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Abstract 
Research into the effect of hearing loss (HL) on traffic safety and mobility is 

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

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

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

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

It was concluded that there are effects of HL on both traffic safety and 
mobility, consistently pointing toward a generally more cautious driving 
behavior with the use of both compensatory and coping strategies, which 
suggests a difference in experienced safety. Compensatory strategies associated 
with HL include driving at lower speeds and using a more comprehensive visual 
search behavior. Coping strategies associated with HL include engaging less in 



 

distracting activities. Evaluation of the tactile signal suggests that it may make 
driver assistance systems more accessible, not only to drivers with HL, but to all 
drivers. At the same time, the systems might become more effective for all users, 
since visual resources can be more focused on the road, which could increase 
both traffic safety and mobility in general.  
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List of concepts and definitions 
 
Age-related HL 
Presbycusis 

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

  
Compensatory 
strategies 

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

  
Coping strategies Use of conscious effort to solve personal and interpersonal 

problems and to seek to master, minimize, or tolerate 
stress or conflict. 

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

freely. 
  
Older adults Individuals over 65 years 
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Introduction 

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

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

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

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

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

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

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

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

 

 

 

 

 

 

 

 

 

 

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

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

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

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

Age-related HL, the focus of this thesis, originates with the deterioration of 
auditory function and is part of normal aging, usually starting in the middle 
adulthood (Pearson et al., 1995; Schneider, Pichora-Fuller, & Daneman, 2010). 
Outer hair-cell damage, degeneration of the stria vascularis (producing 
endocochlear potential) and the auditory nerve are the main causes (Pichora-
Fuller & Singh, 2006), and auditory processes, such as temporal resolution and 
duration discrimination, are negatively affected (Fitzgibbons & Gordon-Salant, 
2010; Saremi & Stenfelt, 2013).  
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Assessment of hearing ability 
Assessment of hearing ability is performed either psychoacoustically with an 
active listener (e.g., tone audiometry) or by objective methods using a 
physiological reaction such as electro-physical methods or otoacoustic emissions 
(Arlinger, 2007). Pure-tone average (PTA) is a common hearing test, relying on 
a patient’s response to pure-tone stimuli. With PTA both air and bone conduction 
can be tested thus, enabling the determination of degree, type, and configuration 
of HL in an individual. Test frequencies begin at 1000 Hz and include at a 
minimum octave steps up to 8000 Hz and down to 125 Hz. Often 750, 1500, 
3000, and 6000 Hz are also included. Figure 2 shows results from a PTA marked 
in an audiogram with test frequencies on the horizontal axis and hearing 
thresholds on the vertical.  
 

 
Figure 2: An audiogram presenting hearing thresholds from a PTA (air 

conduction).  
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Cognition 

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

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

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

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

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

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

Long-term memory 
LTM is a memory system where information is stored for long periods of time 
and remains indefinitely. In this system, declarative memory includes episodic 



 

17 
 

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

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

Researchers have argued that WM capacity reflects the efficiency of EFs, 
especially the ability to maintain a few task-relevant representations and 
neglecting irrelevant information (Engle, Tuholski, Laughlin, & Conway, 1999). 
According to Diamond (2013), the main EFs are: inhibition, which is divided 
into response inhibition (self-control-resisting temptations and resisting acting 
impulsively) and interference control (selective attention and cognitive 
inhibition); WM; and cognitive flexibility (including creatively thinking outside 
the box, seeing anything from different perspectives, and quickly and flexibly 
adapting to changed circumstances).  
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In sum, EFs are essential in helping us in our daily life. They help us stay 
focused on what we are doing by updating us with relevant information and 
neglecting unrelated information. EFs also help us shift between tasks and think 
before acting, which is essential for driving a car. For example, visualization of 
consequences, analysis of information, and judgment of time, distance and power 
are necessary to be able to drive a car safely.  

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

WM capacity 

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

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

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

Processing speed, divided attention, selective attention 

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

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

Hearing loss, cognition and aging 
Commonly, when talking about older people, older adults and elderly, this refers 
to individuals over the age of 65 (Gordon-Salant, 2005; Gorman, 1999; Roebuck, 
1979). This also applies for this present thesis. Numerous studies have shown 
that there is a correlation between HL and cognitive decline in old age (Granick, 
Kleban, & Weiss, 1976; Thomas, Hunt, Garry, Hood, Goodwin, & Goodwin, 
1983; Lindenberger & Baltes, 1994; Baltes & Lindenberger, 1997; Li & 
Lindenberger, 2002; Lin, Ferrucci, Metter, An, Zonderman, & Resnick, 2011; 
Rönnberg et al., 2011), which will be presented more specifically in a subsequent 
section.  

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

Cognitive consequences of aging 

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

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

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

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

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

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

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

Another aspect worth considering is cognitive fatigue, due to higher effort in 
listening, leading to decreased cognitive capacity. This effect has been shown on 
both young and adult listeners with HL (Arlinger, 2003; Hicks & Tharpe, 2002; 
Tun, McCoy, & Wingfield, 2009). In addition, several studies have shown that 
hearing aids do not fully restore speech difficulties of individuals with HL (e.g., 
Dimitrijevic et al., 2004; Moradi, Lidestam, Hällgren, & Rönnberg, 2014; 
Nakeva von Mentzer, 2014), which made perceiving speech stimuli cognitively 
demanding (Moradi et al., 2014; Rönnberg et al., 2013).  
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This cognitively demanding processing of speech stimuli may increase 
fatigue in individuals with HL during conversations with their partners while 
they are driving. Cognitive fatigue could, among other things, lead to decreased 
attention and thus be relevant to traffic safety. Moreover, mobility might be 
affected if cognitive fatigue leads to decreased driving.  

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

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

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

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

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

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

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

Driver behavior models 

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

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

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

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

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

Motivational models 

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

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

The Multiple Comfort Zone model (MCZ) by Summala (2005) is an 
evolution of the earlier zero-risk theory (Näätänen & Summala, 1974). Being a 
motivational model it views a driver’s excitatory motives, personality and 
driving goals as prevailing factors. These motives interact with the road system 
and push drivers toward changing their behavior to satisfy their driving goals, for 
example by increasing speed to arrive at a destination on time (Summala, 2005; 
Summala, 2007).  
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What the presented motivational models all have in common is the level of 
risk, and it is suggested that the driver aims at maintaining this level. Whether 
drivers with HL are at higher risk than NH drivers or not is uncertain since there 
are studies suggesting connections between HL and higher risks of traffic 
accidents (Ivers, Mitchell, & Cumming, 1999; Picard et al., 2008) and also 
research where no such relationship has been found (Green, McGwin, & Owsley, 
2013; McCloskey, Koepsell, Wolf, & Buchner, 1994). However, if there is a 
difference in risk related to HL there should, according to the motivational 
models, also be a different level of risk in which the drivers with HL aim to 
maintain. This could be driving at a lower speed, for example.  

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

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

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

One goal of traffic research should be to provide the safest possible mobility for 
all road users, regardless of their levels or types of abilities or disabilities. In all 
motivational models presented above, drivers aim to maintain a preferred level 
of risk, above a certain threshold. Whether drivers with HL are at higher risk 
than NH drivers is uncertain because previous findings are contradictory. For 
example, some studies found increased risk for drivers with HL (Ivers, Mitchell, 
& Cumming, 1999; Picard et al., 2008), while others did not (Green, McGwin, & 
Owsley, 2013; McCloskey, Koepsell, Wolf, & Buchner, 1994).  

According to Rumar (1988), there is always a risk in being mobile, and he 
divided risk into statistical (objective) risk and experienced (also called 
subjective or perceived) risk. For drivers with HL, research results are limited 
and rather contradictory on objective risk, and we found no results on subjective 
risk in our extensive literature surveys. Thus, it might be that drivers with HL 
can experience a subjective risk even if there is no objective risk. Research 
results so far do not identify clearly increased objective or subjective risks for 
drivers with HL, but this might be due to lack of knowledge. Therefore, there 
may be no increased risk at all for drivers with HL; there might be a small and 
unimportant risk; or there could be an important increased risk research has yet 
to reveal.  

The level of knowledge on the relationship between HL and statistical traffic 
safety is relatively low and too inconsistent to draw any conclusions. Crash data 
have shown that drivers with HL are at higher risks of traffic accidents (Ivers, 
Mitchell, & Cumming, 1999; Picard et al., 2008). However, there is also research 
on crash data and medical record data where such relationships have not been 
found (Green, 2013; McCloskey, Koepsell, Wolf, & Buchner, 1994). On the 
effect of HL on subjective traffic safety the literature is even scarcer. Lundälv 
(2004) found that adult pedestrians and cyclists with moderate HL had no self-
reported experiences of feeling insecure in the traffic environment; however, he 
also suggested that these individuals are at higher risk of being injured by a 
vehicle because they report that they find it difficult to identify the direction 
sounds come from. 
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While traffic safety and mobility for drivers with HL is almost unexplored, 
the research literature regarding older drivers is relatively extensive. With age-
related HL being the most common type (Roth, Hanebuth, & Probst, 2001; 
WHO, 2001), the effects of age are very relevant and will be discussed further in 
the following sections, along with the possible effects of HL.  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

HL population and recruitment of participants 

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

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

As well as HL, loss of vision is also a part of normal aging (e.g., Risacher et 
al., 2013; Heyl & Wahl, 2012). Wearing glasses can cause problems with eye 
tracking (Eachus, Cassidy, Norgate, Marrow, & Greene, 2008; O'Brien & 
Sharon, 2009), and this consideration restricted our potential participants. 
Furthermore, there will always be uncertainty of the representativeness of 
participants in any study. Not all individuals are willing to take part in research 
studies, and there is a risk that whatever characterizes those willing to participate 
from those not willing will lead to systematic sampling errors.  

Response rate and completeness of questionnaires are difficult to control 
when participation is voluntary. There are arguments for and against using 
Internet (electronic) or paper and pencil versions. One advantage of electronic 
versions, besides the efficiency of receiving all answers in a database, is the 
opportunity to control that all questions have been answered before submission. 
However, paper versions have been found to have a higher response rate than 
electronic versions (73.2% compared to 17.9%, respectively) (Kongsved, 
Basnov, Holm-Christensen, & Hjollund, 2007).  

Driving simulator versus real driving 

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

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

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

Questionnaire study 

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

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

Experimental studies 

According to de Waard (1996), self-report scales and performance measures are 
the most appropriate for workload assessment, and a useful experimental design 
in traffic research is to compare task performance in an experimental (e.g., 
mental load) condition with performance under baseline conditions. Evaluation 



 

38 
 

of workload due to complexity should, according to de Waard et al., either 
involve an increase in road complexity or an increase in task complexity, for 
example with the addition of a secondary task. This approach was used in both 
experimental studies. In the simulator study, load conditions with and without a 
secondary task were compared with baseline conditions with and without the 
secondary task. In the field study, road complexity varied between city and ring 
road, while task complexity either by varied including a tactile support in the 
navigation system or leaving that out. Self-report scales during (only in the 
simulator study) and after the drive were used, as well as performance measures.  

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

Pretests 

In both experimental studies, hearing tests were performed on all drivers with 
NH and for participants with HL audiograms were provided from the audiology 
clinic. The inclusion criterion for the NH group was a hearing threshold of 
maximum 20 dB at each frequency (500, 1000, 2000, and 4000 Hz), measured 
with a pure tone audiometer. Inclusion criterion for the HL group was a 
moderate HL (41-60 dB) according to WHO categories (Arlinger, 2007), 
measured with a pure-tone average of 4 mean values, PTA4 (means of 500, 
1000, 2000, and 4000 Hz).  

In the field study (Paper IV), more pretests were included to control for 
differences between the experimental groups. Apart from HL, normal 
consequences of aging also include declining visual abilities, such as visual 
acuity and contrast sensitivity (e.g., Risacher et al., 2013; Heyl & Wahl, 2012) 
and cognition (e.g., McDowd & Shaw, 2000; Verhaeghen et al., 2003; Mayr et 
al., 2001; Verhaeghen et al., 2005, Craik & Salthouse, 2000; Phillips & 
Lesperance, 2003). Relationships between sensory and cognitive losses in older 
adults have also been presented (Clay et al., 2009; Heyl & Wahl, 2012; Holland, 
2009; Vreeken et al., 2013). Therefore, in the field study, vision tests and 
cognitive tests were included to control for differences between the groups. 

Clinical vision measures included binocular distance visual acuity using a 
logMAR chart (Ferris, Kassoff, Bresnick, & Bailey, 1982) and binocular 
contrast sensitivity (log CS) using the Pelli-Robson chart (Pelli, Robson, & 
Wilkins, 1988). Cognitive tests included: verbal ability (The F-test, 
Psykologiförlaget, Stockholm); a cognitive test battery, including physical 
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matching, physical lexical matching, rhyme and reading span (Hällgren, Larsby, 
Lyxell, & Arlinger, 2001); a computerized dynamic TMT, shown to be related to 
driving performance (Lehtonen, Dahlström, Hiltunen, & Summala, 2012), and 
the Useful Field of View test (UFOV), measuring skills thought to be used 
during driving (Ball & Owsley, 1993).  

Secondary task 

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

Performance indicators 

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

In the field study, mean driving speed and SD driving speed were included 
along with eye tracking (specifically frequency and length of fixations) and 
driving performance assessment according to an on-road protocol (Selander, Lee, 
Johansson, & Falkmer, 2011).  

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

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

Study Participants Gender 
(Male/Female) 

Age Mean (SD) 
Male/Female 

Data collection 
method 

I 93 self-reported NH 
48 mild HL 
105 moderate HL 
47 severe HL 
18 profound HL 

50/43 
17/31 
44/61 
28/19 
7/11 

71.5 (13.2)/63.4 (14.5) 
69.0 (11.1)/68.7 (12.4) 
74.8 (7.7)/61.1 (15.9) 
55.5 (15.1)/75.1 (14.7) 
57.3 (12.6)/65.8 (9.7) 

Questionnaire 
survey 

II 24 NH 
24 moderate HL 

12/12 
13/11 

60.1 (7.1)/59.6 (5.0) 
62.0 (7.9)/61.0 (9.8) 

Driving 
simulator study 
with driving 
performance, 
eye tracking, 
and survey 

III 16 NH 
16 moderate HL 

5/10 
7/8 

51.2 (8.3)/52.8 (11.0) 
60.2 (12.4)/53.0 (13.3) 

Field study with 
eye tracking, 
questionnaire 
and driving 
assessment 

Design and statistical analyses 

Questionnaire survey 

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

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

The driving simulator study had a 2 × 2 × 2 factor design with the fixed factors 
hearing status (NH vs. HL), gender (men vs. women), and difficulty level (lower 
vs. higher). Participant (participants 1-48) within hearing status and gender was 
included as a random factor. On driving behavior measures (e.g., speed) and 
secondary task, analysis with planned comparisons within and between the 
Hearing status levels was carried out using a mixed model. For the post-trip 
questionnaire, with questions on subjects including subjective driving 
performance on ordinal scales, logistic regression and OR were used.  

Analysis of gaze data was conducted in 2 steps. The strategy for analyzing 
the distribution of glances was to start with a model as comprehensive as 
possible, with several variables, interactions, and multidimensional responses. A 
multivariate analysis of variance (MANOVA) was performed to examine 
whether condition (with or without secondary task), hearing status, gender or 
any two-factor interactions of these had an effect on the distribution of glances, 
where the distribution is governed by a vector representing the 7 target gaze 
zones. In this model, hearing, gender and condition were included as fixed 
variables, and a participant nested within hearing and gender was included as a 
random variable. The significant interaction effect of condition and hearing led 
to the analysis of each condition and each hearing status. ANOVA (analysis of 
variance) were performed to test hypotheses examining one zone at a time. 

Field study 

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

GEEs were used on the following linear or continuous outcome measures: 
speed, on-road performance, gaze behavior patterns, and usability questions. 
Predictor variables were system information (within subjects), hearing category, 
and age (between subjects). Outputs were Wald statistics (χ2), showing the 
significance, and an unstandardized regression coefficient (B), presenting the 
relationship between the groups. For background questions in the questionnaire, 
cognitive tests, and vision tests one-way ANOVAs were performed.  



 

42 
 



 

43 
 

Summary of studies and papers 

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

An overview of studies, papers, and findings is presented in Figure 2. Three 
studies were conducted and generated four scientific papers, which are included 
in this thesis. Since the initial level of knowledge was low and somewhat 
contradictory, a questionnaire study was the first step on the path to evaluate 
differences in traffic safety and mobility related to HL. The results from the first 
study are presented in the first scientific paper and also included in the 
background to the second study conducted in the driving simulator. The results 
from this study generated the second and third scientific papers and were 
(together with the results from the questionnaire study) included in the 
background to the third study conducted in real traffic. This study generated the 
fourth scientific paper. Summaries of each study are presented in the following 
sections.  
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Figure 3: Overview of studies, papers and findings.  
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Study 1: A questionnaire survey 

Paper I: The influence of hearing loss on transport 
safety and mobility 

Purpose 

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

Method 

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

Results 

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



 

46 
 

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

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

Conclusions 

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

Study 2: A driving simulator study 

Purpose 

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

Method 

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

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

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

Paper II: Cognitive workload and driving behavior in 
persons with hearing loss 

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

Method 

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

Results 

HL had no effect on driving behavior during baseline driving, where no events 
occurred. During both the secondary task and the parked car event, HL was 
associated with decreased mean driving speed compared with baseline driving. 
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Participants with HL drove approximately 6 km/hr slower during the secondary 
task than NH participants did (approx. 65 km/hr vs. 70 km/hr), F(1, 44) = 7.68, p 
= 0.01, ηp2 = 0.14. At the parked car event, participants with HL drove 
approximately 5 km/hr slower, F(1, 44) = 2.42, p = 0.05, ηp2 = 0.05.  
 The effect of HL on the secondary task performance, both at baseline driving 
and at critical events, was more skipped letters and fewer correctly recalled 
letters. Furthermore, at critical events task difficulty affected participants with 
HL more. There was no effect of HL on the secondary task at the parked car 
event. Participants were generally positive about the use of a tactile signal in the 
seat as a means for announcing the secondary task. There was no effect of HL on 
self-reported driving performance.  

Conclusions 

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

Paper III: Cognitive workload and visual behavior in 
elderly drivers with hearing loss 

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

Method 

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

Results 

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

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

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

Conclusions 

It was concluded that differences in visual search behavior between drivers with 
NH and drivers with HL are bound to driving condition. During the secondary 
loading task, drivers with HL looked twice as often in the rear-view mirror than 
during normal driving and than drivers with NH, regardless of driving condition. 
Moreover, during secondary task, drivers with HL looked away from the road as 
much as drivers with NH, but with more frequent glances of shorter duration. 
The results also indicate that drivers with HL performed a visual scan of the 
surrounding traffic environment before looking away toward the secondary task 
display. This more active visual search behavior might indicate that drivers with 
HL use compensatory strategies to a higher extent than NH drivers.  
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Study 3: A field study in real traffic 

Paper IV: Hearing loss and a supportive tactile signal 
in a navigation system: effects on driving behavior 

and eye movements 

Purpose 

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

Method 

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

Results 

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

During observed driving, participants with NH had on average 0.3 more 
marks on the measure ‘speed too high’ than participants with HL, and 
participants with HL had 0.5 more marks on the measure ‘speed too low’ than 
those with NH. Participants with HL also averaged 1 mark higher on the measure 
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‘uneven speed’ than participants with NH. Participants with HL spent on average 
1.4% more time looking in the rear-view mirror than NH participants. HL 
participants looked an average of 3 times as often (0.3 times per minute vs. 0.1 
times) in the rear-view mirror as the NH group, but there was no effect on the 
duration of glances.  

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

Conclusions  

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

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

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

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

The questionnaire revealed that differences in transportation habits related to 
HL include the less likelihood of having a driver’s license and a higher valuing 
of written information, with the latter possibly prioritized before time and safety 
issues. Moreover, respondents with more HL were less concerned about the 
effect of HL, indicating that they might be using compensatory strategies. In 
addition, the interest in a warning system and the attitude toward strengthening 
of or complementing auditory information in traffic situations was high 
regardless of hearing ability. These are all new findings, pointing to a few 
potentially important effects of HL from a traffic safety and mobility 
perspective.  
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Furthermore, the questionnaire revealed that HL was not related to the 
frequency of using any of the transportation types (e.g., cars, cycling, or public 
transportation). There was no difference in the patterns with regard to 
transportation types during wintertime or any effect of HL on self-reported 
incidents or accidents.  

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

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

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

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

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

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

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

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

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

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

Visual search strategy is according to traffic inspectors the most important 
concept related to risk awareness (Lidestam et al., 2010). The difference between 
drivers with HL and drivers with NH in the strategy of looking away from the 
road was apparent during the secondary task in the driving simulator. Drivers 
with HL looked away more often and for a shorter period each time; however, 
there was no effect of HL on total time with the eyes off the road. Again, this 
behavior might be connected to the experienced safety and feeling of risk, 
suggesting that avoiding long glances away is a coping strategy on the part of 
those with HL.  
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With the descriptive and explorative approach of this thesis, the relationship 
between the secondary task performance in Paper II and the gaze behavior in 
Paper III is interesting. In Paper II, we concluded that drivers with HL might be 
less willing to make an effort to perform the secondary task. Their lower 
performance might also be due to the fact that the task loads on the phonological 
loop and is thus more cognitively demanding for drivers with HL. An acquired 
HL may lead to a deteriorated function in the phonological loop, which means 
that drivers with HL should need to look at the letters for a longer time. 
However, as seen in Paper III, on the contrary they look at the secondary task 
display more frequently and with shorter duration compared to drivers with NH. 
This indicates that with the limited capacity during the secondary task, which 
also results in decreased speed for drivers with HL, driving safety is prioritized 
before performance on the task, which could be a sign of compensatory 
behavior.  

Driver assistance systems 
In the questionnaire survey, the interest in driver assistance systems was not 

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

Methodological discussion 
The advantages of performing a simulator study also come with limitations 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

The effect of the use of hearing aid technologies when driving should be 
further investigated. This was not included in the studies presented in this thesis 
although there is reason to believe that the right aid can increase traffic safety 
and mobility (e.g., McCloskey, Koepsell, Wolf, & Buchner, 1994; Wu et al., 
2014).  

The fact that there is a decline in various abilities (e.g., cognitive, visual, 
auditory) associated with normal aging, makes further examination of the effects 
of decline in each type and combination of types, and also the effects of aid for 
each type, relevant for future study.  

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

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

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

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

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