hickson et al., 2010).

4.3 Method

4.3.1 Questionnaire creation

The questionnaire was self-administered at National Health Service (NHS) audiology
departments. This approach ensured the capture of individuals with a hearing impairment
and the ability to access recent, reliably measured pure tone audiometry data from these
patients. A self-report format was considered desirable as it removed differences that may
have occurred as a result of administration (and therefore influence) by different researchers.
Furthermore, it allowed patients to complete information anonymously, which removed the
possibility of ‘impression management’, whereby individuals give answers that are socially
acceptable as opposed to those which are more reflective of the truth (Lajunen et al., 1997).

A prototype questionnaire was created, which consisted of four sections:

1. A 24-item adapted version of an existing, validated measure of aberrant driving
behaviours; the Driver Behaviour Questionnaire (DBQ) (Reason et al., 1990);

2. A newly-created 23-item survey regarding specific driving concerns related to hearing
loss; the Driving and Hearing Loss Questionnaire (DHLQ);

3. Hearing loss information;

4. Demographic information.

Sections 2–4 were developed through discussion and pilot work with a number of
stakeholders. This approach ensured the ‘face’ and ‘content’ validity of the survey tool
used; ‘face validity’ refers to the ‘appropriateness’ of items in the questionnaire as judged
by untrained observers, and ‘content validity’ as judged by reviewers with some knowledge
of the subject area (Litwin, 1995).

Firstly the questionnaire was discussed with two individuals who had a long-standing
hearing impairment (1|/1~, 67 and 54 years respectively; both possessed a current, valid
UK driver’s license). Feedback regarding the questionnaire was positive, and only minor
changes in terms of the wording of questions was necessary for better comprehension. No
changes to the content of the questions were made.

Following these discussions, the questionnaire was administered in person to twelve
hearing impaired individuals (all of whom held a current valid driver’s licence) attending a
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lip-reading class held at the ‘Deaf Across Leeds Enablement Service’1. The purpose of this
exercise was to gain a further insight into problems not addressed by the questionnaire,
and to assess any ambiguity in the wording of questions. All twelve participants reported
no problems in understanding the questionnaire, completed the survey without issue, and
agreed that all relevant information was covered.

Finally the questionnaire was presented to audiologists at two NHS audiology depart-
ments in the United Kingdom (Coventry Teaching Hospitals NHS Trust and University
Hospitals North Staffordshire NHS Trust). This approach was taken in order to check
whether there were any additional items which had been neglected, either as a result of
the audiologists’ knowledge of hearing science, or as a result of experiences with patients.
Furthermore, it was hoped that a group of clinicians might point out issues with the type of
hearing loss-related measures used, or the manner in which the questionnaire was planned
for implementation at NHS departments. No issues with regard to the content of the
questionnaire were noted, but this step aided the design of the experimental protocol with
respect to patient recruitment.

The resulting final survey was presented such that it could be completed without the
help of an outside party (see Appendix). This was considered a superior approach in
terms of potential recruitment success, as suggested by the audiologists consulted, given
that participants could complete the questionnaire whilst waiting for their appointment.
Furthermore, it was thought that patients would be more inclined to report certain types
of driving behaviour in the absence of an outside party, rather than having to admit it to
an unfamiliar researcher (Lajunen and Summala, 2003).

A discussion of each of the four sections of the questionnaire and rationale of the content
is given below.

4.3.1.1 Section one: the Driver Behaviour Questionnaire

The DBQ, has been used abundantly in past academic research to examine differences in
the driving behaviour of different demographic groups. For example, the cultural differences
in driving behaviour between individuals from different countries (e.g. Lajunen et al., 2004;
Özkan et al., 2006a; Bener et al., 2008). The DBQ is a self-report tool which considers
different types of aberrant driving behaviour; respondents indicate (using a 6-point Likert
scale) the extent to which they encounter 50 different situations during their driving
(de Winter and Dodou, 2010). An example of an item in the DBQ is shown below in
Figure 4.1.

The DBQ was originally developed by Reason et al. (1990) to establish whether a
distinction between errors and violations was justified for self-reported driver behaviour,
1‘Deaf Across Leeds Enablement Service’ is a service based in Leeds for people aged 18+ and are Deaf,
hard of hearing or Deaf blind. N.B. The group with which the questionnaire was piloted were all hearing
impaired individuals (not profoundly deaf individuals).
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Never Hardly
ever

Occa-
sionally

Quite
often

Fre-
quently

All the
time

Become impatient with a
slow driver in the outer lane
and overtake on the inside

1 2 3 4 5 6

Figure 4.1 A single item from the DBQ

since the two are thought to have different psychological underpinnings. Errors reflect
performance limits of the driver such as those related to perceptual, attentional, and
information processing abilities; violations represent the style in which the driver chooses
to drive and habits established after years of driving (de Winter and Dodou, 2010).

Responses to DBQ items are analysed using factor analysis, a statistical technique
described by Child (2006) as the orderly simplification of several interrelated measures
(‘factors’). These factors are ‘latent constructs’ as they are immeasurable in their own
right. Instead, related individual questions are used to provide information about factors.
So in the context of the 50-item DBQ, Reason et al. (1990) hypothesised that a factor
analysis on the questionnaire data would form two groups: one with items corresponding
to violation behaviour, and the other describing error behaviour.

However, analysis of data collected from a number of studies (e.g. Reason et al., 1990;
Parker et al., 1995a; Åberg and Rimmö, 1998; Rimmö and Åberg, 1999) has shown that
the DBQ often results in three factors. It is, therefore, argued that the DBQ can decipher
between more than two types of bad driving:

• Errors - mistakes with potentially dangerous consequences;

• Lapses - attentional failures which cause embarrassment but are unlikely to impact
directly on safety;

• Violations - risky behaviours which are engaged in deliberately.

The DBQ has been validated and extensively used in past research; de Winter and
Dodou (2010) point out that the DBQ has been used in at least 174 studies, and it is a
repeatable measure (Parker et al., 1995a).

There is some discussion as to whether the DBQ is correlated with road traffic accident
involvement, though there is some disagreement regarding the specific factors which are
predictive of RTAs (see e.g. Stradling et al., 2000; DeLucia et al., 2003; Sümer, 2003;
Özkan and Lajunen, 2005; Freeman et al., 2009; af Wåhlberg et al., 2011). The aim of this
study was, however, not to assess accident risk, but to understand the driving behaviour of
hearing impaired individuals. The DBQ has been shown to be sensitive to differences in
the driving behaviour of different demographic groups (West et al., 1993; Lajunen et al.,
1998; Parker et al., 1998), without incorporating excessive influence of socially desirable
response patterns (Lajunen and Summala, 2003). Thus, by employing this questionnaire
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it was possible to reliably examine lapse, error and violation type driving behaviours for
individuals with differing levels of hearing loss.

Parker et al. (2000) applied a shortened version of the DBQ in an elderly population
in order to investigate the relationship between DBQ answers and accident rates. They
administered the DBQ to 1,989 drivers aged 50 and above. Although the current study did
not have the same aim of establishing a relationship between DBQ answers and accident
rate, it was expected that the demographic attributes of the sample in Parker et al. (2000)
would be similar to the sample recruited in this study, given the positive correlation between
hearing loss and age (Davis, 1995). Parker et al. (2000) report mean and standard deviation
scores for their sample on each of the DBQ items, thus their study gave normative data
against which the results of the current study could be compared, using statistical analyses.

The likely similarity between the two study samples meant that the previously identified
problem of heterogeneous data would be partly controlled, particularly as both study
samples were drawn from the same country of residence. Because of this, the demographic
information collected in this study was chosen to reflect that collected by Parker et al.
(2000). The version of the DBQ used was also matched to that developed by Parker et al.
(2000), which was a shortened 24-item version (see Appendix).

4.3.1.2 Section two: the Driving and Hearing Loss Questionnaire

There is currently no questionnaire which can be used to examine the effect of hearing
impairment on specific driving behaviours. Accordingly, the creation of a new set of
questions was required. This section will describe the synthesis and development of this
part of the questionnaire - the DHLQ.

The sparse evidence in the area of hearing loss and driving (see Chapter 2) has identified
two underpinning principles regarding how hearing loss might have an effect on driving:

• An inability to hear sound (Ivers et al., 1999; Slawinski and MacNeil, 2002; Picard
et al., 2008; Ohene-Djan et al., 2010);

• An increase in required listening effort to understand/perceive sound sources, which,
in turn, has an effect on attentional control (Hickson et al., 2010).

The majority of items included in the DHLQ were driven by these principles. Specific
situations which might be troublesome for drivers with a hearing loss were identified from
examples which have been reported in the literature, and from discussion with people who
have a hearing loss, as well as clinicians (audiologists). Participants’ agreement regarding
whether these specific situations are troublesome were sought, as well as their stance
generally on whether hearing loss affects driving.

Research on the acceptability of in-car technologies for the hearing impaired demographic
has suggested additional difficulties (Thorslund et al., 2013a,c). For example, navigation
systems using the auditory modality may be less suited to the hearing impaired demographic
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(Thorslund et al., 2013a). The DHLQ also explored this theme by asking about in-car
systems using the auditory modality.

Finally, there has been some concern with regard to the effect of hearing aids on driving
performance (McCloskey et al., 1994). However, hearing aids are aimed at overcoming
deficiencies posed by SNHL (Moore, 1996; Dillon, 2001) and so it is feasible to consider
that they may provide benefit in the driving environment, particularly in light of their
ability to reduce listening effort requirements (Sarampalis et al., 2009). Therefore, items
regarding hearing aid use and acceptability whilst driving were also included in the DHLQ
in order to explore this theme.

The questions associated with these themes, and a rationale for inclusion, are presented
below. A Likert (1932) scoring system was used.

Strongly
disagree Disagree Neutral Agree Strongly

agree
I have considered limiting the
amount I drive because of my
hearing loss.

1 2 3 4 5

Figure 4.2 An example question from the DHLQ showing the Likert response type used.

4.3.1.3 Section three: demographic information

Age, gender, annual mileage, length of licence ownership, professional driver status, driving
test history, and occupation data were collected and included in the analysis. Previous
research indicates that gender and age differences are evident in self-report driving behaviour
data (Rimmö, 2002), but that differences can be explained when driving experience (in
terms of annual mileage and the number of years for which a licence has been held) is
controlled (Groeger and Brown, 1989). Furthermore, age, gender, and driving experience
are generally included in studies employing the DBQ (e.g. Reason et al., 1990; Parker
et al., 1995b; Bener et al., 2008; af Wåhlberg et al., 2011.

The DBQ was used as a comparison against published data from a similar group
presumed to consist of a majority of normally hearing individuals (Parker et al., 2000).
Although Parker et al. (2000) did not measure hearing in their sample, it was presumed
that the majority of participants they recruited would have normal hearing, given that
the prevalence of hearing loss for the mean age of their sample is approximately 44%
(Cruickshanks et al., 1998). Thus, the representation of hearing impaired individuals in the
sample collected in this study, where this demographic was being purposefully sampled,
would be greater. Because data was being compared against Parker et al.’s (2000) study, it
was necessary to collect analogous demographic information in this study. It was, therefore,
possible to accurately evaluate the similarities between the two separate samples, and
highlight any significant differences which may have had a bearing on the results of the
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questionnaire. This was particularly important given that de Winter and Dodou (2010)
regard differences in DBQ outcomes as a product of sample heterogeneity. In addition to
information regarding age, gender and driving experience, Parker et al. (2000) also asked
participants their occupation, whether they took a test in order to obtain their driving
licence, and whether they had ever been a professional driver.

Participants were also asked whether their driving had increased, decreased or remained
constant over the previous three years, in an attempt to understand whether certain types
of hearing loss, or hearing loss severity was related to retirement from driving. Finally
participants were asked if they avoided driving on certain types of road or at certain times,
as visual sensory impairments have been shown to cause people to limit their driving
under certain circumstances (Kosnik et al., 1990; Holland and Rabbitt, 1992; Ball et al.,
1998; Hakamies-Blomqvist and Wahlström, 1998). Thus it was considered that the sensory
impairment of hearing loss may also result in similar behaviour of avoiding driving at
certain times, or on certain roads.

4.3.1.4 Section four: hearing loss information

Self-reported hearing loss and pure tone audiometry data were collected in this study. The
use of these two measures in past work investigating the effect of hearing loss on driving
has been mixed, and this is a concern given that the two measure different constructs (see
Chapter 2). Accordingly, it was thought that relationships between questionnaire outcomes
and these two measures of hearing loss would vary. It was one of the aims of this study to
investigate these differences.

Each participant’s most recent pure tone audiogram (from within the past three years)
was collated with their completed questionnaire and they were asked to complete the HHIE-
S (Ventry and Weinstein, 1983), a widely used, reliable and valid survey tool (Lichtenstein
et al., 1988) to measure functional hearing loss.

In addition to these measures of hearing loss, information about hearing aid ownership
and use in different circumstances was also collected. Participants were asked if they owned
a hearing aid, and if so for how long. They were asked if they used their hearing aids, and
how often this was the case (a) generally, and (b) whilst driving. This information was
considered pertinent, as it may have had a bearing on certain questionnaire items. For
example, those who drive with hearing aids may have no problem hearing what passengers
say, whereas those who do not wear hearing aids in the car may struggle to a greater
extent.

4.3.2 Procedure

Initially, two separate NHS audiology departments were approached and asked if they would
be involved with data collection for this study. Details of the project were also published
on the NHS United Kingdom Clinical Research Network database, an online searchable
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database of research projects that allows hospital research and development departments
to identify projects to which they can contribute. Contact through the Clinical Research
Network led to the inclusion of six more sites in the study. The author liaised individually
with each department’s lead prior to data collection to explain the experimental procedure,
what was required, and to answer any outstanding questions that arose.

Individuals were considered eligible for participation in the study if they had a hearing
loss of any degree (> 20 dB in either ear; British Society of Audiology, 2011) and owned a
current driver’s license. At each participating site, administrative staff posted information
sheets about the study to patients, along with routine appointment letters. The information
sheet gave a brief description and rationale of the study, and informed patients that they
would be invited to participate upon attendance of their appointment. On the day of their
appointment, patients were asked by their audiologist if they would like to take part, and
an opportunity was given to review the information or ask the audiologist any questions
they may have had about the study.

Participants completed their questionnaire in the waiting room, and were instructed to
hand it to their audiologist at the start of their appointment, so that their most recent
audiogram could be added to the form. Participants were required to sign informed consent
for the inclusion of this test result, and this was taken by the audiologist.

Ethical approval for this study was obtained through the NHS National Research Ethics
Service Research Ethics Committee (reference: 12/NW/0721).

4.4 Results

4.4.1 Demographics

Data collection for this study was run over a fifteen month period from February 2013
to June 2014. From the eight NHS departments included in the study, a total of 393
completed questionnaires were collected, which is considered sufficient to draw valid
conclusions regarding the wider hearing impaired population, according to a simple power
calculation suggested by Krejcie and Morgan (1970). A breakdown of the number of
participants recruited at each site is shown in Figure 4.3. Table 4.1 shows a summary
of the demographic information, and compares it against Parker et al.’s (2000) study
demographic.

The mean pure tone audiometry thresholds across all participants for left and right
ears are shown in Figure 4.4. Although the audiograms collected from respondents were
suggestive of a range of underlying causes and degrees of hearing loss, the majority of cases
suggested acquired, age-related hearing loss, reflected in the sloping, high-frequency nature
of the mean audiograms shown. Indeed, the mean age of hearing loss onset was 54.28 (SD =
19.92). Table 4.2 shows that participants had a range of hearing loss severities (as classified
using recommended guidelines; British Society of Audiology, 2011), and functional hearing
loss severities (using a commonplace categorisation technique for the HHIE-S; Lichtenstein
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Coordinating NHS trust Number of
respondents

1. Dorset County Hospital
Foundation Trust 185

2. Royal Wolverhampton NHS Trust 100

3. University Hospitals North
Staffordshire NHS Trust 34

4. Newcastle upon Tyne Hospitals
NHS Foundation Trust 25

5. City Hospitals Sunderland NHS
Foundation Trust 20

6. Cambridge University Hospitals
Foundation Trust 14

7. Shrewsbury and Telford Hospital
NHS Trust 13

8. Leeds Teaching Hospitals NHS
Trust 2

Figure 4.3 The breakdown of respondents recruited from each NHS trust involved in the
study and their location.

et al., 1988).

Figure 4.4 Mean audiometric results (± one standard deviation) across the entire sample
shown for respondents left and right ears.

In terms of hearing aid use and ownership, 52% of participants owned bilateral hearing
aids, 25% owned unilateral hearing aids, and 23% did not own a hearing aid. Of those that
did own hearing aids, they had sought rehabilitative help an average of 17.19 years (SD
=16.34; range = 0–87) following the onset of their hearing loss. Only 1% of the sample
who owned a hearing aid reported not using it. In terms of the extent to which participants
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Table 4.1 Summary demographic information for the study sample compared against that
of Parker et al. (2000).

Demographic info Current study Parker et al. (2000)

Number of participants 393
(|= 73%; ~= 27%)

1989
(|= 62%; ~= 38%)

Age 69.59 (SD = 12.29;
range = 23–94)

66
(range = 49–90)

Years driving licence held for 46.05 (SD = 13.99;
range = 0–75) N/A

Estimated annual mileage 7,800 (SD = 7, 300;
range = 0–60,000)

8,540
(range = 10–40,000)

Proportion of sample
increasing/decreasing driving in the
past three years

11% increased;
39% decreased;

50% stayed the same

9% increased;
32% decreased;

59% stayed the same

Proportion of sample reporting
active/passive crashes in the
previous five years

14% passive;
7% active;
2% both

23% passive;
25% active;
7% both

Table 4.2 The proportion of respondents fitting the criteria for different types of hearing
descriptors.

Descriptor Proportion of sample

BSA audiometric descriptor Normal 11%
Mild 43%

Moderate 33%
Severe 7%

Profound 6%

HHIE-S rated handicap No 20%
Mild-moderate 45%

Severe 35%

Laterality of hearing loss Bilateral 5%
Unilateral 95%

Site of lesion Sensorineural 62%
Conductive 13%

Mixed 25%

reported using their hearing aid(s) both generally and whilst in the car, the proportion
of the samples are shown in Figure 4.5. The majority of respondents generally reported
using their hearing aids either most or all of the time. There was a significant increase in
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the number of respondents wearing their hearing aids ‘all of the time’ whilst driving (65%
of the sample) compared to general use (47% of the sample), Z = −3.692, p < .001. It is
important to note, however, that there was also an increase in people reporting ‘never’ or
‘rarely’ wearing their hearing aids whilst driving, perhaps suggesting that there is a split in
opinion within the group regarding their efficacy in the car.

Figure 4.5 The proportion of participants who owned a hearing aid reporting the amount
they use it both generally, and whilst driving.

4.4.2 Driver Behaviour Questionnaire

4.4.2.1 Factor analysis

A factor analysis with principal axis factoring (Costello and Osborne, 2005) was performed
on the data collected in this study in order to explore the underlying factor structure.
The Kaiser-Meyer Olkin measure of sampling adequacy (KMO = .891) (Hutcheson and
Sofroniou, 1999), and Bartlett’s test of sphericity

(
χ2 = 8676.712, p < .001

)
, performed

on the dataset (Field, 2013), together suggested that the data was suitable for a factor
analysis. The direct oblimin (oblique) method of rotation was used, given the likelihood
that extracted factors would be correlated in some manner (Costello and Osborne, 2005).
Indeed this was the case, with the correlation matrix between items showing a moderate
to high degree of association.

Factor analysis results in a number of different components, each of which explains a
proportion of variance in the overall dataset (Field, 2013). This variance can be plotted
in a ‘scree plot’ (see Figure 4.6). Commonly, the number of underlying factors present
in the dataset is identified by those which have eigenvalues of greater than one (Costello
and Osborne, 2005; Field, 2013). This method suggested a five-factor structure in this
study. However, Field (2013) suggested that applying a simple criterion such as ‘eigenvalues
greater than one’ can be problematic in some cases, and an alternative method of factor
extraction should be employed. For example, the shape of the scree plot can be examined
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to identify the ‘point of inflection’ (the point at which factors begin to explain very little
more of the overall variance), and factors scrutinised for their interpretability, e.g. do
the items within a factor appear to have a common theme (Field, 2013). The resulting
scree plot in this study suggested a two-factor structure was best suited to the data (see
Figure 4.6), this solution was found to be more interpretable than the five factor solution.
The resulting correlation between the two identified factors was 0.46, suggesting that an
oblique method of rotation was applicable (Costello and Osborne, 2005).

Figure 4.6 A scree plot exhibiting the components generated during the factor analysis
performed on the DBQ data.

The two factor structure accounted for 35.4% of the total variance present in the data
set. The factor structure and loadings of each individual questionnaire item is shown in
Table 4.3 where loadings of less than 0.32 have been omitted for clarity, as this is the
minimum value which indicates the loading of an item on to a factor (Tabachnick and
Fidell, 2013). It would appear that the commonly derived ‘violation’ factor is upheld,
although two of the items that might be expected to load on to that factor do not (values
< 0.32 ). Conversely, the other two expected factors (‘lapses’ and ‘errors’) appear to have
been combined into one single factor.

4.4.2.2 Comparison against Parker et al.’s (2000) study

Though DBQ items are rated on a 6-point Likert scale, it is commonplace to treat these
values as continuous data (see e.g. Reason et al., 1990; Parker et al., 1995a,b, 2000; Lajunen
et al., 2004; Özkan et al., 2006b). Multiple t-tests (using a Bonferroni correction) were
performed on questionnaire items to test for significant differences in the reports between
the two studies; Table 4.4 shows the mean values of DBQ items which differed significantly.

Parker et al.’s (2000) participants reported the majority of items more frequently than
did respondents from the current study. There were a number of significant differences
between the two groups, these were all in the direction of a lesser frequency in the current
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Table 4.3 The factor structure derived from performing principal axis factoring on the
DBQ data collected in this study. Factor loadings of < .32 are removed for clarity; this
resulted in two DBQ items not loading on to either derived factor.

DBQ item Error &
lapse factor

Violation
factor

Misread signs and take the wrong turning off a roundabout .700
Get into the wrong lane approaching a roundabout or
junction .674

Switch on the wrong thing on the instrument panel by
accident .672

Drive to a more usual destination through force of habit .600
Forget where car is parked in a car park .526
Fail to check rear view mirror before manoeuvres .525
Miss give way signs and narrowly avoid collision .514
Realise that you have no recollection of road along which
travelling .477

Underestimate speed of oncoming vehicle when overtaking .468
Hit something when reversing that you had not previously
seen .465

Fail to notice pedestrians crossing on turning into side road .435
Attempt to overtake someone you had not noticed to be
signalling a right turn .422

Brake too quickly on a slippery road or steer wrong way
into skid .404

Pay such close attention to the main stream of traffic you
nearly hit a queuing car .393

Drive away from traffic lights in too high a gear .377
On turning left nearly hit a cyclist .371

Drive especially close to the car in front as a signal to move
out of the way .578

Become impatient and perform an undertake .573
Disregard speed limits early in the morning or late at night .515
Have an aversion to a particular road user and indicate
hostility .454

Run a red light knowingly .439
Drive even though potentially over the blood-alcohol limit .410

Give chase to another driver who has angered you
Get involved in unofficial ‘races’ with other drivers

study. By far the biggest discrepancy was with the frequency of reported speeding behaviour
late at night and early in the morning. Respondents in this study were significantly less
likely to report speeding behaviour (M = 1.67, S.D. = .62) than are those in the study of
Parker et al. (2000) (M = 2.17, S.D. = 1.03), t = 12.88, p < .001.
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Table 4.4 The mean scores and standard deviation to DBQ items on which there was a
significant difference between this study and Parker et al.’s (2000) study.

DBQ item Mean (S.D.) ∆
Current
study

Parker et al.
(2000)

Disregard the speed limits late at night or early
on in the morning.

1.67 (0.62) 2.17 (1.03) 0.50

Misread signs and take the wrong turning off a
roundabout.

2.13 (1.03) 2.40 (0.64) 0.27

Realise that you have no recollection of the road
along which you have just been travelling.

1.83 (0.99) 2.08 (0.92) 0.25

Forget where you left your car in a car park. 1.92 (0.66) 2.08 (0.87) 0.16
Switch on one thing, such as the headlights, when
you meant to switch on something else such as the
wipers.

1.82 (0.88) 1.97 (0.78) 0.15

Underestimate the speed of an oncoming vehicle
when overtaking.

1.57 (0.62) 1.70 (0.64) 0.13

Brake too quickly on a slippery road, or steer the
wrong way into a skid.

1.43 (0.36) 1.51 (0.60) 0.08

The other significant differences between the two groups were lapse of concentration
behaviours: misreading road signs on a roundabout, driving without any recollection of
the road being driven on, switching on the wrong instrumentation in the vehicle, and
forgetting the location of a vehicle in a car park. However, the difference in mean values
for these items were not as large as for the difference in speeding behaviour. There were a
few significant differences in terms of dangerous error behaviour, though the difference in
mean scores between the two groups was even smaller in these cases: underestimating the
speed of oncoming vehicles whilst overtaking, and braking too quickly on slippery roads or
steering the wrong way in to a skid.

4.4.2.3 Logistic ordinal regression

It was of interest to decipher which underlying factors (if any) were the best predictors
of participants responses to the DBQ. Accordingly, a logistic ordinal regression was run
for each individual DBQ item. This allowed for the derivation of an ‘odds ratio’ (OR); an
assessment of how much influence an independent variable (e.g. hearing loss classification)
has on a dependent variable (e.g. the frequency of speeding behaviour) (Szklo and Nieto,
2012). The frequency with which participants reported each of the individual DBQ items
was submitted as the outcome to the logistic ordinal regression, and a number of predictor
variables were chosen for investigation (see Table 4.5). This allowed some of the research
questions posed to be adequately answered (e.g. are driving behaviour patterns and/or
driving problems more prevalent in certain types/durations/severities of hearing loss?).
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Table 4.5 The variables submitted to the logistic continuous regression.

Fixed factors Continuous variables

• Gender • Age
• History of being a professional driver • Annual mileage
• Hearing loss bilateral or unilateral • Driving experience
• Conductive element to hearing loss • Duration of hearing loss
• Hearing aid owner • Duration of hearing aid ownership

• General frequency of hearing aid use
• Frequency of hearing aid use in the car
• HHIE-S score
• Average air conduction threshold of best ear
• Average air conduction threshold of worst ear

In establishing whether a logistic ordinal regression model could be used for each
question in the DBQ, a number of criteria were considered. The -2 log-likelihood values
for the final model and one containing no explanatory variables were compared using
the χ2 statistic (Quinn and Keough, 2002). The Nagelkerke pseudo R2 statistic was also
checked to establish the amount of variance explained by the independent variables used
(Nagelkerke, 1991). Finally, the test of parallel lines was used to check that the assumption
of proportional odds had not been violated; however this statistic is highly sensitive to
multiple explanatory variables (Brant, 1990), the use of continuous independent variables
(Allinson, 2001) and large sample sizes (Clogg and Shihadeh, 1994; Allinson, 2001), and was
considered accordingly. The goodness-of-fit statistic was also considered in this manner, as
it is highly sensitive to large sample sizes.

Where a regression model was considered applicable, independent variables were assessed
for their respective influence on the dependant variable of interest. The resulting significant
predictors (at the α = 0.05) level are shown in Table 4.6 and Table 4.7. Hearing loss was
significantly associated with some error (3/9) and lapse (4/7) items, but no violation based
behaviour.

Self-reported hearing loss (as measured by the HHIE-S) appears to be related to a
greater number of outcomes on questionnaire items than measures of hearing sensitivity.
Indeed, HHIE-S score was found to be a significant predictor on 7/24 DBQ items, whereas
hearing sensitivity was not significantly associated with any. Similarly, other data related
to hearing loss (laterality, site of lesion, hearing aid ownership and use, duration of hearing
loss) appeared to have no bearing on the answers participants gave to the DBQ. The
association of extraneous factors (see Table 4.5) with DBQ answers also appeared weaker
than that of HHIE-S score. Age, gender and driving experience were the only variables
associated with any DBQ outcomes, and these variables were only significant predictors of
three, two, and one DBQ items respectively.

In terms of the specific driving behaviours which self-reported hearing loss predicted,
those with higher HHIE-S scores had a higher likelihood of knowingly running red lights,
disregarding speed limits early in the morning or late at night, missing pedestrians on



CHAPTER 4. QUESTIONNAIRE STUDY 107

Ta
bl

e
4.

6
In
de
pe

nd
en
t
va
ria

bl
es

sig
ni
fic
an

tly
as
so
ci
at
ed

w
ith

D
B
Q

ite
m
s
in

th
e
‘v
io
la
tio

ns
’a

nd
‘d
an

ge
ro
us

er
ro
rs
’c

at
eg
or
ie
s
ar
isi
ng

fr
om

th
e

lo
gi
st
ic

or
di
na

lr
eg
re
ss
io
n
pe

rf
or
m
ed
.
A
n
as
te
ris

k
(*
)
in
di
ca
te
s
an

in
de
pe

nd
en
t
va
ria

bl
e
re
la
te
d
to

he
ar
in
g.

D
B
Q

it
em

T
re
nd

O
dd

s
R
at
io

95
%

C
I

p-
va
lu
e

V
io
la
tio

ns

B
ec
om

e
im

pa
tie

nt
w
ith

a
slo

w
dr
iv
er

in
th
e
ou

te
r
la
ne

an
d

ov
er
ta
ke

on
th
e
in
sid

e
M
or
e
lik

el
y
in

m
al
es

2.
28

1.
24
–4
.2
1

.0
08

D
riv

e
es
pe

ci
al
ly

cl
os
e
to

th
e
ca
r
in

fr
on

t
as

a
sig

na
lt
o
its

dr
iv
er

to
go

fa
st
er

or
ge
t
ou

t
of

th
e
w
ay

D
ec
re
as
e
w
ith

ag
e

0.
94

0.
90
–0
.9
9

.0
18

D
an

ge
ro
us

er
ro
rs

C
ro
ss

a
ju
nc
tio

n
kn

ow
in
g
th
e
tr
affi

c
lig

ht
s
ha

ve
al
re
ad

y
tu
rn
ed

ag
ai
ns
t
yo

u
In
cr
ea
se

w
ith

H
H
IE

-S
sc
or
e*

1.
02

1.
00
–1
.0
5

.0
50

D
isr

eg
ar
d
th
e
sp
ee
d
lim

its
la
te

at
ni
gh

t
or

ea
rly

on
in

th
e

m
or
ni
ng

D
ec
re
as
e
w
ith

ag
e

0.
96

0.
93
–0
.9
9

.0
05

In
cr
ea
se

w
ith

H
H
IE

-S
sc
or
e*

1.
02

1.
00
–1
.0
4

.0
19

Q
ue
ui
ng

to
tu
rn

le
ft

on
to

m
ai
n
ro
ad

,y
ou

pa
y
su
ch

cl
os
e

at
te
nt
io
n
to

th
e
m
ai
n
st
re
am

of
tr
affi

c
th
at

yo
u
ne

ar
ly

hi
t

th
e
ca
r
in

fr
on

t

In
cr
ea
se

w
ith

H
H
IE

-S
sc
or
e*

1.
03

1.
02
–1
.0
5

<
.0

01

M
or
e
lik

el
y
in

m
al
es

2.
31

1.
23
–4
.3
4

.0
09

Fa
il
to

no
tic

e
pe

de
st
ria

ns
cr
os
sin

g
on

tu
rn
in
g
in
to

a
sid

e
ro
ad

In
cr
ea
se

w
ith

H
H
IE

-S
sc
or
e*

1.
03

1.
01
–1
.0
5

.0
17



108 CHAPTER 4. QUESTIONNAIRE STUDY
Ta

bl
e

4.
7
In
de

pe
nd

en
t
va
ria

bl
es

sig
ni
fic

an
tly

as
so
ci
at
ed

w
ith

D
H
LQ

ite
m
s
in

th
e
‘la

ps
e
of

co
nc

en
tr
at
io
n’

ca
te
go

ry
ar
isi
ng

fro
m

th
e
lo
gi
st
ic

or
di
na

l
re
gr
es
sio

n
pe

rf
or
m
ed
.
A
n
as
te
ris

k
(*
)
in
di
ca
te
s
an

in
de
pe

nd
en
t
va
ria

bl
e
re
la
te
d
to

he
ar
in
g.

D
B
Q

it
em

T
re
nd

O
dd

s
R
at
io

95
%

C
I

p-
va
lu
e

La
ps
es

of
co
nc
en
tr
at
io
n

A
tt
em

pt
to

dr
iv
e
aw

ay
fr
om

tr
affi

c
lig

ht
s
in

to
o
hi
gh

a
ge
ar

D
ec
re
as
e
w
ith

dr
iv
in
g
ex
pe

rie
nc
e

0.
97

0.
95
–1
.0
0

.0
34

In
cr
ea
se

w
ith

H
H
IE

-S
sc
or
e*

1.
02

1.
00
–1
.0
4

.0
28

Sw
itc

h
on

on
e
th
in
g,

su
ch

as
th
e
he
ad

lig
ht
s,

w
he
n
yo

u
m
ea
nt

to
sw

itc
h
on

so
m
et
hi
ng

el
se

su
ch

as
th
e
w
ip
er
s

In
cr
ea
se

w
ith

ag
e

1.
03

1.
00
–1
.0
5

.0
25

In
cr
ea
se

w
ith

H
H
IE

-S
sc
or
e*

1.
03

1.
01
–1
.0
4

.0
02

R
ea
liz

e
th
at

yo
u
ha

ve
no

re
co
lle

ct
io
n
of

th
e
ro
ad

al
on

g
w
hi
ch

yo
u
ha

ve
ju
st

be
en

tr
av
el
lin

g
In
cr
ea
se

w
ith

H
H
IE

-S
sc
or
e*

1.
03

1.
01
–1
.0
4

.0
01

G
et

in
to

th
e
w
ro
ng

la
ne

ap
pr
oa
ch
in
g
a
ro
un

da
bo

ut
or

a
ju
nc
tio

n
In
cr
ea
se

w
ith

H
H
IE

-S
sc
or
e*

1.
03

1.
01
–1
.0
4

<
.0

01



CHAPTER 4. QUESTIONNAIRE STUDY 109

turning left, nearly hitting cars in front whilst queuing, switching on the wrong vehicle
instrumentation, having no recollection along the road of travel, getting in to the wrong
lane at a junction, and driving away from traffic lights in too high a gear. Whilst the
first of these two behaviours are violations, the rest appear to be attention-based lapses in
concentration, some of which are dangerous in nature.

4.4.3 Driving and Hearing Loss Questionnaire

Chronbach’s alpha was used to calculate the internal consistency (reliability) of the DHLQ
(Field, 2013). A suitable degree (α = .772) of reliability was found (Lance et al., 2006),
thus it was considered that the DHLQ had taken reliable responses.

The trend of answers to the questions asked in the DHLQ are summarised in Figure 4.7–
Figure 4.11. In order to clearly see the split of opinion, ‘neutral’ responses have been
removed. Questions are presented under the categories: general effect of hearing loss on
driving, listening effort concerns, inability to hear relevant information, barriers for in-car
device use, and usefulness of hearing aids during driving.

4.4.3.1 General effect of hearing loss on driving

Figure 4.7 shows respondents generally maintain that hearing loss does not present a
problem for their own driving, with only 19% agreeing that hearing loss makes driving
more difficult for them, compared to 73% who held the opposite opinion. Accordingly, it
comes as no surprise that very few respondents (5%) report limiting their driving time
as a result of their hearing loss. A logistic multinomial regression analysis with driving
increase/decrease as the dependant variable showed no significant associations with any of
the measured hearing loss outcome measures in this study.

However, there was a greater split in opinion when more general questions regarding
the effect of hearing on driving were asked. 40% of participants agreed that hearing loss
presents some problems for driving, but a similarly sized proportion (43%) disagreed with
this statement. This differs from the trend exhibited in people’s opinions when they were
asked about their own driving, with the majority reporting no difficulty. However, 31%
of participants reported avoiding driving under certain conditions. These responses are
summarised in Table 4.8, though note that some participants indicated more than one
situation they avoided driving in. Therefore, the sum of the ‘proportion of entire sample’
column is greater than 31%. The majority of these reports were of participants not driving
in the dark, on motorways and during busy periods.

4.4.3.2 Listening effort

Figure 4.8 indicates that the majority of participants do not experience an increase in
driving difficulty under conditions of auditory distraction. A large proportion of the sample
indicated that they undertook passenger conversations (92%), listened to the stereo (75%),
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Table 4.8 The number and proportion of participants avoiding driving under certain
circumstances.

Driving situation Number of
participants

Proportion of
entire sample

In the dark/at night 43 10.9%
On motorways 35 8.9%
During rush hour/busy periods 35 8.9%
During bad weather 11 2.8%
In city centres/busy urban areas 8 2.0%
On A-roads 5 1.3%
In new places 4 1.0%
On country roads 3 0.8%
On roads with speed bumps 1 0.3%
On bank holidays 1 0.3%

Figure 4.7 Proportion of responses to questions about whether hearing loss presents a
problem for driving generally.

and used electronic devices (74%) whilst driving. Of those, 71% and 78% of respondents
disagreed with, or were neutral to, the suggestion that driving was made any more difficult
by passenger conversations or listening to in-car systems respectively. Likewise, only 31%
of people reporting in-car device use believed that these systems were difficult to hear.
However a greater proportion of the sample (50%) reported a difficulty in ability to hear
passenger conversation. Similarly, the majority of the sample (65%) either disagreed with
or were indifferent to the idea that stereo use affected their driving performance (see
Figure 4.10). Fewer respondents reported using mobile phones whilst driving (31%), and of
those that did, a small proportion reported there being no problem hearing mobile phone
conversation (31%).
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Figure 4.8 Proportion of responses to questions about whether hearing loss increases
listening effort on tasks associated with driving.

4.4.3.3 Inability to hear relevant information

Participants disagreed that hearing loss limits relevant auditory information in the driving
environment (see Figure 4.9). A large proportion of respondents agreed that auditory
information is important for safe driving; only 20% disagree that sounds from the engine
of the car are important for safe driving, and 26% disagree that environmental sound is
important for safe driving. Despite this result, respondents did not generally consider
hearing loss as a limiting factor in accessing driving-related auditory information. 58%
disagreed that hearing emergency services vehicles is difficult, although 40% of people
did agree that deciphering the direction of approach of these vehicles is difficult. Large
proportions of the sample disagreed that hearing loss reduced awareness of the surrounding
environment whilst driving (63%), affects the ability to judge travelling speed (88%), and
increases anxiety about parking a vehicle (83%).

4.4.3.4 Barriers for in-car device use

In terms of in-car technology use, respondents generally did not appear to feel that hearing
loss was a barrier. Indeed, only 17% agreed that sound-based in-car devices were inaccessible
to them. Furthermore, few respondents reported having difficulty in hearing mobile phone
conversations or sounds produced by electronic in-car devices (31% in each case). Two
thirds of the sample indicated that the question regarding mobile phone use in the car was
not applicable to them, suggesting that only a third of people used this type of technology
whilst driving. In contrast, a greater proportion of the sample answered questions about
the use of other types of in-car technology, with only 26% of participants indicating that
this question was not applicable to them.
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Figure 4.9 Proportion of responses to questions about whether hearing loss limits the
amount of auditory information relevant to driving.

Figure 4.10 Proportion of responses to questions about whether hearing loss presents
a problem for the successful use of in-car electronic devices using sound as a means to
communicate information.

4.4.3.5 The usefulness of hearing aids during driving

The majority of respondents were positive regarding the use of hearing aids in the car. 62%
of the sample disagreed that hearing aids made sounds uncomfortably loud whilst using
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them in the car, and even more respondents (82%) disagreed that hearing aids served to
disorientate whilst driving. In terms of their ability to improve certain aspects of driving,
respondents appeared to suggest that hearing aids had some efficacy. Only 17% of the
sample agreed that hearing aids did not allow for easier use of in-car devices. A similar
proportion (18%) agreed that hearing aids do not increase awareness of surroundings whilst
driving. Moreover, only 9% of respondents agreed that hearing aids did not provide any
benefit in terms of conversation with passengers in the car. However, a slightly larger
proportion of the sample (24%) agreed that hearing aids do not improve driving ability
generally.

Figure 4.11 Proportion of responses to questions about whether hearing aids provide any
benefit whilst driving.

4.4.3.6 Logistic ordinal regression analysis to establish the best predictors of
driving difficulties

In order to establish which underlying factors caused people to report specific issues with
driving, each of the individual DHLQ items were submitted to a logistic ordinal regression,
using the same independent variables detailed in Table 4.5 as explanatory variables. This
provided an indication of which independent variables were the best predictors of reported
problems with driving.

In establishing whether a logistic ordinal regression model could be applied for each
question on the DHLQ, the same criteria detailed in subsubsection 4.4.2.3 were considered.
The resulting significant interactions (at the α = .05 level) are shown in Table 4.9–Table 4.11,
along with their ORs and 95% confidence intervals.
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It is evident from these data that self-reported hearing impairment (as measured by
the HHIE-S) appears to predict the outcome of more items than hearing sensitivity (as
measured by Pure Tone Audiometry). Results showed that, 11/23 of the responses to
DHLQ items are significantly associated with HHIE-S scores, whereas clinically measured
hearing sensitivity is only associated with outcomes on 3/23 items. Similarly, hearing loss
aetiology was not significantly associated with any items, and whether the hearing loss
was of a unilateral nature was only significantly associated with 1/23 items.

Other factors outside of hearing loss status were significantly associated with a number
of items on the DHLQ (annual mileage, driving experience, history of being a professional
driver), although none as frequently as HHIE-S score. None of the measures of hearing
loss appear to occur as a significant predictor variable exclusively in any single category of
the questionnaire; rather they appear to be spread throughout the survey items.

Interestingly, items associated with HHIE-S scores appear to suggest that individuals
with a high degree of functional hearing loss experience problems with their driving. For
example, higher HHIE-S scores are significant predictors of people agreeing that: (1) hearing
loss sometimes makes driving more difficult, (2) talking to passengers or listening to in-car
devices makes driving more difficult, (3) deciphering when emergency services vehicles are
near and from which direction they are approaching is difficult, (4) as a result of hearing
loss sometimes awareness of surroundings is reduced, (5) following passenger conversation
in the vehicle is difficult, (6) parking in close proximity to obstacles is concerning, and
(7) sounds produced by electronic devices are difficult to hear. The results also suggest
that hearing aids are a source of rectifying these problems, with higher HHIE-S scores
associated with an increased feeling that hearing aids improve driving ability.

Indeed, hearing aid use appears to have a positive influence on driving ability. People
who report using their hearing aids more often are less likely to report problems such as:
(1) hearing when emergency services vehicles are near, (2) worrying about parking their
vehicle, (3) using a mobile phone hands-free whilst driving, and (4) the accessibility of
in-car devices. The length of hearing aid ownership was also negatively associated with
reports of feeling less aware of surroundings; e.g. more experienced hearing aid users were
less likely to report being unaware of their surroundings.

Finally, increasing pure tone thresholds are significantly associated with a number of
driving outcomes. People with less sensitivity are (1) more likely to agree that hearing
loss presents problems for driving, (2) more likely to struggle with hearing the presence of
emergency services vehicles, and (3) feel that in-car systems functioning in the auditory
modality are not accessible to them.
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4.5 Discussion

4.5.1 Driver Behaviour Questionnaire

The DBQ was administered in this study to investigate the types of aberrant driving
behaviour commonly undertaken by those with a hearing loss. A factor analysis performed
on the data collected in this study revealed a two factor structure. This contradicts a
large number of past studies which have indicated a three factor structure (Reason et al.,
1990; Parker et al., 1995a; Åberg and Rimmö, 1998; Rimmö and Åberg, 1999), or greater
(Lawton et al., 1997; Özkan et al., 2006b). Generally the DBQ is able to differentiate
between (non-serious) lapses of concentration and (more serious) dangerous errors, however
this was not the case in the current study. Instead, both of these behaviours loaded on
to the same factor, suggesting that a distinction could not be made between them in
this sample. It might, therefore, be construed that hearing impaired individuals cannot
distinguish between driving errors which are not dangerous and those which have more
serious consequences. This may go some way towards explaining why their prevalence
of highway safety code infringements is higher than the normally hearing demographic
(Picard et al., 2008), and may also explain the higher road traffic accident rates noted in
elderly hearing impaired drivers (Ivers et al., 1999).

Further, self-reported functional hearing loss appeared to be most related to reports
of lapse and error behaviour, whereas it was not highly predictive of violation behaviour.
Hearing loss may, therefore, have no bearing on people’s propensity for knowingly commit-
ting driving violations, rather unwitting mistakes. Accordingly, the higher rate of driving
infringements found by Picard et al. (2008) may be a result of errors whilst driving, rather
than planned deviations from safe driving practice. This highlights the possibility that
the performance of introspection is not possible with regard to the effect of hearing loss
on driving, or is perhaps reflective of an apprehension to provide entirely honest answers.
Thus, self-reports may not be the most useful manner to measure the effect of hearing loss
on driving.

Regression analysis on the DBQ revealed that self-reported hearing loss was the best
predictor of questionnaire outcomes. HHIE-S score was a significant predictor of eight DBQ
items, no other independent variables related to hearing impairment were associated with
DBQ outcomes. This suggests that objectively measured hearing sensitivity is not highly
related to changes in driving behaviour, rather it is the day-to-day difficulty experienced
as a result of a loss of hearing sensitivity. This questions the influence of a loss of hearing
sensitivity alone as the issue for driving, and suggests that other factors which coexist may
be (at least in part) responsible for difficulties experienced with driving.

One of the driving behaviours predicted by self-reported hearing loss partly conflicts
with past research: those with increased self-reported hearing loss were more likely to
report knowingly running red lights and disregarding speed limits early in the morning or
late at night. Picard et al. (2008) noted a higher prevalence of general traffic violations in
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their hearing impaired demographic, but also found a lower prevalence of speeding citations.
The discrepancy between the increase in reports of speeding behaviour in the current study
and the decrease in the study of Picard et al. (2008) highlights the possibility that those
who self-report a hearing loss may simply more readily report other outcomes, such as
violation behaviour on the DBQ.

A different explanation is that hearing impairment exaggerates cognitive workload
whilst tasks are being undertaken concurrently with driving (Hickson et al., 2010; Thorslund
et al., 2013b).The majority of the other behaviours that HHIE-S scores predicted were
related to errors whilst driving: missing pedestrians on turning left, nearly hitting cars in
front whilst queuing, switching on the wrong vehicle instrumentation, having no recollection
along the road of travel, getting in to the wrong lane at a junction, and driving away from
traffic lights in too high a gear. Thus, errors whilst driving may be more prevalent in those
with a hearing loss. The fact that functional hearing status and not hearing sensitivity
predicted these reports of errors is of interest. It suggests that it is not the peripheral
distortion to sound brought about by hearing loss which is responsible for driving difficulty,
rather it is the higher order processes associated with successful listening that are having
an impact; hence the link with HHIE-S scores.

There was very little difference in reported driving behaviour between the hearing
impaired sample in this study and the normally hearing sample in the study of Parker et al.
(2000). However, one main area where this sample appeared to differ was a lower frequency
of reported speeding behaviour. However, this finding contradicts the trend that increasing
HHIE-S scores were associated with a greater likelihood of reports on disregarding speed
limits; reiterating the possibility that those self-reporting a hearing loss are simply more
likely to self-report other types of behaviour.

It is unclear why the hearing impaired demographic should be more prone to driving
slower than those with normal hearing. It has already been discussed in Chapter 2 of
this thesis that, if anything, driving speeds may be faster in this demographic due to the
changed auditory feedback they receive from the vehicle and surrounding environment.
However, one potential suggestion is that, because of a perceived lower situation awareness
(Walker et al., 2008), people with a hearing impairment navigate the driving environment
more carefully, and a reduced driving speed is one facet of this alteration in behaviour
(Thorslund et al., 2013a,b). Caution should, however, be exercised when analysing this
particular result. There has been an improvement in compliance with speed limits in recent
years (McKenna, 2007), and behaviour change of this type has the capacity to confound
analyses made between the current study and that of Parker et al. (2000), given that they
were performed 12 years apart. This change in speeding behaviour over time may be a
reason why a lower propensity to speed was found in this study; simply because behaviour
has changed over time, and the hearing impaired sample’s self-reports of speeding behaviour
were taken at a much later stage than their normally hearing counterparts’.

The majority of DBQ items (18/24) had a lower mean score than was recorded from
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a similarly-aged sample in the study of Parker et al. (2000), meaning that the hearing
impaired sample in this study reported performing the DBQ behaviours less often. This
may suggest a tendency for hearing impaired people to be more cautious in terms of their
driving behaviour than their normally hearing counterparts. Despite this, the reported
trends of DBQ behaviours are in line with those of Parker et al. (2000), in that they exhibit
a lower frequency of violation and error behaviours than younger samples (Parker et al.,
1995a,b). Lapse in concentration behaviour is generally the most frequently reported in
this sample, which is typical of the age range being studied (Parker et al., 2000).

It is curious that violation items were not reported differently to the sample in Parker
et al.’s (2000) study. This might have been expected, given the finding that people with
a hearing loss are at a greater risk of receiving driving citations for highway safety code
infringements not related to speeding (Picard et al., 2008), or the suggestion that hearing
impaired individuals adopt a more cautious driving style (Thorslund et al., 2013a,b, 2014).
The results here, therefore, highlight the need for further research in this regard, or show
that people with a hearing loss unintentionally commit highway safety code infringements
more often than their hearing counterparts. Picard et al.’s (2008) data should, however, be
considered carefully, given that their sample was collected from a very specific demographic
group, likely to exhibit a high prevalence of noise-induced hearing loss, in contrast to the
predominantly age-related hearing loss sample in this study.

4.5.2 Driving and Hearing Loss Questionnaire

One purpose of this study was to gain an insight on whether hearing impaired individuals
themselves notice any problems associated with driving as a result of their hearing loss. To
this end, a questionnaire (the DHLQ) tailored to investigate this theme was administered
along with the other three sections of the questionnaire. Results from the DHLQ generally
suggest that people do not see hearing impairment as having a disproportionate effect on
their own driving ability, with the majority of respondents disagreeing that hearing loss
makes driving more difficult, and even more disagreeing that they had considered limiting
their driving as a result of hearing impairment. Furthermore, although all participants in
this study were still drivers, data regarding increasing or decreasing driving over a three
year window prior to questioning was not significantly associated with any measures of
hearing function.

This outcome was not expected, given past research which has suggested people with
a hearing impairment are more likely to have ceased driving earlier than their hearing
counterparts (Gilhotra et al., 2001). This study suggests that individuals are not consciously
limiting their driving as a direct result of hearing loss, or that it is not the difficulties
associated with hearing loss alone that are causing people to relinquish driving; rather
other co-existing factors may contribute to these findings. A feasible example would
be the influence of age, which is positively correlated with hearing loss severity (Davis,
1995). Indeed, age was a significant explanatory factor in both of the studies exhibiting
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a greater risk of driving cessation in the hearing impaired demographic (Gilhotra et al.,
2001; Thorslund et al., 2013a).

Despite a low number of respondents reporting on problems associated with hearing loss
for their individual driving, a greater proportion of the sample were open to the suggestion
that hearing loss might present problems for driving more generally. It is of little surprise
that individuals are less accepting of problems with their own driving, given that it is
a common occurrence for people to exaggerate their own driving ability in self-reported
driving literature (see e.g. Farrand and McKenna, 2001; Horswill et al., 2004). Furthermore,
it is suggested that mental models used for driving are implicit and are thus inaccessible
by introspection (Underwood et al., 2002). This may be extendible to the effect of hearing
loss on those models, in that hearing impaired individuals cannot identify hearing loss as
having an affect on their driving. This is an important consideration for continuing work
in this area, as it casts doubt over the use of self-reported methodologies on this theme of
study.

There is not an entirely clear picture which emerges from these data in terms of the most
prevalently reported aspects of driving which are affected by hearing loss. The greatest
problem reported by this sample is hearing passenger conversation. This is of little surprise
given that speech is one of the most problematic auditory signals to understand for people
with a sensory hearing loss, particularly in adverse listening conditions (Moore, 2007).
However, it is uncertain from this data whether it is only hearing loss which is affecting
the ability to hear conversation; there is no data from normally hearing people against
which reports can be compared, and anecdotally it is thought that speech listening in the
car may also be problematic for people with normal hearing. Furthermore, the majority
of respondents did not report any difficulty in concentrating on driving whilst conversing
with passengers.

It has been discussed in Chapter 3 that an increased difficulty in speech listening whilst
driving will have a disproportionately negative affect on aspects of driving performance.
However, whilst the current study has identified that speech listening for those with hearing
impairment may be difficult, there is little evidence that this makes driving any more
challenging for hearing impaired individuals. Suggestions that hearing impaired individuals
should limit auditory engagement whilst driving (Hickson et al., 2010) have arisen from
the negative effect that auditory based tasks can have whilst driving (see Chapter 2).
Therefore, the apparent discrepancy with regard to the distracting nature of passenger
conversation identified in this study would benefit from further work.

Compared to passenger conversation, there are fewer reports of an inability to hear
sound information from in-car systems. Given the overarching hypothesis presented in
this thesis that listening effort is related to driving decrements, this finding suggests a
lesser likelihood that in-car systems will have a distracting effect on driving. Although not
suggested by this data, a potential reason may be the ability to withdraw more easily from
using the systems, or the easier manipulation of the level of sounds. These are options
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which are not so credible in terms of passenger conversation (Merat and Jamson, 2005).

Access to auditory information in the driving domain does not appear to be greatly
affected by hearing impairment. The majority of respondents agree that sounds from the
environment and engine of the car are important for safe driving, suggesting that they
believe drivers should be able to access these sounds; but do not report any disproportionate
problems with hearing sounds associated with travelling speed, parking cars, the presence
of emergency services vehicles, the direction of approach of these vehicles, or general
awareness sound-based of the driving environment. This finding appears to contradict the
views of a number of authors who have cited an inability to hear auditory information as a
reason for a higher accident risk in the hearing impaired demographic (Ivers et al., 1999;
Picard et al., 2008).

The data suggest that there is a positive reaction to the efficacy of hearing aids whilst
driving. Indeed, there is a significant increase in hearing aid use whilst driving compared
to general day-to-day use, and the majority of respondents disagreed with statements
regarding the redundancy of hearing aids in the car. The only split in opinion regarding this
topic was that people were unsure whether hearing aids improved driving ability generally.
This may have been because the majority of respondents did not foresee a problem for
driving as a result of hearing impairment, and thus there could be no improvement by
wearing hearing aids.

During the development of this questionnaire, there was a consensus amongst clinical
professionals that hearing aids may be viewed in a negative light in terms of their efficacy
whilst driving. This arose mainly from the fact that uptake of and adherence to hearing aids
is notoriously low (Cox, 2005; Laplante-Lévesque et al., 2010), and that people generally
do not derive benefit from hearing aids in acoustically adverse conditions (Kochkin, 1992),
unless certain settings (such as directional microphones/noise cancellation) are activated
(Bronkhorst, 2000; Cord et al., 2002). It is encouraging, therefore, that hearing aids
have received a positive review in this study, and this finding provides evidence that
rehabilitative interventions such as hearing aids have the capacity to improve listening,
even in acoustically problematic situations. However, it should be noted that the sample in
this study may be disproportionately positive with regard to their opinions about hearing
aids generally, because hearing aid ownership and use figures in this sample were a lot
higher than expected in the general population. This is likely explained by the recruitment
procedure used; seeking participants who are attending NHS services allied to hearing aid
provision. Nevertheless, 75% of participants reported owning at least one hearing aid, and
of these only 4% reported not using their hearing aids. This is in contrast to research
which has shown only around 25% of adults who could benefit from hearing aids own them
(Jenstad and Moon, 2011), and, in those that do, only less than half use them (Knudsen
et al., 2010). Furthermore, the issue of acclimatisation to newly fitted hearing aids, which
can disproportionately affect derived benefit from hearing instruments (Gatehouse, 1993;
Willott, 1996; Cox et al., 1996; Mueller and Powers, 2001), will be practically nullified as
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the majority of the sample were experienced hearing aid users. For these reasons, opinions
regarding the usefulness of hearing aids whilst driving in this study should be considered
carefully, and future research should also investigate the opinions of hearing impaired
individuals who are new to hearing aids, or are not seeking rehabilitative help for their
hearing loss.

As for DBQ data, the hearing-related measure most associated with DHLQ items was
self-reported hearing status (HHIE-S score), whereas clinically measured sensitivity was
less predictive. Past research in the area of hearing loss and driving has hypothesised
that it is the distortion to sound brought about by peripheral hearing loss which causes
a downstream disruption in driving performance (Hickson et al., 2010). The fact that
clinical audiometric test results (which simply measure hearing sensitivity) were not highly
predictive of outcomes in this study questions this assertion, and suggests that it is not the
quality of sound alone which is disrupting driving performance. Instead, it is suggested
that outcomes are more reliant on functional hearing loss; an amalgamation of numerous
factors (of which sensitivity is just one) which govern ease of listening (Wingfield et al.,
2005; Rönnberg et al., 2008). One such factor is the cognitive ability of the individual
with hearing loss (Martin and Jerger, 2005). It is the summative effect of these factors
which the HHIE-S measures, thus it must take in to account the effect of cognitive skills. It
follows, therefore, that the HHIE-S has been shown to be the best predictor of the amount
of difficulty people will experience in driving; a specifically cognitively demanding task
(Groeger, 2000).

4.5.3 Study direction and limitations

Applying the DBQ in this demographic has been successful in highlighting driving be-
haviours in hearing impaired individuals. However, some of the intricacies of driving
behaviour reports may have been lost by the use of a shortened version of the DBQ.
The original survey is a 50-item questionnaire, whereas in this study a shortened 24-item
version was chosen to mirror that used by Parker et al. (2000). Although this approach
managed to capture a similarly aged demographic group, the use of a shortened version of
the questionnaire in both studies might have limited the specificity of the research tool.
In addition, the study of Parker et al. (2000) did not collect any data regarding hearing
impairment, and as such it is impossible to know whether hearing loss was prevalent in
their sample. Thus, caution must be observed when contrasting the results of the current
study against that of Parker et al. (2000).

It should be noted that the sample in this study was drawn from clinical settings where
the majority of people would be seeking rehabilitative help for their hearing impairment,
leading to recruitment bias. This may predispose them to report more difficulty with their
hearing loss, as they are presumably more troubled by the effects of auditory impairment
than those who have not sought such rehabilitative help. Thus, the reports of driving
difficulties in this study may be somewhat greater than are experienced by the wider
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hearing impaired population. It would be of interest in future work to establish what
the opinions of people with hearing loss who have not sought rehabilitative help are, as
this group of individuals potentially makes up a large proportion of the hearing impaired
demographic in wider society (Laplante-Lévesque et al., 2010).

The possibility that those more readily self-reporting problems with their hearing might
self-report other behaviours more easily should be considered. Questionnaires can be
subject to socially desirable responses (Nederhof, 1985; Paulhus, 1991). Tools such as
those used in the current study are reliant on respondents honesty and ability to give
accurate, reliable answers to questionnaire items regarding their driving (Lajunen and
Summala, 2003). Indeed, self-reports of driving ability can be subject to self-deception
(a positively biased, but subjectively honest self description; Lindeman and Verkasalo,
1995) which leads to over-trust in one’s own driving skills (Lajunen et al., 1997). In
this study, the manner in which the questionnaire was administered adhered to some
past suggestions of how accuracy of self-reports of driving behaviour could be maximised:
responses were anonymous, instructions stressed the importance of honest answers, and the
survey was carried out in settings where the respondent could not be ‘singled out’ (Lajunen
and Summala, 2003). Despite these steps being taken, there is still some concern that
self-deception may have influenced the responses given by participants to a certain extent.
As such, in order to compound the trends noted in this study it would be beneficial to
apply more objective research aimed at establishing the driving behaviour of people with
hearing loss. Answers may also have been influenced by respondents’ understanding of the
study’s purpose; they may have thought its motivation was to argue for punitive measures
for licensing hearing impaired drivers

Despite these limitations, this study has brought to light a distinction which may be
of great importance for this line of research; hearing impairment does not appear to be
the most important factor for predicting the effect which hearing loss will have on driving
performance. This provides an alternative consideration to previous research suggesting
that the severity of hearing sensitivity loss is correlated with negative driving outcomes
(Picard et al., 2008; Hickson et al., 2010). Rather it advocates higher-order listening
abilities (the manner in which somebody copes with their hearing loss) as being particularly
responsible for a disturbance on tasks relevant to driving. This is apparent through the
predictive power of HHIE-S scores for increased reports of driving problems. HHIE-S scores
are reliant on a number of factors which reflect an individual’s ability to cope with their
sensory impairment. A simple measure of auditory sensitivity does not capture this same
richness of information, and provides only a limited view of the amount of damage an
individual’s auditory system has sustained.

A factor which is thought to be measured by self-reports of hearing loss is cognitive
ability (Martin and Jerger, 2005). Experimental evidence suggests that cognitive factors
become progressively more important under difficult listening conditions (Foo et al., 2007;
Humes, 2007; Lunner and Sundewall-Thorén, 2007; Baldwin and Ash, 2011), and so those
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who have greater cognitive abilities will be more apt at counteracting the negative effects
of their hearing impairment. This is a possible reason why some people exhibiting identical
clinical test results can sometimes have very different perceptual consequences as a result
of their impairment (Stephens and Zhao, 1996).

Accordingly, one person might have a more severe hearing loss than another according
to audiometric test results, but self-report less problem because they are better equipped
to deal with this loss of auditory sensitivity. It is this distinction which is considered to be
exhibited in the current study by the greater predictive power of HHIE-S scores compared
to audiometric thresholds. In this vein, it might be that other ecologically valid measures
of hearing ability (e.g. a speech-in-noise test; Killion et al., 2004) show more of an ability
to predict driving difficulties than audiometric thresholds, as they are also likely to be
more reliant on higher-order listening abilities (Akeroyd, 2008).

This is not to say that peripheral auditory function has no influence on processes
important for driving performance, but that other factors which co-exist with hearing loss
may have a synergystic bearing. Thus it appears that the relationship between audibility
and its effect on driving performance is highly complex and relies on inextricably linked
factors. In the remainder of the studies described in this thesis, measures of hearing
sensitivity and their relationship with driving performance were studied, regardless of the
predictive power of self-reported hearing impairment found in the current study. This was
because the main aim of this programme of research was to assess the impact of peripheral
hearing loss on driving performance and related tasks. The use of other measures of
hearing loss may have introduced extraneous factors (such as cognitive abilities) which
could have confounded investigations about the effect of peripheral hearing loss on driving
performance.

Nevertheless, the finding related to self-reported hearing loss being a good predictor of
driving problems in the current study contributes important knowledge to the topic of the
effect of hearing loss on driving as a whole. Lending to the design and execution of this
study, it is considered that the sample accurately reflects the wider population of hearing
impaired individuals, and thus it was considered that reliable and generalisable data had
been collected.

4.6 Conclusions

This study was successful in terms of understanding the extent to which people with a
hearing loss believe that hearing impairment presents problems for driving. It established
a number of areas in which hearing loss appears most problematic for driving-related skills,
and these were, to an extent, in agreement with past research. The study has served to
present a complex picture of the manner in which hearing loss may affect driving in terms
of its synergistic effect with co-existent factors. This is suggested as a result of the finding
that it is self-reported hearing loss and not objectively measured impairment which is the
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best predictor of experienced driving problems. Functional hearing loss is more reliant on
other factors (e.g. cognitive capabilities) than hearing sensitivity, and as such it might be
suggested that these may have a bearing on outcomes alongside hearing sensitivity. In the
past it has been hypothesised that the distortion to sound brought about by hearing loss
is responsible for changes in driving performance, this study has suggested that it may
well be other factors which are (at least in part) responsible. This calls in to question the
results of previous work suggesting that it is hearing loss alone which has a negative effect
on driving performance.

Future work as part of this thesis will be aimed at investigating the effect of hearing loss
in a more objective, experimentally controlled fashion, given that this study relies heavily
on self-reports of driving behaviour. The commonly held view that hearing loss causes no
problems for driving, uncovered in this study, is in contrast to past experimental findings
which have shown an apparent effect of hearing loss on driving. Thus it is considered that
introspection in order to establish these problems may not be possible, or that participants
are inclined to give socially desirable responses, or ones which present no licensing issues for
the hearing impaired demographic. The study described in the next chapter begins to try
and investigate the effect of hearing loss on driving-related skills in a more experimentally
controlled fashion. The effect of auditory distraction on a measure of visual attention,
which has been linked to driving performance outcomes, was compared between a normally
hearing and hearing impaired group.
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Chapter 5

The Effect of Hearing Impairment
on the Useful Field of View Test
Performed Concurrently with an
Auditory Task

5.1 Introduction

This chapter reports on a laboratory-based experiment which investigated the difference in
performance on a visual task, between normally-hearing and hearing-impaired individuals.
This more objective methodological approach was taken given the findings that arose in
Chapter 4, that self-reported data may be subject to limitations in terms of introspection
and socially desirable responses.

Chapter 4 identified specific problems for driving reported by those with hearing
problems: (1) problems detecting the presence of emergency service vehicles, (2) a reduction
in general awareness whilst driving, and (3) the performance of simultaneous tasks whilst
driving. The former two are related primarily to the audibility of sound, whereas the latter
arises as a result of sound which is audible, but distorted. It is the effect of cognitive
distraction that distorted sound brings about that is of interest in this thesis, primarily
due to the findings of Hickson et al. (2010), that moderate-severe hearing impairment
degrades hearing impaired individuals’ ability to recognise road signs whilst driving and
concurrently performing an auditory task.

A lack of audibility has been discussed as an overly simplistic view of hearing loss. Loss
of hearing sensitivity might well be a problem (e.g. for the perception of emergency services
vehicles), but can potentially be rectified through the use of hearing aids. Furthermore, it
is easily predicted that if somebody has a loss of sensitivity they will obviously require
sounds (such as sirens) to be louder before they are heard, as has been shown, for example,
by Slawinski and MacNeil (2002). The effect of sound which is audible is less predictable,

127



128 CHAPTER 5. USEFUL FIELD OF VIEW STUDY

requiring more extensive investigation. Thus, the current study was concerned with the
investigation of auditory distraction on a measure of visual attention which has been linked
to driving-relevant skills in past work; the Useful Field of View test. This is a test which is
based on a construct called the ‘functional visual field’ or ‘visual span’, as outlined below.

5.1.1 The functional visual field

Hickson et al. (2010) explain their finding of a reduction in road sign recognition under
conditions of auditory task engagement by linking it to evidence which has shown a reduced
or restricted ‘useful field of view’ under auditory task conditions. The useful field of view
is a construct originally named the ‘functional visual field’ by Sanders (1970) and can be
defined as “the visual field area over which information can be acquired in a brief glance
without eye or head movements” (Edwards et al., 2006, p.275). The importance of this
construct for safe driving is apparent from Figure 5.1, which presents what a reduction in
the useful field of view might resemble for drivers.

Hickson et al. (2010) hypothesised that the functional visual field is reduced to a greater
extent in those with a hearing impairment, under conditions of auditory distraction. This
is thought to be because the cognitive requirements for successful listening are greater in
those with a hearing loss (see Chapter 3).

Figure 5.1 A depiction of what a reduction in the functional visual field might resemble.
This may lead to the driver being unaware of salient information (e.g. the pedestrians
crossing from the right hand side in this scene).

A computerised assessment of the useful field of view (UFOV) (Sekuler and Ball, 1986;
Ball and Owsley, 1991; Ball et al., 1993), tests the efficiency with which visual information
in the functional visual field can be accurately processed. The aim of the study reported in
this chapter was to establish whether UFOV performance in hearing impaired individuals
was disproportionately affected by auditory distraction in comparison to normally hearing
individuals. Accordingly, the foundations of UFOV, its format, what it predicts and how it
is affected by auditory distraction are discussed below.
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5.1.2 The rationale for UFOV

In past driver safety literature a counter-intuitive trend has been noted suggesting that
visual deficits are not correlated with vehicle crashes (Owsley et al., 1991; Gresset and
Meyer, 1994; Marottoli et al., 1994; McCloskey et al., 1994; Johansson et al., 1996; Ivers
et al., 1999), or only show a weak correlation (Hofstetter, 1976; Davison, 1985; Humphries,
1987; Ball et al., 1993; Marottoli et al., 1998). Ball et al. (1993) argue that this may
have arisen as this research predominantly assessed sensory ability (e.g. measures of
static visual acuity) and neglected higher-order perceptual and cognitive components (e.g.
visual processing speed, attentional resources, the ability to ignore distracting information).
Accordingly UFOV was developed to take these factors in to account (Edwards et al.,
2005, 2006). It was originally administered using a dedicated computer system, but has
now evolved to include touch-screen and mouse-based versions, both of which can be
administered on a personal computer (Edwards et al., 2005). The test format of UFOV is
described below.

5.1.2.1 A description of UFOV

The UFOV assessment involves identifying the location and appearance of a set of visual
stimuli. It incorporates a number of single trials which all follow the same format (shown
in Figure 5.2). Each stage of the trial is as follows:

1. The trial begins with a black screen containing a central white square on which
participants are asked to fixate.

2. A certain set of stimuli (governed by the subtest type) will then briefly flash up on
the screen, and will then disappear.

3. These stimuli are replaced by a ‘random noise mask’. The function of this masking
screen is to eliminate the visibility of brief stimuli after their presentation (Breitmeyer
and Ogmen, 2006).

4. Participants are then asked about the appearance of the stimulus in the centre square
(the ‘central target’), which is either a car or a truck (the distinction between these
two stimuli can be seen in Figure 5.3).

5. Upon providing a response to the central target, participants are asked about the
location of the ‘peripheral target’, which is always a car. The peripheral target occurs
at one of eight locations outside the centre square; in place of the outermost triangle
located at angles of 0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, and 315◦ from the centre
point.

Task difficulty is altered by changing the length of time that the stimuli are presented on
the screen. If a participant provides a correct response to both questions, the presentation
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Figure 5.2 The progression of a single UFOV trial.

epoch is shortened, whereas an incorrect response to either question results in a lengthening
of the presentation epoch. Thus the participant must be attentive to both foveal and
peripheral stimuli. The presentation period ranges between 17-500 ms, and the times are
altered using a double staircase method1 until a level is reached at which a participant
is repeatably obtaining a score of 75% on all trials. This threshold presentation time is
then recorded as the participant score, so scores range between 17-500, with higher scores
reflecting poorer performance.

The exact visual stimuli presented are manipulated resulting in three subtests which
assess: (1) processing speed, (2) divided attention, and (3) selective attention (Ball et al.,
1993; Myers et al., 2000). The presentation paradigms of these subtests are described
below, and examples of these stimuli are shown in Figure 5.3.

1. Processing speed: only the central target is presented in each trial. The participant
simply needs to indicate whether he/she saw a picture of a car or truck in the centre
square.

2. Divided attention: both the central target and peripheral target are flashed up
simultaneously. The participant has to report whether the central target was a car

1A single staircase involves presenting the stimulus at a suprathreshold epoch, and then reducing it until an
incorrect response is given, at which point the epoch will be increased again. This process will be repeated
until a set criterion is reached; in this case the participant is reliably obtaining a score of 75% on all trials.
The double staircase adaptation of this incorporates two such series, the trials of which are randomly
interspersed with each other (see e.g. Cornsweet, 1962; Nachmias and Steinman, 1965).
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or truck, and the location of the car flashed up in their peripheral vision.

3. Selective attention: this task is the same as the divided attention task, but this
time a visual distracter array of forty-seven triangles is flashed up simultaneously
with the stimuli. The participant is required to ignore the distracters and, again,
report whether the central target was a car or truck, and the location of peripheral
target.

Figure 5.3 Examples of the three UFOV subtests. The difference between stimuli forms
can be seen: a truck is being presented centrally with a car in the periphery.

5.1.2.2 What does UFOV measure?

Studies suggest that UFOV is likely to reflect attentional and cognitive abilities, rather
than relying solely on visual sensory function (Owsley, 1994; McDowd and Shaw, 2000).
Indeed, although UFOV incorporates stimuli at peripheral visual locations, Sekuler et al.
(2000) argue that poor performance on UFOV should be conceptualised not as reflecting a
shrinking of the visual field, but as a diminished efficiency in extracting visual information
from cluttered scenes. In this regard, Ball et al. (2007) argue that UFOV is essentially a
measure of speed of processing difficulties.

Abilities measured by UFOV are thought to reflect those which are relevant to driving.
For example, driving requires the simultaneous use of central and peripheral vision, and
requires the detection of salient stimuli which occur at uncertain times in the visual field
(Ball et al., 1993). UFOV has, therefore, been employed in studies investigating the driving
ability of older adults, who may exhibit changes in higher-order perceptual and cognitive
components of vision (Ball et al., 1988; Owsley et al., 1991; Goode et al., 1998). Studies
have shown that UFOV performance is predictive of both prospective and retrospective
vehicle crashes (Ball et al., 1993; Owsley, 1994; Owsley et al., 1998; Clay et al., 2005; Ball
et al., 2006), and driving performance during field-trials (Myers et al., 2000; Wood, 2002).

Indeed, Clay et al. (2005) performed a meta-analysis of eight studies which had
investigated the ability of UFOV to predict a number of different driving outcomes. Their
study included work which had employed either driving records, on-road driving, or driving
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simulator studies as their measure of driving performance. They argue that poorer UFOV
test performance is associated with poorer driving performance. They also point out that
UFOV appears to be a particularly robust measure, as the same outcome is preserved
regardless of driving measure, or the laboratory in which it is being administered.

These results advocate UFOV as a powerful index of on-road driving performance, and
as such some authors have suggested it as a suitable tool for assessing driver suitability in
licensing settings (Myers et al., 2000). However, some criticisms of UFOV have arisen, and
these should be considered when using this test. Firstly, the test has been extensively used
in the elderly demographic, but little research has been carried out with younger subjects.
As such it is unknown how UFOV performance interacts with driving performance in the
younger demographic. This is not of great concern for the current line of study, given that
older adults have been identified as the demographic of interest (see Chapter 4), in line
with the link between hearing loss and age (Davis, 1995). Furthermore, a number of studies
have documented a ceiling effect on the processing speed and divided attention subtests of
UFOV (see e.g. Richards et al., 2006; Bentley et al., 2012; McManus et al., 2015). This
is also not of concern for the current study; a worsening of performance is predicted as a
result of auditory task engagement - a ceiling effect will not hide a trend in this direction.
Additionally, no such ceiling effect is apparent for the divided attention subtest, and so
results on this portion of UFOV should still be indicative of the hypothesised trend. The
test uses two separate two-choice forced response paradigms, therefore participants have
a 25% chance of giving a correct answer, even in cases where they randomly guess. The
double-staircase method of presentation nullifies this problem, as evidenced by the high
test-retest reliability of UFOV which has been exhibited in past work (Edwards et al.,
2005).

The study reported here was concerned with how auditory distraction affects UFOV
performance in normally hearing and hearing impaired individuals. Accordingly, the next
section provides an overview of work which has assessed the effect of auditory distraction
on UFOV performance.

5.1.2.3 The effect of concurrent auditory tasks on the useful field of view

Driving requires the performance of multiple simultaneous tasks (Clay et al., 2005), and
this sometimes incorporates the performance of concurrent auditory tasks in the driving
domain. There is evidence suggesting that during periods of auditory distraction, the
efficiency with which visual information in the functional visual field can be processed is
reduced.

For example, Wood et al. (2006) presented young normally-hearing participants with a
task aimed at measuring the useful field of view, very similar to UFOV. This task, however,
had a fixed presentation period of 90 ms, rather than varying this parameter depending on
response. Furthermore, the eccentricity of the peripheral target could be altered such that
peripheral targets were presented at visual angles of 10 ◦, 20◦, and 30◦. As the presentation
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period was fixed, the outcome measure was the number of errors made. Wood et al. (2006)
only incorporated two visual conditions in their study, which resembled the UFOV subtests
of divided attention and selective attention. They asked their participants to complete
these subtests under three auditory task conditions: (1) with no auditory task, (2) listening
to a concurrent auditory task, and (3) responding to a concurrent auditory task.

The results showed that, during visually complex subtests (incorporating an array of
visual distracters), when participants were required to respond to the concurrent auditory
task, they made significantly more central errors than when they either had to listen to
the auditory task alone, or when there was no auditory task present. Additionally, there
was an increase in the number of errors made at far peripheral locations as a result of
responding to the auditory task rather than just listening to it (see Figure 5.4). Therefore,
it appeared that the type of auditory task affected the magnitude of effect on concurrent
visual tasks. Wood et al. (2006) draw attention to the implications of their results in the
driving domain, and the finding that listening did not affect visual task performance is in
accord with previous research showing that passive listening is likely to have little effect
on driving performance (Strayer et al., 2003), whereas more cognitively demanding tasks
which require some sort of response formation do (Brown et al., 1969).

Figure 5.4 Results from the study of Wood et al. (2006). The mean number of errors (±
standard error where applicable) made on the central and peripheral tasks as a function
of auditory and visual conditions. N.B. visual distracters refers to the array of triangles
presented in the visual field.

Results from studies investigating the effect of auditory distraction on visual attention
in laboratory settings also support the findings of Wood et al. (2006). For example, a study
by Pomplun et al. (2001) concludes that auditory distraction degrades visual search, and
that if the difficulty of the auditory task is increased (i.e. more listening effort is required),
visual tasks suffer further decreases in performance. The authors used the aCMT task in
which participants listened for the occurrence of targets in a list of numbers. The difficulty
of this task was raised by increasing the number of targets which had to be held in memory.
Other studies investigating the effect of auditory task engagement on the functional visual
field have produced similar results, which have then been extrapolated to the driving
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domain (Atchley and Dressel, 2004).
Based on these results, it was hypothesised that hearing impairment would exacerbate

the performance decrements on UFOV during concurrent auditory task engagement, because
SNHL would increase the difficulty of the listening task for hearing impaired relative to
normally hearing individuals. This notion was the basis for the performance of the current
study.

5.1.3 Study aims and hypotheses

The aim of this study was to establish whether hearing loss exacerbated the effect of
auditory distraction on visual attention, over and above the difficulty experienced by the
normally hearing subjects. A number of specific research questions were posed:

1. Is UFOV performance negatively influenced by the simultaneous performance of an
auditory task?

2. Is the reduction in UFOV performance as a result of auditory distraction greater in
those with a hearing loss?

3. Does auditory task performance suffer as a result of simultaneous performance with
UFOV?

4. Are auditory task performance decrements as a result of simultaneous performance
with UFOV greater in those with a hearing impairment?

It was hypothesised that the performance of hearing impaired and normally hearing
participants would be comparable under all conditions where there was no simultaneous
auditory task present. If auditory processing demands are responsible for disturbances
in visual processing, as noted by Hickson et al. (2010), then it would be expected that a
concurrent auditory task would degrade visual performance to a greater extent in hearing
impaired individuals. This is because extra cognitive processing required to listen to,
understand, and perform an auditory task with a SNHL would be required

This trend was hypothesised to occur for both the divided and selective attention
subtests of UFOV, given that central errors significantly increase as a result of auditory
task engagement when two visual targets are presented in this type of task (Wood et al.,
2006). A greater magnitude of task disturbance was expected for the selective attention
subtest than the divided attention subtest, given that the presence of visual distracters
leads to an increase in the number of peripheral errors, particularly in the presence of
a concurrent auditory task (Wood et al., 2006). However, it was difficult to predict the
outcome for the processing speed subtest, because the visual task used by Wood et al.
(2006) always included two concurrent stimuli.

Wood et al. (2006) did not record the accuracy rate of auditory responses in their
study. However, provided that participants placed equal importance on both tasks (as they
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were instructed to), it was hypothesised that auditory task performance would become
increasingly poorer as the difficulty of the visual task increased. In terms of the working
memory model, this is because the more demanding the visual task, the more mediation
required from central executive processes for visuospatial sketchpad operations, thus
degrading the efficiency of phonological loop operations. This reduction in performance is
likely to be greater in hearing impaired individuals; they require more listening effort than
normally hearing individuals in order to perform auditory operations successfully, and so
the reduction in central executive processes from the phonological loop is likely to have a
greater effect on this demographic.

5.2 Method

The experiment reported in this chapter was run as part of a collaborative study performed
at the Swedish National Road and Transport Research Institute (VTI) in Linköping,
Sweden. The study arose as a result of discussions with colleagues at the 5th International
Conference on Traffic and Transport Psychology held in Groningen, the Netherlands.
As our two forthcoming study protocols required the recruitment of hearing impaired
individuals, a collaborative study was agreed using the same participants to undertake our
two separate experimental protocols.

5.2.1 Participants

Thirty-two participants in good general health, and free from eye and ear disease were
recruited to this study from the local community and from a University Hospital audiology
department in Linköping, Sweden. Sixteen of these participants were known to have a
hearing impairment (identified through routine clinical testing at Linköping University
Hospital), and the other sixteen were presumed to have normal hearing (as there had
been no prior history of ear disease and/or concerns about loss of hearing). Pure tone
audiometry was conducted on each participant in accordance with the British Society of
Audiology guidelines (2011) and participants were split by hearing status into two groups:
those with a mild-severe hearing loss, and those with normal hearing, again as defined by
the British Society of Audiology (2011).

As a result of these tests, it transpired that one of the participants recruited for inclusion
in the normally hearing group had a mild hearing impairment, and as such was included
in the hearing loss group. Of the hearing impaired participants, three had a congenital
hearing loss, the other fourteen had acquired their hearing impairment. The audiometric
attributes of the hearing loss group suggested the majority had developed an age-related
hearing loss. Fourteen of the group owned bilateral hearing aids, two owned unilateral
hearing aids, only one participant with a hearing loss did not own a hearing aid. Of the
sixteen participants who owned hearing aids, eleven wore them all of the time, three wore
them occasionally, and two did not wear them. Nobody reported differing behaviour with
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regard to hearing aid use whilst driving and during their normal day-to-day routine. All
participants held a current valid driver’s licence and wore any optical correction that they
normally wore for driving. Demographic information for each group is given in Table 5.1.

Table 5.1 Summary demographic information for each group in study one.

Experimental group Number of
participants Mean age (± S.D.) Level of education

Hearing impaired 17 (8|; 9~) 57.88 (± 12.67) 8 School; 9
University

Normal hearing 15 (5|; 10~) 51.20 (± 9.31) 8 School; 7
University

5.2.2 Materials

5.2.2.1 Visual task

UFOV test software (version 6.1.1), run on a personal computer, was used in this experiment.
Responses were given using a computer mouse, a response method which has been shown
to have a high test-retest repeatability (Edwards et al., 2005). All three UFOV subtests
(processing speed, divided attention and selective attention) were used in this experiment,
and were administered with and without a concurrent auditory task.

Possible visual task scores were in the range 17–500 ms, and were calculated by the
UFOV software as the stimulus epoch required to achieve 75% successful performance of
trials. Thus, better subtest performance on UFOV translated as a lower score. The UFOV
software derived visual task scores by varying the stimulus presentation duration depending
upon the accuracy of responses, presenting stimuli using a double staircase method. A
correct response was only recorded when both the peripheral and central visual tasks were
completed correctly. Subtests ended automatically once the software had a stable estimate
of the required stimulus epoch. It should be noted that the processing speed subtest does
not incorporate a peripheral visual stimulus, as such scores on this subtest are derived from
the accuracy of responses to the central target only. This ensured that participants were
fixating on the point of stimulus presentation, providing an isolated measure of processing
speed.

5.2.2.2 Auditory task

Task selection

The choice of auditory task to be used in this study required consideration, given that there
have been a wealth of such tasks used in past research employing dual-task methodologies
(see e.g. Pashler, 1994). Past work has shown that cognitively challenging auditory tasks
which require a participant response have an effect on concurrently performed tasks (Strayer
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and Johnston, 2001; Pomplun et al., 2001; Wood et al., 2006; Hickson et al., 2010). Thus
the task had to require a participant response.

Speech stimuli were considered suitable as they are likely to reflect a number of
distractions that may occur whilst driving, particularly for people with a hearing loss. This
is not to say that non-speech stimuli do not occur in the driving environment, quite the
opposite. However, speech is one of the most difficult signals for people with SNHL to
process, particularly in the presence of masking noise (Moore, 2007). Alongside in-car
systems which use non-speech sounds, speech stimuli can also have a negative effect on
driving performance through their distractive nature (see Chapter 2). Accordingly, it is
probable that a speech stimulus would be more distracting than a non-speech stimulus for
somebody with a cochlear hearing loss, and provides a suitable level of face validity for the
purposes of this study.

The task also had to be suitable for employment in the experimental design. As the
UFOV software was free-standing, timing the presentation of auditory stimuli so that they
exactly matched the presentation epoch of visual trials was not possible; stimuli thus had
to last long enough to account for this limitation.

Using a longer auditory stimulus, therefore, had the benefit of ensuring that an auditory
task was always present during the presentation of visual stimuli. Using a shorter stimulus
may have led to discrepancies in presentation such that some trials may effectively become
two single tasks (e.g. a visual task followed by an auditory task), instead of one dual-task
(e.g. concurrent visual and auditory tasks). Although a longer auditory task time is
desirable, it is important to note that it should not be too long. The task had to be
concise enough to span a single UFOV presentation, but not so long that it carried on for
a disproportionate time following that trial. This may have led to issues in the amount of
time the experiment took, perhaps giving rise to fatigue problems, and would also have
presented issues for participants keeping the location of UFOV stimuli in their Working
Memory whilst the auditory task finished.

Thus the criteria for a suitable auditory task were:

1. Valid in terms of applicability to the driving environment;

2. Speech-based;

3. In the Swedish language (given that it was the mother-tongue of all participants);

4. Suitable presentation epoch;

5. Requires a participant response.

When selecting a task which satisfied these criteria, previous studies that had used
similar experimental paradigms were identified, and the auditory tasks that had been
employed were scrutinised in terms of their suitability for this experiment. The considered
tasks are described and discussed in Table 5.2.
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The suitability of these tasks in terms of the criteria set out is summarised in Table 5.3.
The preceding list of tasks is by no means exhaustive. However, it does provide possibilities
for consideration. The most suitable tasks for employment in this study appear to be
competing sentences, which is very similar to the Staggered Spondaic Word test (SSW)
used in a dual-task study of auditory and visual attention (Wood et al., 2006), or a memory
span task (Pomplun et al., 2001). However, there is some concern regarding the potential
influence that individual cognitive factors might have on the performance of memory span
tasks. Given this concern the decision was taken to use dichotic sentences as the auditory
task used in this experiment.

The specific dichotic sentence test used was developed by Hällgren et al. (1998), and
consisted of two five-word, low-redundancy2 sentences, simultaneously played to opposing
ears. The test materials were recorded in Swedish by a native speaker.

An audiometer, calibrated to the dichotic sentence test, was used to present auditory
stimuli through Telephonics TDH-39P headphones; this ensured an accurate presentation
intensity of 50 dB HL sensation level. Sensation level refers to the decibel value above
threshold (in this case at 1 kHz), such that if a participant had an absolute threshold of 20
dB HL at 1kHz the value at 50 dB HL sensation level would be 70 dB HL (20 dB HL +
50 dB HL = 70 dB HL). Auditory stimuli were presented at a sensation level, rather than
set intensity, so that sounds were played at an audible level for all participants, regardless
of hearing loss status.

As these stimuli were presented through headphones, and because stimuli were presented
at a sensation level, participants were not permitted to wear hearing aids during the
experiment, even if they did so under normal driving conditions. In cases where the extent
of hearing loss made this sensation level uncomfortably loud, stimuli were adjusted to an
intensity which was deemed comfortable by participants.

A single dichotic sentence trial (two sentences played simultaneously) started just prior
to each visual stimulus presentation, ensuring that the sentences were playing through
the period that the visual stimuli were present. Subjects were required to listen to the
sentences in full before repeating back as much of both sentences as they had heard.

A percentage correct score for the auditory task was calculated for each participant,
during each subtest, by counting the number of correct words repeated following each
stimulus presentation. As there were five words in each sentence, the maximum score for
each dichotic stimulus was ten. A similar approach to marking this auditory task has been
taken in past research, which asked participants to report the sentence from one ear only
(Hällgren et al., 2001). However, the current study asked participants to recall as much
of both sentences as possible. This approach was taken in order to avoid the possibility
of cueing participants towards a certain side of their visual field as a result of directed
auditory stimuli (Ho et al., 2006). Accordingly, sentences were analysed such that if a
2Redundancy refers to the likelihood of being able to predict the content of a sentence because of its
semantics. In this case (low-redundancy), listeners would not be able to predict the content of a whole
sentence based on the successful perception of a fraction of the message.
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Table 5.3 Analysis of whether tasks discussed meet the various criteria set out. A tick
indicates a particular task fulfils the respective criterion.

Criterion SSW Dichotic
sentences

Understanding
of prose
passage

Memory
span task

Valid in terms of
applicability to the
driving environment

X X X X

Speech-based X X X X

Suitable presentation
epoch × X × X

Requires a participant
response X X X X

participant only responded with one-sentence, marks were not awarded for words from
both sentences. Instead marks were only given from the sentence that scored highest. For
example:

Stimulus: “Elsa borrowed three dark gloves” and “Bosse owned six beautiful rings”
Response one: “Bosse owned six beautiful rings” and *no response*. Score given =
5/10

Response two: “Bosse borrowed three beautiful rings” and *no response*. Score
given = 3/10

Response one scores 5/10, as the participant has repeated only one sentence in its
entirety, but the sentence given is correct. Response two only scores 3/10, as the participant
has only repeated one sentence, and the answer given is a mixture of the two sentences.
The three marks given are, therefore, for the participant saying ‘Bosse’, ‘beautiful’ and
‘rings’, all three of which are present in the second sentence. Marks are awarded from this
particular sentence as the responses recorded to the other sentence would have resulted
in a lower score of 2/10. This approach was taken in order to reflect the difficulty of the
listening task; it was not considered feasible to give the same mark to somebody repeating
a mixture of the two sentences, and another person successfully ignoring an interfering
stimulus, listening to one of the sentences, and repeating it in its entirety.

5.2.2.3 Cognitive testing

A cognitive test battery was employed in order to control for cognitive differences between
the two experimental groups. This was considered important given that UFOV is thought
to rely on higher-order processing abilities (Edwards et al., 2006).
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The Clinical Information Processing System (KIPS) test battery, a developed, abbre-
viated version of the cognitive test ‘Text Information Processing System’ (Lyxell et al.,
1998), was administered to each participant. KIPS assesses working memory capacity,
lexical access speed and phonological skills (Borg et al., 2008), and is administered (in
Swedish) on a personal computer, requiring responses using the mouse and keyboard.

KIPS consists of four sections, and lasts approximately twenty minutes in total:

1. Physical matching: participants had to decide whether two letters appearing on
the monitor looked the same or different.

2. Lexical text: participants had to decide whether words that appeared on the screen
one at a time were real, or invented.

3. Rhyme: participants had to decide whether two words displayed simultaneously on
the monitor rhymed with each other or not.

4. Reading span: sets of two 3–5 word sentences were displayed on the monitor one
word at a time. Participants had to decide whether or not each sentence made sense
or was nonsense. Once this choice had been made, the participant was asked to recall
either the first or the last word in both preceding sentences.

This cognitive test battery was chosen as it offered measures of constructs considered
important for UFOV performance. For example, it is thought that the reading span section
of KIPS is heavily reliant on the central executive portion of working memory (Lobley
et al., 2005). It is this component of the Working Memory model that is hypothesised
to control attention switching and mediated focused and divided attention (Baddeley,
2002), skills which are likely to be central to the successful performance of UFOV. In
a similar vein, there is some discussion that rhyme judgements originate from a similar
region of the brain as Working Memory tasks, given that both are affected by articulatory
suppression (Besner, 1987; Gathercole and Baddeley, 1993), and may, therefore, rely
on similar physiological systems. Therefore, the rhyme portion of KIPS provided some
insight into whether cognitive deficits were present in any particular participant, as well as
supporting results obtained from the reading span subtest.

Central to success on UFOV is the recognition of an icon from two, almost identical,
options (see Figure 5.2). The physical matching portion of KIPS provided some insight
into whether individual participants are able to accurately identify, on a computer screen,
whether there was a subtle difference between two physical shapes. Thus, any issues
regarding a participant’s inability to physically decipher the difference between the car and
truck presented in UFOV was accurately identified by performance on this aspect of KIPS.

Though the lexical test portion of KIPS was not considered to bear any importance for
predicting success on the UFOV test itself, it was considered important for the prediction
of auditory task performance. The auditory task involved the recognition of simultaneous
sentences containing words which could not be accurately predicted by the semantic
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content of stimuli. Thus, success on this task was likely to be related to the lexical skills of
participants, i.e. their ability to perceive and identify words (Balota and Chumbley, 1984).

At this juncture it is also worth noting that those tasks included in KIPS, which rely
on central executive skills (reading span, and perhaps rhyme) not only provide information
regarding potential performance of the visual task, but also the auditory task. It is
known that the performance of spondaic tasks relies heavily on central auditory processes
(Katz and Smith, 1991), and so an inability to effectively switch and focus attention (as
is measured by the reading span, and potentially rhyme, sections of KIPS) may have
impacted on the performance of the auditory task also.

The KIPS software measured participant performance (percentage correct) on each
of the cognitive battery subtests. Each individual section of the test battery was marked
individually and thus could be analysed independently.

5.2.3 Procedure

Pure tone audiometry testing and KIPS were both undertaken prior to UFOV performance.
Participants’ hearing was assessed using pure tone audiometry according to the British
Society of Audiology guidelines (2011). Following the hearing test, participants were asked
to perform KIPS on a personal computer with a 17 inch screen. Participant responses
in all subtests were a two-choice forced response task, and answers were given using the
keyboard. In the reading span test, participants also had to recall the first/last word of
the preceding sentence, this answer was also a two-choice forced response task and was
given using the computer mouse.

For UFOV testing, participants were seated 60 cm away from a 17 inch computer
monitor. They were instructed on how to perform UFOV with the aid of sample stimuli
and were then given a practice as per the test instructions (Visual Awareness Inc., 2003).
This consisted of performing four practice trials for each subtest using long presentation
epochs; if the correct response rate was lower than 3/4, a further four practice trials were
presented, and so forth. Practice continued until 3/4 trials were correctly performed, or
until 16 trials had been presented (Visual Awareness Inc., 2003). Participants were all able
to perform the practice task successfully before 16 trials had been presented.

Following training on UFOV as a standalone single task, participants were given the
opportunity to practice UFOV simultaneously with the auditory task. Participants were
asked to give equal priority to both the visual and auditory tasks. Practice was carried out
in a similar manner to UFOV as a standalone task, and was stopped once 3/4 trials had
been successfully completed, or a total of 16 trials had been presented, and responses to
the auditory task were consistent with an understanding of the task. Again, participants
were all able to perform the practice task successfully before 16 trials had been presented.

After the training and practice session, participants went on to complete the three UFOV
subtests described above, both with and without the auditory task presented simultaneously.
This resulted in six experimental conditions, which were partially counterbalanced using
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the balanced Latin Square method (Bradley, 1958). This method was chosen in order to
remove any potential order effects which may have arisen as a result of all participants
carrying out all of the conditions in a set order. A baseline measure of auditory task
performance on its own was also taken, whereby participants responded to ten auditory
stimuli in the absence of any visual task. Half of each experimental group undertook
this baseline measure before performing the six experimental conditions, the other half
performed it at the end of the experimental session.

Ethical approval for this study was obtained through the National Health Service
National Research Ethics Service Research Ethics Committee (reference: 12/YH/0076).

5.3 Results

Prior to analysis, all data in this experiment was subjected to a Kolmogorov-Smirnov test
per group in order to ascertain whether they conformed to a normal distribution. Where
this was not the case, non-parametric testing was employed to investigate trends in the
data (Field, 2013). At numerous points in the analysis multiple comparisons were made,
leading to a potential increase in the familywise error rate (i.e. the probability of making a
type I error; Shaffer, 1995). In order to counteract this confound, the Bonferroni Correction
was applied (Field, 2013).

5.3.1 Visual task

Kolmogorov-Smirnov tests exhibited that the majority of UFOV data was not normally
distributed, and as such the decision to use non-parametric test methods was taken. The
mean UFOV test scores for both groups in each individual experimental condition are
shown in Figure 5.5.

(a) Processing speed (b) Divided attention (c) Selective attention

Figure 5.5 Mean UFOV scores (± standard error) for the two experimental groups on each
individual subtest under different auditory task conditions.

UFOV performance decreased as the visual task became more complex (i.e. as more
stimuli were included), and through the use of Friedman Tests this decrease in performance
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was shown to be statistically significant both with
(
χ2 (2) = 47.226,p < .001

)
and without(

χ2 (2) = 54.264, p < .001
)
a simultaneous auditory task. Further post-hoc analysis using

Wilcoxon signed-rank tests and Bonferroni corrections exhibited that there were significant
differences between all of the UFOV subtest scores (see Table 5.4). Furthermore, the
introduction of a concurrent auditory task had a significantly degrading effect on the
performance of UFOV for the processing speed subtest (z = -3.201, p = .001, r = .57),
the divided attention subtest (z = -3.690, p = .000, r = .65), and the selective attention
subtest (z = -4.937, p < .001, r = .87). Effect sizes (r) for this trend suggest that the more
complex the visual task, the more degradation from a concurrent auditory task.

Table 5.4 Wilcoxon test results for comparisons between UFOVscores across different
subtests.

Comparison subtests
No auditory task Auditory task present

Medians p− value Medians p− value

Processing speed
Divided attention

17.00 ms
23.00 ms < .001 23.00 ms

82.00 ms < .001

Processing speed
Selective attention

17.00 ms
146.50 ms < .001 23.00 ms

208.50 ms < .001

Divided attention
Selective attention

23.00 ms
146.50 ms < .001 82.00 ms

208.50 ms < .001

The Mann Witney-U test was utilised to test for possible differences between the two
experimental groups on UFOV, though no significant differences on any of the three UFOV
subtests arose (see Table 5.5).

Table 5.5 Mann-Witney U test results for a comparison between the two experimental
groups in terms of their UFOVscores.

Subtest Normal hearing
median

Hearing loss
median p− value

Processing speed (no auditory task) 17.00 ms 17.00 ms .360
Divided attention (no auditory task) 23.00 ms 27.00 ms .178
Selective attention (no auditory task) 110.00 ms 157.00 ms .249

Processing speed (auditory task present) 23.00 ms 23.00 ms .812
Divided attention (auditory task present) 67.00 ms 97.00 ms .688
Selective attention (auditory task present) 197.00 ms 267.00 ms .282

In order to examine whether the inclusion of an auditory task disproportionately affected
the UFOV performance of either experimental group, for each participant a difference value
was calculated between the auditory task present and auditory task absent conditions of
individual subtests. Discrepancies between the two experimental groups on these individual
subtest difference values were investigated through Mann-Whitney U tests. No significant
differences were found between normally hearing and hearing impaired participants on the
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processing speed (p = .31), divided attention (p = .48), or selective attention (p = .63)
subtests.

As non-parametric testing was performed, the inclusion of covariates in analyses was
not possible. Thus, the influence of age, gender, and education level on UFOV scores
was established by performing Mann-Whitney U tests between groups for each respective
independent variable. As age data is continuous, the sample was split into two groups,
one of the younger members (≤ 57 years; mean age = 47 years), one of the older (≥ 58
years; mean age = 65 years), enabling the quantification of any age-related differences in
the results obtained.

A significant difference was found for the older vs younger comparison for the selective
attention subtest of UFOV, completed in the absence of an auditory task (U = 61.5, z =
-2.508, p = 0.011). Curiously, when the same subtest was performed with a concurrent
auditory task, this difference between the older and younger group showed no significant
difference in scores (U = 96.0, z = -1.207, p = .235). No significant effects of education
level or gender were found on UFOV scores.

5.3.2 Auditory task

The mean percentage scores for the auditory task performed as a baseline measure (in the
absence of a concurrent visual task) and during each UFOV subtest are shown in Figure 5.6.
Kolmogorov-Smirnov tests again showed that the auditory task response data was not
normally distributed. It can be seen that, for both groups, as the visual task becomes
more complex, accuracy on the auditory task decreases. Indeed, a Friedman test exhibited
a statistically significant decrease in auditory task scores as a function of the concurrent
UFOV subtest

(
χ2(3) = 12.343, p = .005

)
. Post-hoc analysis of these values using Wilcoxon

signed rank tests and the Bonferroni correction exhibited that this interaction arose mainly
from the difference between the baseline measure of the auditory task, and the performance
measured whilst the auditory task was performed simultaneously with the divided attention
(Z = -2.952, p = .002) and selective attention (Z = -3.178, p = .001) subtests of UFOV.

Auditory task scores of the hearing impaired group are marginally lower than those
of their hearing counterparts at baseline, and across every UFOV subtest. However,
when the differences in auditory task scores between the hearing impaired and normally
hearing groups were examined under each condition using Mann-Whitney U tests and the
Bonferroni correction, no significant differences arose (see Table 5.6). In fact, the data
actually showed that the auditory task performance of normally hearing participants was
more affected by UFOV performance than the hearing impaired group. The normal hearing
group exhibit a greater reduction in auditory task scores than the hearing impaired group
for each UFOV subtest (see Figure 5.7). Auditory task scores were also analysed in terms
of their difference amongst different demographic groups (age, education level, and gender)
using Mann-Whitney U tests. This testing revealed no significant differences in any of
the comparisons, suggesting no influence of these demographic variables on auditory task
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Figure 5.6 Mean auditory task scores (± standard error) for the two experimental groups
across UFOV subtests and at baseline.

scores.

Figure 5.7 Mean reduction in auditory task scores from baseline (± standard error) for the
two experimental groups across UFOV subtests.

Table 5.6 Mann-Witney U test results for a comparison between the two experimental
groups in terms of their auditory task scores across UFOV conditions.

Subtest Median
p− valueNormal hearing Hearing loss

Baseline (no visual task) 48.18 46.84 .198
Processing speed 46.47 46.50 .476
Divided attention 45.20 44.51 .816
Selective attention 44.76 42.11 .773
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5.3.3 Multivariate analysis

Although the visual and auditory tasks did not show a significant difference between the
normally hearing and hearing impaired groups, it was considered that there might be a
dual-task cost. As such, there may have been a decrement in both the visual and auditory
tasks under a certain experimental condition that differed significantly between the two
groups. Accordingly, a MANOVA was run between the two experimental groups for each
subtest of UFOV, submitting UFOV subtest score and the corresponding auditory task
score as dependent variables. There was no significant difference between the hearing
impaired and normally hearing groups for the processing speed (p = .43), divided attention
(p = .76), or selective attention (p = .36) subtests of UFOV.

5.3.4 Cognitive tests

The mean scores obtained by both experimental groups on KIPS are shown in Figure 5.8.
Accuracy on the majority of these tests was high, with mean scores of 80% or above.
However, ‘reading span’ scores were generally lower than the other three subtests for
participants of both groups. This would be expected, given the complex nature of the task
which requires participants to hold words in working memory whilst piecing them together.

Scores on each KIPS subtest were not normally distributed. A Mann-Whitney U
test showed no significant differences between the hearing impaired and normally hearing
groups for the physical matching (p = .65) or lexical test (p = .70) subtests of KIPS. The
difference in rhyme (p = .069) scores between the hearing impaired (M = 82.88, SEM =
2.77) and normally hearing groups (M = 90.07, SEM = 2.76) tended towards significance,
U = 79.5, z = -1.829, p = .067. One significant difference arose between the groups, with
reading span scores shown to be lower in the hearing impaired group (M = 51.65, SEM =
2.65) than the normally hearing group (M = 61.07, SEM = 2.53), U = 69.0, z = -2.223, p
= .025. This suggests that some aspects of working memory ability were poorer in the

Figure 5.8 Mean results (± standard error) for the two experimental groups on each
individual KIPS subtest.
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hearing impaired sample than the normally hearing sample in the current study.

5.4 Discussion

5.4.1 Visual task

The results show that the performance of a simultaneous auditory task degrades performance
on UFOV, and the more complex the visual task, the greater the effect of an auditory
distracter. However, the main aim of this study was to assess the effect of auditory
distraction on the performance of a complex visual task (which has been related to various
driving outcomes), and to test whether this effect was more pronounced in hearing impaired
compared to normally hearing participants.

The data suggest that hearing loss does not lead to an exacerbation of the negative effect
of auditory distraction on UFOV, as no significant differences between the UFOV scores of
the two experimental groups were found. Nor was there a significant difference between
the effect that auditory task engagement had on the individual subtest performance of
the two groups. Despite this, differences between the mean UFOV scores were apparent
between the two experimental groups, with hearing impaired individuals scoring lower
than normally hearing participants on the UFOV divided and selective attention subtests
in the presence of a concurrent auditory task. These differences did not reach statistical
significance, but the notion that hearing loss causes a disturbance on UFOV in the presence
of a concurrent auditory task cannot be categorically discounted; there are a number of
tangible explanations for the lack of statistical significance.

Severe hearing impairments were not widely represented in this study. Hickson et al.
(2010) noted that the degree of hearing impairment was the best predictor of overall
driving ability in their study sample. However, their results suggested that mild hearing
impairment is less associated with poorer driving ability in the presence of distracters. This
may have been a possible reason why a statistically significant difference was not observed
for UFOV performance between the two groups. Over half (10 out of 17) of the hearing
loss group in the current study had an impairment classified as mild, leaving relatively little
data from those with a moderate hearing impairment (7 out of 17). However, post-hoc
examination of the data showed no significant differences between the UFOV scores of the
mildly hearing impaired participants and the moderately hearing impaired participants. In
fact, mean values suggested that the performance of the moderately hearing impaired group
was, contrary to what past work would suggest (Hickson et al., 2010), marginally better
than that of the mildly hearing impaired participants. This discrepancy may, however,
have arisen as a result of the very low, and unmatched sample sizes in these groups, hence
no formal statistical testing was reported in this regard.

One manner by which listening effort requirements have been reduced for those with
a hearing impairment in the past is the use of hearing aids (Downs, 1982; Sarampalis
et al., 2009). The current experiment did not permit participants to wear their hearing
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aids for the completion of the auditory task. Whilst this could potentially have caused an
increase in the required listening effort of the hearing impaired group, auditory stimuli
were presented at a specified sensation level, meaning that sounds were presented at an
amplified level, achieving the basic aim of hearing aids. This may be a supplementary
reason why the results in this study did not reach statistical significance. The attenuation
to sound brought about by hearing loss could be responsible for the majority of listening
effort increase, and by amplifying sounds for this demographic this difficulty is nullified.
Hickson et al. (2010) allowed their participants to wear a hearing aid whilst driving, if they
normally did so. However, only around 15% of their sample reported doing so, meaning
the benefit of hearing aids would have been largely diluted by their participants who did
not wear them. In future studies it may, therefore, be of interest to present sounds at
a single, pre-defined level (rather than a sensation level) in order to capture this extra
difficulty associated with hearing loss. This would also have the added benefit of reflecting
the situation experienced by the large majority of people with hearing loss who do not seek
rehabilitative help, or use hearing aids (Laplante-Lévesque et al., 2010).

Although not statistically significant, an interesting trend identified in this study is the
pattern of results for UFOV involving no simultaneous auditory task. A lower baseline
score on the selective attention subtest of UFOV (incorporating visual, but no auditory
distracters) was noted in the hearing impaired group compared to the normally hearing
participants. This was not expected, as it was hypothesised that extra attention to the
auditory task would bring about a disturbance on UFOV in the hearing impaired sample.
A lower score on a particular UFOV subtest in the absence of any auditory information
cannot, therefore, be explained by this hypothesis. Interestingly, a similar phenomenon,
whereby hearing impaired individuals appear to be more distracted by visual information
in the absence of an auditory task has been noted in past research. The data presented by
Hickson et al. (2010) suggests that visual distraction had a negative influence equal to that
of auditory distraction on overall measured driving performance in their hearing impaired
participants. However, there is no explanation as to why this may have been the case from
the authors. Thorslund et al. (2013b) also found that their hearing impaired sample were
disproportionately affected by visual distraction compared to a normally hearing group.
This point requires some consideration, given that a similar trend has been replicated in
this study.

A possibility is that there is a difference in the baseline cognitive abilities between
the hearing impaired and normally hearing demographics. As UFOV performance (when
undertaken without a concurrent auditory distracter) reflects the attentional and cognitive
abilities of respondents (Owsley, 1994; McDowd and Shaw, 2000), it is feasible to suggest
that those who perform worse on a cognitive test battery will also perform more poorly on
UFOV than those who have shown themselves more able on the same cognitive tests. In
fact, UFOV itself is considered a measure of speed of processing difficulties (Ball et al.,
2007). The hearing impaired group in this experiment were significantly poorer at a reading
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span task and showed a tendency to perform the selective attention subtest of UFOV more
poorly in the absence of any auditory stimuli. These two factors, taken together, hint that
there may be a higher prevalence of processing speed deficits, or Working Memory deficits in
the hearing impaired individuals in this study. There were no significant differences between
the ages of the two experimental groups, therefore age is unlikely to be a contributory
factor for these results.

The possibility of cognitive deficits in the hearing impaired group is supported by
previous work showing deficits in cognitive skills associated with sensory impairment (e.g.
Uhlmann et al., 1989; Lindenberger and Baltes, 1994; Baltes and Lindenberger, 1997;
Lindenberger and Baltes, 1997; Cacciatore et al., 1999; Naramura et al., 1999; Arlinger,
2003), and is of concern for this line of research; if those with an age-related hearing
impairment are predisposed to have deficiencies in cognitive skills, the ability to perform
complex tasks may be compromised even before the influence of an increased listening
effort is introduced. Given that the samples recruited for both studies described thus far
in this thesis have been reflective of an older demographic with age-related hearing loss,
it is possible that the outcomes have been influenced by the disproportionate presence of
cognitive skill decrements. Likewise, higher-order cognitive factors may also have affected
previous work in the area (McCloskey et al., 1994; Ivers et al., 1999; Gilhotra et al., 2001;
Unsworth et al., 2007; Hickson et al., 2010; Thorslund et al., 2013a,b,c; Green et al., 2013;
Thorslund et al., 2014). Whilst it should not (and cannot) be construed that this study has
proven a reduced efficiency of processing in the hearing impaired demographic, it has raised
a feasible concern. This concern should be fully accounted for in future work in this area,
given the overwhelming reliance of the dependent variables used on higher-order cognitive
skills. Controlling for this possibility is the only manner in which the true influence of
hearing sensitivity alone on driving can be investigated.

Wood et al. (2006) argue that reductions in visual processing as a result of auditory task
engagement are of great practical importance for driving as they suggest poor hazard and
sign detection. Indeed, UFOV is linked with various measures of driving performance and
safety (Clay et al., 2005). The results of this study, therefore, suggest that auditory task
engagement whilst driving may decrease road safety, and that caution should be exercised
with regard to complex auditory task engagement whilst driving. Given the increasing
availability and use of in-car systems which function using the auditory modality, these
findings are of clear practical importance. Further, this experiment explicitly suggests
that this consideration is particularly pertinent for visually complex situations (e.g. whilst
driving through busy urban areas). Effect sizes suggested that the degrading effect of
auditory distraction became greater with increasingly complex visual scenes. However,
although the data suggests that hearing impaired individuals might be at a further
disadvantage in this regard, it cannot be explicitly inferred from the results of this study,
since there were no statistically significant differences on UFOV performance between the
two experimental groups.
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5.4.2 Auditory task

Auditory task scores worsened when performed concurrently with UFOV. However, perfor-
mance of the hearing impaired group was not found to be significantly poorer than the
normally hearing group on the auditory task under any of the UFOV subtests. In fact,
the auditory task performance of normally hearing participants appeared more affected by
concurrent performance of UFOV than that of the hearing impaired group.

It is not clear why this may have been the case, but one explanation is that the
increase in required listening effort in hearing impaired individuals counteracts a significant
decrease in auditory task performance. If this trend is considered in the context of the
Working Memory model presented in Chapter 3 of this thesis, it might be that the central
executive is more involved with mediating phonological loop processes than it is with
visuospatial sketchpad processes in the hearing impaired sample. The Ease of Language
Understanding model stipulates that explicit processing is called in to action more often in
hearing impaired individuals than in normally hearing individuals (Rönnberg et al., 2008,
2013). This explicit processing arises from an analogous construct to the central executive,
and is required in order to mediate phonological operations, which are undertaken implicitly
by those with normal hearing. As a result, in normally hearing individuals the central
executive can allocate more resources to aiding visuospatial sketchpad operations, hence
resulting in better UFOV performance.

However, in hearing impaired individuals the central executive cannot dedicate such a
proportion of resources to the visual task as the phonological loop is under greater load. It
is possible that the extra resources assigned to the phonological loop may actually prevent
a stark decrease in auditory task performance, something which may not happen in the
case of the normally hearing individual.

Another reason for analysing auditory task data was to ensure that participants were
engaging with it, and did not neglect the auditory task in favour of performing UFOV. The
data suggests that participants did not neglect the auditory task in favour of maintaining
UFOV performance. At baseline, participants were able to successfully repeat approximately
one of the two sentences with a suitable degree of accuracy, thus the hearing impaired
and normal hearing groups had mean accuracies of 46% and 50%, respectively. This trend
continued throughout each of the UFOV subtests, with accuracy rates never dropping
below 40%, suggesting that participants continued to engage in the listening task whilst
performing the visual task.

5.4.3 Cognitive tests

Studying any differences in the cognitive abilities of the hearing impaired and normally
hearing groups in this study gave rise to an interesting finding. Despite the fact that both
groups were closely matched in terms of age, gender, and the level of formal education
undertaken, there was a significant difference between the two groups for the reading span
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subtest of KIPS. This task is thought to rely heavily on the central executive of working
memory (Lobley et al., 2005). Importantly, this effect was found in the absence of any
auditory task, suggesting that it is related to a general inability to process information
efficiently, rather than it stemming from auditory distraction. The rhyme section of the
KIPS test battery is likely to be performed by a similar area of the brain to working
memory tasks (Besner, 1987; Gathercole and Baddeley, 1993), and although performance of
this subtest was not significantly different between the groups, it did tend towards it. This
is of concern, given that the central executive (or a comparable construct) is hypothesised
to be the site of increased dual-task interference for the hearing impaired demographic.
Thus, it is possible that the hearing impaired sample in the current study may have been
cognitively predisposed to perform more poorly under dual-task conditions, regardless of
hearing loss.

These apparent differences in the cognitive capabilities of the two experimental groups
cast a new perspective over the previous research conducted in this area. No explicit
cognitive testing is included in the study of Hickson et al. (2010), simply a paper-based
questionnaire regarding cognitive ability used to indicate more severe forms of cognitive
decline, such as dementia (the Mini Mental State Exam (MMSE); Kochhann et al., 2010).
Hickson et al. (2010) found that their hearing impaired experimental group were less
capable of efficiently dividing their attention between driving and auditory tasks. This
difference may have arisen because of a discrepancy in listening effort between participants,
as was hypothesised. However, the authors also found that performing two simultaneous
visual tasks had a disproportionate effect on their hearing impaired sample, something
which was also shown by Thorslund et al. (2013b). This is not in accord with the hypothesis
that an increased listening effort leads to a poorer driving performance, instead (in light
of the results of this study) it perhaps suggests that there may be a lesser processing
capability in their hearing impaired group.

A study linking hearing loss with an increased risk of road traffic accidents (Ivers
et al., 1999) also failed to control for cognitive factors and relied solely on self-reported
hearing loss, which is linked with respondents’ mental capabilities (Salonen et al., 2011).
Self-reported measures of hearing impairment have also been linked with an increased
likelihood of driving cessation (Gilhotra et al., 2001; Unsworth et al., 2007), and have been
shown to be the best predictor of reports of driving difficulty (see Chapter 4). The salient
point here is that it is not possible to ascertain whether these results have arisen as a result
of hearing impairment, cognitive factors or an interaction of the two. Taking this research
forward in a useful manner will require a methodology by which the respective influence of
each problem can be successfully differentiated.

This may be problematic, given the possibility that, by seeking a hearing impaired
sample for participation, what is actually being obtained is a sample which has significantly
different cognitive abilities compared to a normally hearing sample. The ability to split
the influence of hearing loss and cognitive factors apart is of paramount importance in
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establishing the effect of hearing impairment on driving performance. Accordingly, the
following chapter describes a technique that attempted to achieve this distinction. One
manner in which the influence of cognition could be negated is through the employment of
a more extensive cognitive test battery. One of the cognitive tests used in this study was a
measure of Working Memory capacity (the reading span subtest), which is thought to predict
performance on higher-order cognitive tasks (Engle, 2002). Alternative or supplementary
measures of complex Working Memory span are available (see e.g. Conway et al., 2005),
and might be suitable for inclusion in future studies in this area. However, it might not
be possible to measure all relevant aspects of cognitive processing experimentally for a
number of reasons (e.g. insufficiently sensitive tests, lengthy experimental protocols). For
example, the cognitive test battery undertaken here was not entirely diagnostic with regard
to processing speed. As a result there may be unmeasured factors, which are potentially
more prevalent in the elderly hearing impaired demographic, perhaps confounding the
results obtained. Accordingly, an experimental approach which avoids the use of older
hearing impaired individuals as participants is considered preferable. This would entirely
remove the confound of cognitive changes being more prevalent in those with an age-related
hearing loss.

5.4.4 Study limitations

There are some methodological limitations which should be considered when interpreting
the results of the current study. For example, the small sample size is a possible reason
for the results not reaching statistical significance. It is also important to note that
although UFOV has been exhibited as a good predictor of accident involvement in past
work (Ball et al., 1993; Owsley, 1994; Owsley et al., 1998; Clay et al., 2005; Ball et al.,
2006), this association has been shown through test scores which have been recorded
without a concurrent auditory task. The association between UFOV scores under auditory
distraction conditions and driving behaviour is unknown, therefore conclusions in this
regard cannot be feasibly drawn. For example, those who have issues with multi-tasking
may well adapt their behaviour and withdraw from the auditory task in order to increase
their road safety. This is particularly relevant for those with a hearing loss, who it is
though adapt their driving behaviour in order to negate any driving decrements occurring
as a result of their sensory impairment (Thorslund et al., 2013a,b, 2014). More ecologically
valid studies of the driving of hearing impaired individuals would, therefore, be of great
value in determining if these adaptations in behaviour are likely to be the case.

5.5 Conclusions

This study has shown that the simultaneous performance of a cognitively demanding
auditory task and UFOV decreases performance on both tasks. These results are of
practical importance, as they indicate that aspects of visual attention are compromised
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during periods of auditory engagement. Furthermore, the results exhibit a propensity
for this visual processing problem to be exacerbated in more visually complex situations,
providing an insight in to the most troublesome situations for auditory task engagement
whilst driving.

The results also indicate that hearing impairment might exacerbate this problem,
although the difference between hearing impaired and normally hearing individuals in this
study did not reach statistical significance. A number of feasible reasons for this have
been suggested, and two major concerns inform the methodological approach to be taken
in future work. The first is that the study primarily reflected the performance of mildly
hearing impaired individuals, so a wider range of hearing loss severities is required in
order to generalise any conclusions, given that moderate or severe hearing losses better
predict driving performance (Hickson et al., 2010). The second is that it is unclear whether
the pattern of results observed actually arose as a result of a difference in the measured
cognitive abilities of the two experimental groups. The separation of hearing and cognitive
impairments is of paramount importance to establish the effect that hearing loss has on
driving performance. Thus, continuing work must be planned with these two issues in
mind. The next chapter provides a methodological approach by which the effect of hearing
impairment can be differentiated from other extraneous factors, and details how it will be
employed in the remainder of the studies which are reported in this thesis.



Chapter 6

Hearing Loss Simulation:
Explanation and Validation
Studies

6.1 Introduction

This chapter reports on a method by which peripheral hearing loss can be controlled and
isolated from other factors which may co-exist. This is necessary because, the previously
described studies (see Chapter 4 and Chapter 5) have raised concerns regarding the ability
to:

1. Differentiate the effects of hearing loss and cognitive factors, which may be intertwined
in cases of age-related hearing loss;

2. Focus on a specific level of hearing loss;

3. Determine specifically whether it is the distortion to sound, caused by damage to
peripheral auditory structures, which is responsible for the driving decrements in
hearing impaired individuals.

These have been identified as issues for the continuing experimental work in this area,
but also as confounding factors which may have impacted on past research in the area
(e.g. McCloskey et al., 1994; Ivers et al., 1999; Gilhotra et al., 2001; Unsworth et al., 2007;
Hickson et al., 2010; Green et al., 2013; Thorslund et al., 2013a,b,c, 2014). As a result, the
need for a methodological approach which accounts for these factors is warranted.

Accordingly for the remaining studies in this programme of research, a simulation of
SNHL was used to address these concerns. This chapter will provide a brief overview
of the methods by which valid hearing loss emulation might be achieved, and the ad-
vantages/disadvantages of these approaches. The method of simulation chosen will then
be described, and objective and subjective analyses will be performed to ascertain the
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simulation’s appropriate functioning and suitability for use in experiments described in the
remainder of this thesis.

6.2 Hearing loss simulation

SNHL results in a number of suprathreshold effects on the auditory system (see Chap-
ter 2). The main effects identified can be summarised as: loudness recruitment, reduced
temporal resolution, and reduced frequency selectivity. Of course, these suprathreshold
phenomena occur concurrently with a loss of sensitivity in the auditory system, resulting in
elevated absolute thresholds. There have been numerous attempts to study suprathreshold
complications elicited by hearing impairment using SimHL (Moore and Glasberg, 1993).
This approach, provided the simulation is accurate, is a useful manner by which the
psychoacoustic effects of SNHL can be studied in normally hearing individuals, given that
individual psychoacoustic aspects of hearing loss can be isolated and manipulated (Baer
and Moore, 1993).

6.2.1 Why use hearing loss simulation?

Until now, the studies described in this thesis and other work in the area (McCloskey et al.,
1994; Barreto et al., 1997; Ivers et al., 1999; Gilhotra et al., 2001; Unsworth et al., 2007;
Hickson et al., 2010; Green et al., 2013; Thorslund et al., 2013a,b,c, 2014) have investigated
the effect of hearing loss on driving by recruiting participants with a ‘real’ hearing loss.
This approach, whilst valid, has given rise to a number of methodological concerns which
have been highlighted by the first two studies described in this thesis. SimHL has the
capacity to address these individual considerations, as outlined in Table 6.1.

Simulating hearing loss, therefore, has three distinct advantages for use in the continuing
development of studies in this area:

1. Cognitive and other age-related factors can be easily controlled in future studies, so
it is highly unlikely that they will have an influence on the results;

2. The degree of hearing impairment can be customised to whatever is desired and kept
constant for each participant;

3. The power of studies can be improved by using a within-subjects design, rather than
having to rely on a between-subjects methodology.

Therefore, SimHL was considered a suitable experimental approach for continuing work in
this area.

However, despite its positives, it should also be considered that hearing loss simulation
is subject to some limitations for application in this work. These limitations must be
acknowledged, and any results arising from the use of SimHL considered accordingly.
First and foremost, using a SimHL removes ecological validity from studies in which it
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is being applied. There is some suggestion that hearing impaired individuals adapt their
driving behaviour in response to a reduced auditory input over time (Thorslund et al.,
2013a,b, 2014). It is unlikely that applying an instantaneous SimHL will capture this
aspect of driving with a hearing impairment. This was not seen as an issue for this line of
research, in which the effect of peripheral sound distortion on distraction whilst driving
was being investigated. Thus, removing behavioural change which could confound this
aspect of driving was not considered problematic for these studies, though the possibility
that behavioural change might counteract the distracting effect of peripheral hearing loss
should be considered.

The inability of SimHL to capture every aspect of SNHL should also be considered.
Although Moore (2007) suggests that the facets of SNHL covered by SimHL are the most
problematic for speech understanding, the influence of those not covered should not be
discounted. Hearing loss simulation cannot accurately emulate reductions in temporal
resolution, nor can it approximate central auditory processing decrements. Either of these
aspects of SNHL may cause problems for driving performance, so caution must be exercised
in the analysis of results.

Accordingly, provided that these limitations are considered thoroughly in conclusions
arising from work employing SimHL, this methodological approach is ideal for continuing
work being described in this thesis. The remainder of this chapter will go on to discuss
how simulation is achieved and the specific method which was chosen for employment in
this programme of research. The testing performed on the simulation in order to ascertain
its proper functioning is then discussed.

6.2.2 Methods of simulating hearing loss

In the past, there have been two broad approaches to simulating the effects of certain
aspects of hearing loss:

1. Using a filtered noise masker so that the masked absolute thresholds of a normal ear
are the same as an unmasked audiogram of an impaired ear (Fabry and Van Tasell,
1986; Humes et al., 1987; Zurek and Delhorne, 1987; Dubno and Schaefer, 1992).

2. Applying DSP techniques in order to alter sound so that it resembles that which
would be perceived by an impaired ear (ter Keurs et al., 1992, 1993; Baer and Moore,
1993; Moore and Glasberg, 1993; Baer and Moore, 1994; Moore and Glasberg, 1997;
Nejime and Moore, 1997).

6.2.2.1 The use of a filtered noise masker

A filtered noise masker is applied so that the masked audiogram of a normal ear resembles
an unmasked audiogram of an impaired ear. A depiction of how this method works is given
in Figure 6.1.
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Figure 6.1 An example of how hearing loss simulation is achieved by using a filtered noise
masker. Any extraneous sound which falls inside the range of the masker noise is unlikely
to be heard.

Moore and Glasberg (1993) summarise that, generally, results obtained from normal
ears using this method are similar to those measured from unprocessed stimuli in impaired
ears. However, in some cases subjects with ‘real’ SNHL exhibit worse test performance
than is recorded as a result of the simulation. They argue that this approach to simulation
produces a loudness recruitment effect, but one which is not comparable to that arising as
a result of SNHL, because it is of a central (not peripheral) origin (Phillips, 1987) and is
limited to a small range of sound levels around the masked threshold (Stevens and Guirao,
1967). This type of simulation, therefore, provides an emulation of frequency specific
threshold elevation, but does not accurately represent frequency selectivity (as a function
of broadened auditory filters), or loudness recruitment. Additionally, the simulation of
hearing loss through the use of a masker noise is limited to mild-moderate hearing losses,
as the level of the masking noise required to produce a severe hearing impairment would
be uncomfortably loud (and potentially damaging) for a normal ear to listen to (Moore
and Glasberg, 1993; Baer and Moore, 1993).

6.2.2.2 The use of Digital Signal Processing techniques

More recently DSP has been used to alter a sound so that it resembles that which is
perceived by an impaired ear. Different DSP techniques have been used to emulate distinct
effects of cochlear hearing loss: (1) frequency selectivity, and (2) loudness recruitment
and threshold elevation (see Chapter 2 for an explanation of these phenomena). These
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techniques are summarised below.

1. Frequency selectivity
Reduced frequency selectivity refers to an inability to successfully resolve the different
components of a complex sound (see Chapter 2). For those with a SNHL, it can lead to a
less distinct representation of sound, which impacts on successful auditory perception (e.g.
speech intelligibility) (Moore, 1996). Commonly, reduced frequency selectivity is simulated
by ‘smearing’ or ‘smoothing’ the frequency spectra of stimuli on a moment-to-moment
basis, so that the cochlear excitation pattern in a normal ear resembles that of an impaired
ear as a result of broadened auditory filters (Moore, 2007). An example of this technique
is shown in Figure 6.2. A number of experiments have taken this simulation approach
when investigating the suprathreshold effects of reduced frequency selectivity, and have
exhibited results that one might expect from ‘real’ hearing impaired subjects (ter Keurs
et al., 1992, 1993; Baer and Moore, 1993, 1994).

Figure 6.2 The difference between a normal input signal and a ‘smeared’ or ‘smoothed’
output signal in the frequency domain. Source: Baer and Moore (1993).

ter Keurs et al. (1992, 1993), for example, measured the Speech Reception Thresholds
(SRTs)1 of subjects listening to smeared stimuli in the presence of different types of masking
noise. They found that smeared speech resulted in higher SRTs when the filter bandwidth
used in their simulation was at least doubled, suggesting that speech intelligibility had been
significantly affected by their smearing paradigm. They also found that the increase in
SRTs remained when the noise was a single competing speaker as opposed to speech-shaped
noise for processed stimuli (i.e. SimHL conditions). This was not the case for unprocessed
stimuli (i.e. normally hearing conditions), and SRTs were reduced when the masker was a
single competing speaker. This is exactly what would be expected as those with normal
hearing are less susceptible to masking by a single-speaker compared to hearing impaired
individuals (Festen and Plomp, 1990; Moore et al., 1991; Peters et al., 1998).

Baer and Moore (1993) used a more advanced smearing algorithm which incorporated
the ability to alter the degree of broadening and asymmetry of auditory filter shapes. They

1The sound level at which 50% of speech can be successfully understood (American Speech-Language-Hearing
Association, 1988).
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found that, when using a speech-shaped noise masker at low signal to noise ratios, widening
the auditory filters used in the smearing paradigm progressively reduced SRTs. The results
of a later study were also in accord with this finding (Baer and Moore, 1994), and agreed
with the finding of ter Keurs et al. (1993) that the difference between speech intelligibility
in noise and single speaker conditions was smaller for SimHL than it was for unprocessed
stimuli.

These results exhibit DSP as a good approximation of the loss of frequency selectivity
associated with SNHL.

2. Loudness recruitment
Loudness recruitment refers to an abnormal growth of loudness with an increase in stimulus
intensity (see Chapter 2). This leads to a ‘reduced dynamic range’ in individuals with a
SNHL; the difference in level between sounds which are just audible and uncomfortably
loud is much smaller than it is for individuals with normal hearing (Moore, 1996). Loudness
recruitment has also been simulated (in conjunction with threshold elevation) by employing
DSP (Moore and Glasberg, 1993; Moore et al., 1995; Duchnowski and Zurek, 1995; Moore
et al., 1997). Commonly a signal is split into various frequency bands (corresponding to
the auditory filters on the basilar membrane), the range of levels in each band is then
expanded, and the bands are recombined to form a processed waveform. This approach
can be used to model a larger range of hearing loss severities (accurately to around 90 dB
SPL; Moore and Glasberg, 1993), given that the technique is not reliant on a masking
noise which may become uncomfortably loud.

This process of simulating loudness recruitment is performed accurately by using a
loudness model; if an individual with a unilateral hearing loss is asked to match the loudness
of a reference tone in their normal ear to a test tone in their impaired ear (see Figure 6.3)
for a given input level, it is then possible to derive the perceived loudness in dB for those
with SNHL. By applying a loudness model which has been derived in this manner, it is
possible to re-create the loudness sensations that would be experienced in an impaired ear
in a normally hearing ear (Moore, 2007).

There is some evidence regarding the validity of using this approach to simulate loudness
recruitment and threshold elevation in normally hearing listeners. Duchnowski and Zurek
(1995) used DSP to examine the effects of loudness recruitment and threshold elevation
on syllables heard in quiet and in speech. Their algorithm was set up to reflect the
characteristics of hearing impaired subjects that had been tested in a prior study (Zurek
and Delhorne, 1987), and they presented these simulations to normally hearing subjects.
Their results taken from normally hearing subjects matched the pattern that had been
exhibited in hearing impaired subjects during the previous study. This suggested that
their emulation of auditory dysfunction accurately reflected the subjective experiences of
hearing impaired individuals.

Additionally Moore et al. (1997) recruited subjects with a unilateral moderate-severe
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Figure 6.3 An example of a loudness growth function, derived by asking a subject with
unilateral hearing loss to match the level of a reference tone in their normal ear, to the
loudness of a test tone in their impaired ear.

sensorineural hearing loss and presented simulations of cochlear impairment to their normal
ears. The subjects tended to report that these stimuli were appropriate in terms of their
loudness and dynamics. However, they did state that the speech appeared a lot clearer for
the simulated stimuli in their normal ear, and results showed a markedly worse performance
in speech recognition for the impaired ear than for the normal ear when listening to the
simulation.

This discrepancy in results was explained by the phenomenon of neglect2, but it was also
argued that loudness recruitment and threshold elevation alone do not account for the speech
understanding difficulties that hearing impaired individuals experience. Rather, there is
a cumulative effect of different aspects of cochlear hearing loss causing a disturbance in
speech recognition. Moore (2007) suggests that, based on available data, the most involved
aspects affecting speech recognition (for moderate, severe and profound hearing losses) are
audibility, frequency selectivity and, to a lesser extent, loudness recruitment. Therefore,
when only one (or a selection) of these psychoacoustic phenomena is emulated, there is
likely to be a lesser effect on test results compared to if they were all applied simultaneously.

3. Complete simulation of Sensorineural Hearing Loss by Digital Signal Pro-
cessing
One study has attempted to simulate all of the above aspects of cochlear hearing loss
(threshold elevation, loudness recruitment and reduced frequency selectivity) in one DSP
2‘Neglect’ is a phenomenon whereby subjects with a unilateral or asymmetric loss often rely on perception
from their ‘good’ ear (Hood, 1984).
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paradigm, and assess its effect on the intelligibility of speech in noise (Nejime and Moore,
1997). The simulation paradigm used in this study was a concatenation of the methodolo-
gies used in past hearing loss simulations by the same research group (Moore and Glasberg,
1993; Baer and Moore, 1993). However, it improves previous emulations by taking into
account the fact that the broadening of auditory filters is frequency dependent (Faulkner
et al., 1990), and that changes in frequency selectivity with level are less pronounced in
hearing impaired ears compared to normally hearing ears (Stelmachowicz et al., 1987;
Murnane and Turner, 1991). When comparing their results for a simulated moderate
hearing loss against a control condition, Nejime and Moore’s (1997) results reflected what
one might expect in a ‘real’ case of SNHL. This is the only study that has simultaneously
simulated all of these aspects of cochlear hearing loss.

6.2.2.3 Summary

In summary, although DSP and noise masking methods have produced results that are
comparable with what one might expect from those with a ‘real’ hearing loss, applying DSP
appears to be a superior approach as it can emulate some aspects of cochlear hearing loss
more accurately than a noise masker method can (e.g. loudness recruitment and frequency
selectivity). In addition, DSP can be used for a wider range of hearing loss severities.

The emulation approach of DSP has been used to simulate numerous facets of cochlear
hearing loss simultaneously, giving a more valid reflection of SNHL than isolated psychoa-
coustic phenomenon. This is ideal for use in work in this area, given that an ecologically
valid approximation of SNHL is sought. It is important to note, however, that SimHL can
only provide an approximation of SNHL, and there are some aspects of this impairment
which it cannot emulate (e.g. temporal resolution, central auditory processing decrements).
Additionally, there are various aspects of damage to the auditory system which it is not
possible to emulate simply by employing DSP (e.g. auditory nerve firing patterns).

Whilst these aspects are unaccounted for by SimHL, the aspects of SNHL which are
targeted by this methodology (loudness recruitment, threshold elevation and reduced
frequency selectivity) are considered the most important for speech understanding (Moore,
2007), and are thus most likely to be responsible for the increase in the required listening
effort in the hearing impaired demographic. These psychoacoustic properties can be
replicated to a high degree of accuracy, and so if this simulation is used on normally hearing
subjects in experiments assessing the effect of hearing loss, the outcomes are likely to be
highly reflective of what might be expected from ‘real’ hearing impaired subjects. However,
it is important that the noted omissions are considered when drawing conclusions from
methodologies employing SimHL.
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6.3 The simulator chosen for use

This section reports on the specific method of simulation that was employed for experiments
described in the remainder of this thesis. The evidence suggests DSP is a better approach
to modelling a complete hearing loss than the employment of a filtered masking noise.
Accordingly, the DSP method described by Nejime and Moore (1997) was implemented
using MATLAB (2010).

The following section provides a brief overview of Nejime and Moore’s (1997) simulation
method, and thereafter testing which was carried out to ensure its accuracy and validity is
reported.

6.3.1 Overview

The basic premise of the SimHL is that it applies various DSP techniques to an acoustic
waveform, and produces an audio file which is representative of how the original would
be perceived by somebody with a SNHL. The basic stages involved in this process are
summarised in Figure 6.4, and each of these stages is explained in the following section.
However, in order to produce a simulation of a desired level and configuration, various
input parameters must first be specified. These include:

• The audiogram of the hearing loss that is to be simulated;

• The calibration dB SPL, in order to accurately apply a loudness model based on the
level of the input sound;

• The desired dB SPL of the output file: the user can specify whether the output file
should be amplified or attenuated (separate from any effect of the hearing loss being
simulated) in relation to the level of the input file.

6.3.2 How the simulator functions

This method of simulation tries to address and emulate three aspects of SNHL: (1) threshold
elevation, (2) loudness recruitment, and (3) reduced frequency selectivity. The incorporation
of these three psychoacoustic phenomena requires two broad processing steps: one which
applies a loudness model, thus emulating threshold elevation and loudness recruitment, and
one which applies a smearing function in order to emulate reduced frequency selectivity.
However, first the input file must be prepared for these two functions to be applied.

1. File preparation

The RMS value of sound contained within the input file is measured, essentially providing
an accurate representation of how intense the waveform is over its duration, removing the
effect of natural fluctuations in pressure over time (Rosen and Howell, 2011).
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Figure 6.4 A flow diagram depicting how hearing loss simulation is achieved by the chosen
methodology.

The RMS value of the input file is then assigned an arbitrary dB value, which was
specified as the calibration dB SPL value. Two calibration sounds are then appended to the
start of the file: (1) a 520 Hz tone, and (2) a short bust of noise reflective of the frequencies
contained in speech (ANSI, 1997). Both of these calibration noises are produced with the
same RMS value as that measured from the input file, so that the two correspond to the
same level. These will eventually be used in order to ensure that the stimuli are presented
to participants at the correct level.

The input file is then sent through a filter which simulates the change in frequency
characteristics of a sound as it passes from free field to the cochlea; characteristics of the
outer and middle ear mean that sound is attenuated at certain frequencies relative to
others before it reaches the cochlea (Yost, 2000). These changes have been quantified in
past studies and are known as transfer functions, two of which are applied: (1) a head
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related transfer function, which describes the acoustic changes to a sound arising from its
propagation through the air, into and down the ear canal until it reaches the eardrum
(Shaw, 1974), and (2) a middle ear transfer function, which describes the acoustic changes
to a sound which occur as a result of its passage through the middle ear to the oval
window at the entrance to the cochlea (Killion, 1978). The combination of these two
transfer functions generally results in attenuation at lower frequencies, and a slight boost
at mid-range frequencies (see Figure 6.5).

Figure 6.5 The overall gain characteristics of the two transfer functions applied in the
simulation to replicate the passage of a sound from free field to the cochlea. Data from:
Shaw (1974) and Killion (1978).

2. Spectral smearing

With the calibration sounds appended and the frequency ‘stamp’ of the two transfer
functions applied, smearing is then applied in order to emulate a reduction in frequency
selectivity. The degree of smearing to be applied is calculated by averaging the supplied
hearing thresholds between 2–8 kHz. Values of 57 dB HL and above are classed as being
subject to ‘severe’ smearing, between 36–56 dB HL are ‘moderately’ smeared, 16–35 dB
HL are ‘mildly’ smeared, and 15 dB HL and below are not subjected to smearing. The
degree of smearing governs the degree of auditory filter widening; the greater the degree of
impairment, the greater the broadening, and, thus, the greater the amount of smearing.
Table 6.2 shows the factor by which each auditory filter will be widened for differing degrees
of hearing loss.

The input file is split into segments, and each segment is transferred from the time
domain (i.e. changes in pressure over time) into the frequency domain (i.e. the relative
power of the frequencies contained in the waveform). For successive, overlapping frames,
the simulation takes the calculated excitation pattern on the basilar membrane of the ear
being simulated (i.e. with the filters broadened by the pre-defined factor). This excitation
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Table 6.2 The broadening factors for the lower and upper limits of auditory filters applied
by the hearing loss simulation for different degrees of impairment.

Degree of impairment Lower filter broadening factor Upper filter broadening factor

Normal 1.0 1.0
Mild 1.6 1.1

Moderate 2.4 1.6
Severe 4.0 2.0

pattern can be defined as the output from the auditory filters as a function of the filter
centre frequency (Moore and Glasberg, 1983; see Figure 6.6 for an example).

As auditory filter bandwidths increase with rising frequency, these excitation patterns
have an upwards ‘tilt’ (i.e. the excitation pattern is greater at high frequencies) because
the wider filters at higher frequencies register more energy than thinner filters spanning a
smaller bandwidth. This ‘tilt’ is removed by deriving a power per hertz estimation in each
frequency band. This is necessary as the resulting simulated signal will be passed through
a bank of auditory filters in a normal subject’s ears during experimental trials, which will
have the effect of ‘tilting’ the excitation pattern itself.

Figure 6.6 An example of the derivation of an excitation pattern from auditory filters. The
simplified filter bank for a range of centre frequencies is shown on the right, along with the
representation of a 1000 Hz tone (dashed line). The excitation pattern shown on the left is
obtained by calculating the output of each filter as a function of centre frequency. Source:
Moore and Glasberg (1983).

Following the removal of this ‘tilt’ at higher frequencies, the resulting excitation patterns
are then separated into power and phase components and the power is convolved using a
smearing function, whereby each spectral component is replaced by a weighted sum of its
surrounding components. This has the effect of ‘smoothing’ or ‘smearing’ the frequency
spectrum; decreasing the contrast between the peaks and valleys. The smeared power
spectrum and the original phase spectrum are then recombined and the signal is converted
back from the frequency to the time domain. The frames are then overlapped and added
back together to create a signal the same length of the input signal, but with the spectrum
having been smeared.
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3. Application of loudness model

Following the spectral smearing of the input signal, an emulation of threshold elevation and
loudness recruitment is applied. Stimuli are again passed through a broadened auditory
filter bank which is modelled on the widths and shapes of those measured from subjects
with moderate to severe hearing loss. In order to have as little effect as possible on the
spectral components of the sound being processed (these have already been addressed
and altered by the spectral smearing algorithm), the envelope component of the sound is
altered, rather than the whole waveform. The envelope of a sound is conveyed by amplitude
modulations over time, whereas the temporal fine structure refers to rapid oscillations with
a rate close to the centre frequency of the auditory band (Moore, 2008; see Figure 6.7),
conveying frequency modulations over time (Loughlin and Tacer, 1996; Stickney et al.,
2004). Broadly speaking, the envelope holds information about the amplitude (or power)
of a signal, whereas the temporal fine structure provides information about the frequency
content of that signal. It is for this reason that, when simulating loudness recruitment,
changes in the envelope of the sound are desired.

Figure 6.7 A depiction of the envelope of three different sounds, and the temporal fine
structure contained within. Source: Moore (2008).

A loudness growth function is then emulated by raising the envelope of the signal for
each auditory filter to the power N , which has the effect of magnifying fluctuations in
the envelope. Applying independent values of N for different filters means that loudness
growth can be simulated in a frequency-dependant manner, allowing for the accurate
representation of loudness growth for hearing losses which vary across frequency. For
example, Moore and Glasberg (1993) applied different values of N in each frequency band
for such sloping, high-frequency hearing losses (the values are shown in Table 6.3).

At some point the loudness perception of an impaired ear usually ‘catches up’ with
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Table 6.3 Specification of a hearing loss condition in the study of Moore and Glasberg
(1993) and the power by which they expected the envelope to be raised by in each auditory
channel.

Channel centre
frequency (Hz) <879 879 1184 1579 2067 2698 3503 4529 5837

Hearing threshold
(dB HL) 33 33 38 44 50 57 64 67 67

Value of N 1.5 1.5 1.6 1.8 2.0 2.35 2.75 3.0 3.0

that of a normal ear (see Figure 6.3). This point is usually considered to occur between 90
- 100 dB (Moore, 2007). At sound levels above this ‘catch up’ point, loudness growth is
usually comparable between hearing impaired and normally hearing individuals. Thus the
amplitude of the waveform is scaled so that it equals the amplitude of the unprocessed
sound when the calculated output level is equal to or greater than the loudness perception
‘catch up’ level. Without this scaling, loudness would continue to grow in the same manner
past this ‘catch up’ point.

Following the processing of the envelope it is multiplied by the fine structure in each
channel to give a resulting waveform, which reflects the loudness sensations associated with
SNHL.

4. Simulation output

Finally, a reverse of the two transfer functions originally applied to the input file is
employed in order to remove the frequency effects previously applied. This is necessary
as the transfer functions will be applied in real time when a subject is asked to listen to
the stimuli. This concludes the simulation process and the resulting waveform, complete
with the appended calibration sounds, reflects the psychoacoustic phenomenon of loudness
recruitment, threshold elevation, and reduced frequency selectivity. In theory, the resulting
waveform therefore presents the perception of a sound subject to SNHL to those with
normal hearing.

6.4 Validation of the simulation

In order to draw meaningful conclusions from any results obtained using this simulation as
the source of hearing loss, it is of paramount importance that the accuracy and validity of
the emulation is assessed. This section will provide a description of how the simulation
was subjectively and objectively tested in order to ascertain its suitability for application
in this research.
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6.4.1 Objective analysis

Objective analysis was carried out in two manners: (1) ensuring the simulation produced a
loudness model which accurately reflected what would be expected from a ‘real’ hearing loss,
and (2) ensuring that the simulation applied independent levels of loudness recruitment
and threshold elevation across different frequency bands.

6.4.1.1 Derivation of the loudness model

The reduction in level of a two second burst of white noise which had been processed using
the hearing loss simulation, relative to a reference sound, was ascertained for a range of
input levels (0–120 dB in 5 dB increments), and different severities of flat hearing loss
(the same Pure Tone Audiometry (PTA) thresholds across all frequencies; 10–90 dB in 10
dB increments). The reduction in level from the reference file was calculated using the
formula:

dB = 20 log10

(
V

Vref

)
where V was the RMS absolute voltage of the sound processed with the hearing loss and
Vref was an RMS reference voltage against which V was compared. Vref was obtained by
taking the RMS value of the white noise processed with a SimHL of 0 dB HL across all
frequencies.

For example, if the white noise was run through the simulation for a normal hearing
and hearing loss condition using an input SPL of 60 dB SPL, and the RMS voltage values
of 0.8 and 0.4 were measured, the change in dB corresponding to the waveform in the
hearing loss condition would be:

20 log10

(0.4
0.8

)
= −6.02 dB

Therefore, the dB level in the hearing loss condition would be 54 dB (60 dB − 6.02 dB).
It was this type of calculation which was performed for a number of hearing loss severities

over a wide range of input sound intensities, enabling the production of a loudness model.
The model was then scrutinised to assess whether the simulation had accurately represented
abnormal loudness growth across a range of input intensities.

The simulation functioned as expected in terms of loudness recruitment and threshold
elevation across a range of hearing loss severities (see Figure 6.8). The dB values produced
were accurate to within ±3 dB at threshold level. For each level of hearing loss, sounds at
(or near to) threshold crossed the X-axis at 0 dB, signalling that this is the level at which
they could no longer be heard (i.e. the wave file contained no sound). For example, for a
flat hearing loss of 20 dB the figure shows that an input sound intensity of 20 dB is not
heard - the output sound file was at a level of 0 dB, or in other words, contained no sound.

Above the absolute threshold point, there was an abnormal growth of loudness up to a
convergence point, after which loudness grew normally. This convergence, or ‘catch up’,
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Figure 6.8 An estimation of the loudness model being used by the simulation software for
varying degrees of hearing loss. Each solid line represents the loudness growth for a given
flat hearing loss across all frequencies. The dotted line exhibits reference processing carried
out for a flat 0 dB hearing loss (i.e. normal hearing).

point was 100 dB for the majority of hearing loss severities, and was adhered to in most
cases, although at very high degrees of hearing loss the pattern became less predictable. In
fact, the linearity of loudness growth exhibited was not present in the most severe hearing
loss that was simulated (a flat 90 dB HL hearing loss). Furthermore, the representation of
loudness perception at levels around threshold were inaccurate, and so it is pertinent to
discount hearing losses of greater than 80 dB from any experiments using this method of
simulation.

The gradient of the loudness growth slopes corresponded to those described previously
by Moore and Glasberg (1993). For example, the gradient of loudness growth for a hearing
loss of 50 dB HL was approximately two, indicating that loudness grew at a rate twice as
fast as the reference (normal hearing) condition. The gradient decreased for hearing losses
of a milder nature and increased for those of a more severe nature, as would be predicted
by models of loudness perception for individuals with a SNHL (Moore and Glasberg, 1993).
Thus, in terms of loudness recruitment and threshold elevation, it was shown, through
objective testing, that the simulation was accurate to a high degree for a range of hearing
losses and input sound pressure levels.

6.4.1.2 Differing sensitivity across frequencies

Although the simulation produced a set of results that might be expected in terms of
loudness recruitment and threshold elevation, it did so given a set of simple flat hearing
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losses across all frequencies. However, individuals with an age-related hearing loss (which
previous demographic data suggests is the group of interest in this programme of research;
see Chapter 4 and Chapter 5), predominantly have an increasingly reduced auditory
sensitivity at higher frequencies (Gates and Mills, 2005). It is unclear, given the validation
tests described thus far, whether the method of SimHL is able to accurately emulate
threshold elevation when given a hearing loss with differing absolute thresholds across
frequencies. This aspect of the hearing loss simulation was assessed by processing a
broadband noise under different hearing loss conditions.

Two seconds of white noise, containing equal energy at all frequencies (see Figure 6.9),
was generated to act as a test stimulus. The input level of the sound created was defined
as 80 dB SPL, as was the desired output level. Four hypothetical hearing losses reflective
of differing degrees of age-related sensory decline were created (see Figure 6.10), and the
test signal was run through the simulation under each of these conditions. The output of
the simulator was then transformed to the frequency domain, and the resulting magnitude
spectra were scrutinised in terms of how accurately they reflected the hearing losses
simulated.

Figure 6.9 The white noise signal generated for use in this validation procedure, shown in
the frequency domain.

The expectation was not for the frequency magnitude of processed signals to match the
audiogram exactly; rather, at input levels close to threshold it was expected that perceived
loudness would be close to 0 dB, but at higher sensation levels there would be abnormal
growth of loudness, so output levels from the simulator should have exceeded what might
be expected from a linear relationship with the hearing loss magnitude. This was indeed



CHAPTER 6. HEARING LOSS SIMULATION 173

the observation (see Figure 6.10). The resulting frequency spectra accurately reflected the
changes in frequency thresholds shown in each respective audiogram. It was also possible
to observe the influence of loudness recruitment in these results; at frequencies where
thresholds are below the 80 dB SPL level of the input sound, the frequency spectrum
followed the audiogram, but not by the same gradient.

Figure 6.10 The frequency spectra derived from running white noise through the hearing
impairment simulation under different hearing loss conditions. Each respective audiogram
(dotted line) is included with its resulting spectrum (solid line) for comparison.

This piece of analysis suggests that accuracy of the method of simulation remains for
sloped hearing losses. In all examples, where the 80 dB input sound reached threshold at
higher frequencies, the relative magnitude of the frequency response became (or was very
close to) zero, as should be expected. Where thresholds at higher frequencies were reduced,
but not to the extent where they exceed the presentation level of the input sound, the
relative magnitude of the frequency response curve did not reach zero. This indicates the
sound should be heard, but at a reduced level at these specific frequencies. Additionally, the
fact that the frequency response had a different gradient to the absolute hearing thresholds
shows that abnormal loudness growth was successfully applied in separate frequency bands.
These results, twinned with those obtained using flat hearing losses, support the accuracy
of the simulation in terms of its ability to accurately reproduce the modelled effects of
loudness recruitment and threshold elevation brought about by SNHL, regardless of hearing
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loss configuration.

6.4.2 Subjective analysis

The theoretical accuracy of the simulation is important, however, the subjective experience
of the SimHL must also be representative of ‘real’ SNHL. Accordingly speech testing
was carried out in order to assess the ecological validity of the simulation’s output. By
simulating a hearing loss it should be possible to elicit a ‘speech audiogram’ from a normally
hearing subject that resembles what one might expect from somebody with an actual
corresponding SNHL. This is the basis for conducting speech testing, with a view to proving
or disproving the subjective validity of the simulation being used. This will not only give
insight into the ecological validity of using hearing loss simulation, but it will also provide
further grounds for concluding that the simulation behaves as desired in terms of threshold
elevation (sound will need to be louder before being heard). Furthermore it will provide
information as to the success with which the simulation is able to ‘smear’ stimuli in order
to emulate the reduced frequency selectivity associated with SNHL. Even when sounds are
loud enough to be perceived, they may still be unintelligible for some degrees of hearing
loss, given the extent of distortion that is brought about by the ‘smearing’ paradigm.

Speech testing is a common clinical procedure aimed at estimating a person’s ability to
understand conversational speech (Bess et al., 1995). Patients are asked to repeat words
or sentences played to them at a given sound level, and are then given a mark for each
stimulus. Their scores on a set of words are then summed and calculated as a percentage
correct score, which is plotted as a function of the stimulus presentation level, producing a
speech audiogram. This typically takes on an ‘S’ shape, though the exact form of this ‘S’
depends upon the type of speech material being used (see Figure 6.11).

Figure 6.11 Typical speech audiogram results obtained from using different types of speech
stimuli. Source: Martin (1987).

The ‘S’ usually shifts positively along the X-axis as a function of increasing hearing
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impairment and, in some cases of SNHL, the tip of the ‘S’ will ‘tail-off’ at high presentation
levels, such that it would appear a one-hundred percent speech recognition score is never
attainable (Graham and Baguley, 2009). This is not the case for hearing losses of a
conductive nature, as the distortion brought about by cochlear damage is not present in
these instances (see Figure 6.12).

Figure 6.12 Typical speech audiogram results using sentences as the stimuli. Source: Martin
(1987).

6.4.2.1 Method

Participants

Speech testing was conducted on twelve English-speaking subjects (6|; 6~) in the age range
20-28 years (M = 23.08, S.D. = 2.54). All participants underwent pure tone audiometry
testing (as per the British Society of Audiology, 2011), and were confirmed as having
bilateral normal hearing; in fact no single absolute threshold of any participant was > 15
dB HL.

Materials

Arthur Boothroyd word lists (Boothroyd, 1968) were used, presented through Telephonics
TDH-39P headphones, under three auditory conditions: (1) a reference condition with no
hearing loss present, (2) a simulated mild hearing loss condition with a mean threshold of
29 dB HL (250 - 4000 Hz), and (3) a simulated moderate hearing loss condition with a
mean threshold of 55 dB HL (250 - 4000 Hz). Both hearing loss conditions were reflective
of an age-related hearing impairment; an increasing loss of sensitivity with frequency
(see Figure 6.13), as previous work has shown this work is most relevant for individuals
exhibiting this type of hearing loss (see Chapter 4 and Chapter 5).
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Figure 6.13 The three audiograms used to simulate hearing loss on Arthur Boothroyd word
lists for use in speech testing validation: (1) normal hearing; (2) mild hearing loss; (3)
moderate hearing loss.

Both reference and hearing loss condition stimuli were passed through the simulation
using different calibration dB SPL values pertaining to the level at which they would be
presented during the speech test, this ensured the correct calibration of equipment for
accurate presentation levels of stimuli. Alterations to the level of stimuli are made relative
to a reference sound file, and these loudness relationships had to be preserved. Accordingly,
changes to the level of stimuli were pre-empted and executed in the hearing loss simulation
environment, rather than by simply changing the dial setting on the audiometer, so that the
loudness growth model and level of smearing on stimuli was accurate. Thus, the calibration
procedure for a single input intensity is shown in Figure 6.14.

Procedure

Participants undertook the three speech tests in a sound-proofed booth. The order of
conditions was balanced across participants so that all possible order permutations were
undertaken an equal number of times. Participants were asked to repeat back each word
they heard clearly to the experimenter. It was made clear that if participants were unsure
about a word, or only caught a part of the word, they should say what it was they thought
that they had heard.

In order to ensure there was no effect of running the same word lists at specific presen-
tation levels, the lists used for each input intensity were randomised between participants.
Scores for each word were marked out of three (one for each correct phoneme), and as
there were ten words in each list, a score out of thirty was derived at each level. This
score was then converted to a percentage correct figure and was plotted as a function of
presentation level (in dB).

Ethical approval was granted for this study by the ESSL, Environment and LUBS
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Figure 6.14 The calibration procedure for speech testing with a SimHL. This calibration
procedure must be adhered to for each change in input SPL.

(AREA) Faculty Research Ethics Committee at the University of Leeds (reference: LTTRAN-
036).

6.4.2.2 Results

The resulting speech audiograms for each separate participant are shown in Figure 6.15. A
pattern which approximated data that would be expected from a clinical test with a hearing
impaired individual was observed for each participant. One indicator of the simulation’s
success is its ability to ‘shift’ the test results positively along the X-axis as a function of
hearing impairment severity. This aspect of the speech test results reflects the simulation’s
ability to accurately emulate threshold elevation; words have to be made louder before
subjects are able to detect them and establish what they are. Indeed, the amount by which
the graph was shifted along the X-axis approximated to the hearing loss level at between
500–1000 Hz for almost all subjects. Thus the simulation resulted in a similar subjective
experience of SNHL regardless of who it was played to, or what slight variations they had
in their baseline absolute thresholds across different frequencies.

Another indicator of the simulator’s success in subjectively emulating SNHL was its
ability to diminish speech recognition, even at levels where participants reported the level
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Figure 6.15 Speech test results for each of the twelve participants who completed speech
testing under the three hearing loss conditions shown in Figure 6.13.

of stimuli becoming uncomfortably loud. In the current study, no single participant was
able to tolerate stimuli presented at a level greater than 90 dB HL. However, Figure 6.15
shows that no single participant scored above 90% for any of the word lists at any level in
the moderate hearing loss condition. Similarly, at high dial settings for some participants,
it was observed that there was a ‘roll-off’ of percentage correct scores for the mild and
moderate conditions. This is a phenomenon that is apparent in ‘real’ test data and is
thought to occur as a result of distortion brought about by the hearing loss at loud input
levels (Martin, 1987).

The distortion as a result of the SimHL also had an effect on the gradient of the speech
test curve. That is, for a 10 dB HL increase in dial setting, a greater improvement in
performance was seen for the normal condition as opposed to the mild and moderate
conditions. Indeed, after collating and averaging the speech test results, the approximate
gradients of the speech test curves showed a decrease as a function of increasing hearing
loss severity (see Table 6.4). This is a phenomenon that has been shown in past speech test
data (Martin, 1987), and suggests that an aspect of hearing loss other than attenuation
of sound is having a bearing on the ability of participants to recognise speech. Again,
this advocates the successful emulation of reduced frequency selectivity through spectral
smearing, which is the only aspect of SNHL other than threshold elevation and loudness
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recruitment that was simulated.

Table 6.4 The approximate gradient of the averaged speech test curves for each hearing
loss condition.

Degree of impairment Approximate gradient

Normal 2.50
Mild 1.67

Moderate 1.20

These subjective results are further testament to the simulation’s accuracy in replicating
the perceptual consequences of SNHL, also adding support in terms of the simulation’s
ecological validity. The DSP being undertaken, regardless of the underpinning rationale,
produced stimuli which are subjectively similar to what might arise as a result of ‘real’
cochlear hearing impairment, as evidenced by these behavioural results.

6.5 Conclusions

A clear case for the use of hearing loss simulation in future work has been made, and its
relative advantages and disadvantages have been discussed. The method of emulation
identified appears to have a high degree of accuracy and validity according to testing
conducted:

1. It has been shown to accurately reproduce threshold elevation for a range of hearing
loss severities (up to 90 dB HL).

2. This threshold elevation can be accurately applied in a frequency specific manner,
allowing for the emulation of age-related hearing loss.

3. The simulation reliably exhibits the phenomenon of loudness recruitment across a
wide range of input intensities.

4. This loudness recruitment is reflective of ‘real’ loudness perception models (it reliably
incorporates a loudness ‘catch-up point’ with normal hearing).

5. The loudness recruitment model reliably changes depending on the degree of hearing
impairment.

6. Furthermore, these changes in loudness recruitment as a result of hearing loss severity
can be applied in specific frequency bands.

7. Subjectively, the simulation method ensures that speech stimuli have to be made
louder by a relative level before they are perceived.

8. A given increase in level does not result in a comparable increase in intelligibility for
the normal hearing and SimHL conditions.
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9. Speech is not entirely intelligible, even at clearly audible levels, as a result of the
frequency smearing it applies to stimuli.

Thus, the simulation is objectively sound, and can produce results in normally hearing
individuals that mirror what would be expected from unprocessed stimuli in those with a
‘real’ SNHL.

Given the increase in experimental power and control that this method offers, as well as
the ability to eradicate extraneous variables (such as cognitive capabilities and age), SimHL
was used in the study described in the next chapter to investigate the effect that hearing
loss had on the performance of auditory memory tasks. This work is applicable as it can
provide information regarding the extent to which peripheral hearing loss increases required
listening effort, and may, therefore, have a bearing on other concurrently performed tasks
(such as driving).



Chapter 7

Analysing the Effect of Simulated
Hearing Loss on Auditory Memory
Tasks

7.1 Introduction

For normally hearing individuals, during optimal listening conditions, hearing and under-
standing audible speech is considered a mostly effortless task (Pichora-Fuller et al., 1995).
However, when in suboptimal auditory environments, increased listening effort (and thus
an increase in the cognitive resources being used) occurs (see Chapter 3). This may reduce
the available resources for completion of other, concurrent tasks or cognitive processes.
For example, it has been shown that the ability to store and recall auditory information
is adversely affected when presented in the presence of background noise (Rabbitt, 1968;
Murphy et al., 2000), presumably because more effort, and thus cognitive resources, are
required to understand the auditory signal, taking resources away from the ability to
perform other cognitive functions.

The distortion to sound associated with SNHL also has the potential to disrupt cognitive
processing and impact on the performance of everyday tasks (Shinn-Cunningham and Best,
2008). This is because SNHL too increases the required listening effort to understand
auditory signals, even in quiet conditions (Kramer et al., 1997; Stenfelt and Rönnberg,
2009; Zekveld et al., 2011). Further, this effect is likely to be exacerbated in the presence
of background noise (Kramer et al., 2006). This inference has already been explained
in accordance with an ELU model (see Chapter 3), which postulates that explicit (more
effortful) processing is employed when an auditory signal is mismatched against stored
phonological representations. This process is thought to happen more often in those with a
hearing loss, thus, more effortful processing is used disproportionately in this demographic.

Research agrees with this theory. Rabbitt (1991) showed that auditory distortion, as a
result of hearing loss, impaired the recall of words in a hearing impaired sample compared
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to a normally hearing sample. The effect of hearing loss on recall has also been apparent
in other laboratory-based experiments (McCoy et al., 2005; Wingfield et al., 2005). These
findings suggest that degradations to an auditory signal, as a result of hearing loss, have
the capacity to make the performance of auditory tasks more difficult. This has important
practical ramifications, raising questions about the difficulty of everyday tasks in the
auditory modality for hearing impaired individuals.

In addition to the difficulty posed for performing an auditory task by stimulus delivery
or perception, research has shown that increasing the demand of the task itself results
in decreased performance of other concurrent tasks (Pomplun et al., 2001; Strayer et al.,
2003; Wood et al., 2006). However, simply listening to an auditory stream has little impact
on dual-task performance, whereas auditory tasks which require a participant response
degrade performance (e.g. Pomplun et al., 2001; Wood et al., 2006). This suggests that
the amount of interference from a concurrent task may also be governed by the demands
of the auditory task, regardless of the presence of hearing loss.

It is not yet known how hearing impairment interacts with the difficulty of a concurrently
performed auditory task. Some research in normally hearing individuals has involved
alterations in the difficulty of concurrently performed auditory tasks by simply asking
participants to either listen or respond to a sound message (e.g. Wood et al., 2006).
Whilst this approach undoubtedly alters the difficulty associated with a single task, it
does not contrast the difficulty between task types, nor does it account for the possibility
that a participant could pay no attention to the ‘just listening’ condition. A variety of
auditory tasks are now commonly used in studies investigating the performance decrements
associated with undertaking two tasks simultaneously (see e.g. Pashler, 1994). However,
there is little data regarding the individual demands and perceived difficulties that these
auditory task impose.

The lack of data on the absolute demands associated with individual auditory tasks
makes the investigation of auditory distraction on driving in those with SNHL challenging.
It is desirable to investigate the effect of different levels of auditory task difficulty on driving,
as the relative cognitive workload from these may interact with the demand imposed by
hearing loss.

The purpose of this study was to obtain a hierarchy of difficulty for five auditory
tasks performed under normally hearing conditions. Performance on three of these tasks
(reflecting ‘low’, ‘medium’, and ‘high’ degrees of difficulty) was then analysed when stimuli
were presented under conditions of SimHL.

7.2 Study aims

This study consisted of two experiments.
The aim of Experiment A in the current study was to gather normative data on the

difficulty associated with a number of auditory-based memory tasks in terms of response
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accuracy, time and self-rated difficulty. It was hoped that a hierarchy of task difficulty
could be derived, such that ‘low’, ‘medium’, and ‘high’ demand tasks could be selected to
take forward to Experiment B. The aim of Experiment B was to test performance under
normal, mild SimHL, and moderate SimHL conditions in order to establish how hearing
loss affected performance on auditory tasks of different difficulties.

It was hoped that the results of this study would inform the design of the study reported
in Chapter 8, which asked participants to perform different auditory tasks under SimHL
conditions whilst driving a simulator.

7.3 Experimental hypotheses

In Experiment A, the aim was to establish a clear hierarchy of task difficulty (indexed
by task response time, accuracy, and self-reported difficulty). Tasks that were perceived
to vary in terms of their difficulty were, therefore, chosen; a decision which was based
on the extent of cognitive processing required. For example, a task which requires the
storage of two numbers in memory was considered easier than a task which required the
storage of two numbers, and their addition, simply because the latter involved an extra
level of cognitive processing. A more extensive discussion of the difficulty of chosen tasks
is provided in the next section. However, the general hypothesis was that, where a task
was thought to be easier, accuracy would increase, and reaction time and self-reported
difficulty would decrease.

In Experiment B, the effect of two levels of SimHL (mild and moderate) on three tasks
(reflecting a high- medium- and low-demand tasks) was assessed. It was hypothesised that
SimHL would increase the difficulty of the three tasks, thus accuracy would decrease and
response time and self-rated difficulty would increase. Furthermore, it was considered
that an interaction may exist such that the harder the type of auditory task, the stronger
the effect of SimHL (i.e. there may be worse performance on more difficult task types
with a SimHL compared to normal hearing). This is because SimHL is likely to result
in more explicit processing (arising from a construct similar to the central executive) in
order for listeners to understand the stimuli (see Chapter 3). Therefore, when an easy
task is performed, there will be a small effect as the amount of central executive mediation
required to complete the baseline task is relatively little. However, when a more difficult
task is performed, there will be greater competition for central executive mediation, as
the difficult task will require more cognitive processing. Therefore, listening and task
performance are likely to both suffer to a greater extent.

7.4 Experiment A

The two parts of this study shared very similar methodologies. As such, the methodology for
Experiment A is reported in this section, however a large proportion of this information is
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applicable for Experiment B. Thus, only the alterations that were made to this experimental
paradigm are reported later in Experiment B.

7.4.1 Method

7.4.1.1 Participants

Young, normally-hearing participants were asked to participate in this study, thereby
excluding the influence of age-related declines in processing ability. Participants were
recruited via advertisement at the University of Leeds and were screened for normal
hearing in a sound-proofed room using pure tone audiometry (as per the British Society
of Audiology, 2011). Individuals were excluded from participation if they had hearing
thresholds of ≥ 15 dB HL at frequencies of 250–8000 Hz. Twenty-five participants (13~/12|,
mean age = 28.44 ± 4.75 years) were recruited.

Ethical approval was granted for this study by the ESSL, Environment and LUBS
(AREA) Faculty Research Ethics Committee at the University of Leeds (reference: LTTRAN-
036). Participants were reimbursed £10 for taking part in this experiment.

7.4.1.2 Materials

Auditory tasks

The eventual aim of this study was to identify suitable tasks for employment in the study
reported in Chapter 8. As such, auditory tasks which have typically been used in driving
safety literature were considered. Five tasks were selected to be used in this study, with
a main criterion that response paradigms could be comparable. This was considered
important as comparisons between reaction times to tasks were being made. Since sound
perception is affected by hearing impairment, tasks with an emphasis on listening were used.
Some studies have employed auditory-based cognitive tasks such as counting backwards
in multiples of seven (e.g. Merat and Jamson, 2007); this type of task should not have
a disproportionate effect on hearing impaired individuals as it does not rely on auditory
perception. In addition, because an emphasis was being placed on the listening aspect
of the task, response paradigms were required not to be too complex, as this may have
introduced extraneous factors which could have affected study outcomes. For example,
Merat and Jamson (2007) used a task in which participants had to listen to a phone
number, but were then asked to type it in to an in-vehicle system.

Therefore, Table 7.1 shows a non-exhaustive list of the considered tasks, and it can be
seen that only certain tasks were applicable given their response parameters.

Tasks were chosen if they incorporated responses that could be single digits in the
range 1–9, this was considered ideal as reaction times could be measured from button
presses given on a computer keyboard. This discounted a number of task types detailed
in Table 7.1: general knowledge questions, working memory span test, and conversation
with experimenter. Furthermore, whilst the memory task and grammatical reasoning test
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Table 7.1 Example auditory task types which have been used in past driver safety experi-
ments.

Study Description of task

Engström et al.
(2005b); Jamson
and Merat (2005);
Victor et al. (2005)

aCMT: Participants had to hold in memory two, three, or four target
sounds and count how many times each target occurred during a stim-
ulus list, reporting back their answers at the end of the presentation.

Horberry et al.
(2006)

General knowledge questions: Participants were asked to answer
general knowledge questions from two options whilst driving.

Reimer (2009) N-back task: This task has been widely used in Working Memory
literature (Baddeley, 2003). A participant is presented with a list of
numbers and is asked to report the number that was read n positions
ago. For example, if n = 0 the participant would repeat the last digit
read out, if n = 1 the participant would repeat the penultimate digit
read out.

Haigney et al.
(2000)

Grammatical Reasoning Test: Participants were presented with
five stimulus letters and were asked a question about the order of two
of these letters (e.g. the letter ‘D’ was read out before the letter ‘A’;
true or false?)

Alm and Nilsson
(1994)

Working Memory Span Test: Participants were presented with a
number of sentences which contained 3–5 words and took the form
“X does Y”. Participants were asked to indicate whether the sentence
made sense, and then after five sentences were asked to recall the last
word in each, in order.

Brookhuis et al.
(1991); Törnros
and Bolling (2005)

Paced Auditory Serial Addition Task: Participants were pre-
sented a list of digits and had to add the most recently heard two
numbers together, continually stating their answers. McKnight and
McKnight (1993) also had a similar task whereby they asked partici-
pants to continually perform a string of mental arithmetic sums.

McKnight and
McKnight (1993);
Strayer and
Johnston (2001)

Conversation with experimenter: The experimenter conversed
with participants about various pre-defined topics whilst they drove.

McKnight and
McKnight (1993)

Memory task: Participants were read a list of five or six digits and
were asked if certain numbers were contained within that list.

may have been adapted to incorporate responses as a digit in the range 1–9, they involve a
two choice forced response paradigm, which gives a 50% chance of a correct response, even
when guessing. The rejection of these tasks left the following: aCMT, N-back task, and
PASAT.

Adaptations to the tasks were made to vary the predicted processing demand they
imposed, and to ensure the response paradigm of a single digit in the range 1–9. A
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description of each individual task selected, and the associated difficulties of each, is given
below (in order of hypothesised difficulty):

1. 0-back: In this study a list of 5–9 single digits was presented to participants at 1
second intervals. The length of the list was randomly assigned, and participants
were not aware of the list length prior to completing the task. Participants were not
required to respond throughout the list but were instructed to listen and at the end
of the list key in the last number in the list. For example:

Stimulus: 8 4 7 4 9
Correct response: 9

This task requires the storage of the most recent digit in memory, requiring no
manipulation of this memory trace. It is unlikely, therefore, that it will place a
great demand on working memory, as there is likely to be little interference with
rehearsal processes associated with the ‘phonological loop’ portion of this information
processing model (Baddeley, 2000).

2. Digit Continuous Memory Task (dCMT): this task is very similar to the aCMT
which has been applied in past driving safety research assessing the effect of auditory
distraction whilst driving (Jamson and Merat, 2005; Victor et al., 2005; Engström
et al., 2005b). The task is an auditory manipulation of a visual version (the Visual
Continuous Memory Task; Veltman and Gaillard, 1998), whereby participants are
given a target icon and are then required to watch a stream of icons containing a
random number of the targets. The task is to count the number of occurrences of
the target and then report back this number at the end of the stimulus list. The
demand of this particular task can be altered by increasing the number of targets
that participants have to remember and match against the string of stimuli (Jamson
and Merat, 2005; Victor et al., 2005; Engström et al., 2005b). In the manipulation of
the aCMT used in this experiment, participants were given one randomly assigned
target (between 1–9), to reduce the processing demands relative to other tasks. After
a 5 second pause, a list of 10 random digits was presented to participants at 1 second
intervals. Participants were required to listen for the number of occurrences of the
target and then key in the answer at the end of the list. For example:

Target number: 6
Stimulus: 6 1 6 6 2
Correct response: 3
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In terms of the mental processes involved with this task it is somewhat similar to
the 0-back in that it requires only one target digit to be held in memory. However,
it requires this digit to be matched against a number of others which occur in the
list. Unlike the 0-back, this task is more likely to be prone to interference, in that
other digits contained within the list may affect the rehearsal processes involved with
keeping relevant auditory information in memory (Baddeley, 2000).

3. Tone Continuous Memory Task (tCMT): the parameters of tCMT were almost
identical to dCMT, except for participants were assigned a random target tone (a
sinusoidal wave at one of the discreet frequencies: .25, .5, 1, 2, 4 kHz) instead of
a digit. As with the dCMT, this task was played to participants aurally, with a
target tone, followed by a 5 second pause, then a list of 10 random tones at 1 second
intervals. Participants were again required to listen for the number of occurrences of
the target and then key in the answer at the end of the list. For example:

Target (kHz): 1
Stimulus (kHz): 2 1 1 1 1
Correct response: 4

This task was chosen in an attempt to provide a further level of difficulty in the task
hierarchy. It was thought that in performing the dCMT participants identified their
target by recognising and naming the stimulus. It was considered that the majority of
participants would not, however, recognise and name the frequency of certain tones.
This constant matching of stimuli against an un-named perceptual trace makes tCMT
highly subject to interference from competing stimuli. As such, the performance of
this task was hypothesised to be more challenging than the completion of dCMT.

4. 2-back: this task was similar to the 0-back, but instead of recalling the final number
in the digit list, participants were required to report the third from last number.
Increasing the value of n in the n-back task increases its difficulty (Reimer, 2009).
Thus it was considered that applying a different value for n would result in another
level of difficulty on the task hierarchy. As for the 0-back, a list of 5–9 single digits was
presented to participants at 1 second intervals. The length of the list was randomly
assigned, and participants were not aware of how long the list would be prior to
completing the task. For example:

Stimulus: 8 4 7 4 9
Correct response: 7
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This task is likely to be made more difficult because it requires the storage of more
information in Working Memory than any other task used. The 0-back required the
storage of only one digit, and tCMT and dCMT required the storage of only two
pieces of information. As the list was able to stop at any random point, it was not
possible to identify the specific position at which the target digit would occur. As
such, participants needed to constantly remember the past three digits in order to
perform the 2-back successfully. This was considered to put more of a demand on
the phonological loop portion of working memory, as the rehearsal of all the most
recent three digits would be required in order to keep all of the required information
in a short-term memory store without decay. This rehearsal process may also have
provided some interference for digits being read out as part of the stimulus list. For
example, a participant rehearsing three digits repeatedly may hear the next digit
being presented, but mix it up with one being rehearsed as part of the most recent
three. Accordingly it is feasible that mistakes may occur when updating the digits
being held in short-term memory.

5. Paced Auditory Serial Addition Task (PASAT): the premise of the PASAT
is that random numbers are presented aurally at set intervals, and participants are
required to continually add the last two numbers that they have heard together
(Royan et al., 2004). For example:

Stimulus list: 2 3 1 3 6
Correct response: 5 4 4 9

A visual version of the PASAT was originally developed by Sampson (1956) to examine
temporal integration. This task was adapted to be presented aurally (Gronwall and
Sampson, 1974; Gronwall and Wrightson, 1974), and has become an important
neurophysiological test to measure attention and concentration (Gordon and Zillmer,
1997), working memory and speed of information processing (Roman et al., 1991;
Diehr et al., 1998). In this experiment there is an emphasis on recording response
times to stimuli, as such it was decided that this task should be run at a self-paced
rate, rather than having the digit presentations system-paced. Accordingly, random
digits between 1–5 were presented to the participant, this meant that answers were
never greater than 9, and therefore a single-digit answer was always required. This
was considered important in the ability to equate response parameters between task
types. Initially two digits were presented at an interval of 1 second, thereafter only
once an answer had been given by the participant was a new number presented. This
process continued until the list had finished; in total the list was eleven digits long,
meaning that in one trial a participant performed ten sums.



CHAPTER 7. AUDITORY TASKS STUDY 189

The difficulty associated with PASAT is likely to arise primarily from the extra
cognitive process of mental arithmetic. As opposed to all other tasks, PASAT
required the use of not only short-term memory, but cognitive processes associated
with the manipulation of those short-term memory traces (the performance of sums).
This is an additional demand which is not imposed by any of the other tasks, simply
requiring the storage of information in memory, rather than any extraneous cognitive
tasks. In addition, the fact that participants had to add two numbers together to
produce their own answer (unrelated to the digit list entirely) increased the chance
of interference between stimuli and responses.

Experimental setting

Both experiments were developed and run on a personal computer in a sound-proofed
booth, using MATLAB (2010) software with the Psychophysics Toolbox extensions (Pelli,
1997; Brainard, 1997; Kleiner et al., 2007). For use in all tasks except tCMT, audio files
of individual numbers from 1–9 were obtained from an open source repository (Voxeo
Corporation, 2013), and were normalised in terms of amplitude and duration. For use
in the tCMT task, pure tones were generated using MATLAB (2010) software, again
each was equated in terms of amplitude and duration. All stimuli were presented using
Telephonics TDH-39P headphones at an intensity of 60 dB HL, which corresponds to a
normal conversational level (Skinner et al., 1997). The end of digit lists were signalled by
a 1 kHz tone, and the end of tone lists were signalled by a burst of white noise (as tones
were being used as task stimuli), both of which lasted 0.1 seconds. Participant responses
were collected using the number pad of a keyboard, and response times were measured
from the end of the 1 kHz tone or burst of white noise.

7.4.1.3 Procedure

Participants were presented with information about the study, and were given the opportu-
nity to ask any questions prior to signing informed consent to take part. After consenting,
participants were screened for normal hearing using pure tone audiometry (as per the
British Society of Audiology, 2011). Participants were then given a short practice session in
which they were presented with two full trials of each task. Following the practice session,
participants were asked if they were happy to continue and perform the ten experimental
trials, which were run at a self-paced rate (no participants requested extra practice trials).
Participants were asked to perform each of the five tasks as quickly and accurately as
possible, the order of which were counterbalanced using the balanced latin square method.
Each task was performed ten times, and prior to beginning each task participants were
given a rest. Participants were informed that they were allowed a break of any duration
at any point during the experiment. Immediately following each task, participants were
asked to rate how difficult they had found it on a 7-point Likert scale and also on the
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National Aeronautics and Space Administration Task Load Index (NASA-TLX) (Hart
and Staveland, 1988; Hart, 2006), before continuing with the next task. Two self-reported
measures were included in order to provide complex (NASA-TLX) and simple (Likert)
measures of perceived difficulty.

Given its increased simplicity of application and comparable sensitivity, ‘Raw TLX’ was
employed rather than the original NASA-TLX by eliminating the sub-scale weighting process
(Hart, 2006). Whilst the Likert score recorded how challenged participants felt generally,
the NASA-TLX has been specifically developed to measure perceived demands across a
number of different subscales, thus analysis could be carried out on these individually if
desired, although detailed analysis of this nature was eventually considered unnecessary.
This was the case because some sub-scales confounded results, given that they were not
related to the simple auditory tasks used. For example, the physical demands of the tasks
were similar, given that they simply required a key to be pressed on a keyboard. Likewise,
the temporal demands of each task were similar; to give an answer as quickly as possible.
In these cases, ratings of perceived difficulty were similar between tasks, but this was
not considered a fair reflection of the experience of the participant. Furthermore, initial
statistical analysis of the sub-scales that did differ between tasks showed an identical trend
to pooling all of the sub-scales. Thus, it was considered that individual analysis of sub-scale
scores offered no additional, useful information.

7.4.1.4 Statistical analysis

Performance in these experiments was measured in terms of accuracy and response time,
given that they are a simple method of assessing on-line cognitive processing (Salthouse
and Hedden, 2002). For each task, accuracy was calculated as the percentage correct over
all ten trials. Mean response times were calculated from all of the responses given over the
entirety of trials. In past work, mean response times have been calculated after removing
incorrect responses from the data (e.g. Salthouse and Hedden, 2002). However, if incorrect
responses were removed the task difficulty may have essentially been negated, because it
is likely that the tasks participants found most difficult would be more likely to produce
more errors, but would also have a longer response time (Larsby et al., 2005; Gosselin
and Gagné, 2010). As such, removing incorrect trials would discount a large number of
the most difficult trials for participants, thus impacting on the stability of the estimate of
reaction time.

As a general measurement of perceived task difficulty was sought, NASA-TLX scores
were summed to give a score across subscales. Shapiro-Wilk tests showed that the data
collected was not normally distributed, and, in the case of Likert scores not continuous,
thus non-parametric statistical tests of significance were used to analyse the variables:
accuracy, response time and perceived difficulty across different tasks.

Accuracy, reaction time, NASA-TLX, and Likert scale data were submitted to separate
Friedman tests in order to investigate significant differences across tasks. Where a significant
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difference was found, Wilcoxon signed rank tests were used to test each pair of tasks for
significant differences. These tests were subject to the Bonferroni correction in order to
reduce the occurrence of type-I errors (Field, 2013).

7.4.2 Results

7.4.2.1 Objective measures

The mean accuracy rates and response times to each auditory task are shown in Figure 7.1.
A Friedman test showed a significant effect of task type on accuracy (χ2(4) = 46.69, p <
.001). Further post-hoc comparisons between the accuracies of tasks resulted in statistically
significant differences between some tasks (see Table 7.2). Performance of the 0-back was
100% accurate across trials, and similarly very few errors were made on the dCMT task,
where the mean correct response rate was 98.8%. Accordingly, no statistically significant
difference between accuracy rates on these two tasks was found. Accuracy rates on the
tCMT and PASAT were also similar, reaching 93.6% and 95.3% respectively; this difference
was not significant. The most poorly performed task in terms of accuracy was the 2-back,
with a correct response rate of 85.6%. This task was performed significantly worse than
any other except tCMT, though the difference in performance between these two tasks did
tend towards significance (see Table 7.2). There appeared to be a large degree of variability
in the accuracy of the tCMT task (S.D. = 10.36%) compared to the PASAT task (S.D.
= 5.06%). In some cases, this variability may have led to statistical tests only tending
towards significance, rather than reaching it at the α = .05 level (e.g. tCMT vs dCMT
and tCMT vs 2-back; see Table 7.2).

(a) Accuracy (b) Response time

Figure 7.1 Mean percentage correct scores and response times (± 1 standard error) for
each auditory task.

Clear differences in response times to different auditory tasks are also evident from the
data, with 0-back performed most quickly, followed by dCMT, tCMT, PASAT and 2-back
respectively (see Figure 7.1). Generally, as response time increased, accuracy decreased.
This speed/accuracy trade-off was apparent across all tasks except for PASAT which was,
on average, slightly more accurately (but more slowly) performed than tCMT.
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Table 7.2 p-values derived from Wilcoxon signed rank tests for differences in accuracy
between the different task types. Significant results at the α = .05 level (after applying a
Bonferroni correction) are highlighted (*).

0-back dCMT tCMT PASAT

dCMT .083 N/A N/A N/A

tCMT .004* .013 N/A N/A

PASAT <.001* <.001* .657 N/A

2-back <.001* <.001* .020 .002*

A further Friedman test showed that there was also a significant effect of task type on
response time data (χ2(4) = 63.42, p < .001). Post-hoc testing showed that the differences
in response times were statistically significant between all tasks except for PASAT vs
2-back (see Table 7.3). In terms of the variability in results, 2-back had the most variation
in response times (S.D. = 1.23 ms), whereas the other tasks all provided a more stable
response time across participants (S.D. ≤ 0.60 ms in all cases).

Table 7.3 p-values derived from Wilcoxon signed rank tests for differences in response time
between the different task types. Significant results at the α = .05 level (after applying a
Bonferroni correction) are highlighted (*).

0-back dCMT tCMT PASAT

dCMT <.001* N/A N/A N/A

tCMT <.001* <.001* N/A N/A

PASAT <.001* .001* .001* N/A

2-back <.001* <.001* .002* .443

7.4.2.2 Subjective measures

Subjective scores on the difficulty of the chosen tasks were also collected (see Figure 7.2).
PASAT was rated as the most demanding task followed in order of decreasing difficulty
by 2-back, tCMT, dCMT and 0-back. Friedman tests showed that task type had an
effect on both NASA-TLX (χ2(4) = 66.88, p < .001) and Likert data (χ2(4) = 70.96, p <
.001). The differences in post-hoc pairwise comparisons between all tasks were found to be
significant for both NASA-TLX and Likert scores, except for 2-back vs PASAT, though
this comparison tended strongly towards significance for both NASA-TLX and Likert data
(see Table 7.4 and Table 7.5).
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(a) NASA-TLX scores (b) Likert scores

Figure 7.2 Mean summed NASA-TLX scores (± 1 standard error), and box plots for Likert
scores, on each auditory task. For the box-plot, bars show the 95% confidence intervals,
boxes depict interquartile ranges, and the line therein shows the median. Outliers are shown
as dots.

Table 7.4 p-values derived from Wilcoxon signed rank tests for differences in summed
NASA-TLX scores across the different task types. Significant results at the α = .05 level
(after applying a Bonferroni correction) are highlighted (*).

0-back dCMT tCMT PASAT

dCMT <.001* N/A N/A N/A

tCMT <.001* .002* N/A N/A

PASAT <.001* <.001* <.001* N/A

2-back <.001* <.001* .002* .093

Table 7.5 p-values derived from Wilcoxon signed rank tests for differences in Likert scores
across the different task types. Significant results at the α = .05 level (after applying a
Bonferroni correction) are highlighted (*).

0-back dCMT tCMT PASAT

dCMT <.001* N/A N/A N/A

tCMT <.001* .005* N/A N/A

PASAT <.001* <.001* <.001* N/A

2-back <.001* <.001* .004* .009

7.4.2.3 Difficulty Hierarchy

The aim of this experiment was to derive a relative hierarchy of task difficulty. Thus, the
ease of performing each task in relation to others across dependent variables was derived
from the pairwise comparisons performed between each task type. Where there was no
statistically significant difference between the performance or perceived difficulty of a task,
a joint ranking was given. A ranking of 1st denotes that the task was easiest or best
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performed, a ranking of 2nd, that the task was second easiest or best performed, and so
forth. Table 7.6 shows the ranking of each outcome measure in relation to others.

Table 7.6 The ranking of each task type in relation to others across dependent variables.
A ranking of 1st denotes that the task was easiest or best performed.

Accuracy Reaction time NASA-TLX score Likert score Overall

0-back 1st 1st 1st 1st 1st

dCMT 1st 2nd 2nd 2nd 2nd

tCMT 2nd 3rd 3rd 3rd 3rd

PASAT 2nd 4th 4th 4th 4th

2-back 3rd 4th 4th 4th 4th

7.4.3 Discussion

The aim of this experiment was to investigate whether a set of five auditory tasks differed
from each other in terms of accuracy, response time, and subjective difficulty. This was
undertaken in order to derive a task hierarchy, so that tasks of ‘low’, ‘medium’ and ‘high’
difficulty could be identified for further testing in Experiment B, using a SimHL.

In this regard, the study has been successful; given the statistically significant differences
that have arisen across dependent variables, a general order of task difficulty was established.
Despite this, it was not possible to order PASAT and 2-back in terms of their relative
difficulty. Although 2-back was less accurately performed, response times were similar
between the tasks, and ratings suggested that participants found the PASAT more difficult.
Thus it is unclear whether it is PASAT or 2-back which was more challenging. Whilst
other tasks are equal in terms of their accuracy (i.e. 0-back vs dCMT; tCMT vs PASAT),
the other dependent variables measured follow a clear pattern, showing response times
which became slower in line with reports of more task difficulty. This is not the case for
PASAT vs 2-back, and so these tasks were considered as being inextricable in terms of
difficulty. The order of task difficulty generally reflects the hypothesised difficulty of each
task presented during the methods section of this chapter.

Although analysis of this experiment has allowed for the derivation of a general hierarchy
of task difficulty, this does not take in to account intricacies associated with the responses
to each task. A key consideration that has arisen from the results is that some tasks
appear much more variable for some dependent variables than do others. A prime example
of this is the variability shown for accuracy and response time on the 2-back task. The
standard deviation for these measures appears a lot higher than was noted across the
majority of other tasks. This is an important consideration, given that these tasks are
being considered for application in dual-task experimental paradigms, and thus require
a stable and predictable level of demand. It is this variability which may, in fact, have
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given rise to the lack of statistical significance between the accuracy rates of tCMT (which
was also variable) and 2-back, and the reaction times of PASAT and 2-back, despite mean
data showing 2-back as the least accurately and most slowly performed task. Another task
which appears to show a high degree of variability in outcomes is the tCMT. This task,
whilst stable in terms of response time, appears to be variable in terms of its accuracy and
difficulty rating. Thus, like the 2-back, it appears less applicable for dual-task research.

The remaining three tasks (0-back, dCMT, and PASAT) all appear to be stable across
all dependent variables. In the case of PASAT, this may have been due to the increased
number of responses that were required for this task. All tasks, except PASAT, required
only one participant response per trial (at the end of the stimulus list) leading to a total
number of ten responses. In contrast, PASAT involved ten answers per digit list, and meant
that participants were giving one-hundred answers in total for this particular task. This
greater number of responses for PASAT may have led to a better estimate of the mean and
a smaller standard error. Incorrect responses on the 2-back may have skewed the mean
value more than they would on the PASAT, as there were fewer responses given overall.
Thus it is considered that altering the response paradigm of tasks such that participants
had to give ten answers per trial (and ≈ 100 in total) would allow for a more stable
measurement of reaction times and accuracy rates.

This argument does not apply to self-reports of difficulty associated with each task
however. Each task has an identical amount of data for both NASA-TLX and Likert
variables, though more variability is apparent for tCMT in its Likert scores, suggesting
that participants disagree with each other in terms of how much difficulty they experienced
on this task. One consideration for these self-reports of difficulty, however, is the greater
number of required answers on PASAT. This may have led participants to feel that they
were exerting more effort in this task. Perhaps if other tasks had incorporated a greater
number of responses there may have been a feeling amongst participants that they were
more demanding. Thus the case to equate the number of responses required in future work
is also considered applicable in this regard.

The purpose of this study was to identify three tasks of ‘low’, ‘medium’, and ‘high’
difficulty to take forward to Experiment B. This study has provided a clear hierarchy
of task difficulty, which can be used to select tasks fitting this criterion. Taking in to
account that accuracy and response time was most variable for 2-back, and accuracy and
self-reported difficulty was variable for tCMT, these tasks were considered problematic for
Experiment B. Stable responses were considered more desirable as they allowed for a more
accurate comparison across experimental conditions.

The three tasks with least variability were 0-back, dCMT, and PASAT, and these
three tasks could also be successfully classified as ‘low’, ‘medium’, and ‘high’ difficulty, as
they differed significantly from each other in a hierarchical manner in terms of accuracy,
response time, NASA-TLX score, and Likert score. Thus, these were the three tasks which
were used in Experiment B.
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7.5 Experiment B

7.5.1 Method

A large proportion of the methodology for Experiment B matched that used in Experiment
A, besides the alterations noted below.

7.5.1.1 Participants

Twenty-seven, young, normally hearing participants (18~/9|, mean age = 21.85 ± 3.47
years) were recruited via advertisement at the University of Leeds.

7.5.1.2 Materials

This experiment was designed to assess the effect of SimHL on the performance of three
different auditory tasks. Participants were asked to complete the three auditory tasks under
three different listening conditions: (1) no hearing loss, (2) simulated mild hearing loss,
and (3) simulated moderate hearing loss. The derivation of these conditions is discussed
below.

Hearing loss conditions

In driving and hearing loss literature, there is some evidence that the severity of hearing
loss is correlated with accident risk (Picard et al., 2008), and that milder degrees of hearing
loss do not significantly affect driving ability/safety (Ivers et al., 1999; Hickson et al., 2010).
Furthermore, in the experiment investigating the effect of auditory distraction on the UFOV
test described in Chapter 5, the inclusion of a large proportion of those with a mild hearing
loss was identified as a potential reason for the lack of statistical significance between
experimental groups. This evidence questions the disproportionate effect of hearing loss
on task performance in those with a mild hearing loss, and suggests that those with a
moderate or severe hearing loss might be most affected. However, this hypothesis cannot
be explicitly inferred from past data. Accordingly, in this experiment, a range of hearing
losses were studied to assess whether certain degrees of hearing impairment had an effect
on cognitive tasks. These findings would then inform the methodology used in Chapter 8
to assesses the effect of SimHL on driving performance.

Research performed in this area has mainly focused on drivers with an age-related
hearing loss (Ivers et al., 1999; Gilhotra et al., 2001; Unsworth et al., 2007; Hickson et al.,
2010; Thorslund et al., 2013a,b,c; Green et al., 2013; Thorslund et al., 2014), and it is
through this work that a disproportionate effect of auditory distraction on driving skills
has been suggested. Furthermore, recruitment for prior experiments described in this
thesis resulted in older samples (see Chapter 4 and Chapter 5), even though this particular
demographic was not purposively sought.
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Accordingly, the configurations of hearing loss studied were selected to reflect age-related
hearing loss (Gates and Mills, 2005). As the method of SimHL used cannot accurately
emulate hearing loss of a severe or profound nature, only mild and moderate hearing
loss conditions were tested. Although these two conditions had to represent ecologically
valid degrees of hearing loss, there also had to be a clear distinction between the two, so
that a continuum of hearing loss severity could be studied. Levels of SimHL were based
on an epidemiological study of hearing thresholds in the older population (Cruickshanks
et al., 1998). The data presented by Cruickshanks et al. (1998) details the mean absolute
thresholds (with standard deviation) measured in a large sample (n = 3,753) of males
and females for different age groups: 48–59 years, 60–69 years, 70–79 years, and 80–92
years. This allowed for the derivation of a range within which hearing thresholds are
likely to fall for individuals aged 48–92 years (see Figure 7.3). The range is reflective of
age-related hearing loss, exhibiting a greater reduction in hearing thresholds, and, most
likely, corresponding widening of auditory filters, at higher frequencies.

Figure 7.3 The range within which absolute hearing thresholds are likely to fall for in-
dividuals aged 48–92 years, according to data produced by Cruickshanks et al. (1998).
Superimposed are the three audiograms used to simulate hearing loss for the listening
conditions (no hearing loss, mild hearing loss, and moderate hearing loss).

The levels of hearing loss chosen for simulation attempted to replicate this reduction
in high-frequency thresholds, as well as reflecting thresholds which spanned the entire
identified range. The resulting audiograms which were simulated are superimposed over
this range in Figure 7.3. The no hearing loss (control) condition does not reflect this
reduction in thresholds at higher frequencies, because this condition was used to evaluate
the performance of tasks without any influence of the SimHL. Thus the control condition
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was set to a flat 0 dB hearing loss, so that no DSP would be applied to the stimuli.
Audio files of individual digits were processed using the method described in Chapter 6

at an input level of 60 dB (reflecting the level at which they would be presented - a normal
level of conversational speech; Skinner et al., 1997). These variables were used to provide
digit lists for the SimHL experimental conditions.

Auditory tasks

Three of the tasks studied in Experiment A were used in this second experiment: 0-back,
dCMT, and PASAT. However, some minor changes to task response parameters were made.
Results from Experiment A showed that differences in the number of responses between
tasks may have led to an increased perception of workload, and an increase in the spread of
dependent variables (e.g. accuracy and response time). Accordingly, increasing the number
of participant responses during each task, was considered to have the benefit of providing
a more stable estimate of accuracy and response time data. It also helped to equate the
number of responses given, such that participants were not experiencing a difference in
perceived difficulty simply as a result differences of the response requirements from different
tasks. Thus 0-back and dCMT were adapted in the following manner:

0-back required participants to respond after every digit presentation, for example:

Stimulus: 8 7 1 4
Correct response: 8 7 1 4

dCMT required participants to respond each time they heard a target digit, by ‘counting
along’ with the stimulus list using the keyboard number pad (i.e. after the first occurrence
press one, after the second occurrence press 2 etc). For example:

Target digit: 4

Stimulus: 8 4 7 4 9 4
Correct response: 1 2 3

These alterations were not considered likely to alter the task difficulty that had been
established during Experiment A, as the hypothesised reason for their difficulty was not
manipulated. 0-back still required only the most recent digit to be held in memory, it just
required a response to be made more often than previously. dCMT also remained a similar
task - the amount of information held in memory was still the same; participants still
had to remember the target digit and the number of times that it had already occurred.
Furthermore, it was previously discussed that interference between these two pieces of
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information may lead to disruption in rehearsal processes, causing confusion between the
target digit and number of target occurrences. Even after the task response manipulation,
this possibility would still be present.

7.5.2 Results

7.5.2.1 Baseline task performance

The mean accuracy rates for tasks under each auditory condition are shown in Figure 7.4.
A Friedman test again showed an effect of task type on accuracy (χ2(2) = 33.78, p <
.001). Post-hoc comparisons exhibited that under normally hearing (control) conditions,
as in Experiment A, there was no difference in accuracy between the 0-back and dCMT,
although the comparison did tend towards significance (p = .057). The PASAT was, again,
less accurately performed than the 0-back (p = < .001) and the dCMT (p = < .001).

(a) Accuracy (b) Response time

Figure 7.4 Mean percent correct scores and response times (± 1 standard error) to each
auditory task under each listening condition.

A Friedman test also showed that reaction times differed between the tasks (χ2(2) =
48.67, p < .001). In Experiment A, the dCMT was performed significantly slower than
the 0-back, but the opposite trend was found in this experiment; with the dCMT being
performed faster than the 0-back (p < .001). PASAT was performed significantly slower
than the other two tasks (p < .001 in both cases).

Friedman tests showed that self-reported difficulty differed between auditory tasks for
both Likert (χ2(2) = 46.54, p < .001) and NASA-TLX (χ2(2) = 37.85, p < .001) data.
Post-hoc comparisons showed that PASAT was perceived as the most difficult task by
participants, rated as harder than both the 0-back (p < .001) and dCMT (p <.001) on
both NASA-TLX and Likert scores. dCMT was also, again, rated as being more difficult
than the 0-back for both NASA-TLX (p = .004) and Likert (p = .001) data. Thus, under
baseline (normally hearing) conditions, the task rankings (derived in the same manner as
Experiment A) are shown in Table 7.7.
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Table 7.7 The ranking of each task type in relation to others across dependent variables.
A ranking of 1st denotes that the task was easiest or best performed.

Accuracy Reaction time NASA-TLX score Likert score Overall

0-back 1st 2nd 1st 1st 1st

dCMT 1st 1st 2nd 2nd 1st

PASAT 2nd 3rd 3rd 3rd 2nd

7.5.2.2 Effect of SimHL on performance

Objective measures

Comparisons between the objective dependent variables were made within tasks between
auditory conditions. Friedman tests showed a significant effect of auditory condition on
the accuracy of the 0-back (χ2(2) = 69.88, p < .001) and PASAT (χ2(2) = 24.804, p <
.001), whereas the differences in dCMT accuracy as a result of auditory condition only
tended towards significance (χ2(2) = 5.494, p = .064). Post-hoc pairwise comparisons
using Wilcoxon signed rank tests and the Bonferroni correction exhibited that it was the
scores under moderate hearing loss conditions that were responsible for these significant
and near-significant results; there were no significant differences between the scores in the
normal hearing and mild hearing loss conditions (see Table 7.8). Indeed, for each task the
greatest reduction in accuracy occurred when the task was performed under a simulated
moderate hearing loss, and there was no effect of simulated mild hearing loss on any of the
three tasks (see Figure 7.4).

The reduction in accuracy is most clearly shown in the case of PASAT, where the
accuracy rate under the moderate hearing loss condition is 84%, as opposed to 95% in
both the no hearing loss and mild hearing loss conditions. For the 0-back task, accuracy
was 97% in the moderate hearing loss condition vs 100% in the no hearing loss and mild

Table 7.8 p-values derived from Wilcoxon signed rank tests on the accuracy and response
time measures made in this experiment. Significant differences, after using the Bonferroni
correction, are highlighted (*).

0-back dCMT PASAT

Accuracy

No hearing loss vs mild hearing loss .232 .357 .896
No hearing loss vs moderate hearing loss <.001* .026* <.001*
Mild hearing loss vs moderate hearing loss <.001* .043 <.001*

Response time

No hearing loss vs mild hearing loss .614 .313 .631
No hearing loss vs moderate hearing loss <.001* <.001* <.001*
Mild hearing loss vs moderate hearing loss .002* .010* <.001*
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hearing loss conditions, and on dCMT the accuracy rate was 97% compared to 99% in the
other two auditory conditions.

In order to establish which tasks were most associated with the biggest effect of SimHL,
the calculation of effect sizes for each pairwise comparison was considered. However, there
appeared to be a ceiling effect under baseline conditions for accuracy on the 0-back and
dCMT tasks (99.5% and 99.0% respectively), both of these tasks showed very little variation
under baseline conditions (S.D. of 0.75% and 1.57% respectively). This is in contrast to
baseline data for PASAT, which was less accurate (95%) and more variable (S.D. = 6.87%).
As such, effect size data may be misreprasentative, as these ceiling effects may have reduced
standard deviation under baseline conditions. Accordingly, the effect size of SimHL across
tasks was analysed by inspecting the individual raw difference in accuracy between no
hearing loss and moderate hearing loss conditions.

A Friedman test on the individual raw difference scores in accuracy between normal
hearing and moderate hearing loss suggested that there was a significant difference between
task types (χ2(2) = 15.61, p < .001). Post-hoc pairwise comparisons using Wilcoxon Signed
rank tests exhibited that this was because of the difference in accuracy reductions as a
result of SimHL on PASAT, but not the 0-back or dCMT (see Table 7.9). This suggests
that the reduction in performance as a result of moderate hearing loss is significantly
greater on the PASAT task than either of the other two tasks studied.

Comparisons were also made for response times across the three auditory conditions
(see Figure 7.4). The longest response time in each task occurred under conditions of
moderate hearing loss, and there is little difference between response times recorded in the
normal hearing and mild hearing loss conditions. Friedman tests showed that significant
differences in the reaction times to PASAT (χ2(2) = 18.07, p < .001), 0-back (χ2(2) =
14.00, p = .001) and dCMT (χ2(2) = 21.63, p < .001) occurred as a result of auditory task
condition. Post-hoc pairwise comparisons using Wilcoxon signed rank tests showed that
these differences occurred as a result of the increase in reaction time brought about by
simulated moderate hearing loss. Again there were no differences in reaction time brought
about as a result of mild hearing loss (see Table 7.8).

Although there is a significant difference between response times recorded in the
moderate hearing loss and the other two auditory conditions across all task types, there

Table 7.9 p-values derived from Wilcoxon signed rank tests on the individual differences
between the normal hearing and moderate hearing loss conditions for accuracy and response
time measures made in this experiment. Significant differences, after using the Bonferroni
correction, are highlighted (*).

0-back vs
dCMT

0-back vs
PASAT

dCMT vs
PASAT

Accuracy .071 .004* .001*
Response time .072 .034 .010*
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appears to be a greater effect for the PASAT, compared to the other two tasks. Although
calculated effect sizes reflect PASAT (r = .67) as being more affected by moderate hearing
loss than 0-back (r =.58) or dCMT (r =.49), these estimates may, again inflate effect size
for the 0-back and dCMT, given their small degree of variation under normal hearing
conditions (S.D. of .06 ms and .04 ms respectively) in comparison to PASAT (S.D. = .17
ms). This difference in variation was also apparent for the moderate hearing loss condition
in which standard deviations were, again, smaller for 0-back and dCMT (.06 ms and .05
ms respectively) than they were for PASAT (.23 ms). Accordingly the same approach to
analysing the effect of moderate hearing loss across task types was taken for reaction time
data as was used for accuracy data.

Individual raw difference values between the no hearing loss and moderate hearing loss
conditions were calculated for interpretation. Pairwise comparisons highlighted that the
effect of moderate hearing loss on the reaction times to PASAT was significantly greater
than on the dCMT, and the comparison between PASAT and 0-back tended towards
significance (see Table 7.9). This suggests that decrements to reaction times as a result of
moderate hearing loss are also the greatest on the PASAT task.

Subjective measures

The mean overall summed NASA-TLX scores are shown in Figure 7.5. Comparisons were
made between auditory conditions within each individual task for NASA-TLX and Likert
scores. Friedman tests showed that alterations in the perception of task difficulty, as
measured using the NASA-TLX, occurred as a result of auditory condition for dCMT
(χ2(2) = 11.06, p = .003), 0-back (χ2(2) = 29.15, p < .001), and PASAT (χ2(2) = 7.15,
p = .028). Likewise, Likert scores also showed a significant alteration in the perception
of task difficulty as a result of auditory condition for 0-back (χ2(2) = 30.91, p < .001)
and dCMT (χ2(2) = 11.62, p = .003). However, no such difference was found when using
Likert score as the metric for perceived difficulty of PASAT (χ2(2) = 4.03, p = .133).

Post-hoc pairwise comparisons with Wilcoxon signed-rank tests showed that these
significant differences occurred as a result of the perceived difficulty in the moderate
hearing loss condition (see Table 7.10). When using NASA-TLX score as the metric for
perceived difficulty, the performance of each task with a moderate SimHL significantly
increased the perception of task difficulty over and above that experienced with no hearing
loss. Moderate hearing loss also significantly raised the perceived difficulty of tasks
compared to mild hearing loss, although this trend only tended towards significance for
PASAT. In line with the objective measurements, NASA-TLX results suggested that mild
hearing loss did not significantly raise the difficulty of any given task above that experienced
under the control condition of no hearing loss.

Box plots of the Likert scores are shown in Figure 7.5. The plots exhibit an increase in
perceived difficulty during the moderate hearing loss condition compared to the mild and
no hearing loss conditions for 0-back and dCMT. Indeed, for these two task types, median
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(a) NASA-TLX scores (b) Likert scores

Figure 7.5 Mean summed NASA-TLX scores (± 1 standard error), and box-plots for Likert
scores, on each auditory task under each auditory condition. For the box-plot, Bars show
the 95% confidence intervals, boxes depict interquartile ranges, and the line therein shows
the median. Outliers are shown as dots.

Table 7.10 p-values derived from Wilcoxon signed rank tests on the NASA-TLX and Likert
self-report measures of task difficulty made in this experiment. Significant differences, after
using the Bonferroni correction, are highlighted (*).

0-back dCMT PASAT

NASA-TLX

No hearing loss vs mild hearing loss .764 .875 .167
No hearing loss vs moderate hearing loss <.001* .017* .003*
Mild hearing loss vs moderate hearing loss <.001* .005* .042

Likert score

No hearing loss vs mild hearing loss .567 .658 .559
No hearing loss vs moderate hearing loss <.001* .076 .244
Mild hearing loss vs moderate hearing loss <.001* .001* .077

values for the mild and no hearing loss conditions were comparable (0-back median = 1;
dCMT median = 2), and increased for the moderate hearing loss condition (0-back median
= 2 dCMT median = 3). This is not the case for PASAT which had a stable median (5)
across all of the auditory conditions in this experiment. However, Likert scores suggest that
the perception of difficulty associated with PASAT became more variable in the moderate
hearing loss condition. This was not the case for any of the other tasks, suggesting that
the performance of this task in the moderate hearing loss condition was more troublesome
for some participants than others.

Post-hoc pairwise comparisons using Wilcoxon signed-rank tests were used to establish
any significant differences in the Likert scores of auditory conditions for each individual task.
There were no significant differences in the perception of difficulty between normal hearing
and moderate hearing loss conditions for PASAT (p = .244) or dCMT (p = .076). However,
the significant difference between these two auditory conditions on 0-back remained (p <
.001), and the difference in the perception of difficulty between mild and moderate hearing
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loss conditions remained for 0-back (p < .001) and dCMT (p < .001). The difference
between mild and moderate hearing loss conditions was also absent for PASAT (p = .077).

The magnitude of the increased perception of difficulty as a result of hearing loss was
also analysed for each task, in order to investigate whether there was a difference across
different tasks. Again, the calculation of effect size was not considered applicable, given
that there was a floor effect on the 0-back task, whereby the majority of participants
consistently rated this task as very easy under no hearing loss conditions, resulting in a
very low degree of variability for both NASA-TLX and Likert data. Accordingly analysis
on the raw difference values between the moderate and no hearing loss conditions was
carried out. However, Friedman tests showed that there were no significant differences
in these raw difference values across task type for either NASA-TLX (χ2(2) = 2.89, p =
.236) or Likert (χ2(2) = 3.89, p = .143) data. This suggests that the increase in perceived
difficulty as a result of moderate hearing loss is stable across tasks of varying difficulty.

7.5.3 Discussion

Experiment B assessed the effect of different degrees of SimHL on auditory tasks of varied
difficulty. This information was considered valuable in predicting the effect that different
types of auditory task might have on the performance of driving in the hearing impaired
demographic. In order to establish the effect of hearing loss across task difficulties, it
was first necessary to evaluate whether the previously noted hierarchy in task difficulty
remained in this study.

7.5.3.1 Baseline task performance

In this experiment, the original hierarchy of task difficulty was not replicated completely.
However, as was the case in Experiment A, the accuracy of PASAT was the lowest of
the three tasks studied, its response times were longest, and its perceived difficulty was
highest for both NASA-TLX and Likert scores. This task was, therefore, still considered as
reflecting the highest degree of difficulty. The relationship of dependent variables between
the 0-back and dCMT largely remained the same, with a difference between accuracy rates
which tended towards significance, and a significantly higher perception of difficulty for
the dCMT across NASA-TLX and Likert data. However, an alteration in the ranking of
response times was noted, whereby the 0-back was performed more slowly than dCMT;
whereas the opposite had been true in Experiment A. The most likely reason for this was
the alteration in response paradigm between Experiment A and Experiment B for these
two tasks.

A plausible explanation is as follows: Experiment A highlighted that a response
paradigm incorporating more responses was preferable in providing a more stable estimate
of mean values, and to make perceived demands more comparable between different tasks.
Accordingly, the 0-back and dCMT were adapted so that participants had to respond
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throughout the stimulus list. Responses were made on the number pad of a computer
keyboard, and as such a fraction of the response time measured consisted of the physical
response (pressing a key). In the case of the 0-back, the exact response was not known in
advance; it depended upon the random digit which was presented. Accordingly, once a digit
was heard, the participant may have moved his/her finger to the relevant key, and pressed.
However, for the dCMT the specific response was known in advance; participants were
required to ‘count along’ the number of targets which they heard, thus all answers were
consecutive, ascending numbers. Therefore, it is possible that participants had already
moved their finger to the relevant key to provide their next response, allowing for shorter
response times compared to 0-back.

Therefore, it is considered that the difference in response times to dCMT between
Experiments A and B were not as a result of a reduction in task difficulty. Regardless,
because of the inconsistencies in the ranking of 0-back and dCMT across dependent
variables, it was not considered possible to state whether 0-back or dCMT was the more
difficult task in Experiment B. Thus, the effect of SimHL can only be considered in terms
of its effect on two levels of task difficulty: 0-back/dCMT vs PASAT.

7.5.3.2 Differences in task performance as a result of SimHL

Objective measures showed that moderate SimHL significantly increased the difficulty of
all three tasks over and above that experienced when the same tasks were undertaken with
a mild SimHL or normal hearing. Mild SimHL does not appear to show any difference in
terms of performance when compared against normal hearing. This suggests that moderate
hearing loss has the capacity to affect auditory task performance, and could therefore have
a disproportionate impact on other concurrently performed tasks, such as driving. This
does not appear to be a consideration for mild hearing loss, which had little bearing on
auditory task performance. However, these results were obtained in single task conditions,
and it might be that more challenging dual-task conditions reveal performance costs for
mild hearing loss as well.

It is argued that an effect of moderate hearing loss on auditory task performance was
not simply due to an inability to hear or understand auditory stimuli in the moderate
hearing loss condition. An accuracy rate of 97% was recorded for the moderate hearing loss
condition of the 0-back task, which required participants to simply shadow the stimulus
digit list. This would suggest that, on average, at least 97% of the stimuli were at an
audible level for participants and without excess distortion causing unintelligibility. Thus
it is argued that the performance decrements noted were most likely associated with an
increase in the effort exerted to understand the aurally presented numbers.

The results of this experiment mirror those of past work using participants with a
‘real’ hearing loss (Rabbitt, 1991; McCoy et al., 2005). However, this experiment used a
SimHL, suggesting that the peripheral representation of a sound source is, at least in part,
responsible for an increase in the listening effort requirements on auditory tasks. The ability
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to separate the effect of peripheral hearing loss from other co-existing factors on driving
has been questioned in this thesis. However, this experiment has removed the influence
of co-existing factors, and as such suggests that simulated psychoacoustic phenomena
associated with SNHL (i.e. threshold elevation, loudness recruitment, and reduced frequency
selectivity) have the potential to engage cognitive resources to a disproportionate extent,
potentially impacting on other concurrent tasks (e.g. driving).

The fact that only an effect of moderate hearing loss on task performance was found
in this experiment is of practical importance, as it suggests that mild hearing loss may
not be problematic in terms of its effect on listening effort and, thus, other concurrently
performed operations. This finding has been replicated by Rabbitt (1991), who found a
disproportionate effect of hearing loss on encoding operations for participants with average
hearing thresholds of 35–50 dB HL, a level close to the criteria used in this study to classify
moderate hearing impairment (≥ 40 dB HL; British Society of Audiology, 2011). However,
(McCoy et al., 2005) found that hearing losses of 25 dB HL and greater were associated with
processing decrements, which questions Rabbitt (1991) and the results of this experiment.

This discrepancy may have been due to the differences in the manners by which hearing
loss was classified. McCoy et al. (2005) measured hearing impairment by taking the mean
threshold at three discreet frequencies (1, 2 and 4 kHz), whereas Rabbitt (1991) took an
average over the frequency range 300–10,000 Hz. This extended higher frequency range in
the study of Rabbitt (1991) is likely to have incorporated thresholds which were raised to
a greater extent than those at mid- and low-range frequencies (Gates and Mills, 2005), and
thus may have positively skewed the average thresholds of participants who had milder
hearing losses at the frequencies used by McCoy et al. (2005).

However, the frequencies used to calculate hearing loss severity in this study (the mean
of thresholds at 500, 1000, 2000 and 4000 Hz; as per the British Society of Audiology,
2011) are comparable to those used by (McCoy et al., 2005). The argument for using these
discreet frequencies is that they are considered highly important for speech recognition
(Humes, 1996). Therefore, the difference in outcomes between this experiment and the
work of McCoy et al. (2005) might be explained by the sensory-cognitive interaction theory
(Baldwin, 2002).

Baldwin and Ash (2011) showed that whilst younger adults were affected by a reduction
in stimulus presentation level, older adults were affected to a greater extent. This led
them to conclude that peripheral and central issues impact speech understanding in older
adults; because working memory skills are reduced in this demographic, they are less able
to compensate for reductions in the clarity of auditory stimulation. Thus there appears to
be a synergistic effect of age and hearing loss on the performance of auditory cognitive
tasks.

McCoy et al. (2005) studied an older sample than was used in this experiment (mean
age 72.9 years vs 21.9 years). Therefore, according to the theory discussed by Baldwin
(2002), McCoy et al.’s (2005) sample were less equipped to compensate for a reduction in



CHAPTER 7. AUDITORY TASKS STUDY 207

stimulus presentation level. Baldwin and Ash (2011) found a linear decrease in performance
as presentation level decreased (in increments of 5 dB), but also that effect size of reducing
presentation level was much greater in their older sample. Thus it is argued that even
small reductions in the presentation level of stimuli may have a profound effect on the
performance of the older demographic, hence supporting the finding of McCoy et al. (2005)
that their older mildly hearing impaired sample showed a significant reduction in auditory
task performance. However, in the current study the effect of mild hearing loss was
negligible, it was only once the SimHL reached a greater level (moderate hearing loss) that
the younger sample started to exhibit auditory task decrements.

The difficulty of the auditory task had a bearing on the effect size of simulated moderate
hearing loss, such that the most difficult task suffered from a greater reduction in accuracy
and increase in reaction time as a result of SimHL than did any of the other tasks studied.
No such distinction was apparent between the two other tasks (0-back and target digit).
This suggests that SimHL may have an effect on all auditory-based tasks, but that the
most difficult auditory tasks are disproportionately affected by hearing losses of a moderate
nature. Participants also reported perceiving a greater degree of difficulty whilst under
conditions of moderate SimHL. However, this increase in difficulty did not appear to differ
across tasks. This suggests that, although performance decrements as a result of hearing loss
are tied to the difficulty of auditory tasks, this is not apparent to participants themselves.
It should be noted, however, that an inability to successfully perform introspection as to
the demand of certain tasks was raised in Chapter 4. The finding here that self-reports of
difficulty to not entirely corroborate the increase of demand associated with a moderate
hearing loss validates the decision to use more objective methodologies further.

7.6 Study direction and limitations

Though the SimHL used in this experiment has differentiated the effect of peripheral
hearing loss, some thought should still be given to the complications that co-existing
factors might present. No comparison was made between young and older participants, as
it was not the aim of this experiment, thus the influence of a sensory-cognitive interaction
(Baldwin, 2002) across task difficulties cannot be derived from this experiment. This would
be of interest in quantifying the extent to which hearing loss and co-existing factors each
affect task performance. This is an important consideration because the combination of
these two factors is a true reflection for the majority of hearing impaired drivers, who are
older.

Furthermore, whilst the study has used two varied levels of SimHL they are both
reflective of a single type of hearing loss. It would have been of interest to examine the
effect of a more severe level of hearing loss in order to establish whether the effect size of
auditory task degradation increases with the severity of hearing loss. However, this was
not possible given that the method of hearing loss simulation cannot accurately emulate
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hearing loss levels of ≥ 90 dB. Furthermore, the investigation of different configurations of
hearing loss would also have been of interest (e.g. a noise-induced hearing loss, given the
findings of Barreto et al., 1997 and Picard et al., 2008).

The purpose of this study was to establish how SimHL affected the performance of
auditory tasks in order to predict how their performance might impact on driving. Whilst
an effect of hearing loss on task performance has been shown, the experiment has not
assessed how these tasks are performed as part of a dual-task paradigm. Thus, it is unclear
whether there will be any extraneous effect of performing these tasks in a SimHL condition
whilst dual-tasking. However, it might be argued that single-task performance should be
easier than dual-task performance as it does not incorporate any extraneous processing
demands or the coordination of resources. Accordingly, the increased difficulty of these
tasks as a result of hearing loss may be exacerbated when under dual-task conditions, as
well as reducing the performance of the concurrent task.

The experiment described in the following chapter investigated the effect of these
auditory tasks in a dual-task paradigm; specifically whilst driving. Indeed it was the
purpose of this study to establish the effect of different degrees of SimHL on these tasks to
be able to predict the influence they might have on driving performance; thus the results
were used to inform the experimental design. Because no effect of mild hearing loss on the
performance of auditory tasks was found in the current experiment, it was hypothesised
that listening effort demands associated with this level of hearing loss would not be raised
sufficiently to result in dual-task decrements in young participants. Moderate hearing loss,
on the other hand, appeared to require a greater degree of explicit processing compared
to a no hearing loss condition. As such, moderate hearing loss was selected as the only
alternative auditory condition in the study described in Chapter 8.

The next study also required the employment of two tasks, distinct in their demands.
The decision was to use the dCMT and PASAT. PASAT was chosen, because it was clearly
a more difficult task than the other two used in Experiment B. The decision between 0-back
and dCMT was, however, more problematic. Task response metrics were considered to be
slightly in favour of dCMT. Although dCMT showed a very high degree of accuracy and a
low level of self-reported difficulty, it did not exhibit the strong ceiling and floor effects (on
accuracy and self-reported difficulty, respectively) that 0-back did under the no hearing
loss condition in both Experiments A and B. It was considered that floor and ceiling effects
may be problematic for statistical testing performed on 0-back, given that baseline data
would exhibit little to no variability, potentially inflating effect sizes. In addition to this
reasoning, dCMT has been used during past driver safety research, albeit in a different
format, and affected certain driving outcomes (Jamson and Merat, 2005; Engström et al.,
2005b).

Accordingly, in order to investigate the effect of a concurrent auditory task on driving
performance in the presence of a SimHL, dCMT and PASAT were chosen as two tasks
of distinct (low and high) difficulty, and the moderate hearing loss condition was chosen
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as the only listening condition (besides a control), given that a SimHL of this degree is
thought to be required in order to raise listening effort demands.

7.7 Conclusions

The aim of this two-part study was to establish a hierarchy of difficulty for a set of auditory
tasks, and to then investigate how different levels of SimHL affected the performance of a
selection of these tasks. This was undertaken in order to identify tasks for application in a
driving simulator study assessing the effect of auditory task engagement on driving, and
whether a disproportionate effect of SimHL was apparent.

Experiment A identified a hierarchy of difficulty in five auditory tasks, and allowed tasks
of low-, medium- and high- difficulty forward to Experiment B. Experiment B assessed
the effect of simulating two levels of hearing loss on the performance of the selected tasks.
Simulated moderate hearing loss significantly reduced the accuracies, and increased the
response times and perceived difficulties of each task tested. Furthermore, the negative
effect of moderate hearing loss on task performance was greater for more difficult tasks.
Conversely, simulated mild hearing loss showed no effects on task performance.

Given that a SimHL was used in this study, the source of this performance decrement is
likely to be the degradation in the perceptual representation of sound stimuli, rather than
any other age-related confound. This is something which has been queried in prior discourse.
This finding has important ramifications in terms of how peripheral hearing loss might
affect performance in more ecologically valid situations. Performance on more challenging
everyday tasks is likely to be less accurate and slower for people with a moderate SNHL,
and it is also likely to be perceived as more difficult by that individual. Furthermore, if a
task is being performed concurrently with another, moderate hearing loss is likely to cause
a disproportionate disruption on one, or both tasks. In the context of this thesis, this may
mean that the performance of an auditory task whilst driving is an unsafe practice for
those with a moderate hearing impairment.

To this end, the final experiment described in this thesis will investigate the effect of
simulated moderate hearing loss on driving performance in the presence of auditory tasks
of differing difficulty. The current two part experiment has identified that this level of
hearing loss is most likely to cause disturbances to driving under this condition, it has
also identified two suitable auditory tasks for use in the following experiment (dCMT and
PASAT).





Chapter 8

The Effect of Simulated Hearing
Loss on the Performance of
Aurally Presented Cognitive Tasks
whilst Driving

8.1 Introduction

The majority of work reported in this thesis has focused on the potential for hearing
impairment to cause issues for driving whilst under conditions of auditory task engagement.
It has done so using self-reported data (see Chapter 4) or abstract experimental paradigms
investigating effects of hearing loss on task performance (see Chapter 5 and Chapter 7).
Now that a valid method of differentiating peripheral hearing loss from other co-existing
factors has been identified (see Chapter 6), this study will investigate the effect of peripheral
hearing loss on driving in a more ecologically valid manner, by applying an experimental
paradigm in a high-fidelity driving simulator.

Research suggests that a greater perceptual effort associated with listening to an
auditory signal in the hearing impaired presents a dual-task cost for skills relevant to
driving (Hickson et al., 2010). This argument has been explained in the context of an
ELU model, which proposes that a more explicit processing strategy will be employed
when an auditory signal is mismatched with phonological representations in long-term
memory; something which is likely to happen more often in hearing impaired individuals
(see Chapter 3). This explicit processing strategy is derived from a structure similar to
the central executive described in Baddeley’s Working Memory model (1974), which is
responsible for attention switching between the visuospatial sketchpad and phonological
loop. Thus it was reasoned that attention switching would be less efficient in those with a
hearing loss, as a result of a disproportionate strain on the central executive. This would
then be problematic for hearing impaired drivers in a dual-task set-up, when driving is
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concurrent with an auditory task (see Chapter 2).

Data from the study reported in Chapter 7 suggests that SimHL does, indeed, reduce
performance on auditory tasks. Therefore, it is likely that tasks performed under SimHL
conditions would have more of an effect on driving than those which are performed under
normally hearing conditions. This is proposed to arise (at least in part) as a result of
peripheral distortion to a sound source. The assumption that this disruption is due to
the peripheral representation of a sound source is important because it is unclear how,
and to what extent, factors co-existing with hearing impairment might affect cognitive
performance (see e.g. Baldwin, 2002). This idea was considered particularly pertinent given
there was a significant difference in the reading span of hearing impaired and normally
hearing individuals in Chapter 5, thus suggesting that the two groups have a baseline
difference in some Working Memory abilities.

Further to this, previously described findings of Thorslund et al. (2013a,b, 2014) suggest
that a behavioural adaptation to driving takes place over time as a result of hearing
loss. It is, therefore, unclear whether behavioural changes may have been one of these
co-existing factors responsible for previously reported results investigating the effect of
auditory distraction on driving behaviour (e.g. Hickson et al., 2010).

The interaction between auditory distraction and adaptive driving behaviour in the
hearing impaired demographic, and their effect on driving performance is likely to be
complex. Medeiros-Ward et al. (2014) propose that driving is coordinated by a hierarchical
control network. In line with Fodor (1983), they argue that automatic, encapsulated
aspects of driving operate outside of awareness, whereas processes under attentional control
are easily brought in to conscious awareness. Medeiros-Ward et al. (2014) suggest that, as
more attention is allocated to attentional control tasks, their performance will increase.
On the other hand, when more attention is allocated to automatic, encapsulated tasks,
their performance will actually decrease. Thus the authors argue that auditory task
engagement whilst driving will lead to some performance decrements, whilst “improving”
other aspects of driving. This theory explains past experimental findings which have
exhibited a degradation in certain aspects of driving whilst concurrent demanding auditory
tasks are performed. For example, longer reaction times to critical events (Lamble et al.,
1999; Strayer et al., 2003), but an ‘improvement’ in lane keeping (Brookhuis et al., 1991;
Jamson and Merat, 2005; Engström et al., 2005b). This is explained because steering
is considered an automated aspect of driving (Michon, 1985), and as such is will not
be affected by the diversion of cognitive resources to the secondary task. However, an
alternative explanation, backed by a considerable literature, is that gaze concentration to
the road centre is increased by extraneous cognitive load (e.g. Nunes and Recarte, 2002;
Engström et al., 2005b; Jamson and Merat, 2005; Victor et al., 2005; Harbluk et al., 2007),
and as drivers ‘steer where they look’ (Wilkie et al., 2010), this naturally leads to an
improvement in peoples’ propensity for steady lane-keeping.

Because hearing loss increases the degree of workload required to perform an auditory
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task (Rabbitt, 1991), it is hypothesised that performing a difficult auditory task during
driving will exacerbate the decrement in attentionally-controlled aspects of driving, such as
reactions to critical events, whilst leading to a further ‘improvement’ of the encapsulated
aspects, such as lateral vehicle control. The current experiment, therefore, investigated
this hypothesis by asking participants to perform two auditory tasks (the dCMT and
PASAT) whilst completing a short drive in the UoLDS. To assess the effect of hearing
loss on driving performance, in this dual-task setting the two tasks were presented either
at normal hearing levels or a simulated moderate hearing loss condition. As outlined in
Chapter 7, these two auditory tasks imposed different levels of cognitive demand, and the
simulated moderate hearing loss provided a listening condition which increased cognitive
workload. Thus the effect of hearing loss on driving performance in the presence of an
auditory task could be evaluated for auditory tasks of varied difficulties.

To assess whether SimHL raises the cognitive workload of drivers over and above that
during normally hearing conditions, a visual version of the Detection Response Task (DRT)
was also incorporated at designated sections in the experiment. The DRT is described in
the next section.

8.1.1 The DRT

The DRT has evolved from a measure known as the Peripheral Detection Task (PDT),
which was based on original work carried out by Miura (1986), and was more formally
developed by van Winsum et al. (1999). The DRT is regarded as a promising measure of
cognitive load and its effects on attentional control and functions (McGehee, 2014). It has
been developed primarily to assess the demands associated with specific secondary tasks in
the driving domain. The DRT involves the repeated presentation of a single stimulus which
recurs with temporal uncertainty, requiring a response via a button attached to the index
finger (see Figure 8.1). The stimulus presented is either visual (an LED), sound-based, or
tactile (McGehee, 2014; see Figure 8.1). Each stimulus presentation has an epoch within
which a response must be given, or a missed response is recorded and the DRT continues
with the presentation of the following stimulus. The DRT can, therefore, produce data on
‘hit rate’ and response time and is analysed on these two measures under the premise that
the greater the level of cognitive load, the longer the response time and the lower the hit
rate.

The DRT is currently being developed by a working group with a view to present an
ISO standard regarding its presentation and response parameters (ISO, TBA). A pre-draft
ballot has produced a set of suggested stimulus parameters, which are shown for a single
Stimulus Cycle Period (SCP) in Figure 8.2. A series of these SCPs, each lasting from 3–5
seconds, are presented to the participant under various experimental conditions.

The work described in this chapter only used the DRT as a visually-oriented task, which
is henceforth referred to as the Visual Detection Response Task (vDRT). In the vDRT, a
light stimulus is presented at a single point in a subject’s peripheral vision, either via a
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(a) Tactile stimulus (b) Head-mounted visual stimulus

(c) Remote visual stimulus (d) Response button

Figure 8.1 Different apparatus involved with the DRT. Source: McGehee (2014).

remotely mounted Light Emitting Diode (LED) or a head mounted LED (see Figure 8.1).
The head mounted version holds the advantage that it will always occur in the same
position in the participant’s vision, whereas the position of a remotely mounted LED in
vision will be dependent on the position of the subject’s head.

8.1.1.1 Development of the DRT

Miura (1986) investigated the effect of driving task demand on the detection of an array of
lights projected onto a vehicle windscreen (e.g. see Figure 8.3). He found that response
time to the light stimuli increased with driving demand (which was indexed as an increase
in traffic density). In addition, he found that an increase in driving demand decreased the
response eccentricity (the distance between the gaze fixation and the stimulus). Miura
(1986) interpreted this pattern of results as a reduction in the driver’s functional visual
field; because subjects were less able to detect stimuli in their peripheral vision, they had
to look more directly at light array in order to respond to a stimulus.

The PDT aimed to exploit this narrowing of the visual field to obtain a method
which was sensitive to workload, but did not interfere with concurrent tasks (Victor
et al., 2008). van Winsum et al. (1999) formally developed the method using a PDT
paradigm in which they presented light targets in the upper-left visual field with temporal
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Figure 8.2 The presentation paradigm of a single DRT stimulus cycle. Adapted from
McGehee (2014). The top panel shows a SCP in which the subject does not respond, and
the bottom panel shows an instance where the subject does respond.

Figure 8.3 An example experimental setup showing the PDT task incorporating an array
of LEDs which are projected on to the windscreen. Source: (Olsson and Burns, 2000).

and spatial uncertainty; the stimulus presentation region spanned 11–23◦ vertically and
2–4◦ horizontally, and stimuli were presented randomly at intervals of between 3–5 seconds.

Although van Winsum et al. (1999) showed that their version of the PDT was sensitive
to workload (responses were slower during high demand traffic situations), in contrast to
the work of Miura (1986), they found no effect of eccentricity, with detection performance
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being the same regardless of stimulus position.
A number of other studies have also shown that the horizontal angle of the PDT

stimulus did not have any bearing on the results obtained (Martens and Van Winsum,
2000; Nunes and Recarte, 2002). Because of this, it is thought the PDT actually measures
a general, amodal interference in attention selection, rather than a modality-specific visual
perceptual narrowing (van Winsum et al., 1999; Merat and Jamson, 2008; Victor et al.,
2008).

As such, the PDT has been adapted to present a stimulus at a single location, rather
than as part of an array, which has the advantage of providing a pure measure of general
attentional interference, rather than being contaminated by modality-specific factors, such
as visual eccentricity (Victor et al., 2008). Accordingly, the DRT can be presented in a
variety of modalities; visual, auditory, and tactile. Early work showed that there was no
difference in response parameters between different presentation modalities (Engström
et al., 2005a; Merat and Jamson, 2008), supporting the general attention interference
theory.

8.1.1.2 Considerations for the DRT

Although the purpose of the DRT is to measure the cognitive workload associated with
performing concurrent tasks whilst driving, it is a task in its own right. However, it is
unclear whether the DRT is an unobtrusive method of assessment. Anecdotally, Olsson
and Burns (2000) noted from their position in the passenger seat of the car, that there
was no degradation in driving performance as a result of PDT performance. All of their
participants also anecdotally reported that the PDT was acceptable to be performed
simultaneously whilst driving. Merat and Jamson (2008) also used the DRT in a driving
simulator study and noted that its performance whilst driving resulted in no significant
effect on the measures of vehicle control such as: speed, headway, standard deviation of
lane position, even in the presence of an additional cognitive task (counting backwards in
multiples of seven). Thus it would appear that vehicular control aspects of driving remain
unaffected by the simultaneous performance of the DRT.

Some studies have, however, exhibited that eye movement behaviour can be altered by
the inclusion of the PDT, in that the stimuli are frequently fixated upon (Miura, 1986).
Recarte and Nunes (2003) noted a higher dispersion of spatial gaze when their visual task
(analogous to the PDT) was performed, and argued that this reflected their participants
glancing to look for, and identify, visual targets. However, the DRT differs from the
PDT in that it only incorporates a single stimulus location. It is unknown whether this
adaptation leads to a reduction in such visual search for stimuli. Given these findings, it is
an important consideration in experiments using the DRT that eye movement behaviour
might be altered to a certain extent. Because eye movements were also recorded in the
current experiment, they were analysed whilst the vDRT was absent and present in order
to counter this potential confound.
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It should also be noted that, although primarily considered a metric of workload
(McGehee, 2014), the visual version of the DRT may also be reflective of hazard perception.
This is because salient DRT stimuli are presented in the periphery of vision, where a
number of hazards (such as pedestrians) or information (such as road signs) that require
expedited action from the driver also occur. As such there is a functional correspondence
that lends construct validity to this method of workload assessment (van Winsum et al.,
1999). Indeed, data pertaining to the PDT version of the task collected by Olsson and
Burns (2000) supports this inference, with a number of participants reporting false-hits
whilst confusing external events such as traffic lights with the PDT stimuli. The DRT may
also, therefore, exhibit drivers’ ability to detect hazards during periods of workload also.

8.2 Study aims and hypotheses

The aim of this study was to assess the effect of SimHL on driving performance, cognitive
workload and eye movements whilst performing a cognitively engaging auditory task.
Participants were asked to drive a simulator and perform two auditory tasks of variable
demand, presented with and without a SimHL.

A specific set of changes in driving behaviour were hypothesised to arise as a result of
auditory task engagement whilst driving. These behaviours were in line with past research
findings and are summarised in Table 8.1. It was hypothesised that, as a result of the
auditory task being presented in a SimHL condition, these changes in driving behaviour
would be even more marked as the demand of the auditory task would be raised as a result
of the attenuation and distortion to auditory stimuli provided by the SimHL.

8.3 Method

8.3.1 Participants

36 young, normally-hearing participants (16~; 20|) were recruited from the UoLDS
participant database to take part in this study. The sample was aged between 20–40
years and had a mean age of 28.3 (S.D. = 5.7) years. This age range was selected given
that some authors have suggested cognitive decline may start at ages as early as 45 years
(Singh-Manoux et al., 2012).

Participants had between 1–22 years of driving experience, with a mean of 9.5 years (S.D.
= 6.3 years), and drove on average 6,900 miles per year (S.D. = 4,400 miles). Participants
were reimbursed £15 for taking part in the experiment, and were screened for normal
hearing (absolute thresholds of ≤ 20 dB HL at frequencies of 0.25, 0.5, 1, 2, 4 and 8 kHz
in both ears) using pure tone audiometry.



218 CHAPTER 8. DRIVING SIMULATOR STUDY

Table 8.1 The hypothesised changes to dependent variables as a result of auditory task
engagement in the current study.

Change in driv-
ing behaviour
as a result of
auditory task
engagement

Related depen-
dent variables

Evidence

Reduced visual
scanning

· Increase in the
proportion of time
looking at the
road centre

A perceptual narrowing/cognitive tunnelling
effect has been suggested by previous work,
whereby drivers spend more time focussed on
the road centre under conditions of auditory
task engagement (Jamson and Merat, 2005;
Engström et al., 2005b; Victor et al., 2005).

· Increase in gaze
concentration
around the road
centre

Reduction in
vDRT perfor-
mance

· Decreased vDRT
hit-rate

The vDRT measures cognitive workload. The
performance of an auditory task will increase
the cognitive workload experienced by
participants, given that they are
multi-tasking rather than driving in a
single-task paradigm.

· Increased vDRT
reaction times

“Improvement” in
lateral vehicle con-
trol

· Reduced standard
deviation of lane
position

The performance of an auditory task whilst
driving has been shown to improve lateral
vehicle control, as indexed by the standard
deviation of lane position, and minimum time
to line crossing (Brookhuis et al., 1991;
Jamson and Merat, 2005).

· Increased mini-
mum time to line
crossing

Altered longitudi-
nal vehicle control

· Decreased driving
speed

Studies have shown that, during auditory
task engagement, travelling speed is reduced
(Haigney et al., 2000; Rakauskas et al., 2004;
Jamson and Merat, 2005), and headway is
increased (Haigney et al., 2000). This is
perhaps in order to provide a larger safety
margin (Haigney et al., 2000).

· Increased head-
way

8.3.2 Materials

8.3.2.1 The driving simulator

This study was conducted on the UoLDS, which is a second-generation, moving-base, high
fidelity driving simulator (see Figure 8.4). The simulator vehicle (a 2005 Jaguar S-type) is
suspended inside a projection dome offering a near seamless total horizontal field of view
of 250◦. The forward vertical field of view is 45◦, and the 60◦ rear channel can be viewed
through the vehicle’s rear-view mirror. Images on liquid crystal displays built into the
wing mirrors also offer information on the simulated environment for the driver.

The car is a right-hand drive vehicle, and its controls function as they would in a fully-
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Figure 8.4 The UoLDS projection dome and motion system shown from the outside.

operational vehicle. Participants view the simulated environment through the windscreen
and windows of the vehicle, as well as via the rear-view and wing mirrors (see Figure 8.5).
Participants have full control of the vehicle’s longitudinal and lateral motion. The vehicle
uses an automatic transmission and so participants are not required to interact with the
gear lever once the car is in motion.

Figure 8.5 The University of Leeds Driving Simulator shown from inside the vehicle cab.
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The simulation is run on a network of local PCs (see Figure 8.6). The vehicle’s Control
Area Network transmits information about driver control of the vehicle to each node of
the managing PC network, where it is assessed for relevance. This information is fed to a
vehicle dynamics model, which simulates realistic driving cues such as the visual dashboard
display, tactile cues and auditory stimuli (delivered via an 80 watt 4.1 sound system). This
results in an ecologically valid simulation of various sensory components of the driving
environment.

Figure 8.6 A flow diagram of the UoLDS computer network.

The projection dome is four metres in diameter and creates an immersive driving
environment by reducing interference from external auditory and visual stimuli. Images
generated are rendered at 60 frames per second and are presented over eight channels to
create a real-time, fully textured three-dimensional graphical scene of the virtual world.
Six of these channels are projected onto the inner surface of the dome, three forward facing
(resolution 1920 × 1200; pixel density 2.1 arcmin per pixel), two side facing (resolution
1920 × 1200; pixel density 4.1 arcmin per pixel), and one rear facing (resolution 1024 × 768;
pixel density 4.1 arcmin per pixel). All channels are frame locked in order to avoid
inconsistencies arising in the image. The composite image is corrected and colour balanced
prior to display. The 7” liquid crystal display wing mirrors use a resolution of 800 pixels.

Also visible in Figure 8.4 is the eight degree-of-freedom motion system which is responsi-
ble for moving the dome and vehicle cab to simulate the linear and rotational accelerations
of the vehicle. This is controlled via a dedicated PC which sends information to the motion
system in a timely fashion over Ethernet.

8.3.2.2 The driving environment

The simulated scene was based on the UK road system, with participants required to
drive on the left hand side of the road. For the entirety of the drive the road was a
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single carriageway which proceeded through a village setting, with a speed limit of 40
mph, onto a rural road of 60 mph speed limit. This format was repeated four times for
each of the experimental drives undertaken; thus a depiction of an entire drive is shown
in Figure 8.7, and there are example screenshots of the driving environment shown in
Figure 8.8. The road consisted of straight and curved sections (see Figure 8.7). The curved
sections comprised a gently winding road with alternating left and right turns. Besides
the curvature of the road, all other driving conditions remained identical to the straight
road condition. Whilst driving the course, participants were required to perform a number
of tasks (auditory and visual). The experiment required the performance of these tasks
at various points during the drive; sometimes in isolation, and sometimes simultaneously.
Each of the tasks are described below.

Figure 8.7 A depiction of one of the experimental drives that participants undertook in
this study. The order of the conditions being presented was counterbalanced and no tasks
were presented whilst driving in the village.

(a) The start of the rural section (b) Curved rural section

(c) Straight rural section (d) End of the rural section

Figure 8.8 Screenshots of the driving scene in this experiment.
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8.3.2.3 Auditory tasks

The dCMT and PASAT were selected for inclusion in this study, based on the findings of
the study presented in Chapter 7, with dCMT regarded as an ‘easy’ task, and PASAT as
a ‘difficult’ task. The task presentation paradigms were very similar to those reported in
Chapter 7; however there were some minor changes. The PASAT was adapted slightly so
that in the current study it was system-paced, as opposed to self-paced. This change was
made for two main reasons:

1. There were a number of set 30 second epochs within which the PASAT would be
presented during the experimental drives. This epoch was stable across participants,
so that there was an identical amount of driving, eye tracking and vDRT data for
each participant under each condition. Using a self-paced PASAT task would have
resulted in variable epochs, leading to inconsistencies in the amount of data between
and within each participant.

2. Responses to auditory tasks were given vocally in this study, as opposed to manually
on a computer keyboard number pad. It was, therefore, not possible to present
a stimulus upon submission of a response. As such, the stimuli had to flow at a
pre-defined rate. The change was not considered problematic; the original decision
to use a self-paced presentation rate was because there was a focus on recording
reaction time data. This was not the case in this study, in which only accuracy on,
and adherence to, the auditory tasks was analysed.

Because the PASAT was a system-paced task, a suitable presentation rate for stimuli
had to be considered. This decision was based on normative data presented in Chapter 7.
Data from these experiments showed that mean response times plus standard error to
PASAT were consistently under two seconds. Thus it was considered that participants
should be able to perform the majority of sums presented at a pace of one digit every two
seconds. In order to coincide with this, the dCMT was also presented at this pace. If
a stimulus number was missed by the participant they were instructed to simply ignore
that number and continue listening to the list, counting targets as they would have done
without the mistake.

For the dCMT, participants were, again, required to only respond at the end of the
digit list. There was very little difference in accuracy rates, or perceived difficulty, as a
result of the ‘counting along’ alteration used in Experiment B of Chapter 7. Requiring one
response at the end of the list reduced the chance of participants vocalising their answer
over stimuli and masking them so that they were inaudible.

Stimuli were played using the car speakers, which had been calibrated to provide
an accurate presentation level of 80 dB(A). The calibration process was as follows. A
sound level meter was attached to a tripod placed on the driver’s seat of the car, with
the microphone positioned at a representative level of a driver’s ear. A calibration speech-
shaped noise, corresponding to the amplitude of the waveforms of the normal hearing and
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simulated moderate hearing loss conditions, was then played and the volume of the car
speaker system was manipulated until a reading of 80 dB(A) was obtained.

The experiment described in Chapter 7 used a stimulus presentation level of 60 dB(A).
The choice of 80 dB(A) as a presentation level in this study was deemed necessary as it
provided audibility of stimuli over and above background road and vehicle noise. During
pilot work, the background vehicle noise in the simulator cabin was measured at a level of
77 dB(A), thus it was considered that auditory stimuli played at 60 dB(A) would be largely
masked. Further pilot work was performed in which a 28 year old male participant with
normal hearing was asked to shadow number lists in the simulated moderate hearing loss
condition, presented at levels of 60–80 dB(A) in increments of 5 dB(A). The participant
reported difficulties in perceiving the sound source at any presentation level other than 80
dB(A). Thus to ensure audibility of stimuli, this presentation level was chosen.

Answers to the auditory tasks were recorded via a digital Dictaphone with a lapel
microphone attachment. Participants were requested to clearly vocalise responses to each
auditory task to ensure that the microphone picked up their responses to the individual
trials. The digit presentations in each auditory task were also software-recorded so that an
overall accuracy score for each trial could be derived.

The auditory tasks were presented in one of three listening conditions: (1) no sound
(baseline), (2) normal hearing, and (3) simulated moderate hearing loss (henceforth referred
to as ‘SimHL’). Given the findings presented in Chapter 7, that performance on these
auditory tasks did not differ significantly from normal hearing for a mild hearing loss,
and previous experimental results which suggest the same trend (Hickson et al., 2010),
mild hearing loss was not included in this study. The magnitude and configuration of the
moderate hearing loss was kept the same as for the previous experiments (see Figure 8.9),
given that it produced a significant effect on performance, and is representative of what
might be expected of an age-related decline in hearing.

8.3.2.4 The vDRT

This experiment also used the vDRT to assess the effect of auditory task engagement on
the workload experienced by subjects whilst driving.

The specific version of vDRT used was head-mounted, and consisted of a red LED
suspended on a headset worn by the participant at an angle of approximately 20◦ to the
left and 10◦ above the participants left eye (McGehee, 2014; see Figure 8.10). The LED
illuminated at intervals of between 3–5 seconds, requiring a response from the participant.
The presentation paradigm was summarised earlier in Figure 8.2, which shows the time
periods associated with different stages of the vDRT presentation. The maximum value for
the stimulus duration (SD) was set as one second.

Participants responded using a button placed on their thumb, such that it could be
pressed against the steering wheel without having any influence on participants’ ability to
manipulate the vehicle controls. Where the vDRT was presented simultaneously with a
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Figure 8.9 The two hearing loss conditions used in this study: (1) normal hearing; (2)
moderate hearing loss.

Figure 8.10 A participant pictured whilst completing his practice drive. The picture shows
him wearing the vDRT headset and response button which is positioned ready to respond
by pushing it against the steering wheel.
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listening task, vDRT trials began 15 seconds prior to the digit list, and continued until 15
seconds after the digit list had finished. This ensured that participants were given chance
to perform the tasks reliably, without having to start numerous tasks at the same time.
Furthermore, it was considered that after 15 seconds of vDRT performance, participants
were adequately engaged to provide a stable measure of the effect of driving and/or auditory
task on the performance of the vDRT. Analysis was only performed on the 30 second epoch
where the two tasks overlapped.

8.3.3 Procedure

Upon attendance at the driving simulator, participants were welcomed to the facility and
were given an information sheet explaining the purpose of the study and what would be
required of them. Participants were left to read the information sheet and were asked if
they had any questions regarding the protocol, prior to signing their consent to participate.
Once registered for the study, participants were asked to provide information about their
age, driving experience, and annual mileage.

Once this process was completed, participants were shown the setup of the equipment
in order to understand where they would be driving and how to enter/exit the simulator
vehicle and projection dome. If any questions arose the experimenter was on hand to
provide answers. Following this familiarisation period, subjects were provided with a
practice session (described in the following section). Upon successful completion of the
practice session, participants performed two experimental drives (lasting approximately
thirty minutes each) separated by a brief rest period.

Ethical approval was granted for this study by the University of Leeds ESSL, Environ-
ment and LUBS (AREA) Faculty Research Ethics Committee (reference: LTTRAN-048),
and participants were required to sign informed consent prior to participating.

8.3.3.1 Practice session

The function of the practice session was to allow participants to familiarise themselves
with the apparatus, and the tasks which would be used in the experiment.

Participants were fully briefed on the operation of the simulator and were asked to
familiarise themselves with the vehicle. This included changing the position of the seat to
obtain a comfortable driving position, and testing the vDRT response button in order to
establish it could be pressed successfully with ease at every attempt. The experimenter
fitted the head mounted LED to the participant, and adjusted the head strap so that it
was comfortable.

Participants were then given fifteen vDRT presentations in isolation (i.e. without any
driving task) to ensure successful understanding of the task. Two digit lists for each type
of auditory task were then played over the car speakers, and the participant was asked to
complete them in order to ensure understanding. Again this was performed in isolation
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(i.e. without any driving task). Two more lists for each task were then played, but under
the moderate hearing loss condition. Again the participant was asked to respond in order
to ensure audibility and understanding. In no case was the auditory task too quiet to hear,
and as such participants were able to complete the listening tasks with a high level of
success, regardless of the listening condition.

Participants were then provided with a practice drive. For the practice drive, the
experimenter was seated in the vehicle with the participant in order to instruct, and answer
any questions which arose. To begin with, there was a ten minute section of road in which
no extraneous tasks were presented. As such, the participant was given ample opportunity
to become used to the vehicle and driving environment. This section concluded with the
participant drawing up behind a parked car at a set of traffic lights. It was stressed that
they were to try and follow this vehicle and try to maintain a stable headway, without
overtaking, regardless of task engagement. There was no following distance specified, rather
participants were told to “follow at a distance with which they felt comfortable, and would
adopt during normal everyday driving”.

For the remainder of the practice drive, the participant was told to observe this vehicle
following behaviour, and that a number of tasks would start at random intervals. For the
practice drive the experimenter pointed out when a task was about to begin, and informed
the participant what type of auditory task he/she should perform. In the practice session
all auditory tasks were presented simultaneously with the vDRT under normally hearing
and SimHL conditions. This decision was taken as it was considered the most complex
task type, and so if participants were able to perform this condition successfully it was
thought that they would also be able to perform all others. This approach also limited
fatigue by keeping the session as short as possible. In its entirety, the practice session
lasted approximately 25 minutes and the road length was 20km.

8.3.3.2 Experimental drive

Once the practice session was complete, and the experimenter was satisfied that the
participant understood the experimental protocol, subjects were asked to complete two
experimental drives in the vehicle on their own.

Prior to beginning each 60km drive participants were informed about the listening
task they would perform for the proceeding drive, this was counterbalanced across drivers
in order to avoid any order effects. Participants were given a break between the two
experimental drives in order to reduce fatigue whilst driving.

The drive began with the participant pulling away and reaching the target speed. After
a short free drive they stopped at a set of traffic lights, where the lead vehicle was stationary.
The lead vehicle then pulled away and kept a consistent speed (governed by the speed
limit imposed) ahead of the participant for the remainder of the drive (see Figure 8.11). A
constant contra flow of traffic was present in order to make it difficult for the participant
to attempt to overtake the lead vehicle, and as such they were consistently bound by the
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behaviour of the vehicle that they were following.

Figure 8.11 The typical driving scene from this experiment showing the vehicle that
participants were asked to follow at a set distance.

8.3.3.3 Experimental design

In this experiment, only straight sections of road were analysed for clarity. Accordingly, this
resulted in a 2×3×2 within-subjects experimental design incorporating the factors: auditory
task type (PASAT vs dCMT), listening condition (no sound, normal hearing, SimHL),
vDRT presence (yes vs no). Thus, a schematic diagram of all experimental conditions is
shown in Figure 8.12. The ‘no sound’ condition was a baseline against which the effect of
auditory tasks in the normal hearing and SimHL conditions could be compared. As such, it
was possible to establish the effect of an increasing difficulty of auditory task engagement on
dependent variables. Because of the experimental design, there was a ‘no sound’ condition
under both the dCMT and PASAT, as shown in Figure 8.12. These conditions actually
reflected baseline performance in two separate drives, because, for clarity, participants
performed two separate experimental drives and only one single auditory task type per
drive, i.e. were instructed to perform PASAT for the entirety of their first drive and dCMT
for the second drive, or vice versa. The implications of these duplicated experimental
conditions for statistical analysis are addressed later in subsection 8.3.5.

Within each drive, conditions were counterbalanced using the Latin square method,
and the drive order was also counterbalanced between participants in order to negate any
order effects which may have arisen. During periods of rural driving, simultaneous tasks
were fired for the participant to perform whilst continuing along the road. Participants
were asked to focus equal attention on their performance of all tasks undertaken (driving,
auditory and visual). Each task section lasted thirty seconds, and was followed by an
interval, again of thirty seconds, before the next task was presented. This led to three task
conditions performed per rural driving section, thus in a whole drive six task conditions
were performed.
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Figure 8.12 A schematic diagram of all experimental conditions undertaken by participants.
Each participant undertook two drives; one in which PASAT was performed the other in
which dCMT was performed. The shaded conditions essentially highlight a duplication.

8.3.4 Derivation of dependent variables

Data for a number of dependent variables was collected during this experiment from a
number of sources. These are described in detail below.

8.3.4.1 Driving performance

Data on lateral and longitudinal position of the simulated vehicle, and its position in
relation to other vehicles on the road, was recorded at a resolution of 60 Hz. For each
condition, the data from each variable was identified as a 28 second period corresponding
to the time between the first number presented in an auditory task, and the beep to signal
the end of that list (see Figure 8.13). Thus measurements were reflective of vehicle control
whilst the participant was fully engaged in performing the auditory task. A number of
dependent variables were derived from the simulator and used for analysis in this study;
these measures were based around those used in previous literature for the measurement of
cognitive workload and its effect on driving (see e.g. Roskam et al., 2002; Knappe et al.,
2007). A description of how each measure was calculated is given below.

1. Speed. Instantaneous speed values were derived for each participant. Minimum,
maximum, mean and standard deviation values were then established for each
participant during each of these periods.

2. Headway (i.e. the distance in time separating the participant and lead vehicles).
Instantaneous headway values were recorded for each participant, and minimum,
maximum, mean and standard deviation values were derived during each experimental
condition. This gave an idea about the distance at which participants were following
the lead vehicle, but also their ability to maintain a steady distance.

3. Standard Deviation of Lane Position (SDLP). This was calculated using the
position of the centre of the car in the lane in relation to the left-hand lane edge.
Instantaneous position values were isolated for each condition, and a standard
deviation was calculated to give a measure of the stability of the vehicle within its
lane of travel.
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4. Minimum Time to Line Crossing (TTLC). This is a measure, for a given point
in time, which specifies how long it would take for the vehicle to cross a lane boundary
while maintaining its current course (Knappe et al., 2007). Thus using this measure
will provide similar information as the SDLP, but puts it into a more applicable
context by providing a point of reference (the lane edge).

5. High Frequency Component of Steering Angle (HFC). This measure provides
information about the amount of high frequency steering which occurs; reflecting
steering corrections (Merat and Jamson, 2013). The steering wheel angle signal is
filtered using a low-pass 2nd order Butterworth filter with a cut-off frequency of 0.6
Hz to eliminate noise. A signal is obtained (Sall), which is then filtered again using a
low-cut 2nd order Butterworth filter with a cut-off frequency of 0.3 Hz. This produces
a second signal (Shigh) which reflects the high frequency component of the steering
behaviour. The respective powers of Sall and Shigh are then derived, and a ratio of
these two numbers is calculated to provide the HFC. The greater the value of HFC,
the more corrective movements which have been made using the steering wheel.

Figure 8.13 The recording epoch in relation to concurrent tasks for driving simulator, eye
tracking, and vDRT measurements in each respective condition.

8.3.4.2 Eye tracking

In the same manner as for vehicular control variables, eye tracking data for each condition
was isolated as 28 seconds which corresponded to the period shown in Figure 8.13. The eye
tracking equipment used (SeeingMachines faceLAB v5) gives a measure of the quality of
each observation it makes ranging from 0–3 (the higher the number, the better the quality).
For these calculations, all data with a quality of less than 3 was discarded in order to
ensure an accurate representation of eye movement behaviour. In cases where this resulted
in less than 75% of the data being present in individual conditions (21/28 seconds), the
participant was discounted from analyses using that condition. Two dependent variables
were derived from the eye tracking data:
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1. Percent Road Centre (PRC); the proportion of time spent looking at the centre
of the road. Pitch and yaw angles were taken as the average of data recorded from
the left and right eyes. PRC was calculated by first rounding all instantaneous pitch
and yaw gaze angles for the whole drive to the nearest whole number and finding the
mode value of each. The mode gaze angle was assumed to be the road centre, as it is
considered that this is the area in the driving scene people will look at most of the
time (Ahlstrom et al., 2009).

Within each condition, instantaneous yaw and pitch angles were then subtracted
from the respective mode values in order to give a set of data centred on zero (i.e.
their distance from the mode gaze). The road centre region was defined as a 6◦ circle
surrounding the road centre, as has been the case for previous work using the same
driving simulator (Jamson et al., 2011, 2013). The number of observations occurring
within this region was then found, giving the percentage of observations occurring in
the road centre region as a proportion of the total number of observations. A similar
methodological approach has been described previously by Ahlstrom et al. (2009).

2. The gaze concentration around the road centre was defined as the standard
deviation of linear distances in a given epoch from the assumed road centre. The
road centre was established as above, taking the mode pitch and yaw angles for the
entire drive. Instantaneous pitch and yaw angles were then subtracted from these
values to centre the data set around zero (i.e. the distance from the road centre).
Linear distances from the road centre were then calculated for each instantaneous
observation. The standard deviation of these values was then calculated to give a
gaze concentration for each experimental condition. Thus the higher the value, the
less concentrated the gaze behaviour.

8.3.4.3 Detection Response Task

As can be seen in Figure 8.13, when present, the vDRT started prior to the auditory task
commencing, and carried on past the completion of the auditory task. The rationale for
including the vDRT was to investigate the effect of auditory task engagement on cognitive
workload. Thus it was necessary to isolate just the vDRT responses which had been
recorded during the 28 second window of auditory task engagement. Once this had been
done for each condition, the variables of interest could be calculated:

1. The hit-rate of responses in each experimental condition (i.e. how many correct
responses were given as a proportion of the number of stimulus presentations).

2. The mean response time for correct responses in each experimental condition.

8.3.4.4 Auditory tasks

Finally, auditory task responses resulted in two variables:
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1. The accuracy of responses given in each experimental condition (i.e. how many
answers were correct as a proportion of the number of stimuli).

2. Participants’ adherence to the task, by counting the number of responses given
(regardless of whether they were correct) as a proportion of the number of stimuli.

8.3.5 Statistical analysis

Prior to analysis, Shapiro-Wilk tests were used to establish the normality of each variables’
distribution; where a non-normal distribution was noted, equivalent non-parametric testing
was carried out. The experimental design used necessitated a number of comparisons to be
made in order to answer the research questions posed. Because there was a duplication of
‘no sound’ conditions, and the fact that these did not reflect a level of auditory task difficulty
(because they essentially presented no auditory task), performing a simple 2 (PASAT,
dCMT) × 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures
ANOVA was not considered applicable. Accordingly, in order to investigate differences
arising between dependent variables as a result of different auditory task types (dCMT
vs. PASAT), a 2 (PASAT, dCMT) × 2 (normal hearing, SimHL) × 2 (no vDRT, vDRT)
repeated measures ANOVA was performed on each dependent variable (see Figure 8.14).

Figure 8.14 A depiction of the two ANOVAs used to investigate the effect of auditory task
type on driving performance.

In order to test for differences in dependent variables as a result of different listening
conditions (no sound vs. normal hearing vs. SimHL), two separate repeated measures
ANOVAs of the same design were run on dCMT and PASAT drives respectively. These
ANOVAs were a 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) design.
Because no comparison was being made between conditions within dCMT and PASAT, no
duplication occurred (see Figure 8.15).

Where applicable, Mauchly’s test was carried out in order to establish whether the
assumption of sphericity had been violated. Where this was the case the Greenhouse-Geisser
estimates of sphericity were used in cases where ε < .75, and the Hyuhn-Feldt estimates of
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Figure 8.15 A depiction of the two ANOVAs used to investigate the effect of different
listening conditions on driving performance.

sphericity were used in cases where ε > .75 (Field, 2013). In cases of a significant result
on ANOVA testing, post-hoc pairwise comparisons were carried out using the Bonferroni
correction to account for the increased possibility of type I errors occurring in the analysis
(Field, 2013).

8.4 Results

Analysis of the results is presented in this section under the four main headings: (1) Driving
behaviour; (2) Eye tracking; (3) Detection Response Task; and (4) Auditory tasks.

8.4.1 Driving behaviour

8.4.1.1 Longitudinal vehicle control

Speed

A 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures ANOVA
was performed for each of mean, maximum, minimum and standard deviation of speed
data recorded during the performance of dCMT. No main effects of hearing loss condition,
or vDRT presence were shown in any of the analyses. No significant interactions were
observed. Thus, the performance of vDRT did not have an effect on driving speed, nor did
hearing loss have an effect on driving speed during the performance of dCMT.

A 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures
ANOVA was performed for each of mean, maximum, minimum and standard deviation
of speed data recorded during the performance of PASAT. No main effects of listening
condition, or vDRT presence were shown in any of these analyses. No significant interactions
were observed. Thus, suggesting that the performance of vDRT did not have an effect on
driving speed, nor did hearing loss have an effect on driving speed during the performance
of PASAT.

A 2 (dCMT, PASAT) × 2 (normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated
measures ANOVA was performed on each of mean, maximum, minimum and standard



CHAPTER 8. DRIVING SIMULATOR STUDY 233

deviation of speed data. No main effects of auditory task type, listening condition, or vDRT
presence were shown in any of the analyses. No significant interactions were observed.
There was no difference, therefore, in driving speeds between driving and performing dCMT
or driving and performing PASAT.

Headway

A 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures ANOVA
was performed on each of mean, maximum, minimum and standard deviation of headway
data recorded during the performance of dCMT. For mean, minimum, and standard
deviation of headway data, no main effects of listening condition, or vDRT presence were
shown in any of the analyses. No significant interactions were observed. However, a 3 (no
sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures ANOVA of
maximum headway data recorded during the performance of dCMT showed a main effect of
listening condition (F(1.7,59.4) = 3.68, p = .038). Post-hoc pairwise comparisons, however,
showed no significant differences between the three listening conditions (no sound, normal
hearing and SimHL). Thus, the performance of vDRT did not have an effect on headway,
nor did SimHL have an effect, over and above that of the normal hearing condition, on
headway during the performance of dCMT.

A 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures
ANOVA was performed on each of mean, maximum, minimum and standard deviation of
headway data recorded during the performance of PASAT. No main effects of listening
condition, or vDRT presence were shown in any of the analyses. No significant interactions
were observed. Thus, the performance of vDRT did not have an effect on headway, nor did
the SimHL condition have a greater effect than the normal hearing condition on headway
during the performance of PASAT.

A 2 (dCMT, PASAT) × 2 (normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated
measures ANOVA was performed on each of mean, maximum, minimum and standard
deviation of headway data. No main effects of task type, hearing loss condition, or vDRT
presence were shown for mean, maximum, or minimum headway data. No significant
interactions were observed. However, a 2 (dCMT, PASAT) × 2 (normal hearing, SimHL) ×
2 (no vDRT, vDRT) repeated measures ANOVA of standard deviation of headway showed
a main effect of task type (F(1,35) = 4.40, p = .043). Post-hoc analysis confirmed that
headway was more variable during the performance of PASAT (M = 4.94 s) than it was
during dCMT performance (M = 4.05 s).

8.4.1.2 Lateral vehicle control

Standard deviation of lane position

The mean SDLP for each experimental condition is shown in Figure 8.16. A 3 (no sound,
normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures ANOVA of SDLP data
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recorded during the performance of dCMT showed a main effect of listening condition
(F(2,70) = 4.75, p = .012). Post-hoc analysis confirmed that lane position was less variable
when dCMT was present. During the no sound condition SDLP was greater (M = .13
m) than it was during the normal hearing condition (M = .11 m; p = .055), and was
significantly greater than in the SimHL condition (M = .13 m; p = .023). No significant
difference was found between the normal hearing and SimHL conditions (p = 1.00). No
main effect of vDRT presence was found, nor were any significant interactions observed.

(a) vDRT absent (b) vDRT present

Figure 8.16 The mean SDLP (±SE) under different study conditions.

A 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures
ANOVA of SDLP data recorded during the performance of PASAT showed a main effect
of listening condition (F(2,70) = 19.04, p < .001). Post-hoc analysis confirmed that lane
position was less variable when PASAT was present. During the no sound condition SDLP
was significantly greater (M = .12 m) than it was during the normally hearing (M = .09 m;
p < .001), and SimHL conditions (M = .09; p < .001). No significant difference was found
between the normal hearing and SimHL condition (p = 1.00). No main effect of vDRT
presence was found, nor were any significant interactions observed.

A 2 (dCMT, PASAT) × 2 (normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated
measures ANOVA of SDLP showed a main effect of task type (F(1,35) = 6.10, p = .019).
Post-hoc analysis confirmed that lane variation was higher during the performance of
dCMT (M = .11 m) than it was during the performance of PASAT (M = .09 m). A main
effect of vDRT presence also tended towards significance (F(1,35) = 4.01, p = .053), with
post-hoc analysis showing that lane position was more variable when the vDRT was absent
(M = .104 m), as opposed to when it was present (M = .096 m). No significant interactions
were observed.
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Minimum time to line crossing

A 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures ANOVA
of TTLC data recorded during the performance of dCMT showed no main effect of listening
condition or vDRT presence, nor were any significant interactions observed.

Likewise, a 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated
measures ANOVA of TTLC data recorded during the performance of PASAT showed no
main effect of listening condition or vDRT presence, nor were any significant interactions
observed.

A 2 (dCMT, PASAT) × 2 (normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated
measures ANOVA of TTLC data showed no main effect of auditory task type, listening
condition or vDRT presence, nor were any significant interactions observed.

High frequency component of steering

A 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures ANOVA
of HFC data recorded during the performance of dCMT showed no main effect of listening
condition or vDRT presence, nor were any significant interactions observed.

Likewise, a 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated
measures ANOVA of HFC data recorded during the performance of PASAT showed no
main effect of listening condition or vDRT presence, nor were any significant interactions
observed.

A 2 (dCMT, PASAT) × 2 (normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated
measures ANOVA of HFC data showed no main effect of auditory task type, hearing loss
condition or vDRT presence, nor were any significant interactions observed.

8.4.2 Eye tracking data

Percent road centre

Mean PRC values are shown in Figure 8.17. A 3 (no sound, normal hearing, SimHL)
× 2 (no vDRT, vDRT) repeated measures ANOVA of PRC data recorded during the
performance of dCMT showed a main effect of listening condition (F(1.4,47.9) = 21.48, p <
.001). Post-hoc analysis confirmed that PRC was higher when dCMT was being performed.
PRC was significantly lower in the no sound condition (M = 90.95%) than it was in the
normally hearing (M = 95.22%; p < .001) or SimHL (M = 96.03%) conditions. However,
the normally hearing and SimHL conditions did not significantly differ from each other
(p = .364). A main effect of vDRT presence was also observed (F(1.4,47.9) = 21.48, p <
.001), with post-hoc testing showing that PRC was higher when the vDRT was present (M
= 95.46%) as opposed to absent (M = 92.67%). An interaction between listening condition
and vDRT presence was also observed (F(1.8,61.1) = 21.48, p = .001). Post-hoc paired
t-tests suggested that this was because, as the listening difficulty of dCMT decreased, the
effect size associated with the increase in PRC grew. That is to say, the increase in PRC
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as a result of vDRT presence was greater for the no sound condition (M = 5.35%), t(35) =
5.28; p < .001, than it was for the normal hearing condition (M = 1.83%), t(35) = 2.58; p
= .019, and to an even greater extent than the SimHL condition (M = 1.19%), t(35) =
2.15; p = .039.

(a) vDRT absent (b) vDRT present

Figure 8.17 The mean PRC (±SE) under different study conditions.

A 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures
ANOVA of PRC data recorded during the performance of PASAT showed a main effect of
vDRT presence (F(1,35) = 27.87, p < .001), with post-hoc testing showing that PRC was
higher when the vDRT was present (M = 92.41%) as opposed to absent (M = 89.11%). No
main effect of listening condition was observed, nor was an interaction between listening
condition and vDRT presence.

A 2 (dCMT, PASAT) × 2 (normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated
measures ANOVA of PRC data showed a main effect of auditory task type (F(1,35) =
12.77, p = .001). Post-hoc analysis showed that PRC was higher when dCMT was being
performed (M = 95.62%) than it was during PASAT performance (M = 90.27%). A main
effect of vDRT presence was also observed (F(1,35) = 21.42, p < .001). Post-hoc analysis
showed that PRC was higher when the vDRT was present (M = 93.92) than it was when
the vDRT was absent (M = 91.97). No significant interactions were observed.

Gaze concentration

Gaze concentration to the road centre is shown in Figure 8.18. A 3 (no sound, normal
hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures ANOVA of gaze concentration
data recorded during the performance of dCMT showed a main effect of listening condition
(F(1.8,61.5) = 29.58, p < .001). Post-hoc analysis confirmed that gaze was less variable
when dCMT was being performed. Gaze variability was significantly higher in the no
sound condition (M = 3.02◦) than it was in the normally hearing (M = 2.09◦; p < .001)
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or SimHL conditions (M = 1.91◦; p < .001). However, the normally hearing and SimHL
conditions did not significantly differ from each other (p = .558). A main effect of vDRT
presence was also observed (F(1,35) = 40.00, p < .001), with post-hoc testing showing that
gaze was less variable when the vDRT was present (M = 2.10◦) as opposed to absent (M =
2.58◦). An interaction between listening condition and vDRT presence was also observed
(F(2,70) = 4.04, p = .022). In concurrence with PRC data, post-hoc t-tests suggested that
this was because a progressive decrease in listening difficulty resulted in an increase in gaze
variation as a result of the vDRT being present. The decrease in gaze concentration as a
result of vDRT presence was greater for the no sound condition (M = .79◦), t(35) = 5.19;
p < .001, than it was for the normal hearing condition (M = .43◦), t(35) = 3.03; p = .005,
and to an even greater extent than the SimHL condition (M = .22◦), t(35) = 1.72; p =
.094.

(a) vDRT absent (b) vDRT present

Figure 8.18 The mean gaze concentration (±SE) under different study conditions.

A 3 (no sound, normal hearing, SimHL) × 2 (no vDRT, vDRT) repeated measures
ANOVA of gaze concentration data recorded during the performance of PASAT showed a
main effect of vDRT presence (F(1,35) = 28.35, p < .001), with post-hoc testing showing
that gaze was less variable when the vDRT was present (M = 2.34◦) as opposed to absent
(M = 2.80◦). No main effect of listening condition was apparent, although the ANOVA
did tend towards significance (F(1.4,47.7) = 3.11, p = .072). An interaction between
listening condition and vDRT presence was also observed (F(1.7,60.9) = 6.72, p = .003).
As previously, post-hoc t-tests suggested that this was because a progressive decrease in
listening difficulty resulted in greater decreases in gaze variation as a result of the vDRT
being present. The decrease in gaze concentration as a result of vDRT presence was greater
for the no sound condition (M = .98◦), t(35) =4.67; p < .001, than it was for the normal
hearing condition (M = .19◦), t(35) = 1.42; p = .164, and to an even greater extent than
the SimHL condition (M = .20◦), t(35) = 1.37; p = .179.
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A 2 (dCMT, PASAT) × 2 (normal hearing, dCMT) × 2 (no vDRT, vDRT) repeated
measures ANOVA of gaze concentration data showed a main effect of auditory task type
(F(1,35) = 6.29, p = .017). Post-hoc analysis showed that gaze was more variable when
PASAT was being performed (M = 2.44◦) than it was during dCMT performance (M =
1.20◦). A main effect of vDRT presence was also observed (F(1,35) = 16.36, p < .001).
Post-hoc analysis showed that gaze was more variable when the vDRT was absent (M =
2.35◦) than it was when the vDRT was present (M = 2.09◦). No significant interactions
were observed.

8.4.3 Visual Detection Response Task

Hit rate

The hit rates on vDRT are shown across experimental conditions in Figure 8.19. Shapiro-
Wilk tests showed that vDRT accuracy data was not normally distributed, as such equivalent
non-parametric statistical testing was employed for this dependent variable. A Friedman
test performed on the three listening conditions in dCMT drives showed a significant
difference in vDRT hit rates

(
χ2(2) = 11.09, p < .001

)
. Subsequent Wilcoxon signed rank

tests showed that vDRT hit rates were lower when dCMT was being performed. There was
a significant difference in hit rates between the no sound and normal hearing conditions
(Z = -2.99, p = .003), and the no sound and SimHL conditions (Z = -1.96, p = .050).
However, the normal hearing and SimHL conditions did not significantly differ from each
other (p = .868).

Figure 8.19 The mean hit-rate (±SE) on the vDRT for each experimental condition.

A Friedman test performed on the three listening conditions in PASAT drives showed
a significant difference in vDRT hit rates (χ2(2) = 31.66, p < .001). Subsequent Wilcoxon
signed rank tests showed that vDRT hit rates were lower when PASAT was being performed.
There was a significant difference in hit rates between the no sound and normal hearing
conditions (Z = -3.74, p < .001), and the no sound and SimHL conditions (Z = -4.20, p
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< .001). However, again the normal hearing and SimHL conditions did not significantly
differ from each other (p = .113).

A Friedman test performed between matched PASAT and dCMT experimental condi-
tions showed a significant difference in vDRT hit rates

(
χ2(3) = 21.72, p < .001

)
. Subse-

quent Wilcoxon signed rank tests showed that vDRT hit rates were lower when PASAT
was being performed than when dCMT was being performed. Hit rates were significantly
lower during PASAT for both the normal hearing (Z = -2.78, p = .005), and SimHL (Z =
-3.32, p = .001) conditions.

Response time

Unlike hit rate data, vDRT response times conformed to a normal distribution, thus
parametric testing was carried out for this variable. A one-way ANOVA showed a significant
difference in vDRT response times between listening conditions during dCMT drives
(F(1.7,58.8) = 67.98, p < .001). Post-hoc analysis showed that response times were slower
when the dCMT was present (either in the normal hearing or SimHL condition). When
no task was present, response times to vDRT were faster in the no sound condition (M =
303.92 ms) than they were during the performance of dCMT in the normal hearing (M
= 433.13 ms, p < .001), or SimHL (M = 445.02 ms; p < .001) conditions. However, the
normally hearing and SimHL conditions did not differ from each other ( p = 1.00).

A one-way ANOVA showed a significant difference in vDRT response times between
listening conditions during PASAT drives (F(2,70) = 63.57, p < .001). Post-hoc analysis
showed that response times were slower during the performance of PASAT (regardless of
whether it was presented in the normal hearing or SimHL condition). When no task was
present, response times to vDRT were faster (M = 294.56 ms) than they were during the
performance of PASAT in the normally hearing (M = 464.36 ms, p < .001), or SimHL
condition (M = 449.26 ms; p < .001). However, the normally hearing and SimHL conditions
did not differ from each other ( p = 1.00).

A 2 (dCMT, PASAT) × 2 (normal hearing) repeated measures ANOVA of vDRT
response time data showed no significant main effects or interactions.

Multivariate analysis

There was some evidence of the SimHL reducing vDRT hit-rate during the performance of
PASAT, however this reduction was not significantly different from the hit-rate obtained
during the normally hearing condition. In order to investigate whether SimHL might affect
vDRT hit-rate and response time to a statistically significant extent when taken together,
a MANOVA was run with both hit-rate and response time as dependent variables, and
listening condition as the independent variable. No significant effect of listening condition
was found (p = .57), reiterating that SimHL does not affect performance on vDRT.
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8.4.4 Auditory tasks

Accuracy

Shapiro-Wilk tests exhibited that data regarding the accuracy on PASAT was not normally
distributed, and in the case of dCMT data was non-parametric, thus non-parametric
statistical testing was employed to analyse auditory task accuracy data. Response paradigms
were different between PASAT and dCMT, so their respective results were not contrasted.

A Friedman test performed on the four conditions in dCMT drives was not statistically
significant, thus no further testing was carried out on data regarding the accuracy of dCMT.
The mean accuracy for PASAT in each relevant experimental condition is thus shown in
Figure 8.20.

A Friedman test performed on the four conditions in PASAT drives showed a significant
difference in PASAT accuracy across experimental conditions

(
χ2(3) = 10.02, p = .018

)
.

Subsequent Wilcoxon signed rank tests showed that PASAT accuracy was lower in the
SimHL condition, but only when vDRT was absent. Pairwise comparisons between the no
vDRT and vDRT conditions within normally hearing and SimHL conditions revealed no
significant differences. Pairwise comparisons between normal hearing and SimHL conditions,
however, showed a significant difference in the case of the vDRT absent condition (Z =
-2.86, p = .004).

Figure 8.20 Auditory task accuracies for answers given to PASAT with and without the
vDRT.

Adherence

In terms of the number of answers given to the auditory tasks, no participant missed an
answer to dCMT under any experimental condition, thus it was considered that engagement
in this task was optimal. Shapiro-Wilk tests showed that adherence data for PASAT was
not normally distributed, and so non-parametric statistical analysis was used. Adherence
to PASAT is summarised in Figure 8.21.



CHAPTER 8. DRIVING SIMULATOR STUDY 241

Figure 8.21 Auditory task adherence for answers given to PASAT with and without the
vDRT.

A Friedman test performed on the four conditions in PASAT drives was not statistically
significant. Thus, the number of answers being given to PASAT across experimental
conditions were considered comparable. Accordingly, no further statistical testing on
adherence to PASAT was carried out.

8.4.5 Summary

A summary of the statistically significant results which have arisen in this study are shown
in Table 8.2, and are discussed in the following section with a particular focus on the most
relevant to this thesis; the influence of SimHL on driving.

8.5 Discussion

This study investigated the influence of two cognitively engaging auditory tasks, which
have already been shown to vary in the demand they impose (see Chapter 7), on driving
performance, eye movements and cognitive load whilst driving. The main aim was to
establish if the inclusion of a SimHL on auditory stimuli increased the difficulty of auditory
tasks sufficiently to affect driving performance measures, eye movement behaviour, or vDRT
performance. In this section the results in relation to the effect of SimHL will primarily be
discussed. The effect of vDRT performance and the difference between auditory task types
will be given less attention, given that they were not the main focus of this study.

8.5.1 Driving performance measures

No extraneous effect of SimHL on any of the measures of longitudinal or lateral vehicle
control used in this experiment was observed. This suggests that SimHL did not raise
the demands of the auditory task sufficiently to have an effect on measures of driving
performance. This finding does not support the hypothesis that hearing impaired individuals
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Table 8.2 Significant main effects and interactions suggested from the analysis of this
experiment.

Dependent
variable

Significant findings

Speed · No effect observed

Headway · More variable during PASAT than dCMT

SDLP · Less SDLP during PASAT than dCMT
· Greater SDLP when no auditory task is being performed

Minimum TTLC · No effect observed

HFC · No effect observed

PRC · Less when no auditory task is being performed
· Greater during dCMT
· Greater during vDRT
· During dCMT: increase as a result of vDRT presence greater with

decreasing listening difficulty

Gaze · Less when no auditory task is being performed
concentration · Less for PASAT than dCMT

· Less for vDRT absent
· During both dCMT and PASAT: increase as a result of vDRT presence

greater with decreasing listening difficulty

vDRT · Lower hit rate when an auditory task is being performed
· Lower hit rate for PASAT than dCMT
· Longer response time when an auditory task is being performed

Auditory task · Less accurate in SimHL condition when vDRT absent

are disproportionately affected, in terms of their driving performance, whilst driving under
conditions of auditory task load. However, there are a number of factors which are
important in the analysis of this experiment, and these require careful consideration before
inferences are made.

Longitudinal vehicle control

It was hypothesised that speed would be disproportionately reduced by the presentation
of an auditory task in the SimHL condition, because past work has found a reduction in
travelling speed during periods of high cognitive load imposed by auditory tasks (Lansdown
et al., 2004; Jamson and Merat, 2005; Lewis-Evans et al., 2011). As cognitive load was
hypothesised to be greater under the SimHL condition, it was thought that driving speeds
would be slowest under the SimHL condition. The fact that this has not been shown,
questions whether peripheral hearing impairment causes enough of a cognitive load to have
an effect on driving behaviour of this type.

Likewise, it was considered that headway would follow a similar pattern, with an
increased following distance during the SimHL condition, given that past work has shown



CHAPTER 8. DRIVING SIMULATOR STUDY 243

participants adopt an increased headway during auditory task engagement (Strayer and
Drew, 2004; Jamson and Merat, 2005). However, this study showed that headway was
not significantly affected by the presentation of auditory tasks in the SimHL condition.
Whilst there was some evidence that the performance of PASAT increased the variability
of headway when under normally hearing conditions, there was no effect when this task
was presented in the SimHL condition.

Small headways have been associated with an increased crash risk (Evans andWasielewski,
1982; Risto and Martens, 2014). Alm and Nilsson (1995), therefore argue that longer follow-
ing distances can be associated with an increased ‘safety buffer’, as they give drivers more
time to react to sudden changes in behaviour of the lead vehicle. The authors suggest that
drivers may be aware of dangers associated with performing secondary tasks whilst driving
(e.g. a delay in detecting salient visual information; Strayer et al., 2003), and increase
headway in order to account for this. Similarly, Jamson and Merat (2005) explain slower
driving speeds during task engagement (Brown et al., 1969; Haigney et al., 2000; Strayer
and Drew, 2004; Rakauskas et al., 2004; Jamson and Merat, 2005) as a simplification of
the primary driving task in order to ‘free-up’ resources for the performance of a secondary
task. The fact that participants’ longitudinal vehicle control was not disproportionately
affected by auditory tasks presented in the SimHL condition, suggests that they perceived
no extraneous demand as a result of stimulus clarity, and did not alter their speed or
headway accordingly.

Thorslund et al. (2013b) argue that changes in driving speeds of hearing impaired drivers
are also undertaken in order to provide an increased ‘safety buffer’. The fact that this study
has shown no such behaviour as a result of SimHL suggests that factors outside of peripheral
hearing loss have an effect on hearing impaired drivers’ longitudinal vehicle control. Given
that Thorslund et al.’s (2013b) sample had a mean age of over 60 years, the different
results exhibited in this study lead to the suggestion that factors co-existing with hearing
loss (e.g. age-related cognitive decline) may raise the cognitive workload requirements of
performing a task whilst driving, and this may lead to an increased ‘safety buffer’ being
adopted by slowing driving speeds and maintaining an increased headway. However, it is
not clear from the results of Thorslund et al. (2013a,b) whether this adaptation to driving
speed occurs simply in situations where participants are engaged with a secondary task, or
whether hearing impaired drivers have developed a slower driving speed more generally.
The authors have found a slower driving speed during periods of secondary task engagement
(Thorslund et al., 2013b), and during the absence of a secondary task (Thorslund et al.,
2013a).

Although Hickson et al. (2010) did not find an effect of hearing loss on driving speed
in their experiment, this result does not contradict the assertion that adaptive driving
behaviour is responsible for changes in the speed choice of hearing impaired drivers. The
authors did not incorporate any interaction with other vehicles in their experiment, thus
an increased ‘safety buffer’ would not have been required. It could, therefore, be that the
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increased propensity of slower driving speed in hearing impaired noted by Thorslund et al.
(2013a,b) is only apparent during driving environments where other vehicles or obstacles
are present.

Lateral Vehicle Control

Lateral vehicle control was hypothesised to be ‘improved’ by the performance of an auditory
task, and the addition of a SimHL was hypothesised to further ‘improve’ this aspect of
driving performance. Previous work has exhibited a decrease in SDLP as a result of
auditory task engagement (Brookhuis et al., 1991; Engström et al., 2005b; Jamson and
Merat, 2005). Thus, lateral vehicle control appears to be an ‘encapsulated’ part of driving,
as described by Medeiros-Ward et al. (2014). Accordingly, a diversion of attention away
from this task would actually lead to its improvement. As SimHL was hypothesised to
disproportionately increase cognitive load on the auditory task, the allocation of more
attention away from the driving task should have resulted in a more marked improvement
in lane-keeping ability.

The current study showed less lateral deviation of the vehicle during auditory task
engagement, and this increased when the type of auditory task being performed was made
more challenging (e.g. PASAT was performed as opposed to dCMT). However, there was no
extraneous increase in lane-keeping ability as a result of SimHL, again suggesting that the
demand imposed as a result of SimHL was not significantly increased. By Medeiros-Ward
et al.’s (2014) reasoning, it would, therefore, appear that SimHL did not require the
allocation of more attention to the auditory task, and so there was no difference in SDLP
noted between the SimHL and normally hearing conditions.

Minimum TTLC and HFC were also used as measures of lateral vehicle control in this
study. However, no significant differences in these dependent variables were found as a
result of auditory task engagement. This was expected given that they are measuring
similar constructs to SDLP. Accordingly, it would appear that, whilst the driver is able to
maintain a more stable position within the lane of travel during auditory task engagement,
this does not arise as a result of more corrective steering wheel manoeuvres, nor does it
result in a significantly decreased risk of crossing the road marking into the next lane.

There is no prior evidence to suggest that lane-keeping is improved for hearing impaired
individuals during auditory task engagement, it is simply a hypothesis based on past
experimental findings in normally hearing individuals (Brookhuis et al., 1991; Engström
et al., 2005b; Jamson and Merat, 2005). However, it might be that an effect was absent in
this study as a result of using a young, normally hearing sample. Again, factors which co-
exist with hearing loss may be responsible for an increased cognitive demand of performing
auditory tasks whilst driving. The use of a young, normally hearing sample in this study
may have removed these co-existing factors and reduced the extraneous demand that
hearing loss and these extraneous factors together pose for auditory task performance.

Contrary to the findings in the current study with regard to speed and headway, the



CHAPTER 8. DRIVING SIMULATOR STUDY 245

absence of an increased lane-keeping ability cannot be simply explained by an adapted
driving style in response to a long-standing hearing loss. Because lateral vehicle control is
thought to be an encapsulated, automatic component of driving (Medeiros-Ward et al.,
2014) it is likely to be made worse by directed attentional control from the driver. Therefore,
whilst alterations in longitudinal vehicle control may arise from behavioural changes in the
hearing impaired demographic, it is not considered that lateral aspects of vehicle control
can be altered as a result of goal-directed behaviour. Thus, the absence of adaptive driving
behaviour which is exhibited by ‘real’ hearing impaired drivers (e.g. slower driving speeds;
Thorslund et al., 2013a,b) in this young, normally-hearing sample does not explain the
absence of the hypothesised changes in lateral vehicle control under SimHL conditions.

8.5.2 Eye movement behaviour

In this study it was hypothesised that PRC would be greater when auditory tasks were
presented in the SimHL condition, and that gaze concentration to the road centre would
also be increased. This is because previous work has shown that engagement in auditory
tasks decreases the spread of visual search, increasing PRC in normally hearing individuals
(Victor et al., 2005; Engström et al., 2005b; Victor et al., 2008). The extra demand imposed
on the auditory task by SimHL was hypothesised to make this trend more marked, and
show a further reduction in visual search and an increase in PRC from the normal hearing
condition. A trend of this type would explain Hickson et al.’s (2010) findings of a reduction
in road sign recognition (visual information which was presented in the periphery).

PRC and gaze concentration were significantly increased by the addition of an auditory
task, and this trend became more marked as a result of increasing the demand of the
type of auditory task being performed (e.g. PRC was increased to a greater extent during
PASAT than it was during dCMT). However, there was no extraneous effect of SimHL
noted on either dependent variable. In the context of SDLP results, this is unsurprising. A
decrease in SDLP as a result of auditory task engagement whilst driving (e.g. Brookhuis
et al., 1991) has been explained through an increase in gaze concentration to the road
centre (Engström et al., 2005b). This pattern of eye movement behaviour is thought to
arise because the most likely area in which an obstacle will arise whilst driving is in the
forward position (Jamson and Merat, 2005). It is argued that the increased gaze to the road
centre gives a superior perception of the roadway, in turn leading to improved lane-keeping
(Jamson and Merat, 2005). Because, improved lane-keeping as a result of SimHL was not
apparent in this study, it follows that PRC and gaze concentration were also comparable
between normally hearing and SimHL conditions.

Although no previous study has explicitly investigated the effect of auditory distraction
on eye movements whilst driving in the hearing impaired demographic, some research has
noted that eye movement behaviour is altered during normal driving in these individuals.
Importantly these findings have arisen from studies either using no task secondary to
driving (Thorslund et al., 2013a), or a secondary visual task (Thorslund et al., 2014).
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However, manipulations in eye movement behaviour noted by Thorslund et al. (2013b,
2014) were explained by hearing impaired drivers adopting a more careful approach to
driving. The authors noted that hearing impaired drivers adopt an increased propensity
for using their rear and side view mirrors. They envisaged that this type of behaviour
occurred as an acclimatisation effect, stating that hearing impaired drivers may be less
aware of their surroundings whilst driving, and accordingly compensate by increasing their
visual scanning of the surrounding environment. Again, this type of behaviour is unlikely
to have been observed in this experiment, in a young, normally hearing sample who have
been suddenly presented with a SimHL.

The changes to eye movement behaviour that were expected in this study were different
from the type of adaptive eye movement behaviour Thorslund et al. (2013a) observed.
Instead, alterations were expected as a direct consequence of engaging with an auditory
task. Both of these underlying reasons for altered eye movement behaviour in hearing
impaired drivers can explain the results of Hickson et al. (2010). The authors did not
measure eye movements during their experiment, and explain their finding as a reduction
in the functional visual field as a result of a disproportionate increase in cognitive workload.
It is, however, not possible to infer if this is correct through the data they collected.
Their results could, in addition to a visual field reduction or adapted driving style, also
be explained by a failure of general attention selection, rather than a specific perceptual
narrowing (Victor et al., 2008). This was expected in this study, and was measured by
using the vDRT during auditory task engagement.

The current experiment did not assess a visual field reduction in hearing impaired
drivers whilst engaging in an auditory task, but the possibility that perceptual narrowing
may be affected by hearing loss (Hickson et al., 2010) should not be discounted. Indeed,
the study described in Chapter 5 hinted that the performance of UFOV, which measures
visual processing efficiency in the functional visual field, might be reduced in ‘real’ hearing
impaired individuals whilst they perform an auditory task. Further research using a task
such as the PDT, which can measure visual responses at varied eccentricities, may be
applicable in this regard. What the results of the current study do suggest, however, is
that SimHL did not increase the cognitive demands of driving with an auditory task over
and above those imposed during the normal hearing condition.

8.5.3 Visual Detection Response Task performance

vDRT performance also supported the finding that SimHL does not raise cognitive workload
of driving whilst performing an auditory task over and above a normal hearing condition.
The vDRT was included in this study as a sensitive measure of cognitive workload, and was
seen as an applicable manner in which to test the inference that cognitive load would be
higher under SimHL conditions. The vDRT is hypothesised to measure general attentional
control (Victor et al., 2008), providing an indirect measure of a reduction in attention
switching ability between the visuospatial sketchpad and phonological loop. This was



CHAPTER 8. DRIVING SIMULATOR STUDY 247

hypothesised to occur more often in hearing impaired individuals (see Chapter 3).
It was expected that SimHL would make auditory information less distinct, engaging

the central executive more, and thus reducing the ability to switch between the phonological
loop (for the performance of the auditory task) and the visuospatial sketchpad (for the
performance of the vDRT and driving). By this reasoning, vDRT hit rate should have
decreased and response time increased during auditory task engagement with a SimHL. Hit
rate and response time to the vDRT was negatively affected by the concurrent performance
of an auditory task, and increasing the difficulty of the task type being performed resulted
in further decrements (e.g. response times were slower and hit rates higher during PASAT).
However, the addition of a SimHL on either auditory task type had no extraneous affect
on either hit rate or response time.

This finding suggests that cognitive workload was no greater as a result of performing
auditory tasks in the SimHL condition whilst driving. Again, this reiterates the suggestion
that the peripheral representation of a sound source does not disproportionately increase
cognitive load. Instead, factors which co-exist and interact with hearing loss, or an adaptive
driving style, are likely to be responsible for previous experimental findings exhibiting
driving changes as a result of hearing loss.

In fact, if the vDRT were being undertaken by a driver with an actual hearing loss,
performance could be subject to complications arising as a result of an adaptive driving
style. Thorslund et al. (2013b) cite a withdrawal from secondary task engagement in
hearing impaired drivers as part of their hypothesised adaptive driving style. Thus, it is
considered that an increase in cognitive load experienced by those with actual hearing
impairment may lead them to shed performance of secondary tasks (e.g. the vDRT) whilst
driving. Thus the measurement of vDRT performance whilst driving in those with an
actual hearing loss would be of interest.

One interesting trend arose, in that during the performance of PASAT, SimHL tended to
reduce the hit-rate achieved by participants. This trend was not significant, but does raise
questions over whether there may have been a small effect of SimHL on the performance
of vDRT. This was the only measure used in this study which showed a trend of being
affected by SimHL. Therefore, there is a possibility that peripheral hearing loss might
lead to an increase in cognitive workload whilst an auditory task is being undertaken.
Likewise, if the vDRT is considered as a metric of peripheral hazard detection (as was
discussed earlier), this may suggest that some hazards are seen less often as a result of
hearing impairment during the performance of an auditory task. Although this cannot be
inferred from the current data, given the lack of statistical significance, this possibility
should not be discounted. This is particularly true, because it ties in with the results of
Hickson et al. (2010), who found a reduced propensity of their hearing impaired drivers in
noticing peripheral road signs during auditory task engagement.

It should also be noted that a main effect of vDRT presence on gaze concentration
and PRC was found. This is an important methodological consideration for future work
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in the area, because it exhibits that vDRT is not a completely unobtrusive measure of
workload. This concurs with the interaction that was also present between listening
condition and vDRT absence for PASAT accuracy, suggesting that vDRT has a bearing
on the performance of independent variables. In fact, the significant interactions between
listening condition and vDRT presence for PRC and gaze concentration data are considered
artefacts, and have not, therefore, been analysed in any further detail. The increase in
gaze concentration as a result of vDRT being present was shown to become greater with
decreasing listening difficulty. However, closer inspection of the results suggests that this
had occurred simply because there was a hierarchy of differences in eye movement behaviour
as a result of listening difficulty, which was then masked by vDRT causing a similar pattern
of eye movement behaviour across listening conditions. This gave the false impression that
vDRT presence and listening condition had interacted, whereas listening condition was the
independent variable responsible for the statistical significance. Statistical outcomes such
as these highlight the caution that should be exercised when using vDRT in experimental
studies of this type.

Prior to the performance of this study, it was considered that undertaking the vDRT
might alter eye movement behaviour, as past work using the similar PDT task resulted in
participants fixating on visual stimuli presented in the periphery of vision (Miura, 1986).
Accordingly, the experimental design accounted for this possibility, so that eye movement
behaviour could be analysed independently of vDRT presence. Thus, this effect of vDRT
on dependent variables associated with eye movement behaviour did not have a impact on
analyses concerned with answering the research questions posed.

8.5.4 Auditory task performance

dCMT and PASAT results were analysed in this study to check whether participants had
withdrawn from performing the auditory tasks in order to simplify the driving task. This
would have reduced the cognitive workload imposed by the SimHL and was, as such, not
desirable in answering the research questions posed. There was, however, no evidence to
suggest that this was the case. There was no significant difference between the number of
answers given to either auditory task in the normal hearing and SimHL conditions.

However, when the vDRT was absent, PASAT accuracy was significantly decreased
during the SimHL condition. The absence of a reduction in PASAT accuracy in the SimHL
condition during the presence of the vDRT requires explanation. It may have been that
during what were effectively triple task conditions (driving, auditory task, and vDRT),
a raised cognitive workload led to task performance being highly variable, reducing the
power of the statistical analysis undertaken. Indeed, the standard deviation of auditory
task accuracy during PASAT trials with vDRT present was greater (S.D. = 6.0) than it
was when the vDRT was absent (S.D. = 4.6).

The finding of a lower PASAT accuracy in the SimHL condition raises two important
possibilities:
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1. A dual-task cost as a result of performing PASAT in the SimHL condition whilst
driving was observed, and accordingly auditory task performance was reduced.

2. Participants managed their cognitive load in order to maintain driving performance
by decreasing attention to the performance of auditory tasks once demand reached a
certain level.

The adherence data for the auditory tasks suggests that it is the first of these two
possibilities which is most likely. Furthermore, whilst the second of these two suggestions
can explain why driving performance decrements as a result of SimHL were not observed
in some instances, it cannot for others. PASAT was the only task which was affected by
SimHL in terms of its accuracy, dCMT was not. Some dependent variables were affected to
a greater extent by dCMT than PASAT (PRC and gaze concentration), and others were still
affected by the performance of dCMT even if not to a greater extent than PASAT (SDLP
and vDRT). SimHL is thought to raise the processing demands required to complete the
dCMT task successfully (see Chapter 7). Thus, because participants engaged in this task
regardless of the listening condition, its performance in the SimHL should have resulted in
some driving behaviour changes, but did not.

Accordingly, it was concluded that participants did not simply withdraw from performing
the PASAT under difficult listening conditions in order to maintain driving performance.
Rather, it is argued that a dual-task cost was observed, such that when the listening
task became more difficult (as a result of SimHL), the cognitive demands imposed by
undertaking the auditory task whilst driving were sufficient to cause a disruption on
performance of the auditory task. Whilst the auditory task appeared sensitive to this
increased cognitive load, measures of driving performance and the vDRT did not.

Hickson et al. (2010) is the only other study which has investigated the effect of auditory
distraction whilst driving in hearing impaired individuals. They employed a task very
similar to PASAT, whereby participants were presented with two numbers in the auditory
modality, and had to add them together. Data regarding the accuracy on this auditory
task during driving was presented, and suggested that there was no significant difference
in the number of answers being given, or the accuracy on sums, between normally hearing
and hearing impaired participants. However, their presentation rate for stimuli was 3.5
seconds, compared to the 2 seconds used in this study, thus giving participants extra
time in order to be able to formulate a response. It should be noted that this difference
in presentation rate was also more likely to make the task in the current study more
challenging, yet a significant effect on driving as a result of SimHL was still not found.
This further compounds the inference that factors co-existing with hearing loss which were
present in the experiment of Hickson et al. (2010) are likely to be mostly responsible for
driving performance decrements.
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8.5.5 General considerations

The results of this study suggest that hearing loss does not disproportionately affect driving
performance whilst a concurrent auditory task is being undertaken. An ecologically valid
SimHL (see Chapter 6) has been applied and compared against a normal hearing condition
in a simulated driving environment whilst performing an auditory task, and no difference
in any of the dependent variables used has been observed. Previous research which has
found an effect of hearing loss on driving contradicts these results (Hickson et al., 2010)
and prompts considerations regarding the reasons for no effect of SimHL being observed in
this experiment. Given the methodology used, a number of explanations for the differences
in outcomes against previous research can be suggested:

1. Aspects of SNHL not emulated by the SimHL are responsible for driving decrements.

2. Factors which co-exist with SNHL are, at least in part, responsible for driving
decrements.

3. An adapted driving style, which has been developed over a long period of time is
responsible for certain observations regarding driving performance.

These factors are all feasible, and it is entirely possible that they may all (or a number of
them) account for the lack of an effect of SimHL on dependent variables in this experiment.

However, it is considered that the SimHL used replicates the most troublesome aspects
of SNHL for speech understanding (Moore, 2007), and in an ecologically valid and accurate
manner, as has been suggested by the work described in Chapter 6. Thus it was considered
that the SimHL used provided a fair approximation of actual hearing loss, and was
applicable for use in the current study. However, the possibility that it has not captured
all pertinent aspects of SNHL should not be discounted, and further research with young
individuals with an actual hearing impairment should be undertaken in order to expand
the research findings presented here.

However, in support of the hearing loss simulation, the experiments described in
Chapter 7 showed that listening effort demands imposed by a moderate SimHL caused
auditory tasks of all difficulties to be more poorly performed than they were under normally
hearing conditions. This suggests that cognitive workload is higher as a result of performing
an auditory task in the presence of a moderate SimHL.

One difference in the presentation paradigm of auditory tasks in this study should,
however, be pointed out. Whereas in the previous study auditory stimuli were processed at
an input level of 60 dB, in this experiment they were processed at a reference level of 80 dB.
The reason for this change was to provide audibility of the auditory tasks. Furthermore, in
each case the selected levels were considered ecologically valid in terms of the environments
in which they were being presented; a normal conversational level of speech equates to 60
dB (Skinner et al., 1997), and the background level of noise in car cabins is such that it
would require an increase in this level in order to ensure audibility (Wang and Wang, 2012).



CHAPTER 8. DRIVING SIMULATOR STUDY 251

The change to input level would have had no effect on the spectral smearing portion of the
SimHL and would, therefore, not have changed the clarity of the auditory signal. It would,
however, have made subtle changes to the loudness recruitment portion of the SimHL.
These changes may have restored some of the loudness relationships between phonemes
which were absent at a 60 dB input level, potentially reducing the amount of explicit
processing required in order to perform the auditory task. However, an increase in explicit
processing would still be expected as a result of just the spectral smearing paradigm, as
stimuli were being presented in a background noise (Baer and Moore, 1993). Accordingly,
an effect on experimental outcomes would still have been expected. Future work should,
however, assess whether different presentation levels of auditory stimuli have an effect on
driving under the same experimental conditions.

Besides limitations of the hearing loss simulation, the two possibilities for differences in
experimental outcomes between the current study and past research are that differences
in driving in hearing impaired individuals may occur as a result of adaptive driving
behaviour which is developed over time, or that factors which co-exist with hearing loss are
responsible (at least in part) for driving decrements. These two suggestions can feasibly
both occur simultaneously, in fact they can both explain outcomes in previous research.
This study employed a SimHL in young, normally-hearing participants, whereas previous
study investigated older individuals with a ‘real’ SNHL (Hickson et al., 2010). SimHL
was used in order to isolate the effect of sensory acuity as a result of hearing impairment
from other age-related factors which co-exist with hearing loss. The difference in outcomes
appears to suggest that it is co-existing factors, present in the study of Hickson et al.
(2010), but not in this study, which are mostly responsible for noted driving decrements
whilst concurrently performing an auditory task in those with a hearing loss.

Thorslund et al. (2013a,b, 2014) did not investigate the effect of auditory distraction
on driving, but did assess the driving of those with an actual hearing loss. This work was
carried out with an older demographic, primarily experiencing acquired hearing losses, and
also found alterations in driving outcomes. In these experiments no auditory distraction
(and thus increase in cognitive load as a result of listening effort) was present, and so
the research group argue that these outcomes have been observed as a result of adaptive
driving behaviour. Something which, the authors argue, has been adopted in response to a
lack of situation awareness whilst driving. This adaptive driving behaviour would certainly
not have been present in the sample used in this study, and so might be a further reason
why changes in driving performance were not observed under SimHL conditions.

8.5.6 Study limitations

This study has investigated the effect of hearing loss on driving under one specific set of
circumstances. This approach was taken in order to ensure experimental control, and has
resulted in a number of important outcomes, which enhance knowledge regarding the effect
of hearing loss on driving performance. However, its findings should not necessarily be
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considered as transferable to all driving situations.
The experiment was run in a simulator, and the environment consisted of a single

carriageway road and a car-following scenario. Hickson et al. (2010) found their results
during a field trial, meaning that discrepancies between simulator and ‘real world’ driving
might justify differences in experimental outcomes. Furthermore, the complexity of the
driving scenario was not considered to be significantly challenging.

A wide variety of driving scenarios were not covered in this experiment (e.g. complex
manoeuvres, driving in heavy traffic, motorway driving). SimHL could have an effect on
the dependent variables used in this experiment during more visually demanding situations,
though it is not possible to say whether this is the case from the design of this study.
If the visual demand of the driving task is increased, disproportionate central executive
engagement with auditory operations may have more of a negative effect on the efficiency
with which visual processes can be carried out. The study of Hickson et al. (2010) did
not incorporate any other traffic, but it did present participants with a number of tasks
they had to complete whilst driving, some of which were visual in nature (e.g. road sign
recognition, perception of obstacles). Thus, the difference in findings noted here may
have been as a result of a lower primary driving demand. Further research employing the
experimental paradigm used here, but in environments with different driving demands,
would, therefore, be of interest in the development of knowledge in this area.

Furthermore, only a single degree and configuration of hearing loss has been investigated.
A moderate SimHL was chosen for investigation, given that this level of impairment has
affected driving performance in past study (Hickson et al., 2010). The configuration of the
SimHL condition was chosen to be reflective of age-related hearing loss (Gates and Mills,
2005), and will have, therefore, provided similar perceptual consequences as have been
apparent in previous work, given that an elderly sample was studied (Hickson et al., 2010).
Without investigating different hearing loss severities and types, it is not possible to say
whether SimHLs of greater magnitudes would produce an effect on driving performance.
According to the ELU model, the greater the degree of hearing loss, the greater the amount
of explicit processing required, and the greater the effect on concurrently performed tasks.
Investigation of greater hearing loss severities was not possible using the type of SimHL
employed in this experiment. Future work investigating more severe SimHL would be of
interest in the development of work in this area.

8.6 Conclusions

It was hypothesised that a SimHL would cause an increase in the listening effort required to
perform aurally presented tasks. This increased listening effort was postulated to manifest
in an exacerbation of driving performance changes which occur as a result of auditory
task performance. This study has not presented evidence to support this hypothesis. No
difference in measures of longitudinal or lateral vehicle control, eye movement behaviour,
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or cognitive workload were apparent between normal hearing and SimHL conditions. These
outcomes remained regardless of the difficulty of the auditory task being undertaken.
However, there is some evidence that auditory task performance whilst driving might suffer
as a result of hearing loss. Thus, research into the applicability of in-car systems which
make use of auditory information for hearing impaired individuals is considered important.

A failure to observe these hypothesised outcomes has led to the conclusion that a facet
of hearing impairment not captured by the SimHL used is responsible for previously noted
changes in driving behaviour. These factors have been identified as: (1) physiological
aspects of SNHL which the SimHL did not address, (2) complications which co-exist with
hearing loss, such as age-related changes in cognitive function, and (3) the development of
‘coping strategies’ in hearing impaired drivers in order to negate these driving performance
decrements. Further work is required in order to establish to what extent each of these
issues plays a part in driving performance alterations. Thus, the results of this study present
novel information regarding the effect of hearing impairment on driving and related tasks,
though they should not be considered entirely conclusive. Rather, they raise important
questions which require further investigation. The most pertinent questions which arise
are discussed in the final chapter of this thesis (see Chapter 9).





Chapter 9

Final Discussion and
Recommendations

In this chapter, the results obtained from the programme of research reported in this thesis
are discussed in relation to the research questions posed in Chapter 2 (see Table 2.4). The
implications of the research are also discussed, and recommendations made regarding the
direction of future research.

9.1 Main findings

Eight specific research questions were posed for investigation in Chapter 2, and the series
of experiments reported in this thesis have answered these, as follows:

1. Is hearing impairment seen as a cause of any problems for driving by
people with a hearing loss?

2. Do people with a hearing loss report any alterations to their own driving
behaviour?

3. Is there a difference between self-reported and pure tone audiometry
measures of hearing loss in terms of their affect on experienced driving
problems?

These questions were all addressed by the study described in Chapter 4, which found that
hearing impaired individuals did not see hearing loss as a cause of any driving problems.
Although some respondents did suggest that hearing loss might present a problem for
driving generally, this was certainly not the majority view, nor was there a consensus
regarding specific manners in which this might be the case. Accordingly, the study also
showed no significant alterations in driving behaviour in hearing impaired individuals,
except for some reporting that they drive more slowly than a comparable normally hearing
group. This finding concurred with past research in the area (Picard et al., 2008; Thorslund
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et al., 2013a,b), and suggested that hearing impaired drivers might alter their driving speed
in order to account for driving decrements. Although it should be considered that this may
simply have been due to a general increase in speed limit compliance over time.

Furthermore, it was shown that self-reported hearing loss was a better predictor of
reports of driving difficulties/behaviour changes than pure tone audiometry data. This
suggested that functional hearing ability (the extent to which somebody struggles with
their auditory impairment) governs the extent to which somebody experiences driving
problems as a result of hearing loss, rather than an individual’s auditory sensitivity. This
did not entirely agree with recent hypotheses regarding why hearing loss affects driving,
because auditory sensitivity has previously been considered the most important factor
(Hickson et al., 2010). Thus, questions were raised about the influence of other factors
which are linked to functional hearing ability (e.g. cognitive skills; Salonen et al., 2011).

Given the disconnect between reports of hearing loss affecting driving and changes in
driving speed, there was some concern that introspection had not been possible to establish
what effect hearing loss was having on driving. i.e. although past driving decrements
had been shown in hearing impaired individuals (Hickson et al., 2010), this happened
subconsciously and therefore respondents were unaware and unable to report the behaviour.
Another possible explanation for this was that those who self-reported a hearing loss were
simply more likely to self-report other problems (e.g. experiencing an affect of their hearing
loss on driving), hence the association between self-reports of driving difficulty/behaviour
frequency and hearing loss.

Because of the uncertainty regarding the efficacy of self-reports, a more objective course
of research was implemented in order to identify whether hearing loss was subconsciously
presenting problems for driving performance. Chapter 4 did not present any specific
driving concerns for investigation, given that the majority of hearing impaired respondents
had indicated no effect of hearing loss on driving. Accordingly, findings from previous
research informed the direction of the first objective study. Past evidence had suggested
that hearing impaired individuals were less visually aware than their hearing counterparts
whilst concurrently performing an auditory task and driving (Hickson et al., 2010). This
was an interesting finding because it concurred with research showing an effect of auditory
distraction whilst driving on failures of visual attention (e.g. Strayer et al., 2003) and
alterations in eye movement behaviour (e.g. Victor et al., 2005). Therefore, it was
considered that visual attention may be one of the manners in which hearing impairment
presented problems for driving performance in the presence of a concurrent auditory task.
Accordingly, the next research question posed was:

4. Does hearing impairment disproportionately alter visual processing effi-
ciency during auditory task engagement?

The study described in Chapter 5 investigated this possibility in a laboratory setting. In
line with previous work (Wood et al., 2006), the results showed that visual processing
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within the useful field of view is significantly less efficient when a concurrent auditory task
is being undertaken. The results also suggested that this effect was more pronounced in
hearing impaired individuals, but the results did not reach statistical significance.

Interestingly, some other differences between normally hearing and hearing impaired
individuals arose, although they were not expected. For example, hearing impaired partici-
pants appeared to have poorer Working Memory abilities than their hearing counterparts; a
reading span task was significantly more poorly performed by the hearing impaired sample.
Furthermore, the results hinted that hearing impaired individuals performed a rhyme task
more poorly than their hearing counterparts, and were also worse at performing the divided
attention subtest of UFOV in the absence of any auditory task. These results were curious,
because the only variation expected between the hearing impaired and normally hearing
individuals was a difference in outcomes as a result of auditory task engagement.

This evidence, arising from Chapter 5, highlighted concerns that the only difference
between hearing impaired and normally hearing individuals was not auditory perception.
Rather, poorer Working Memory abilities, which data suggested were more prevalent in
hearing impaired individuals, were suggested as having an effect on study outcomes. This
potential reliance on factors extraneous to hearing loss was of particular concern, because
hearing loss is an age-related sensory impairment (Davis, 1995), and as such brings with
it a range of other age-related considerations. An important example being cognitive
decline (Salthouse, 1991), a factor which becomes even more pertinent in light of the
issue that hearing loss might be associated with cognitive decline (see Chapter 3). Such
examples of discrepancies in the baseline abilities of hearing impaired and normally hearing
individuals may go some way towards explaining why past research investigating the effect
of hearing loss on driving has reached mixed outcomes. For example, past work has given
contradictory conclusions in terms of road traffic accident rates (Barreto et al., 1997; Ivers
et al., 1999; Picard et al., 2008 vs. McCloskey et al., 1994; Sims et al., 2000; Green et al.,
2013), and has shown visual distraction to affect hearing impaired individuals to a greater
extent than normally hearing drivers (Thorslund et al., 2013b, 2014) when it should not,
according to the hypothesis of other authors (Hickson et al., 2010).

This problem led to the identification of a method which could control for these
extraneous variables which were potentially having an effect on study outcomes. A method
of simulating hearing loss in young, normally hearing individuals was identified and
tested, and showed that hearing loss could be administered in an accurate and ecologically
valid manner (see Chapter 6). Applying this simulation allowed for a within-subjects
experimental design to be used so that the only difference between experimental conditions
would be auditory perception. However, it was unclear whether a simulation of hearing
loss would result in increased listening effort, as is hypothesised to occur in individuals
with an actual hearing loss (Rabbitt, 1991). In order to test this assumption, the next
research question posed was:
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5. Is the performance of auditory-based cognitively demanding tasks made
more difficult by sound distortion representative of hearing loss?

The study described in Chapter 7 tested whether this SimHL resulted in performance
decrements on auditory-based cognitive tasks. The results showed that tasks of varied
difficulty were negatively affected by the inclusion of a SimHL, thus suggesting that
auditory sensitivity has the capacity to affect cognitive performance as a result of perceptual
difficulties. This finding concurred with the hypothesis of past work that sound distortion
has a downstream effect on cognitive processes (e.g. Rabbitt, 1991).

Hickson et al. (2010) had previously extended this thinking to show that the effect of
increased listening effort in hearing impaired individuals impacts on driving performance.
However, their findings arose from a sample of older adults, which would have incorporated
the extraneous factors suggested in Chapter 5. Accordingly, it was questioned whether
SimHL would show an effect on driving performance in the presence of an auditory task.
This would establish the extent to which hearing loss alone affected driving performance,
and so the next research questions addressed were:

6. Does the distortion to sound brought about by hearing impairment at a
peripheral level have the capacity to affect driving performance when a
simultaneous auditory task is present?

7. What are the measurable vehicle control and behavioural correlates of
this effect on driving performance?

8. Do people limit engagement in secondary tasks in order to maintain suc-
cessful driving performance?

The study reported in Chapter 8 confirmed that auditory task engagement whilst driving
leads to a previously observed set of driving performance outcomes (see Chapter 2).
However, it was shown that this trend did not become more marked as a result of SimHL.
Therefore, the data gathered suggested no vehicle control or behavioural correlates which
are affected by peripheral hearing loss when driving and concurrently performing an
auditory task. There was also little tangible suggestion that this observation had arisen
as a result of withdrawal from auditory task performance in order to maintain driving
performance.

Therefore, this work has suggested that mild or moderate, age-related hearing loss in its
own right does not have the capacity to impair driving performance to a disproportionate
extent as a result of auditory distraction. This is contrary to past work which has observed
an effect of hearing loss on driving; whether it be implied by road traffic accident rates
(Barreto et al., 1997; Ivers et al., 1999; Picard et al., 2008), or as a result of measured
driving performance (Hickson et al., 2010; Thorslund et al., 2013a,b, 2014). Given that
these studies all used participants with actual hearing loss, and did not extensively control
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for cognitive abilities, it can be concluded that cognitive factors are (at least in part)
responsible for driving decrements in the hearing impaired.

Furthermore, some of the studies which have found an effect of hearing loss on driving
safety have been carried out in specific demographic groups, which may have confounded
their outcomes. Both Barreto et al. (1997) and Picard et al. (2008) studied individuals with
noise-induced hearing losses who worked in noisy, industrial environments. It is considered
that those who develop a significant noise-induced hearing loss in such an environment may
have undertaken risky behaviour such as neglecting to wear hearing protection provided
by their employer. Behaviour of this type may predispose other risky behaviour which is
linked with road traffic accident frequency, such as speeding (Aarts and Van Schagen, 2006).
Likewise, pre-existing cognitive impairments resulting in individuals not understanding the
importance of hearing protection may also have led to the development of a noise-induced
hearing loss. These potential confounds highlight the possibility that other factors tied to
hearing loss may have inflated the effect found on driving performance in previous studies.

It is important to note, however, that the potential susceptibility of past work to
the influence of these co-existing factors does not render it flawed. In fact, quite the
opposite - the work is highly valuable because it provides an ecologically valid view of
driving in the hearing impaired demographic. Given the link between hearing loss and
age (Davis, 1995), those with a hearing loss will often exhibit age-related information
processing declines which may cause driving performance decrements, and as such the
cumulative effect of all of these factors should (and appears to be) reflected in experimental
data. However, whilst this ecological approach to research in this area can say something
about the driving performance of hearing impaired individuals, it cannot explicitly say
anything about driving performance considerations as a direct result of hearing impairment.
This distinction is highly important because the latter provides information about why
driving performance decrements occur, how they might be remedied, behaviours which
may exacerbate these problems, and suitable procedures for identifying drivers who are
at-risk. It is this information which the work described in this thesis has begun to unravel.

Thus, this programme of novel research has significantly contributed to evidence needed
to answer the overarching research question posed by this thesis: “does hearing impairment
affect driving performance?” The message arising from prior research is that auditory
distraction does have an effect on hearing impaired drivers’ performance (Hickson et al.,
2010). However, the work described in this thesis has shown that damage to the peripheral
auditory system (in line with with mild or moderate, age-related hearing loss) in isolation
is not likely to be responsible for significant changes in the measures of driving performance
which were recorded in this programme of research. It should, however, be noted that
the driving and auditory tasks employed in the final investigation described in this thesis
were of low complexity. The use of either more complex driving situations (e.g. traversing
intersections, lane changing tasks etc) or more complex auditory processing tasks (e.g.
sentence or prose processing) may have revealed significant impacts of SimHL on driving.
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Thus, further research is required before the above suggestions can be more definitively
proven. Further, since severe hearing loss could not be adequately simulated, it was not
examined in the studies described in this thesis. Therefore, no strong conclusions regarding
the effect of severe hearing impairment on driving performance can be made.

Given the discrepancy between the findings of the research described in this thesis, and
that which has been previously performed, it appears that the presence of other co-existing
factors, such as age-related changes in cognitive function, may have the capacity to interact
with hearing loss and potentially affect driving performance. This consideration has been
brought to light by the findings of this programme of research. However, the extent to
which these co-existing factors influence and interact with driving performance cannot be
explicitly inferred from my studies. This is because the focus of this work was to extract
the influence of peripheral hearing loss alone on driving, rather than investigate the effect
of other co-existing factors.

9.2 Real-world application

The primary concern of this line of research is road safety; i.e. the consideration that
hearing impaired individuals may be less safe drivers than normally hearing individuals.
This was one of the main motivations for my research, given that some authors have
hypothesised a decrease in driver safety for this demographic (Barreto et al., 1997; Ivers
et al., 1999; Picard et al., 2008; Hickson et al., 2010), and that certain licensing authorities
do not allow people with a severe hearing impairment to drive, under the perception that
their (and others’) safety is affected by this impairment (World Federation of the Deaf
and the Swedish National Association of the Deaf, 2008). In contrast to these opinions,
the work reported in this thesis suggests that hearing loss alone does not predispose a
driver to be more affected by auditory distraction, and is thus not necessarily any less a
safe driver than a normally hearing individual in this regard. Therefore, the sentiments of
Hickson et al. (2010) that hearing impaired individuals should limit their engagement with
in-vehicle devices whilst driving appears to be an overly-simplistic one. The implication
of my work is that other co-existing factors must be considered alongside hearing loss in
order to gauge potential driving performance decrements.

A great deal of attention has been paid to identifying at-risk drivers in terms of
visual sensory impairment (see e.g. Anstey et al., 2005 for a review), and there are
strict sensory criteria that must be met for an individual to be granted a driver’s licence.
Currently, no such licensing criteria exist for hearing impaired individuals in the United
Kingdom. However, objective hearing tests are required by certain licensing authorities
(e.g. Australia) to ensure their commercial drivers meet a minimum hearing standard.
Because the work presented in this thesis has shown no extra effect of auditory distraction
on the driving of hearing impaired individuals as a result of hearing loss alone, tests of
hearing sensitivity used in isolation are unlikely to predict driving decrements as a result
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of auditory distraction. Much like evidence regarding visual sensory problems and driving,
the effect of hearing loss on driving appears to be reliant on higher-order cognitive processes
which are not specifically targeted by objective measures of sensory functioning (e.g. pure
tone audiometry, or static visual acuity for a visual parallel). Thus, any assessment to be
developed in this regard must reflect higher-order cognitive capabilities, much like UFOV
has attempted to achieve in the realms of assessment in terms of visual function. Of course,
an extension to UFOV incorporating auditory distraction would require validation.

However, it would appear that the main focus of licensing authorities with regard
to hearing loss is the inability to hear acoustic information in the car, rather than an
additional effect of auditory distraction. It is difficult to comment on this aspect of the
research topic, because this project did not aim to investigate the effect of unheard auditory
information in the driving environment. An absence or attenuation of auditory cues in
the driving environment may cause problems for the hearing impaired, but this is an
intuitively predicted issue, and one which could be remedied by adaptive mechanisms such
as an improvement in visual processing ability (Bavelier et al., 2000, 2006). This problem
may also be improved through the use of hearing aids. Indeed, the Australian licensing
authority themselves allow the use of hearing aids in order to allow an individual to meet
their minimum hearing requirements for the issue of a commercial license.

Hearing aids may also be applicable in minimising the effect of auditory distraction, as
they are thought to reduce listening effort (Sarampalis et al., 2009). However, this should
be considered carefully because emerging evidence suggests that the benefit derived from
hearing aids is linked to Working Memory abilities, such that those with better cognitive
abilities will derive more benefit from hearing instruments (Lunner et al., 2009; Rudner
et al., 2011). This is concerning because an assertion arising from the work reported in
this thesis is that cognitive skills interact with hearing loss to produce an effect on driving
performance; thus those with lesser cognitive abilities will be the ones who experience
problems with their driving, as well as being those who do not gain optimal benefit from
hearing instruments. Furthermore, the efficacy and acceptance of hearing aid use in the
car has been previously considered a concern (McCloskey et al., 1994), particularly as
the acoustic environment is not particularly favourable for their success (with high levels
of background noise and an inability to face the speaker). Indeed, this was mentioned
anecdotally by audiological clinicians in my study reported in Chapter 4.

Chapter 4, however, also showed a very positive attitude from hearing impaired
individuals about the use and benefit of hearing aids during driving. Contrary to the
perceptions of clinicians, patients reported using their hearing aids more often whilst driving
than during everyday situations and noted no negative impact of their hearing instruments
on driving performance. Audiologists often inform patients of acoustic environments in
which hearing aids may or may not be beneficial, managing patient expectations of hearing
instruments in order to maximise the benefit from rehabilitation (Knudsen et al., 2010). A
preconception that hearing aids would not work well whilst driving may, therefore, lead
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to inaccurate use of hearing aids by patients, and should be reconsidered in light of the
findings reported in Chapter 4.

However, the commonly held view that hearing loss does not affect driving (see Chap-
ter 4) tends to suggest that employing rehabilitative measures aimed at improving the
driving performance of hearing impaired individuals may be difficult. This is because those
with a hearing loss will not wish to employ a measure aimed at improving something which
is not perceived as a problem in the first instance. Thus, a challenge which faces clinicians
is how hearing impaired individuals can be persuaded to accept advice with regard to
improving driving performance.

Another potential manner in which the effects of hearing loss on driving performance
can be counteracted is by adopting a driving style accounting for driving performance
shortcomings. It is suggested that adaptive driving behaviour is undertaken in those with
a hearing loss (Thorslund et al., 2013a,b, 2014), though it is uncertain whether this driving
behaviour is as a result of hearing loss, co-existing factors, or an amalgamation of the two.
What is clear, from the results presented in Chapter 4, is that this phenomenon is likely to
be of a subconscious nature; hearing impaired individuals do not see hearing impairment
as a barrier for successful driving performance, and so why would they adapt their driving
behaviour accordingly? Despite this rationale, there have been multiple observations of
differences between the behaviour of hearing impaired and normally hearing individuals,
even in the absence of auditory distraction. This adaptive behaviour is likely to have been
developed over a prolonged period of hearing loss, and would therefore not have been
observed in Chapter 8 which involved participants who did not have a hearing loss. Indeed,
no behaviour comparable to that noted by Thorslund et al. (2013a,b, 2014) was observed
in the work described in this thesis, suggesting that alterations in driving behaviour do not
arise as an instantaneous reaction to hearing loss.

The finding in Chapter 4 that hearing impaired individuals reported a slower driving
speed is applicable in this regard. A slower driving speed is one of the adaptive behaviours
which Thorslund et al. (2013a,b) argue they have observed in hearing impaired individuals.
This is corroborated by the data that I collected using the DBQ in a sample who largely
had an acquired, age-related hearing loss. It follows that this adaptive driving style is
present in individuals who experience hearing loss over a long period, but not in those who
have a sudden hearing loss, given that SimHL resulted in no alteration in driving speed in
a normally hearing sample (see Chapter 8).

9.3 Contribution to the field

Investigating the effect of hearing loss on driving is a complex problem. The research
presented in this thesis has suggested that there are a range of potential issues, which can
be confounded by a number of different parameters related to hearing loss (e.g. hearing loss
severity and type), but also by cognitive abilities. Furthermore there is little experimental
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evidence in the area, and research to date has not reached a consensus (see Chapter 2). It
is important to note that my work does not describe the effect of all aspects of hearing
loss on driving performance, and that other factors (i.e. audibility) may also play a role.
Further work is required to understand the exact contribution of these factors, although a
summary of my proposition is given in Figure 9.1.

The work described in this thesis suggests that hearing loss is likely to be a consideration
for auditory distraction in the driving domain only when it is paired with co-existing
factors such as age-related cognitive decline. Accordingly, the schematic makes a primary
distinction between younger and older hearing impaired individuals, because these co-
existing factors (e.g. cognitive decline) are more likely to occur in older adults. Of course,
the distinction between ‘young’ and ‘old’ is not unambiguous, and the schematic should
not be considered in this way. Instead, the influence of cognitive factors is likely to increase
with age in a continuous fashion, though for ease of understanding the schematic has
been presented making a clear categorical distinction between the two. Because, younger
hearing impaired individuals are less likely to exhibit cognitive deficits, they are shown
as mostly being subject to lack of audibility issues whilst driving, whereas older hearing
impaired individuals may also experience a disproportionate effect of auditory distraction,
as suggested by Hickson et al. (2010). The aim of this work was not, however, to establish
whether co-existing factors act alone, or in conjunction with hearing loss, to cause driving
decrements in the elderly. Thus, the schematic does not specify the exact origin of the
disproportionate effect of auditory distraction in the older hearing impaired demographic.

Two potential barriers to successful driving performance in hearing impaired individuals
were identified in Chapter 2 (reduced audibility and increased effect of auditory distraction).
In this schematic, they are both hypothesised to lead to an effect on driving performance.
However, there is no evidence to suggest that reduced audibility has a direct effect on driving
performance, this has simply been hypothesised by some authors (Coppin and Peck, 1963,
1965; Slawinski and MacNeil, 2002). In contrast, there is evidence for a disproportionate
effect of distraction in hearing impaired drivers, whether it be as a result of auditory
(Hickson et al., 2010) or visual (Thorslund et al., 2013b, 2014) task engagement. There is
also evidence that adaptive driving behaviour is undertaken in hearing impaired individuals
in order to negate driving performance decrements (Thorslund et al., 2013a,b, 2014). These
changes in driving behaviour also have the capacity to alter driving performance. Thus,
the use of a neutral term (‘effect on driving performance’) as an outcome for the schematic
is deliberate, because adaptive behaviour countering any negative effects may well result
in a positive influence on driving performance.

I envisage this schematic as a common framework for future research in this area. The
uncertain relationships between particular nodes (highlighted by the use of a broken line),
are key areas that require further research in order to build a more complete picture of
how hearing loss interacts with driving performance. This serves as a common baseline
from which researchers can work - a tool which is not currently available in this area.
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Figure 9.1 A preliminary schematic which explains how hearing impairment might affect
driving performance. Aspects of the model substantiated by work described in this thesis
and published research are shown with solid lines, whereas those which have simply been
hypothesised by authors are shown with broken lines.

9.4 Further research

This research has generated a number of questions, and some limitations have been
highlighted. Accordingly, further study is required in order to carry the investigation of
this topic forward. I would argue that there are three pertinent areas for further research
in this novel area, which have arisen as a result of my studies:

1. The investigation of the effect of SimHL on driving whilst under auditory
task conditions in a wider variety of driving environments.
The research described in this thesis has taken a novel approach to investigate the
effect of hearing loss on driving. However, this is a vast topic and driving is a highly
complex task (Groeger, 2000). The work described in this thesis has identified some
interesting and important trends. However, it is not exhaustive - it has investigated
a specific driving situation within a specific environment, and has used a specific set
of dependent variables as a measure of driving performance. It would be beneficial
to extend the work in some manners in order to provide further data regarding the
effect of different levels of SimHL on driving performance.

For example, the dependent variables measured in my driving simulator study
were specific to driving behaviour that had been affected as a result of auditory
task engagement in normally hearing individuals (e.g. PRC, SDLP). However, a
propensity for visual information to be less efficiently processed in the hearing
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impaired demographic has been suggested by past work (Hickson et al., 2010) and
work undertaken in this thesis (see Chapter 5). Whilst the experiment described in
Chapter 8 looked at eye movement behaviour and reactions to visual stimuli, it did not
evaluate subjects’ ability to perceive and manipulate visual information whilst driving
during auditory task engagement. Therefore, the use of other objective measures
related to driving performance, such as the recognition of road signs, might be useful
in identifying other specific problems that arise as a result of SimHL. Again, this
will go some way towards confirming that hearing loss alone does not affect driving
performance, and will inform on the ‘effect on driving’ portion of the schematic which
I have proposed.

2. Establishing the extent to which co-existing factors account for driving
decrements in hearing impaired individuals.
Another consideration for the work described in this thesis is that it has only measured
driving performance in younger, normally-hearing individuals. The evidence suggests
that the cognitive capabilities of this group of individuals are sufficient to be able to
deal with a degraded auditory input, thus hearing loss does not have an effect on
the driving of this demographic. However, it is unknown how this transfers to the
older demographic, and the relative influence that co-existing factors and hearing loss
have on driving performance in this group of individuals. To investigate this, driving
performance during auditory task engagement could be compared between a large
sample of age-matched normally hearing and hearing impaired older adults. However,
recruitment for a study of this type might be challenging, and so the extent to which
older and younger normally hearing individuals are affected by SimHL could also be
compared to inform on the same consideration.

Furthermore, it should be considered that a SimHL has been used as part of work
described in this thesis. Evidence suggested that this method provided a reasonable
approximation of actual hearing loss (see Chapter 6). However, the method of
simulation used cannot, and did not, emulate every aspect of SNHL and so there
is a possibility that factors associated with hearing loss outside of those simulated
might have an effect on driving performance. It would, therefore, be of interest to
observe the effect of auditory distraction on the driving performance of young hearing
impaired individuals, in order to inform on this prospect.

3. Investigating the best manner of reducing auditory distraction in hearing
impaired drivers.
The work described in this thesis has suggested that co-existing factors must be
present for hearing loss to affect driving as a result of auditory distraction. However, a
majority of hearing impaired individuals will have some age-related cognitive decline,
given the association between hearing loss and age (Davis, 1995). Accordingly, there is
a need to investigate how the additional effect of hearing loss on driving performance
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in the presence of an auditory task can be remedied. The use of hearing aids in the
car has already been discussed in this chapter, but despite the positive view of their
use whilst driving held by hearing impaired individuals, their efficacy is unproven, and
some concerns have been raised (e.g. their success being reliant on Working Memory
abilities). Accordingly research should focus on establishing if hearing aids are of
benefit in reducing auditory distraction during driving in a more objective manner,
because there is currently no data available on this. If it transpires that hearing
aids do not help to decrease auditory distraction in hearing impaired drivers, other
rehabilitative measures should be considered, for example improving the acoustic
environment in vehicles, using assistive listening devices such as loop-systems, or
discouraging engagement with auditory tasks whilst driving.

9.5 Dissemination

It is now my intention to further disseminate the findings from this course of research. You
will see in the following ‘publications’ section of this thesis that I have already begun to
publicise my work through conference presentations and publication in academic journals.
However, I also feel that it is important to engage practitioners and clinicians in the
dissemination of this work, given that the outcomes are highly relevant to a specific patient
group. Accordingly, I have arranged a visit to University Hospitals North Staffordshire
NHS Trust in order to present the findings of the questionnaire study reported in Chapter 4.
I also hope to be able to arrange further presentations at some of the other sites involved in
data collection for this project. As I continue research in this area, I would like to maintain
this method of dissemination; the work has been carried out in order to inform clinicians
about, what I believe, is a very important, applicable, and novel topic.

9.6 Conclusion

Hearing is an important sensory modality for driving. A range of information in the driving
environment can be portrayed acoustically; we can hear sirens of emergency service vehicles
or can have our attention drawn to an impending collision by the piercing sound of a horn.
We can hear mechanical sounds of our vehicle which inform on its health or current speed,
and can converse with other road users or policemen in the case of an emergency situation
arising.

Not having access to this information might be problematic, but there are mechanisms
in place which can ameliorate these potential problems. A hearing impaired individual can
wear hearing aids, visual awareness can increase over time, and an individual can adapt
his/her driving behaviour in order to accommodate a lack of information. What these
changes cannot alter, however, is the distortion to sound that SNHL presents. Past authors
have suggested that this aspect of hearing loss might make audible auditory information in
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the car more distracting for hearing impaired individuals.
Work described in this thesis has, however, shown this not to be the case when the

influence of hearing loss on driving is isolated from other co-existing factors. Thus, it is
suggested that hearing loss alone is not responsible for driving decrements as a result of
auditory distraction, rather it is as a result of synergy between hearing loss and these
co-existing factors, or directly because of the co-existing factors. This inference needs
to be confirmed through the performance of similar research on the effects of real and
simulated hearing loss, but varying the driving demand, degree of hearing loss and type
of measures used to indicate driving performance. However, this initial conclusion has
allowed for the development of a preliminary schematic of how hearing loss affects driving.
This schematic can be used as a framework to inform continuing research in the area, and
it is hoped that, as more research becomes available, this schematic will evolve until a
thorough understanding of the topic is reached.

Research in the immediate future should focus on identifying the specific factors co-
existing with hearing loss which present problems for driving, and whether/the extent to
which they interact with hearing loss to cause driving decrements. Attention should also
be paid to establishing the effect of missed auditory information as a result of hearing loss
on driving performance. The generation of this data will allow for the development of the
schematic proposed in this chapter, and will contribute greatly towards our understanding of
how hearing loss affects driving generally, allowing sensible, evidence-based policy decisions
to be made.
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Appendix

The questions administered to participants in Chapter 4

Section A: Demographic information

General

1. Age:

2. Gender:

3. Occupation:

Driving

4. For how long have you held your driver’s licence?

5. Did you have to perform an official test to initially obtain your driver’s licence?

6. Have you ever been a professional driver?

7. Approximately how many miles do you drive in a year?

8.
Do you tend to avoid driving on certain types of road, or at certain times during the
day (if so please give details)?

9.
Over the past three years, has the amount you drive increased, decreased, or stayed
the same?

10.
How many times in the past five years have you been crashed into by another drivers’
vehicle whilst driving?

11.
How many times in the past five years have you crashed your car into another vehicle
whilst driving?

12. How many times in the past year have you almost been involved in an accident?
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Section B: Driver Behaviour Questionnaire (Parker et al., 2000 version)

Please rate the extent to which the following situations arise during your driving from 1–6,
with 1 denoting that it never happens and 6 denoting that it always happens:

1. Attempt to drive away from traffic lights in too high a gear

2. Forget where you left your car in a car park

3. Become impatient with a slow driver in the outer lane and overtake on the inside

4.
Drive especially close to the car in front as a signal to its driver to go faster or get out
of the way

5.
Switch on one thing, such as the headlights, when you meant to switch on something
else such as the wipers

6.
Realize that you have no recollection of the road along which you have just been
travelling

7.
Intending to drive to destination A, you suddenly notice that you are on the road to
destination B, perhaps because B is your more usual destination

8. Cross a junction knowing the traffic lights have already turned against you

9.
Angered by another driver’s behaviour, you give chase with the intention of giving
him/her a piece of your mind

10. Disregard the speed limits late at night or early on in the morning

11. On turning left, nearly hit a cyclist who has come up on your inside

12.
Queuing to turn left onto main road, you pay such close attention to the main stream
of traffic that you nearly hit the car in front

13. Drive even though you realize that you may be over the legal blood alcohol limit

14.
Have an aversion to a particular class of road user, and indicate your hostility by
whatever means you can

15. Underestimate the speed of an oncoming vehicle when overtaking

16. Hit something when reversing that you had not previously seen

17. Get into the wrong lane approaching a roundabout or a junction

18. Misread signs and take the wrong turning off a roundabout

19. Miss give way signs and narrowly avoid colliding with traffic having right of way

20. Fail to check your rear-view mirror before pulling out, changing lanes, turning, etc.

21. Attempt to overtake someone you had not noticed to be signalling a right turn

22. Fail to notice pedestrians crossing on turning into a side road

23. Get involved in unofficial ‘races’ with other drivers

24. Brake too quickly on a slippery road, or steer the wrong way into a skid
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Section C: The Driving and Hearing Loss Questionnaire

Please rate the extent to which you agree with each of the following situations from 1–5, with
1 denoting that you strongly disagree, and 5 denoting that you strongly agree:

1. I have considered limiting the amount I drive because of my hearing loss

2. I think that hearing loss presents some problems for driving

3. I feel that my hearing loss sometimes makes driving more difficult for me

4. I think that sounds from the surrounding environment are important for safe driving

5.
Working out the direction from which emergency services vehicles are approaching is
difficult because of my hearing loss

6. Having the stereo on whilst I drive has a negative effect on my driving

7.
I find it difficult to hear sounds produced by electronic devices in my car (e.g.
satellite navigation instructions, parking sensors etc)

8. My hearing loss sometimes makes it difficult for me to judge how fast I am driving

9. When I am talking to people in my car I find it difficult to concentrate on the road

10.
When I am paying attention to sounds produced by electronic devices in the car I find
driving more difficult (e.g. satellite navigation instructions)

11. Being able to hear when emergency services vehicles are near is difficult for me

12. I have a problem hearing what passengers say whilst I’m driving my car

13.
I feel that because of my hearing loss I am sometimes less aware of what is going on
around me when I am driving

14.
I find that talking on a hands-free mobile phone whilst I drive is very difficult because
of my hearing loss

15. I think that sounds from the engine of the car are important for safe driving

16.
My hearing loss makes me worry about parking my vehicle in close proximity to other
obstacles (e.g. other cars, fences, walls etc)

17.
I feel that some in-car electronic devices which make use of sound are not accessible
to me

18.
My hearing aid(s) do not allow me to communicate more easily with passengers in the
car whilst I am driving

19. Wearing my hearing aid(s) whilst driving makes sounds uncomfortably loud

20. My hearing aid(s) do not improve my ability to drive

21. My hearing aid(s) do not make me feel more aware of my surroundings whilst driving

22. I feel that wearing my hearing aid(s) disorientates me whilst driving

23. Using my hearing aid(s) does not allow me to use devices in my car more easily
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Section D: Hearing information

General

1. For how long have you had a hearing loss?

2. Do you own a hearing aid?

3. For how long have you owned your hearing aid(s)?

4. Do you ever use your hearing aid(s)?

5. How often do you usually wear your hearing aid(s)?

6. How often do you usually wear your hearing aid(s) whilst driving?

HHIE-S (Ventry and Weinstein, 1983)

Please answer ‘yes’, ‘sometimes’, or ‘no’ for each of the following questions:

1. Does a hearing problem cause you to feel embarrassed when you meet new people?

2.
Does a hearing problem cause you to feel frustrated when talking to members of your
own family?

3. Do you have difficulty hearing/understanding co-workers, clients or customers?

4. Do you feel handicapped by a hearing problem?

5.
Does a hearing problem cause you difficulty when visiting friends, relatives or
neighbours?

6. Does a hearing problem cause you difficulty in the cinema or theatre?

7. Does a hearing problem cause you to have arguments with family members?

8. Does a hearing problem cause you difficulty when listening to TV or radio?

9.
Do you feel that any difficulty with your hearing limits or hampers your personal or
social life?

10.
Does a hearing problem cause you difficulty when in a restaurant with relatives or
friends?
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