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CHAPTER 1
General Introduction

“The only lightless dark is the night of ignorance and insensibility.
We differ, blind and seeing, one from another, not in our senses,
but in the use we make of them, in the imagination and courage
with which we seek wisdom beyond our senses.”
Helen Keller

Chapter 1

Independent mobility is a highly valued part of life and has a great effect on an
individual’s perceived quality of life. Limitations in mobility can therefore have an
impact on one’s well-being leading to social isolation (e.g., Williams & Willmott,
2012) depression (e.g., Ragland, Satariano, & MacLeod, 2005), and a feeling of lower
self-esteem (e.g., Carp, 1988). Especially for the elderly generation, maintaining
independent mobility gets challenging, since physical and mental health can
decline with increasing age. Many elderly people are very reluctant to give up
driving as they want to maintain their independence. Even where public transport
is widely available, the use of it is associated with a number of disadvantages
(Golledge, Marston, & Costanzo, 1997). Public transport might not always be
accessible or might be incompatible with people’s time schedules and often does
not cover people’s intended destinations. Furthermore, people may have to cover
additional distances to be able to make use of public transport (e.g., distance to a
bus stop) which could be a hindrance for those who are less mobile.
One factor that can markedly restrict mobility is impaired vision. Alongside the
normal processes of visual function deterioration that accompany aging, the
prevalence of visual impairments resulting from eye as well as brain pathologies is
increasing in the elderly population. According to the World Health Organization
(WHO, 2017), approximately 253 million people suffer from visual impairment
worldwide, of which 81% are aged 50 years and above. A study by Lopez et al. (2011)
showed that visually impaired elderly have an increased risk of falling and being
injured, which can lead to reduced mobility in daily life. In addition, the legal visual
requirements for driving licenses contribute to reducing the independent mobility
of the visually impaired. The European Directive (2015) demands a binocular visual
acuity of at least 0.5 and a horizontal visual field of at least 120 degrees for group
1 driving licences (includes cars and motorcycles). A number of authors consider
these guidelines as inadequate since they can potentially exclude from car driving
visually impaired people who would be practically fit to drive1 (Owsley, 2010; Owsley
& McGwin Jr., 2010; Shinar & Schieber, 1991). Since cars represent the main mode of
transportation in Western countries, the revoking of one’s driving licence can lead
to a severe decline in independent mobility and consequently independent living.
It must be realised, however, that legal visual standards have been introduced
to ensure the safety of drivers and other traffic participants. Finding a balance
1
Fitness to drive is the ability to drive safely and fluently, despite impairments caused by disease and
ageing, and when necessary, applying compensation in form of behavioural adaptations and/or auxiliary
devices (Brouwer & Ponds, 1994).
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between protecting the safety of traffic participants while supporting independent
mobility is therefore an important challenge.
In contrast to car traffic, there are no or only very limited legal visual standards for
the use of slow motorised vehicles in most countries. In this thesis, slow motorised
vehicles are defined as the class of motor vehicles with a speed limit of 45 km/h (28
mph) and include for example microcars, mopeds, or invalid carriages (e.g., “Cantas”
and mobility scooters). The absence of legal visual standards opens opportunities
for visually impaired people who require a motorised vehicle for their everyday
activities (e.g., living in rural areas and needing a vehicle to go food shopping) and
those who depend on their mobility scooter due to motor impairment. A number
of studies have demonstrated the value of mobility scooters. More specifically,
mobility scooter users reported an increased feeling of independency and showed
increased (social) participation in daily activities (e.g., shopping, visiting friends
and family, going for a ride) and improved health (Edwards & McCluskey, 2010;
Jedeloo, De Witte & Schrijvers, 2002; Löfqvist, Pettersson, Iwarsson, & Brandt, 2012;
May, Garrett, & Ballantyne, 2010; Mortenson et al., 2006; Thoreau, 2015). Yet, it is
important that traffic safety is warranted to protect both other traffic participants
and the visually impaired users themselves. Edwards et al. (2010), for example,
stated that 21% of the Australian mobility scooter and power wheelchair users
participating in the study reported being involved in an accident in the previous
year. Due to the relatively older age and increased fragility of the mobility users
and the fact that vehicles such as the mobility scooters are open vehicles and offer
less protection, accidents can have severe consequences (Leijdesdorff, Dijck, &
Krijnen, 2014; SVOW, 2012).
In the Netherlands, there are no medical regulations with regard to fitness to
drive slow motorised vehicles. Following article 5 of the Dutch traffic law2, road
users themselves are responsible for safe traffic participation. However, article 5 is
rather broadly formulated. Therefore, it can be observed that there are still many
questions and constraints with regard to the use of these vehicles. A driving licence
or a mandatory driving examination is not necessary for individuals who wish to
drive mobility scooters. Users as well as rehabilitation professionals, insurance
companies or governmental scooter allocators are often unsure about the visually
impaired users’ abilities to participate traffic safely using these vehicles. A survey
2
The Dutch traffic law states that “It is prohibited to behave in such a way that dangerous traffic situation
are or can be caused or that traffic is or can be hindered.” (Article 5, Dutch Road Traffic Act 1994)
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answered by professionals dealing with slow motorised vehicles (Healthcare &
Science, Municipalities, Private Organisations) revealed that 35% had difficulties
with assessing their clients’ abilities (associated with the professional’s feeling
of responsibility) and 33% felt they did not have the necessary tests to execute
such assessments (De Hoog, 2013). The participants of this survey agreed that
visual, cognitive, and motor functions play an important role when it comes to
driving safety, however, no specification was given of which precise factors they
deem important for determining practical fitness to drive. In contrast to car traffic,
there is little evidence-based knowledge available about the physical and mental
requirements to drive slow motorised vehicles safely and research on this topic
is scarce. Therefore, the goals of this thesis is to investigate driving safety in slow
motorised vehicles in people with various visual impairments. More specifically,
visual and cognitive factors that might influence safe traffic participation in
these vehicles will be explored in a number of different experiments. Focus will
be on mobility scooters and microcars, since these vehicles are most common
in rehabilitative practices and cover both the upper and the lower limits of the
possible speeds of slow motorised vehicles (5-45 km/h).
This thesis is part of the project Mobility4All: Slow motorised traffic for
visually impaired people that was established at Royal Dutch Visio, Centre of
Expertise for blind and partially sighted people, and executed in collaboration with
the University of Groningen, the Netherlands. Mobility4All is subsidised by ZonMW
(project number: 94309004). As part of the project Mobility4All, more information
on slow motorised vehicles has already introduced to the rehabilitation programme
at Royal Dutch Visio. Furthermore, more explicit attention has been given to client’s
questions about slow motorised traffic to ease implementation of the outcomes at a
later stage. In addition, a knowledge network for professionals working in different
sectors with slow motorised vehicles (“Kennisnetwerk Langzaam Gemotoriseerd
Verkeer, [KNLGV]”); e.g., municipalities, insurance companies, mobility scooter
allocators) was established to discuss and share knowledge on important matters
on this topic. This network was subsidised by the Novum Foundation (Stichting
Novum).
This first Chapter functions as a general introduction to set a framework for the
research reported in the following chapters and to introduce the concepts used
throughout this thesis. Chapter 2 gives an overview of the design and the set-up
of this research project and will describe the sample and the general methods.
11
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In Chapters 3 and 4, the results of an on-road mobility scooter driving test will
be discussed in terms of either driving ability/training or practical fitness to drive
respectively. Chapter 5 presents the outcomes of several driving tasks in a mobility
scooter and microcar driving simulator. The validity of these simulated driving tasks
will be explored in Chapter 6. Chapter 7 deals with the influence of cognitive
impairment on driving performance and Chapter 8 provides a general discussion,
practical implications of this project and suggestions for future research.
Figure 1.1. Mobility Scooter, Canta, Microcar (from left to right)

Mobility scooters
Mobility scooters belong to the class of invalid carriages and are official
mobility aids intended to support independent mobility for those with motor or
cardiovascular impairments (see Table 1.1 for more information). Thus, individuals
with visual impairment usually do not use these vehicles because of their visual
impairments, but because of additional physical impairments. Although the exact
numbers are unknown, the number of mobility scooters has grown over the past
years (Research Institute for Consumer Affairs, 2014). Over 90% of the users is
between 60 and 82 years old. The UK and the Netherlands are mentioned as the
countries with the most mobility scooters in Europe with about 200,000 – 300,000
vehicles per country.
In the UK, the term invalid carriage is an umbrella term for different classes
of mobility scooters and electric wheelchairs (UK Government, n.d.). In the
Netherlands, another form of invalid carriage, known as a Canta, exists. In contrast
to mobility scooters, Cantas are covered, have a maximum speed of 45km/h.
Although they only have a width of 1.10m, they are often mistaken for microcars.
12
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They are especially designed for people with (motor) impairment and are usually
adapted to an individual’s need and wishes (e.g., access via the rear of the vehicle
for wheelchair users). Although this thesis will not directly discuss Cantas, findings
will most likely be also applicable to these vehicles, since Cantas are similar to
both mobility scooters (in terms of legal regulations) and microcars (in terms of
physical capacity, e.g., speed). For this reason, Cantas are also briefly discussed in
this section.
In 2017, 25 fatal accidents were registered involving users of invalid carriages in the
Netherlands (Statistics Netherlands, 2018). In 2016, 2,700 people were reported to
need emergency treatment after being involved in an accident with their mobility
scooter (Van Rijn, 2016). Causes of the accidents were diverse and included, for
example, road condition, mobility scooter stability, or the user’s driving ability.
More specifically, in a report by Poort, den Hertog, Draisma, & Klein Wolt (2012),
accidents were described to be caused by uneven surfaces resulting in the mobility
scooter to tip, by other traffic participants colliding with the mobility scooter user,
by collision of the mobility scooter user him/herself with an obstacle, or by incorrect
operation of the mobility scooter (e.g., pushing the wrong lever by accident,
intending to brake but accidentally accelerating, steering faults). Van Baalen &
Boerwinkel (2011) reported that most difficulties were caused by the absence of an
active brake and the different speed settings. In general, it is not known if and how
visual impairment contribute to accidents.

Microcars
Microcars, light quadricycles, or light weight vehicles are small cars with a maximum
speed of 45km/h and make up 1.1 % of the EU-defined category L (2- and 3-wheel
vehicles and quadricycles; European Commission, 2010). Legally, microcars belong
to the group of mopeds and therefore the traffic rules for mopeds apply. In contrast
to mobility scooter and Cantas, a driving licence is necessary for these vehicles
(Table 1.1). In 2017, there were 19,757 microcars (1 per 1000 inhabitants) registered
in the Netherlands (Statistics Netherlands, 2017a), showing in increase of 20% since
2007. Other than mobility scooters, microcars are often used as an alternative by
visually impaired people who had to give up their car driving licence due to their
impairment. Thus, microcars play an important role for independent mobility for
visually impaired people.
In 2016, 44 accidents involving microcars and mopeds were registered in
13
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the Netherlands (Statistics Netherlands, 2017b). According to the Consumer
Safety Commission (2008), accidents in microcars had a similar fatality rate
(6.9%) compared to other vehicles (6.3%). In contrast, other risk assessment
studies from Austria and Germany showed that the number of fatal accidents
was much higher in microcars compared to regular cars due to the light
weight of the vehicles and it was concluded that microcars are less safe
compared to cars (Gwehenberger, J. Reinkemeyer & Kühn, 2008; Kühn, 2009).

Research on fitness to drive in slow motorised traffic
Driving is a complex task and driving safety is influenced by many different factors.
Driving safety will be discussed from three different perspectives: driving behaviour,
driving skill, and (medical and practical) fitness to drive (Brouwer, 2015).
Driving behaviour refers to observed everyday driving, including
habits such as driving during rush hour, driving slightly faster
than speed limits, never combining drinking and driving etc.
Table 1.1. Definitions and traffic rules of the different slow motorised vehicles
Vehicle

Description

Mobility
Scooter

Official motorised
mobility aid
for people with
mobility problems

Max. speed
8-25km/h

Open vehicle
Max. width 1.10m
Three, four, or five
wheels
Usually battery
powered
Used indoors and
outdoors
Can be adapted to
the needs of users
(e.g., steering tiller)

Licence
a

None

Traffic rules

Other regulations

Regulations

Minimum age
above a certain
speed limit

depend on
individual
countries

Usually free
choice of way
(allowed on
pavements,
bicycle lanes,
and roads)
Speed has to
be adapted
to speed of
particular
road users,
e.g., maximum
speed on
sidewalk: 6km/h
(Germany, the
Netherlands,
UK)
Not allowed on
motorways

a

14
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required
Some institutions
offer training
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Table 1.1. Definitions and traffic rules of the different slow motorised vehicles
Vehicle

Description

Canta

Official motorised
mobility aid for
people with mobility problems

Max. speed

Licence

45 km/h

None

Closed vehicle
Max. width 1.10m
Four wheels

45km/h

Max. weight of
350kg excluding the mass of
batteries in electric
versions
Engine capacity of
less than 50cm3 or
max. power of 4kW
a

Free choice of
way (allowed
to drive on
pavements,
bicycle lanes,
and roads)

Min. age: 16 (>
10km/h in the
Netherlands)
Driving tests not
required
Some institutions
offer training

Not allowed on
motorways

Can be adapted to
the needs of users
(e.g., for wheelchair
users)
Four wheels

Other regulations

Max. speed on
sidewalk: 6km/h

Mostly used in the
Netherlands

Microcar

Traffic rules

AM4

Only allowed on
the road
Follows rules of
car traffic
Not allowed on
motorways

Germany: > 15km/h driving licence AM

Driving behaviour can be directly observed, in principle. A very crude direct
measure is crash involvement and a more sophisticated direct measure is
continuous monitoring of driving behaviour by camera systems, motion detectors
and computer subsystems built into cars (“naturalistic driving”). More often, driving
behaviour is measured indirectly with questionnaires. Driving skill indicates how
well a person can safely and smoothly manoeuvre a vehicle in various road and
traffic conditions according to traffic rules. It involves the procedural and declarative
knowledge of driving, is learned in driving lessons and is further enhanced with
driving experience. Driving skill is usually assessed in a representative driving test,
when a person attempts to perform at maximal level and where candidates know
they are being assessed. This distinguishes driving skill from driving behaviour,
which is assessed in natural conditions, when there is no incentive to perform
as safe and agile as possible. Medical fitness to drive concerns the physical
disposition, including inborn abilities and acquired impairments caused by disease
15
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and aging, that allow the acquisition and maintenance of safe smooth driving.
Regulations have been made with regard to various medical conditions that can
have significant effects on visual perception, sustained attention, reaction speed,
and critical sense.
However, these regulations often do not take the possibility of compensation into
account. To a certain extent, people are able to compensate for impaired fitness to
drive. For example, someone who has difficulties with complex intersections could
plan ahead and choose a route that does not contain such complexity. The model
described in the following indicates how people with impairment could integrate
compensational strategies to be able to drive safely despite their impairment.
Michon (1985) proposed a hierarchical model of driving, dividing the driving task
into three levels: the strategic, the tactical and the operational level. The strategic
level involves the planning and preparing of the drive whereas the tactical level
includes manoeuvring of the vehicle, such as anticipation, adjusting speed, distance
to other traffic and taking into account their possible future actions. If a car in front
suddenly brakes, a crash can be avoided easily when a safe following distance is
maintained. But tactical driving skill is not just driving slowly or keeping distance. It
is important that speed and position are adapted to the road and traffic situation.
Very large following distances and very low cruising speeds can also indicate poor
driving skill on a tactical level, not properly anticipating other drivers’ reactions.
Operational aspects concern control of the steering wheel, controls and pedals
in relation to the changing road and traffic situations.
Driving behaviour is related to the strategic level of driving in so far as it includes
the planning of a drive, such as choosing the route, and time of the day. It is also
related to the tactical level in the choice of preferred cruising speed, following
distance etc. Driving skill is linked to both the operational and tactical levels of
driving.
The strategic and tactical level in particular are suitable levels to employ
compensation effectively, since these two level allow more time to react in a
particular situation compared to the operational level. Whereas there might be
relatively little time for visually impaired people to react on the operational level
(action is required instantly, milliseconds), there is a little more time available
on the tactical level (seconds) and even much more time on the strategic level
(hours, days). Avoiding the rush hour or night time whilst planning a drive or
16
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keeping a safe distance from other traffic participants, for example, can decrease
exposure to challenging situations and add more time to react in case of a hazard.
Traditionally, regulations on medical fitness to drive did not take into account the
opportunities that drivers have on the tactical and strategic level to adjust driving
behaviour, and for driving skill to compensate for the impairments, including the
use of technology. In the last 50 years it has been shown in scientific studies that
many drivers with significant impairments in visual functions, visual perception,
and reaction speed could nevertheless be safe and fluent drivers (e.g., Brouwer &
Withaar, 1997; De Haan et al., 2014; Lundqvist & Alinder, 2007; Melis-Dankers et al.,
2008; Owsley, 2011; Tant, Brouwer, Cornelissen, & Kooijman, 2002; Van Zomeren,
Brouwer, & Minderhoud, 1987; Wadley et al., 2009). In response to that, the new
concept of practical fitness to drive has been included in the regulations.
Drivers that do not meet the medical requirements for driving have the safety
and fluency of their driving skill assessed in a special on-road test, even in the
case of significant visual and cognitive limitations. During that assessment they
are expected to use and demonstrate the compensations (behavioural, tactical
and technological) they have learned to use. Practical fitness to drive thus refers to
driving skill and driving behaviour adapted in such a way that the impairments are
sufficiently compensated, and resulting in safe and smooth driving.
Whereas fitness to drive is well studied in car driving, very few studies address the
concept in slow motorised traffic (see a depiction of the existing studies below).
Most literature on slow motorised traffic is descriptive or focuses on training
programmes for mobility scooters or electric wheelchairs (Erren-Wolters, van
Dijk, de Kort, Ijzerman, & Jannink, 2007; Hasdai, Jessel, & Weiss, 1998; Jannink,
Erren-Wolters, de Kort, & van der Kooij, 2008) and on the development of
driving assessments (Dawson, Kaiserman-Goldenstein, Chan, & Gleason, 1995;
Letts, Dawson, & Kaiserman-Goldenstein, 1998). The importance of visual and
cognitive factors is generally highlighted when determining eligibility to drive slow
motorised vehicles (De Hoog, 2013; Mortenson et al., 2005), but the influence of
these factors on safe driving performance has not been shown yet, and neither
have the opportunities for compensation.

Visual functions
Very few studies have looked at the relationship between visual functions and driving
performance in mobility scooters. Therefore, also literature describing driving safety
17
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in electric wheelchairs are considered. Massengale, Folden, McConnell, Stratton, &
Whitehead (2005) studied the effect of visual acuity, ocular motor functions (pursuits
and saccades), stereo depth vision, field of vision, binocularity, and colour vision
on power wheelchair driving performance measured by the Power Mobility Road
Test (PMRT). The PMRT consists of a structured part, such as performing several
driving manoeuvres, and an unstructured part, in which participants have to react
to unexpected occurrences. Performance was measured on a 4 point scale, with 4
equivalent to optimal performance and 1 indicating that the element could not be
completed. Sixty-one adults using a joystick operated wheelchair for a minimum
period of three months and with a minimal visual acuity of 0.1 were included.
The authors found that ocular motor functions (medium to large effect), field of
vision (medium effect), stereodepth perception (medium effect), and far binocular
vision (medium effect) had a significant correlation with driving performance.
Furthermore, near visual acuity (medium effect), stereodepth perception (medium
effect), far binocular vision (medium effect), ocular motor functions (medium to
large effect) and visual field (large effect) correlated significantly with the time
required to complete the PMRT. Colour vision did not affect driving performance.
Another study by Letts et al. (2007) examined the visual field of 34 adult drivers of
power mobility devices using the confrontational method3 as part of their validation
process for the Power-Mobility Community Driving Assessment (PCDA). The PCDA
was developed as a tool to assess adults’ driving performance in powered mobility
devices and to identify further training necessities. The authors stressed, however,
that the PCDA is not a test to determine fitness to drive. Instead, improving mobility
through identifying difficulties and training them was emphasised. With regard to
visual field assessment, no relationship between visual field size and PCDA score
could be found.
In contrast to Letts et al. (2007), Nitz (2008) developed an instrument to actually
determine the skills that are necessary to safely drive mobility scooters. The driver’s
competency test includes an obstacle course comprising a number of unexpected
elements and an unstructured part on the road. Fifty adults with no prior mobility
scooter driving experience completed the test. Visual acuity in a high and a low
contrast condition was assessed, but was not correlated with driving performance
A quick method without the use of equipment to detect peripheral visual field defects. The individual to
be assessed fixates centrally whereas the examiner stands opposite the subject at approximately 1 meter
distance and moves their hands in and out of a patient’s visual field to find the extensions of the visual
field.

3
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as measured by the driver’s competency test.
As described above, attempts have been made to identify visual functions and
impairment that might be important for slow motorised driving safety. Yet, research
is still scarce and studies vary widely in experimental design which makes them
difficult to compare and therefore to draw robust conclusions. There is thus a need
for more experimental studies that investigate the effect of visual functions and
impairment in a controlled way.

Cognitive functions
Apart from looking at visual functions, a number of the studies described above
also attempted to determine the cognitive functions thought to be relevant for
traffic safety in slow motorised vehicles. Massengale et al. (2005) included several
cognitive measures which they linked to power wheelchair driving performance
as assessed by the PMRT. Specifically, they included the revised Motor Free Visual
Perception Test (MVPR-R; spatial relationships, visual discrimination, figure-ground
perception, visual closure, and visual memory), the Test of Nonverbal Intelligence
(TONI-3; problem solving, abstract reasoning, aptitude, and intelligence), and
the revised Wechsler Adult Intelligence scale (WAIS-R; subtests: Digit Span,
Comprehension, and Picture Completion). Sixty-one adults performed these
tests. The authors showed that wheelchair driving performance was significantly
correlated to all cognitive measures applied, with strengths of the relationships
varying from low to moderate. Visual perception (MVPT-R; r = 0.591), Picture
Completion (WAIS; r = 0.418), and TONI-3 (r = 0.392) showed the strongest
relationships. Likewise, all measures were significantly correlated to the average
time participants needed to complete the PMRT. Again, visual perception (r =
-0.707) and picture completion (r = -0.418) showed the strongest correlation,
suggesting that visual cognitive abilities as well as getting an overview of a visual
scene are associated with a better use of powered wheelchairs.
In their study on intensity and duration of powered mobility training to ensure safe
use of slow motorised vehicles, Hall, Partnoy, Tenenbaum, & Dawson (2005) looked
at the relationship between general cognitive functioning and visual neglect and
powered mobility indoor use. The Mini Mental Status Examination (MMSE) was
used as a measure of cognitive functioning and the Bell’s Test was incorporated
to assess visual neglect. Indoor use of powered mobility was measured using
the Power-Mobility Indoor Driving Assessment (PIDA). Thirteen adults from two
19
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different care institutions with different kinds of mobility limitation took part.
Results revealed no statistically association between the cognitive measures and
driving performance. There are, however, several drawbacks in the design of the
experiment, which could have contributed to the non-conclusive results. Apart
from the small sample size, the experimenters used different training protocols in
the two institutions taking part in the study, and the demographics of participants
in the two institutions differed, which could have had an undesired influence on
the results.
Apart from visual factors, Letts et al. (2007) examined various cognitive functions
in 34 participants in order to assess the construct validity of the PCDA. General
cognitive functioning was measured with the Standardised Mini Mental Status
Examination (SMMSE), visual perception with the Motor Free Visual Perceptual
Test and problem solving was assessed using the Behavioural Assessment of the
Dysexecutive Syndrome. None of the measures were related to driving performance.
Summarizing, there are indications in at least one study that cognitive functions
contribute to traffic safety. Especially visual perception was found to have
a relationships with safe driving performance. However, findings about the
relationship between cognitive functions and driving performance are not very
robust between studies. Reasons could be the different characteristics of the
samples chosen (age, type of vehicle, driving experience), or the tests used to
measure driving performance. Therefore, there is a need for more controlled
experiments to investigate the role of cognitive functions in slow motorised traffic.

20
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Study Design

Chapter 2

Because Chapter 3, 4 and 5 have been based on published journal articles, some
overlap might occur between these chapters and the present one. The goal of this
chapter is to give a more in-depth understanding of how this study was designed
and how the different parts of the study have been developed.

Participants
Both normal-sighted and visually impaired individuals took part in the project.
Participants were recruited using digital and paper newsletters within Royal Dutch
Visio, Bartiméus, patient organisations and local newspapers. To those who
showed interest in participating in the study, a letter was sent including a short
questionnaire, a letter of consent, and for visually impaired people a consent form
to obtain their medical data from their ophthalmologist or rehabilitation centre.
The questionnaire included questions about personal details (e.g., age), visual
functioning, and physical and mental health, and was used to make a pre-selection
of potential participants. Possible participants had to be between 50 and 75 years
of age, and be free from neurological disorders (e.g., dementia, acquired brain
injury, oculomotor dysfunction), psychiatric disorders, motor impairment that
would hinder the operation of a mobility scooter (e.g., tremor), severe hearing
problems, or alcohol or drug addiction. Visual inclusion criteria were based on
the Dutch visual standards for car driving (Table 2.1). In line with the European
visual standards for driving, minimum visual acuity and visual field for car drivers
in the Netherlands are 0.5 (decimal Snellen notation) and 120° respectively. In
exceptional cases people with either visual acuity between 0.4 and 0.5 or horizontal
visual field between 90 and 120° can get a regular driving licence after a positive
practical fitness-to-drive test by the Dutch driving licence authority (Centraal
Bureau Rijvaardigheidsbewijzen, CBR). In addition to that, people with a visual
acuity between 0.16 and 0.5 can be allowed to drive cars with a bioptic telescope
system (BTS). Therefore, we created two groups of participants with low visual
acuity: those that were legally allowed to drive a car under certain circumstances
(low visual acuity) and those that were not legally permitted to drive cars (very low
visual acuity). Only those people whose visual impairment matched those criteria
were invited to take part in the experiment.
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Table 2.1. Classification of participant groups based on visual abilities
Group

Definition

Very low visual acuity

Binocular visual acuitya: 0.01–0.15 (Snellen 6/600–6/40 or
20/2000–20/133; LogMAR 2–0.82; intact peripheral field
(peripheral VFS > 30/40)

Low visual acuity

Binocular visual acuity: 0.16–0.4 (Decimal Snellen; 6/38–
6/15 or 20/125–20/50; LogMAR 0.8–0.4); intact peripheral
field (peripheral VFSb > 30/40)

Peripheral visual field defect

Binocular visual acuity ≥ 0.5 (Snellen ≥ 6/12 or 20/40;
LogMAR ≤ 0.3); peripheral visual field impairment outside
central 20°
(peripheral VFS ≤ 30/40)

Combination

Combination of low visual acuity and visual field defect;
binocular visual acuity ≤ 0.5 (Snellen ≤ 6/12 or 20/40;
LogMAR ≥ 0.3) and non-specified peripheral visual field
defect or central visual field defect inside 20° (central VFS
≤ 50/60)

Controls

Binocular visual acuity ≥ 0.8 (Snellen ≥6/8 or 20/25;
LogMAR ≤ 0.1); no peripheral or central visual field defects

a
b

own prescription
Visual Field Score (Colenbrander, 2001); explanation see in text

Table 2.2. Visual information per group. Binocular visual acuity is displayed in
its decimal Snellen notation. The Visual Field Score is calculated using the III4e isopter of the Goldmann perimeter.

Binocular visual
acuity
Median ± IQRa
Range
VFSb (mean ± SD)
Total
Peripheral
Central
a

Very low
visual acuity

Low visual
acuity

Peripheral
visual field
defect

Combined
group

Control
group

0.08 ± 0.05
0.03 - 0.15

0.22 ± 0.10
0.17 - 0.40

0.94 ± 0.41
0.57 - 1.22

0.25 ± 0.28
0.03 - 0.74

1.14 ± 0.37
0.84 - 1.68

n/ac

n/ac

44 ± 22
6±7
38 ± 18

67 ± 20
18 ± 9
48 ± 20

97 ± 1
38 ± 10
60 ± 0

IQR = Interquartile Range
VFS = Visual Field Score (Colenbrander, 2001, explanation see in p. 18)
c
Due to our assessment method for visual field size (Goldman perimeter) the VFS could not be
reliably measured for these groups
b
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Based on the first selection, 105 participants took part in the experiment. Visual
functions (visual acuity and visual field; see further below) were assessed as part
of the experiment to establish correct visual data on the day of the assessment.
Based on this assessment, 7 participants had to be excluded from analysis since
these participants did not fit in any of the categories described in Table 2.1. The
exact number of participants per group is dependent on the different parts of the
experiment and is reported is the relevant chapters. A summary of the average
visual ability per group is given in Table 2.2.

Procedure
The experiment took place at the University Medical Center Groningen (UMCG),
the Netherlands, and took approximately 6 hours per participant to complete.
Participants started with a neuropsychological test battery, followed by visual
functioning assessment, a mobility scooter training session and on-road drive in
a mobility scooter, and a number of drives in a microcar- and mobility scooter
driving simulator. Sufficient breaks were implemented and lunch was offered to
prevent fatigue and a decline in attention.

Visual functioning
On the day of the experiment, visual functioning was assessed binocularly with
the participants’ own prescription at 500 lux. Visual acuity was measured using the
Early Treatment Diabetic Retinopathy Study (ETDRS) 2000 letter chart at 4 metres
(Ferris, Kassoff, Bresnick, & Bailey, 1982). Peripheral visual field was determined with
the III-4e-isopter of the Goldman perimeter.
An independent orthoptist converted the measured visual field into a visual field
score (VFS). The VFS is a measurement determining the impact of visual field
impairment on mobility (Colenbrander, 2001, Rondinelli, 2007). The score can be
calculated by counting points according to a standardised overlay grid (Langelaan,
Wouters, Moll, Boer, & Rens, 2005), using the III-4e isopter of the Goldmann
perimeter. In total, 100 points can be achieved covering a field with a mean radius
of 60°. Fifty percent more weight is given to the lower quadrants, since this part is
more important for mobility (Rondinelli, 2007). In this experiment, a maximum of
60 points are given to the central visual field (20°); the peripheral visual field has
a maximum of 40 points. Inclusion criteria were a score of less than 50 points for
the central visual field (out of 60 possible points), and less than 30 points (out of
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40 possible points) for the peripheral visual field.

Neuropsychological assessment
A neuropsychological test battery was composed that met a number of criteria: (1)
Tests were previously used in research on driving performance, (2) tests had to be
feasible for people with visual impairment, (3) the maximum total duration of the
tests had to be approximately 20 minutes to keep the workload to a minimum, (4)
tests had possibly good validity and were internationally recognised. The choice
of the neuropsychological tests was based on the knowledge of five independent
experts involved in fitness-to-drive regulations in the Netherlands and Belgium
and specialised in visual rehabilitation and neuropsychology. The decision process
consisted of three steps: (1) collecting suitable tests (via email), (2), ranking of
proposed tests followed by discussion (face-to-face meeting 1st round), (3) second
ranking followed by discussion (face-to-face meeting 2nd round). After the second
round of ranking, seven tests were chosen to be part of the neuropsychological
test battery: Mini Mental Status Examination (MMSE), Trail Making Test (TMT),
Rey Osterrieth Complex Figure, Schuhfried Reaction Times (Vienna Test System),
Schuhfried Determination Test (Vienna Test System), Dot Counting Task, and
Vlakveld Hazard Perception Task. To increase luminance contrast for the visually
impaired participants and to improve scoring accuracy, a tablet version was created
for the TMT and the Rey Osterrieth Complex Figure (software by Metrisquare B.V.,
Sittard, the Netherlands). Apart from the fact that participants drew on a 21-inch
tablet instead of on paper, the tests did not differ from their original version. Before
starting with the tests themselves, participants were given the opportunity to draw
and write on the blank tablet screen to get accustomed to the tablet. The tablet
was connected to a laptop which was used to start and stop the tests and on
which the tests and the participants’ performance was displayed in real time. The
individual tests are described in more detail in Chapter 7.

Mobility scooter
For the purpose of this study, a mobility scooter with 3 wheels and a maximum
speed of 15km/h was used (Excel Excite 3 Galaxy). This model is commonly used
in the Netherlands. It is an open vehicle that is 65cm wide and 141cm long. A
mirror was fitted on each side of the tiller. Accelerating and decelerating are both
regulated by the same finger-controlled throttle (Figure 2.1), which is frequently
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used in mobility scooters. The throttle works on a see-saw principle: pulling the
right throttle has the same effect as pushing the left throttle and vice versa. Pulling/
pushing the throttle harder will increase the speed of the mobility scooter. To drive
forwards, the right throttle is pulled (or left is pushed), to drive backwards, the
left throttle is pulled (or right is pushed). The mobility scooter has an electromechanical dynamic, regenerative braking system (pulling/pushing the throttle
disables the brakes). When the throttle is released, the mobility scooter slows down
and stops. Braking is therefore not necessarily an active process as people are used
to on bicycles, for example. Although a rear disk brake is fitted with a lever on the
tiller, it is not commonly used. Furthermore, maximum speed can be limited by
pressing the “turtle-button” (for low maximum speeds up to 6 km/h suitable for
driving on the sidewalk) and/or turning a knob on the dashboard (Figure 2.1).
Our mobility scooter was modified by the official supplier for the purpose of this
study (Schreuder Revalidatietechnieken, Groningen, the Netherlands). First, a
supplementary emergency stop, operated with a remote control, allowed the test
leader to stop the mobility scooter directly at all times from a distance. Second, to
allow use of the mobility scooter as a mock-up in the driving simulator, the mobility
scooter was equipped with the necessary interfacing to connect the mobility
scooter to the PC’s running the driving simulator software. More information on
Figure 2.1. Mobility Scooter dashboard
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the mobility scooter is described in Chapter 3, Chapter 4, and Chapter 5.

Driving simulator
The driving simulator consisted of a microcar or mobility scooter mock-up that
stood in front of three big screens (ST Software Simulator Systems, Groningen,
the Netherlands; Figure 2.2). The screens were arranged in a U-shape around the
mock-ups, enabling a 180° view of the traffic environment. The microcar driving
simulator projections further included a rear mirror. A fixed-base mock-up was
used to assess driving performance in microcars. The mock-up consisted of a
standard open car cabin, including an adjustable seat, steering wheel, indicators,
pedals (accelerator and brake), a hand brake, and an automatic gear system. The
maximum speed was 45km/h (the legal speed limit of microcars). The distance
from the steering wheel of the mock-up to the middle screen was 110cm. The same
mobility scooter that was used for the driving ability and on-road driving test as
describes above was used for the driving simulator as well. The advantage of using
the same mobility scooter was that participants were already accustomed to the
mobility scooter, thereby improving the validity of the driving simulator tasks. The
mobility scooter was positioned in front of the middle screen at a distance of 80cm
from the front of the mobility scooter. Maximum simulated speed was 15km/h
(the physical speed limit of the mobility scooter). The cabins were connected to
three PC’s running the software for the driving simulation. The simulation software
calculated all vehicle movements in the simulated world and the counterforces
that acted on the steering in the vehicle model. The speed of acceleration and
braking of the driving model in the simulator was kept the same as in the real
world driving assessments.
Figure 2.2. Microcar (left) and mobility scooter (right) driving simulator
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The screen projectors operated at a frequency of 60Hz. The middle screen had
a resolution of 1920x1080, the side screens had a resolution of 1024x768. The
dimensions of the projections were 200x110cm. The software generated motor
sounds of the microcar and mobility scooter and of the surrounding traffic, which
was reproduced by two speakers positioned in front of the middle screen.
Environments
The virtual environments were especially designed for the purpose of this
experiment. Three environments were developed for the microcar and mobility
scooter simulator using ST simulation software (ST Software Simulator Systems,
Groningen, the Netherlands). In the microcar driving simulator, participants drove
only on the road, whereas for the mobility driving simulator, both a road and
a pavement condition existed. For both vehicles, virtual environments with and
without static obstacles and autonomously moving traffic agents were created.
Obstacles and traffic agents were designed with different characteristics to explore
if certain types of obstacles posed more difficulties for visually impaired people
than others. These four different characteristics were: (1) small and low contrast
(e.g., grey bollard), (2) small and high contrast (e.g., coloured bollard), (3) big and
low contrast (e.g., grey parked car), and (4) big and high contrast (e.g. coloured
bin). In addition, obstacles were either placed to the left or the right of the driving
lane. Moving traffic agents were calculated by the software and controlled by
a script that regulated all intended traffic interactions and conflicts during the
simulator drive (e.g., cars, trucks, bicycles, pedestrians). They were divided into
three categories: (1) coming from the left at an intersection, (2) coming from the
right at an intersection, or (3) had to be overtaken (slow traffic agents travelling
in the same direction and traffic agents approaching from the opposite direction).
The different types of traffic agents were thus particularly aimed at people with
visual field defects. Examples of the different types of obstacles can be viewed in
Figure 2.3. A more detailed description of the different environments is given in
Chapter 5.
Determination of parameters
The following parameters were measured during the driving simulator drives:
driving speed, lateral position (lateral position is calculated as the mean lateral
position relative to the driving lane centre), standard deviation lateral position
(SDLP), distance between the microcar/mobility scooter and objects or traffic
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Figure 2.3. Obstacles with different characteristics: a) branch on the road
(small and low contrast); b) coloured bollards (small and high contrast); c) tree
stumps (big and low contrast); d) container (big and high contrast)
a)

b)

c)

d)

agents, collisions with either objects or traffic agents, and time-to-collisions (TTC;
the time at which a collision with another object (moving or static) will occur
given the current speed and direction of the driver). In order to measure these
parameters in the environments, a system was developed by ST Software to register
these parameters. More specifically, static objects and moving traffic agents were
geometrically defined in such a way that distances could be calculated (Figure 2.4).
To calculate the exact distance between the moving vehicle and an object/traffic
agent at any given time, the vehicle was defined geometrically as well. This was
achieved by adding a number of detection layers to the vehicle which extended
up to 5m outside the vehicle. The distance of each of the different layers was
set at 0.10m. As the vehicle approached an object, the object came into contact
with the layers, enabling the calculation of the distance between moving vehicle
and object. More specifically, the layer closest to the moving vehicle that came in
contact with an object was used to give the minimum distance from the vehicle to
the object (see Figure 2.5 for a simplified illustration of distance detection).
The TTC was continuously calculated based on speed and direction of the moving
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Figure 2.4. Geometrical definition of the objects in the virtual environment

vehicle for all objects and traffic agents in the in driving environment. To take
both speed and direction into account when measuring the TTC, the moving
vehicle itself and other dynamic traffic participants were equipped with a virtual
tube that consisted of a number of segments. The total length of the tube was
4 seconds, and its lengths and direction depended on the speed of the moving
vehicles and the steering direction respectively. The higher the speed, the longer
the tube. The origin of this tube corresponded with the front part of the moving
vehicle and was thus able to predict where the moving vehicle would be in 4
seconds provided that speed and direction stayed the same. The estimation of the
TTC started as soon as the tube intersected an object along its path (see Figure
2.6 for a simplified illustration of the virtual tube). Other dynamic traffic agents
Figure 2.5. Determination of distance between vehicle and object
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were also equipped with a virtual expanding tube. Whenever the moving vehicle
encountered a dynamic traffic agent, the TTC would be estimated as soon as the
tube of the moving vehicle and the tube of the other traffic agents crossed (Figure
2.7 for a simplified illustration). A TTC of zero indicated a collision.
Figure 2.6. Determining the TTC with a static object using a virtual tube
a) Collision predicted (TTC < 4)

b) No collision predicted due to direction (TTC > 4s)
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c) No collision predicted due to low speed (TTC > 4s). The relatively lower
speed in this situation compared to a and b can be seen on the basis of the
shorter length of the tube and the shorter distances between the different
discs
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Figure 2.7. Determining the TTC with a moving traffic agent at a crossing.
a) Collision predicted (TTC < 4s): The moving traffic agent (blue) has a higher speed
than the microcar driven by the participant (green), which can be seen on the basis of
the length of the tube. If both vehicles continue with the same speed and direction, a
collision will take place

b) No collision predicted (TTC > 4): The microcar has a higher speed than the traffic
agent and will have left the crossing before a collision can take place if both vehicles
continue with the same speed and direction.
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CHAPTER 3
Mobility Scooter Driving Ability In Visually
Impaired Individuals

A version of this chapter has previously been published as Cordes,
C., Heutink, J., Brookhuis, K.A., Brouwer, W.H., Melis-Dankers,
B.J.M. (2018). Mobility scooter driving ability in visually impaired
individuals. Disability and Rehabilitation, 40(12), 1372-1378
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Abstract
Goal of this study was to investigate how well visually impaired individuals can
learn to use mobility scooters and which parts of the driving task deserve special
attention. For this purpose, a mobility scooter driving skill test was developed to
compare driving skills (e.g., reverse driving, turning) between 48 visually impaired
(very low visual acuity = 14, low visual acuity = 10, peripheral field defects = 11,
combination of visual impairments = 13) and 37 normal-sighted controls without
any prior experience with mobility scooters. Performance on this test was rated
on a 3-point scale. Furthermore, the number of extra repetitions on the different
elements were noted. Results showed that visually impaired participants were able
to gain sufficient driving skills to be able to use mobility scooters. Participants
with visual field defects combined with low visual acuity showed most problems
learning different skills and needed more training. Reverse driving and stopping
seemed to be most difficult. Concluding, the present findings suggest that visually
impaired individuals are able to learn to drive mobility scooters. Mobility scooter
allocators should be aware that these individuals might need more training on
certain elements of the driving task.
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Introduction
Mobility scooters are powered mobility devices that can enhance independent
mobility in individuals with motor problems (Schepers, 2007). In Europe, Great
Britain and the Netherlands are the leading countries with approximately 200,000
– 300,000 mobility scooter users. Mobility scooters have been shown to increase
activities, community participation, and independent living of users, thereby
preventing negative consequences of restricted mobility (Auger et al., 2008;
Edwards & McCluskey, 2010). They are especially important for medium distances
(1.0 – 7.5km) in daily life, for example to visit family and friends, to keep a doctor’s
appointment, or to go shopping (Schepers, 2007).
Since mobility scooters are mainly used by elderly people, most users are likely
to have more than just one health issue. Comorbid disorders other than motor
impairment can influence the safe use of mobility scooters, and, depending on the
seriousness of the comorbidity, they can even prevent individuals from driving them.
Since the occurrence of visual impairment increases with age, visual impairment is
a common comorbidity amongst elderly mobility scooter users. Visual impairment
has been shown to influence the safe use of motor vehicles in fast traffic (e.g.,
cars). Therefore, legal standards of vision for driving have been introduced for
the use of cars (visual acuity > 0.5, visual field > 120°), but in contrast, there are
no such regulations for the use of mobility scooters in most countries. A driving
licence is neither required. The absence of legal standards of vision for driving
visual regulations for mobility scooters has advantages, since these vehicles are
meant to support and optimise independent mobility (Letts et al., 1998). Not being
able to use their mobility scooter might be detrimental for affected individuals
(Oxley & Whelan, 2008), since restricted mobility is related to a lower quality of
life (Carp, 1988; Ragland et al., 2005; Williams & Willmott, 2012). A disadvantage of
the absence of standards of vision for driving a mobility scooter is that individuals
with a visual impairment or professionals advising them may be uncertain about
the question whether it is safe to participate in traffic. This uncertainty may lead
to a dilemma for professionals: Advising or perhaps training the use of a mobility
scooter for a visually impaired individual at the risk of decreasing traffic safety, or
advising against the use of a mobility scooter at the risk of unnecessarily limiting a
visually impaired individual’s independent mobility. For this reason it is important
to study mobility scooter driving safety in visually impaired individuals.
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When investigating driving safety, it is important to distinguish three concepts:
fitness-to-drive, driving ability, and driving behaviour. Fitness-to-drive is defined
as the medical requirements to learn and execute the driving task (e.g., visual,
cognitive, or motor abilities). Low visual acuity, for example, can hinder drivers
to read traffic sign; a paresis in one arm has consequences for steering a vehicle.
Driving ability refers to the declarative and procedural knowledge of driving
(e.g., operation of vehicle); in other words, a typical driving test for novice drivers
focuses particularly on these elements to determine how well the driving task has
been learned (Selander, 2012). Driving behaviour describes how a driver chooses
to behave in a certain traffic situation (e.g., keeping or exceeding maximum speed,
driving slower in busy traffic). Especially in mobility scooters, driving ability needs
to be assessed in inexperienced drivers before deciding on the role of fitness-todrive on driving safety. For people with impairments, failing to assess driving ability
increases the risk of attributing difficulties to the impairment rather than to an
underdeveloped driving ability and puts these people at disadvantage. Particularly
the counterintuitive operation in mobility scooters (releasing the forward lever
instead of actively pressing a lever to brake) makes training and assessment of
driving ability necessary. This line of thought is illustrated by Schepers (2007), who
reported that the main reasons for accidents in the Netherlands are precariously
high speeds when driving around corners or mistakes in operation of the mobility
scooters. These examples describe failures in driving ability or driving behaviour
rather than inadequate fitness-to-drive. Accordingly, Nitz (2008) showed that more
than half of the healthy novice mobility scooter drivers participating in her study
had difficulties with at least one item, but improved after a number of training
sessions.
In the public literature, no study has yet investigated driving ability in visually
impaired individuals in mobility scooters. Due to their impairment, visually impaired
individuals might need more training or specifically directed training; yet, there is
no widely accepted approach in how to test and train mobility scooter driving
ability in these individuals. Therefore, we performed an extensive experiment
looking at different factors that are related to the driving safety of visually impaired
individuals in mobility scooters. The present study specifically focussed on the
driving ability by assessing how well visually impaired individuals are able to learn
to use mobility scooters compared to a group of normal-sighted controls. To
measure driving ability, a driving skill test that included a short instruction and
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training of several driving skills was used. Furthermore, it was investigated which
elements parts of the driving task deserve special attention in further training.
A number of studies have shown that anxiety can impact performance in mobility
tasks (Fairclough, Tattersall, & Houston, 2006; Welsh, 2010; Wilson, Smith,
Chattington, Ford, & Marple-Horvat, 2006). Especially visually impaired people
are often reported to experience more anxiety than normal-sighted people in
corresponding age groups (Zijlstra, Ballemans, & Kempen, 2012) which includes
responding with distress and fear in (unknown) mobility situations (Welsh, 2010;
Zijlstra et al., 2012). Previous driving experience in motor vehicles and experienced
anxiety were therefore taken into account to explore the potential influence of
these factors on driving performance.

Methods
Participants
Forty-eight visually impaired participants and 37 healthy controls took part in
the experiment. Participants were divided into 5 different groups as described in
Chapter 2, resulting in 14 participants with very low visual acuity, 10 participants
Table 3.1. Participants’ characteristics
Visually impaired
participants (n = 48)

Normal-sighted
controls (n = 37)

17
31

14
23

Age
(mean year ± SD

61 (± 7.7)

Distribution of
educational level
(1/2/3/4/5/6/7)a

Sex
Female
Male

MMSEb
(mean ± SD)
Driving experience
(mean year ± SD)

Test statistic (df)

p

61 (± 6.0)

t (83) = 0.236

0.814

0/2/0/3/14/22/7

0/0/0/0/13/20/4

χ2 (4) = 4.604

0.330

28.06 (± 1.72)

28.43 (± 1.39)

U = 797.5

0.412

25 (± 14)

38 (± 10)

U = 357.5

<0.001

a
(1) Less than six years of primary education. (2) Finished six years of primary education. (3) Six years
primary education and less than two years of low level secondary education. (4) Four years of low
level secondary education. (5) Four years of average level secondary education. (6) Five years of high
level secondary education. (7) University degree.
b
Mini Mental Status Examination, a screening tool for general cognitive functioning. A score below
24 indicates cognitive impairment
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with low visual acuity, 11 participants with peripheral field defects, 13 participants
with a combination of visual impairments, and 27 normal-sighted controls. Visually
impaired participants did not significantly differ from normal-sighted controls with
regard to age, level of education (Spek & Velderman, 2013), and general cognitive
functioning (Table 3.1). Normal-sighted controls had more driving experience
with motorised vehicles than visually impaired participants. The experiment was
approved by the Ethical Committee Psychology of the University of Groningen,
the Netherlands, according to the Declaration of Helsinki. All participants provided
written informed consent.
Mobility scooter driving skill test
The driving skill test took place in a relatively quiet part of the UMCG using the
mobility scooter described in Chapter 2 and lasted approximately 15 minutes. It
consisted of 15 elements that were based on the official national mobility scooter
course developed by “Blijf Veilig Mobiel [Staying Mobile Safely]” (Van Baalen &
Boerwinkel, 2011), a governmental supported national community of interest aiming
for safe mobility in the Netherlands. It included elements such as driving straight
ahead, reversing, accelerating, or stopping on time (Table 3.2). The elements
“stopping”, “reversing around a corner”, and “driving through a narrow opening”
were practiced more than once since these elements were described as challenging
by mobility scooter experts. The internal consistency of the test as we created it
was acceptable (α = 0.77). All participants received a detailed explanation on the
operation of the mobility scooter before they started the driving skill test. The
participants were accompanied by an instructor and a trained research assistant
who acted as an observer. For safety purposes, the instructor was equipped with a
remote control to be able to stop the mobility scooter at any time.
Evaluation
The observer rated performance on each element of driving skill test on a 3-point
scale (Van Baalen & Boerwinkel, 2011), representing good (1), satisfactory (2) and
insufficient (3) performance (Table 3.2). For each individual, ratings of the first
attempt were added to sum-scores representing overall performance. Sum-scores
could range from 15 (best) to 45 (worst). During the training, the instructor was
blind for the assistant’s evaluation. Extra practice of an element was given if the
instructor was not convinced that performance was sufficient to continue to an onroad driving test at a later stage of this experiment or if the participant indicated
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Table 3.2. Elements and evaluation of the driving skill test (adopted and
adapted from Van Baalen and Boerwinkel, published by Veilig Verkeer
Nederland, 2011)
Element

Explanation
operation

Driving straight
ahead

Accelerating

Stopping (4x)

Driving in a circle
(2x)
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Content

Evaluation

Participants were asked to
repeat the explanation they
got concerning throttle and
dashboard

Good: The participant is able to independently
describe the functions on the dashboard and
knows how to use them
Satisfactory: The participant knows the most
important functions on the dashboard and how
to use them appropriately
Insufficient: The participant cannot remember
the functions on the dashboard and how to use
them in an appropriate manner

Driving straight ahead
through a wide corridor.

Controlling the amount
and fluency of gathering
speed

4 markings on the ground
indicated stopping.
Participants were asked to
stop directly in front of the
markings.

Driving around a
circular obstacle in a
hallway (clockwise and
anticlockwise)

Good: The participant is able to drive straight
ahead in a controlled manner
Satisfactory: The participant is able to drive
straight ahead mostly in a controlled manner
Insufficient: The participant is swaying and not
able to drive straight ahead
Good: The participant is able to accelerate/
decelerate gradually and controlled
Satisfactory: Accelerating and decelerating is
safe, but sometimes jerky
Insufficient: The participant accelerates/
decelerates too fast and not controlled
Good: The participant is able to stop in a safe
and controlled manner in front of the markings
Satisfactory: The participant is able to stop in a
safe manner, but performs the stop abrupt and
does not halt exactly in front of the marking
Insufficient: The participant is not able to stop in
a safe manner and halts way before or after the
marking
Good: The participant is able to drive properly
in a circle, oversees the situation, and can adjust
the speed
Satisfactory: The participant has difficulties
driving in a circle, but still performs the task
safely
Insufficient: The participant is not able to drive
safely in a circle
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Table 3.2. Elements and evaluation of the driving skill test (adopted and
adapted from Van Baalen and Boerwinkel, published by Veilig Verkeer
Nederland, 2011)
Element

Content

Evaluation

Reversing straight into a
corridor

Good: The participant is able to reverse in a
controlled manner without swaying
Satisfactory: The participant is mostly able to
reverse in a controlled manner, but sways slightly
Insufficient: The participant is not able to reverse
in a controlled manner and without swaying

Reversing around a corner
(both left and right turn)

Good: The participant is able to reverse precisely
around the corner, uses the mirrors, and adapts
the speed appropriately
Satisfactory: The participant finds it difficult to
reverse around the corner, but performs the task
safely
Insufficient: The participant is not able to reverse
around the corner in a safe manner

Driving through a
narrow opening
(2x)

Driving through two
narrow doors.

Good: The participant is able to drive through
narrow passages and understands the width of
the mobility scooter
Satisfactory: The participant has difficulties with
narrow passages but is able to apply corrections
to get through the passage
Insufficient: The participant is not able to
drive through narrow passages and does not
understand the width of the mobility scooter

Regulate speed

Participants’ ability to
regulate speed and
control acceleration and
deceleration

Good: The participant is able to regulate the
speed appropriately and in a controlled manner
Satisfactory: The participant is mostly able to
regulate the speed, drives sometimes jerky
Insufficient: The participant is not able to
regulate the speed whilst driving

Reversing

Reversing
around a corner
(2x)

to feel insecure about that particular element /skill. The number of repetitions on
each element were registered by the observer.
STAI
Participants were asked to fill in the State Trait Anxiety Inventory (STAI; Spielberger,
Gorsuch, Lushene, Vagg, & Jacobs, 1993) to determine their level of anxiety during
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the mobility scooter drive. This inventory consists of two parts: the Trait-Anxiety
scale, to assess how people generally feel, and the State-Anxiety scale, to measure
how people feel at a particular moment. Both parts of the STAI consist of 20 items
that are scored on a 4-point scale. Scores can range from 20 to 40, with higher
scores representing more anxiety. Participants of the present study completed the
Trait-Anxiety Scale at home, whereas the State-Anxiety Scale was filled in after the
mobility scooter drive.
Statistical analysis
The Statistical Package for the Social Sciences (SPSS, Inc., Chicago, IL, version 22) was
used for data analysis. Driving ability was operationalised as the sum-scores of the
first attempt (overall performance) and the number of repetitions. The correlation
between these two variables was moderate (r = 0.459, p < 0.001), showing only
partial overlap. Therefore, the variables were analysed independently. The overall
performance was calculated by summing up the score of the different elements
and was then compared between the different groups. Post-hoc comparisons
were only executed between normal-sighted controls and the 4 groups of visually
impaired individuals. Since the assumptions for parametric tests were not met, nonparametric tests (Kruskal Wallis, Mann-Whitney U) were executed to investigate
differences between groups. The significance level was pre-set at α = 0.05. To
keep a conservative approach towards driving safety, we decided not to correct
for type I error for multiple comparisons. In addition to the overall performance,
the need of additional repetitions was compared between the five groups using
a chi-square statistic and the number of repetitions per element were explored.
Additional analysis
The maximum number of years of driving experience in a motor vehicles (car,
motorcycle, moped, etc.) was noted and correlated with the overall performance.
In addition to that, years of driving experience was compared between participants
who needed extra repetitions and participants who did not need extra repetition
using the Mann-Whitney-U test. Concerning the measurement of anxiety, both
the score on the Trait and the State Anxiety Scale were compared between visually
impaired participants and normal-sighted controls using Mann-Whitney-U tests.
The State-Anxiety Scale was further correlated with the overall performance on the
driving skill test, and the level of anxiety was compared between participants who
needed extra repetitions and participants who did not need extra repetition. For
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this purpose, a Mann-Whitney-U test was used.

Results
Overall performance on mobility scooter driving skill test
Comparison of all five groups did not yield a statistically significant difference
between the groups (H(4) = 8.01, p = 0.091). Post-hoc tests showed that individuals
with a combination of visual impairments performed worse than normal-sighted
controls. Participants with peripheral field defects performed slightly, but not
significantly, worse than normal-sighted controls. Individuals with (very) low visual
acuity did not differ significantly from normal-sighted controls. Effect sizes were
small to medium (Table 3.3).
Table 3.3. Descriptive statistics and comparisons between controls
and visually impaired on overall performance on the driving skill test
N
Mean (SD)

Very low
visual acuity

Low visual
acuity

Peripheral field
defect

Combination

Controls

14

10

11

13

37

18.29 (2.64)
a

Median

18.20 (3.36)

20.73 (5.14)

a

a

21.08 (4.94)
a

18.0

17.0

20.0

19.0

225.0
0.969
-0.10

183.0
0.467
-0.01

133.5
0.083
-0.25

132.5
0.016
-0.34

18.03 (3.13)
17.0a

b

Post-hoc
Mann-Whitney-U
P
r
a

Kruskal Wallis: H(4) = 8.01, p = 0.091
controls versus respective group with visual impairment

b

Repetitions
An explorative analysis showed that individuals with a combination of visual
impairments needed most repetitions on the elements of the driving skill test,
followed by individuals with peripheral field defects and individuals with a low visual
acuity (Figure 3.1). Comparison of the five groups revealed a significant difference
(χ2 (4) = 10.79, p = 0.029). Post-hoc analysis showed that more participants with
combined visual impairments and less normal-sighted participants have to repeat
certain elements of the practice drive than expected (Table 3.4).
Explorative analysis of the different elements of the driving skill test appeared to
show that driving backwards, driving backwards around the corner, and stopping
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seemed to be the most difficult elements (Table 3.5). Participants with combined
visual impairments needed most repetitions on these elements.
Additional analyses
Figure 3.1. Percentages of participants per group who needed repetitions

Driving experience
Driving experience was not associated with the overall performance on the driving
skill test within the group of visually impaired participants (r = -0.045, p = 0.760).
There is no statistically significant difference in the years of driving experience
between visually impaired participants who do (Median = 25.0) or do not (Median
= 25.0) need extra repetitions on the driving instruction (U = 215.5, p = 0.205). The
effect size was small (r = -0.18).
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Table 3.4. Comparison of repetition needed per group
Group
Very low visual acuity
(n = 14)

Count
Percentage
Chi-Square
p

No repetitions
11
78.6%
0.52
0.472

Repetitions
3
21.4%
0.52
0.472

Low visual acuity
(n = 10)

Count
Percentage
Chi-Square
p

6
60.0%
0.61
0.435

4
40.0%
0.61
0.435

10

Peripheral field defect
(n = 11)

Count
Percentage
Chi-Square
p

7
63.6%
0.29
0.589

4
36.4%
0.29
0.589

11

Combination
(n = 13)

Count
Percentage
Chi-Square
p

5
38.5%
7.62
0.006

8
61.5%
7.62
0.006

13

Controls (n = 37)

Count
Percentage
Chi-Square
p

31
83.8%
5.48
0.019

6
16.2%
5.48
0.019

37

60

25

85

Total

Total
14

Table 3.5. Number of repetitions per element of the mobility scooter driving
skill test
Straight
ahead

Stop

Reversing

Circle

Reversing
around a
corner

Door
opening

Very low visual acuity (n = 14)

0

2

3

0

1

0

Low visual acuity (n = 10)

0

0

4

0

1

0

Peripheral field defect (n = 11)

0

1

4

0

1

0

Group

Combination (n = 13)

0

1

8

0

5

1

Controls (n = 37)

0

2

5

0

0

0

Total

0

6

24

0

8

1

STAI
Visually impaired participants (M = 35.53, SD = 8.14) experienced significantly more
general anxiety compared to normal-sighted controls (M = 31.05, SD = 5.74; U =
585.5, p = 0.010, r = -0.28). Visually impaired participants showed somewhat more
anxiety after the mobility scooter drive, however, this difference was not significant
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(Mvisimp = 28.11, SDvisimp = 7.19; Mcontr = 25.14, SDcont = 4.70; U = 659.0, p = 0.084, r =
-0.18). Comparison of the experienced anxiety after the driving skill test (STAI State)
between visually impaired participants who needed extra repetitions (Median =
30.0) and those who did not need extra repetition (Median = 24.0), resulted in a
significant difference (U = 171.0, p = 0.038, r = -0.30). Visually impaired participants
in need of more repetitions experienced more anxiety after the driving skill test.
However, visually impaired participants who needed more repetitions were not
significantly more anxious in general (STAI Trait, MedianRep = 36.0; MedianNorep =
36.0; U = 255.5, p = 0.820, r = 0.03) Furthermore, worse overall performance was
associated with elevated anxiety after the mobility scooter drive (r = 0.244, p =
0.026), but not with anxiety in general.

Discussion
Goal of the present study was to investigate mobility scooter driving ability in
visually impaired individuals and to identify elements of the driving task that need
special attention in visually impaired people. We showed that both visually impaired
individuals and normal-sighted controls were able to learn to use mobility scooters
without any prior experience and after getting only a short instruction. Visually
impaired individuals needed more attention and training with certain elements
depending on their impairment; specifically participants with a combination of
visual impairments showed difficulties and needed more time to acquire sufficient
driving ability. Reversing seemed to be a difficult element amongst all participants,
but especially for participants with combined visual impairment. This observation
is comparable to the results of Nitz (2008), who described reversing in mobility
scooters as one of the most difficult tasks. One reason why reversing is in particular
difficult for participants with visual field defects could be that the restricted visual
field makes it especially difficult to see the visual scene behind them. Another
difficult element appeared to be stopping on time. Rather than related to visual
impairment, this difficulty was based on the operation of the scooter. Since the
mobility scooter could not actively be stopped, it was difficult to judge when
the vehicle came to a halt. Problems with stopping thus seemed to be mainly
dependent on the degree of driving ability, whereas difficulties with reversing
appeared to depend both on driving ability and visual impairment.
Although we could observe variation in performance between the participants,
we cannot predict someone’s driving ability solely from type or severity of one’s
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visual impairment. There was only one participant (visual acuity ≈ 0.03, VFS < 12)
who was not able to master the majority of the elements (e.g., unable to drive
straight ahead, constantly bumping into walls). His visual impairment prevented
him to walk independently without a human guide which could be an indication
that he could not drive mobility scooters independently either. The common belief
that people with visual impairments in general cannot learn to drive a mobility
scooter is therefore challenged. On the contrary, to purely measure fitness-todrive, one has to show sufficient driving ability, otherwise an impairment (which
often does not have much scope to improve) could be wrongly seen as the reason
for poor driving performance, whereas insufficient driving ability (which can be
trained easily) is the underlying cause. Sufficient driving ability is thus a basic
requirement to be able to participate safely in traffic. However, fitness-to-drive and
driving behaviour play a role in safe traffic participation and should be investigated
as well. Therefore, we cannot predict how visually impaired individuals actually
perform in on-road traffic situations and give advice to mobility scooter allocators
solely based on this experiment.
Other individual differences might explain the variance in performance. Contrary
to our expectations, visually impaired individuals with more driving experience
in other motor vehicles did not instantly perform better on the mobility scooter
driving skill test. Manoeuvring a mobility scooter seems to be different from
driving other vehicles and might not affect how well individuals can learn to drive
mobility scooters (Nitz, 2008). With regard to the anxiety experienced, it was shown
that visually impaired individuals who performed worse on the driving skill test
experienced more anxiety than visually impaired individuals who performed better.
Previous research has shown that anxiety can influence performance (Fairclough et
al., 2006; Welsh, 2010; Wilson et al., 2006; Zijlstra et al., 2012). In the present study
though, it is not entirely clear whether anxiety lead to worse performance on the
mobility scooter driving skill test or whether worse driving performance evoked
more feelings of anxiety. Apart from driving experience and anxiety, factors such
as age, personality, or compensation strategies might play a role and should be
further investigated in future studies.
A number of limitations of our study should be noted. First, due to our small group
size, we were not able to statistically explore differences between the groups in
more detail. The sample size could also be an explanation for the fact that not
all explored differences were statistically significant. Second, the shortened and
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partially adapted version of the official mobility scooter course in the Netherlands
(Van Baalen & Boerwinkel, 2011) has not been formally validated. The overall good
performance could be a sign of a ceiling effect and might have decreased the true
difference between visually impaired and normal-sighted participants. Constructing
a more complex driving ability test might increase differences between the two
groups. Third, the age range in our study is limited. Younger or older individuals
with visual impairment could have less or more difficulties acquiring driving ability
due to better or worse cognitive functioning.
This study is the first step to explore mobility scooter driving safety in visually
impaired individuals. We showed that visually impaired people are able to learn
driving mobility scooters, however, we cannot make predictions about on-road
driving safety yet. Allocators of mobility scooters should bear in mind though
that a visual impairment does not necessarily mean that driving skills cannot be
acquired. Novice mobility scooter users with visuals impairment were able to
manoeuvre the scooters as well as normal-sighted controls when training was
increased. Especially stopping and reversing are skills that need more attention. To
be able to confidently make recommendations about mobility scooter allocation,
future research needs to explore how individuals with visual impairment perform
in real-life situation.
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Vision-related Fitness-to-drive On Mobility
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Abstract
In this study it was aimed to investigate practical fitness-to-drive in mobility
scooters, comparing visually impaired participants to healthy controls. Forty-six
visually impaired (very low visual acuity = 13, low visual acuity = 10, peripheral field
defects = 11, combination = 12) and 35 normal-sighted controls participated in the
experiment. Participants completed a practical mobility scooter test drive recorded
by a camera. Two independent occupational therapists specialised in orientation
and mobility systematically evaluated the videos of the test drive. About 90% of the
visually impaired participants passed the driving test. On average, participants with
visual impairments performed worse than normal-sighted controls, but sufficiently
safe. Difficulties were especially observed in participants with peripheral visual field
defects and participants with a combination of low visual acuity and visual field
defects. To conclude, visually impaired people are practically fit to drive mobility
scooters, thus visual impairment on its own cannot be seen as a determinant of
driving safety in mobility scooters. Yet, individuals with visual field defects with
or without a combined low visual acuity deserve special attention. The use of an
individual practical fitness-to-drive test is advised.
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Introduction
Maintaining high quality of life and facilitating participation in everyday activities
are important goals of visual rehabilitation. One essential part hereof is the
support of independent mobility, the importance of which has been demonstrated
in several studies (Carp, 1988; Ragland et al., 2005; Williams & Willmott, 2012). To
enable people with motor problems to maintain an independent life, mobility aids
such as mobility scooters can be used. However, with increasing age, not only the
occurrence of motor impairments, but also the development of visual disorders
rises (WHO, 2017), which in turn can influence an individual’s fitness-to-drive
(the physical and mental functions that are needed to participate safely in traffic)
(Selander, 2012). Supporting independent mobility in a safe manner is therefore an
important challenge in individuals with visual impairment.
Two types of visual impairment, low visual acuity (blurry vision) and visual field
defects (impaired peripheral vision), can impact traffic safety in different ways.
Research on fast traffic (cars) has shown that low visual acuity can hamper the
ability to see road signs and read street names (Lamble, Summala, & Hyvärinen,
2002; Owsley & McGwin Jr., 2010), whereas visual field defects can lead to poorer
hazard detection, gap judgement, or lane position (Coeckelbergh, Brouwer,
Cornelissen, Van Wolffelaar, & Kooijman, 2002; Kasneci et al., 2014). To maximise
traffic safety, visual standards have been established for people using cars and
other fast vehicles. There are no visual standards for driving mobility scooters in
the Netherlands. The number of traffic accidents involving a mobility scooter is
rising (Massengale et al., 2005), but it is unclear whether visual impairment played
a role in these accidents. Therefore, both users and professionals are uncertain
about visually impaired people’s fitness to drive mobility scooters. This can either
lead to an unsafe use of mobility scooters or to undue reluctance to use or suggest
using these vehicles.
In the Netherlands, driving eligibility of visually impaired individuals is determined
on an individual basis by specialists working in (visual) rehabilitation. Ideally, this
assessment seeks to maximise both the independent mobility and the safety of
an individual. Finding this balance, however, is a challenge, since several factors
contribute to driving safety. Apart from (visual) fitness-to-drive, driving ability (the
extent to which the driving task has been learned), driving behaviour (how the
individual choses to behave in traffic), compensation strategies, personality traits,
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or environmental factors are just some of the determinants of safe traffic behaviour.
It is unclear to what extent visual impairment influences mobility scooter driving
safety, as research is clearly lacking in this field.
Only a few studies have explored visual fitness-to-drive on driving performance
in mobility scooters. Massengale et al. (2005) showed that visual perception and a
number of lower-order visual functions were related to power wheelchair driving
performance. However, since the driving test was mostly structured with several
controlled elements, it is difficult to draw conclusions about the participants’ driving
safety in dynamic traffic situations. Nitz (2008) included an on-road test in her
study, but could not find any direct relationship between visual acuity and driving
performance in mobility scooters. A ceiling effect might have played a role, since
visual acuity was rather high and varied little between participants. Generally, both
studies tested participants without specific visual impairments, making it difficult to
determine the impact of different kinds of visual impairment on mobility scooters
driving performance.
The current study compares the performance of visually impaired participants to
normal-sighted controls on a practical fitness-to-drive test. In contrast to medical
fitness-to-drive, practical fitness-to-drive explores the ability to drive safely with
an impairment, taking into account individual strategies. Therefore, this study does
not only consider the limitations of visual impairment, but also the abilities of
visually impaired individuals.

Methods
Participants
Forty-six visually impaired (very low visual acuity = 13, low visual acuity = 10,
peripheral field defects = 11, combination = 12) and 35 normal-sighted controls
were analysed in the present study. Exclusions were based on unclear group
membership or missing data. Visually impaired participants were categorised based
on their visual acuity and visual field at the time of the assessment as described
in Chapter 2. Normal-sighted controls and visually impaired participants showed
no differences in age, level of education (Spek & Velderman, 2013), and general
cognitive functioning (Table 4.1). Visually impaired participants had less driving
experience with motorised vehicles than normal-sighted controls. The experiment
was approved by the Ethical Committee Psychology of the University of Groningen,
55

Slow motorised traffic and vision

Table 4.1. Participants’ characteristics
Visually impaired
participants (n = 46)

Normal-sighted
controls (n = 35)

17
29

13
22

Age
(mean year ± SD

60 (± 7.7)

Distribution of
educational level
(1/2/3/4/5/6/7)a

Sex
Female
Male

MMSEb
(mean ± SD)
Driving experience
(mean year ± SD)

Test statistic (df)

p

61 (± 5.4)

t (79) = 0.294

0.770

0/2/0/3/12/21/8

0/0/0/0/12/19/4

χ2 (4) = 5.032

0.284

28.15 (± 1.69)

28.51 (± 1.36)

U = 723.0

0.423

26 (± 14)

38 (± 11)

U = 337.5

<0.001

a
(1) Less than six years of primary education. (2) Finished six years of primary education. (3) Six years
primary education and less than two years of low level secondary education. (4) Four years of low
level secondary education. (5) Four years of average level secondary education. (6) Five years of high
level secondary education. (7) University degree.
b
Mini Mental Status Examination, a screening tool for general cognitive functioning. A score below
24 indicates cognitive impairment

the Netherlands, according to the Declaration of Helsinki. All participants provided
written informed consent.
Mobility Scooter Practical Driving Test
To administer the driving test, the Excel Excite 3 Galaxy mobility scooter was used as
described in Chapter 2. Prior to the driving test, all participants received a detailed
explanation on the operation of the mobility scooter and completed a short driving
skill test (Chapter 3). The 30-minute driving test exposed participants to real-world
situations. It started inside the UMCG and continued outside on the pavement with
low speeds, increasing exposure to more challenging situations. In the final part,
participants were asked to drive a short distance on a cycle lane and a road with
maximum speed of 15km/h (Table 4.2). The test leader gave instructions, whereas
a research assistant observed the drive. Both were informed of the participants’
visual condition. To limit the risks of the participants, the mobility scooter was
equipped with a remotely controlled stop switch. The criteria for stopping were
based on the judgement of the test leader who activated the switch whenever
participants lost control over the scooter and when the risk of falling or collision
emerged. After feedback was given to the participants the drive continued.
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Table 4.2. Elements of the mobility scooter drive
Elements Test Drive
1.

Driving a slalom

2.

Driving in crowded hallways

3.

Experimenting with steering and turning circle

4.

Driving through narrow sliding doors

5.

Driving on the pavement

6.

Crossing a side street without zebra crossing (with and without off ramp)

7.

Using a zebra crossing

8.

Driving on a crowded pavement

9.

Driving with higher speed in calm area

10. Driving up and down a slope
11. Driving with higher speed on bicycle lane/road

Evaluation
The mobility scooter was equipped with a GPS-camera (Contour +2 Action). The
camera was mounted on a pole on the back of the mobility scooter, enabling a
view of the head of the participant and the visual scene ahead. The video material
was rated independently by two experienced occupational therapists specialised
in orientation and mobility in visual rehabilitation, who were blind to the medical
condition of the participants. Both of them were trained in how to rate the mobility
scooter drives. An online observation form was created in which they rated 12
different subscales and general safety on analogue continuous scales ranging
from 0 to 10 (Table 4.3). Rating of the scales was based on the ten-point Dutch
grading system. Performance below a score of five was evaluated as insufficient.
The evaluation form was partly based on the Test Ride for Investigating Practical
fitness-to-drive (TRIP), a Dutch assessment to evaluate car driving performance in
people with impairments and on the expertise of independent mobility specialists
working in driving safety research or in visual rehabilitation (cf. De Haan et al.,
2014). The subscales comprised specific situations and general behaviours or
skills that were seen as essential for participating safely in traffic. General safety
was formed by the occupational therapists’ overall impression of the participants’
driving performance. Evaluation on this scale determined if participants failed or
passed the driving test. In addition, the number of critical events was recorded.
Critical events were defined as situations in which the test leader decided to press
the remote control in order to stop the mobility scooter, and as situations the
57

Slow motorised traffic and vision

Table 4.3. Subscales evaluated by the occupational therapists specialised in
orientation and mobility
Evaluated subscales

Description

1. Zebra crossing

Can participant use the zebra crossing safely, i.e. does participant
cross correctly at a correct moment?
Does participant look sufficiently both ways?

2. Cycle path

Can participant keep control over the mobility scooter at higher
speeds?
Does participant adjust the speed in case other traffic
participants use the cycle path?
Does participant come to a safe stop at the end of the cycle path
(traffic light)?

3. Street crossing without zebra

Can participant cross a street that is not marked (no zebra
crossing)?

4. Lateral position

Can participant keep position on the pavement/ cycle path, road
without swaying?
Based on performance of whole drive

5. Speed

Can participant keep an appropriate speed, i.e. not too slow
(hindering traffic) and not too fast (being unsafe)?
Based on performance of whole drive

6. Fluency

Can participant accelerate, decelerate, and stop in a controlled
and appropriate manner?
Based on performance of whole drive

7. Distance

Can participant keep a safe distance towards other traffic
participants and/or objects?
Based on performance of whole drive

8. Head movement

Does participant look appropriately at his/her surroundings, e. g.,
when crossing the street?
Based on performance of whole drive

9. Anticipation

Is participant able to foresee potential hazards and act
accordingly in advance to prevent dangerous situations?
Based on performance of whole drive

10. Timing

Does participant react to an upcoming situation in good time
(not too late, but also not too early)?
Based on performance of whole drive

11. Defensive driving

Does participant drive considerately, i.e. does (s)he drive in a way
that dangerous situations are prevented despite other people’s
mistakes?
Based on performance of whole drive

12. Confidence

How confident is participant to drive mobility scooter in traffic,
i.e. how much does participant rely on test leader?
Based on performance of whole drive
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Table 4.3. Subscales evaluated by the occupational therapists specialised in
orientation and mobility
Evaluated subscales

Description

13. General safety

Impression of the whole drive, i.e. does the participant drive
safely?
Based on performance of whole drive

specialists rated as potentially unsafe based on the video recording.
Statistical analysis
The Statistical Package for the Social Sciences (SPSS, Inc., Chicago, IL, version 22)
was used for data analysis. Interrater reliability was good for the total score ‘general
safety’ (ICC = 0.622). On the specific subscales, interrater reliability ranked from
low to good (ICC range = 0.260 - 0.655). The ratings of the two specialists were
combined by adopting the lowest score for each participant respectively. That way,
a conservative approach was adopted, thus ensuring a high standard of safety. The
score of five served as a cut-off value. Ratings below five were considered insufficient,
whereas ratings equal to or above five represented a sufficient performance. For
the total score ‘general safety’, this meant that ratings below 5 indicated failing the
driving test. Both the actual score on the scales and the number of people with
a sufficient or insufficient rating were analysed. The rating on the scales and the
number of critical events of the visually impaired participants were compared to
the normal-sighted controls. Since the assumptions for parametric tests were not
met, Kruskal-Wallis tests were executed to investigate differences between groups.
The significance level was set at α = 0.05. Simple contrasts were used as a posthoc analysis, using the Mann-Whitney U test, comparing normal-sighted controls
with each group of the visually impaired participants. A Bonferroni correction was
applied (α = 0.013).

Results
Rating General Safety
One participant with very low visual acuity, two participants with visual field defects,
and two participants with a combination of visual impairments failed the driving
test (Table 4.4). None of the participants with low visual acuity and normal-sighted
controls failed the driving test.
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Table 4.4. Number and type of insufficient subscales (indicated by x) of the
participants who failed the driving test
Participant Group

Specific visual
impairment
Visus: 0.04
Central VFS: 60
Peripheral VFS: 35

M4A_075

Very low visual acuity

M4A_032

Peripheral field defect

Visus: 0.96
Central VFS: 20
Peripheral VFS: 0

M4A_058

Peripheral field
defect

Visus: 0.57
Central VFS: 60
Periferal VFS: 9

M4A_012

Combined visual
impairment

Visus: 0.25
Central VFS: 60
Periferal VFS: 21

M4A_065

Combined visual
impairment

Visus: 0.15
Central VFS: 37
Periferal VFS: 3

A

B

C

D

E

F

G

H

x

I
x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

A) cycle lane; B) crossing street; C) fluency of driving; D) keeping distance; E) head movements; F)
anticipation; G) timing; H) defensive driving, I) confidence

A Kruskal-Wallis test revealed significant differences between all five groups (H
(4) = 23.7, p < 0.001; Table 4.5). The general safety of normal-sighted participants
(Median = 8.1) were rated significantly higher compared to participants with low
visual acuity (Median = 7.6, U = 77.5, p = 0.007, r = 0.89), participants with very
low visual acuity (Median = 7.0, U = 117.0, p = 0.010, r = 0.65), participants with
peripheral field defects (Median = 6.5, U = 63.5, p = 0.001, r = 1.16), and participants
with combined visual impairment (Median = 7.1, U = 61.0, p < 0.001, r = 1.89). There
were no significant differences between the four groups with visual impairment (H
(3) = 3.46, p = 0.325).
Rating Subscales
Within the group of normal-sighted controls, four people were rated below cut-off
on the subscales ‘Street crossing without zebra’, ‘keeping distance’, ‘timing’ and
‘confidence’. Visually impaired participants showed a range of insufficient ratings,
depending on the subscale assessed (Figure 4.1). On the subscale ‘lateral position’
no one was evaluated as insufficient, whereas the subscales ‘head movement’
and ‘confidence’ showed the most insufficient ratings. Normal-sighted controls
and participants with low visual acuity had the fewest insufficient ratings on the
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Figure 4.1. Number of visually impaired participants with an insufficient rating
on general safety and the different subscales

different subscales. The group with combined visual impairment showed the
highest number of insufficient ratings, followed by participants with peripheral
visual field defects and participants with very low visual acuity. A Kruskal-Wallis test
showed significant differences between all five groups on all subscales except for
‘zebra crossing’ and ‘defensive driving’ (Table 4.5). A post-hoc analysis, in which the
four groups with visual impairment were individually compared to normal-sighted
controls on the different subscales, showed that all visually impaired individuals
scored significantly worse on ‘keeping distance’ compared to normal-sighted
controls (Table 4.6). Participants with visual field defects differ on more subscales
from normal-sighted controls compared to the other groups of participants with
visual impairment. The four groups with visual impairment did not significantly
differ from each other (all p > 0.10).
Number of Critical Events
Visually impaired individuals as a whole differed significantly in their number of
critical events compared to normal-sighted controls (U = 461.6, p < 0.001, α =
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Table 4.6 Post-hoc analysis: comparison between normal-sighted controls and
the four groups with visual impairment
Controls vs.

Very low visual
acuity

Low visual acuity

Peripheral visual
field defect

Combination

U

p

U

p

U

p

U

p

84.0

0.001a

52.5

0.001a

108.0

0.027

129.0

0.045

Cycle lane

139.5

0.036

136.0

0.275

29.0

<0.001a

74.0

0.013a

Lateral position

160.0

0.109

86.5

0.013a

94.5

0.009a

70.0

0.001a

Safe choice of speed

155.5

0.090

94.5

0.025

79.0

0.003a

130.5

0.048

Fluency of driving

154.5

0.084

83.0

0.010a

106.0

0.023

116.5

0.020

a

63.0

a

0.001

43.0

<0.001

62.5

<0.001a

Street crossing without
zebra

a

Keeping distance

102.0

0.002

Head movements

114.5

0.008a

114.5

0.090

87.5

0.006a

76.0

0.001a

Anticipation

128.0

0.017

48.5

<0.001a

72.0

0.001a

80.0

0.001a

Timing

140.0

0.039

83.5

0.011a

60.0

0.001a

91.0

0.003a

Confidence

174.5

0.217

109.0

0.070

73.0

0.002a

135.5

0.068

a

Significant compared to normal-sighted controls with α = 0.013 (Bonferroni corrected), using the
Mann-Whitney-U test

Figure 4.2. Boxplots of the number of critical events of the different groups of
participants. *Outliers are larger than 1.5 x interquartile range.

63

Slow motorised traffic and vision

0.05). No differences could be found between the four groups of participants with
visual impairment (H (3) = 1.24, p = 0.743, α = 0.05). Comparison of all five groups
revealed a significant difference (H (4) = 13.5, p = 0.009, α = 0.05). Participants
with very low visual acuity (U = 11.0, p = 0.003, α = 0.013) and combined visual
impairments (U = 107.5, p = 0.005, α = 0.013) had significantly more critical events
than normal-sighted controls (Figure 4.2). There were no differences between
participants with low visual acuity and normal-sighted controls (U = 122.0, p =
0.094, α = 0.013) and participants with visual field defects and normal-sighted
controls (U = 120.0, p = 0.033, α = 0.013).

Discussion
The present study aimed to assess practical fitness-to-drive in visually impaired
individuals. In our experiment, visually impaired individuals were generally able
to drive mobility scooters safely, even though they were rated as less safe than
normal-sighted controls at a group level. Visual field defects or combined visual
impairments appeared to affect driving safety the most, whereas participants with
low visual acuity (0.16 ≤ ODS ≤ 0.4, intact visual field) performed as well as normalsighted controls. Very low visual acuity (0.01 ≤ ODS < 0.16, intact visual field)
appeared to be problematic in individual cases only. These observations support
the notion that impaired visual fields have a greater detrimental impact on driving
safety than low visual acuity (Owsley & McGwin Jr., 2010). Nevertheless, since over
80% of participants with peripheral visual field defects (with or without low visual
acuity) passed the driving test, an assessor should not generally assume that
individuals with visual field defects cannot drive safely. This is in line with a study
by de De Haan et al. (2014), who showed that more than half of the participants
with homonymous hemianopia were evaluated as fit to drive a passenger car in an
on-road test. Furthermore, Coeckelbergh, Brouwer, Cornelissen, & Kooijman, 2001)
showed that training could improve practical fitness-to-drive in people visual field
defects.
One participant (visual acuity ≈ 0.03, VFS < 12) was not able to continue with
the mobility scooter driving test after training. Due to the participant’s visual
impairment, he was dependent on a human guide when walking and unlike the
other participants, he was not able to learn driving the scooter safely (e.g., unable
to drive straight ahead, constantly bumping into walls). Not being able to master
the basic manoeuvring techniques (driving ability) in mobility scooters after
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sufficient training is certainly a reason to advice against using mobility scooters.
At the same time, the fact that all other participants were able to acquire sufficient
driving ability shows how important it is to assess people with visual impairment
practically, instead of basing a decision of mobility scooter driving eligibility
clinically, i.e. solely on type and severity of visual impairment.
Exploration of the subscales showed that some behaviours appeared to be more
important than others in predicting general safety. Sufficient head movements and
confidence, for example, appeared to be difficult for participants who failed the
driving test. Moreover, all participants who were rated as insufficient when driving
on the cycle lane failed the driving test. In the Netherlands, the cycle path is often
used by mobility scooters, which could have been the reason for the stronger
weight of this element. However, people who are not or do not feel safe on the
cycle lane could still be safe driving with lower speeds on the pavement. It would
be valuable to investigate whether driving on the cycle paths with higher speed
leads to more accidents than driving on the pavement. Additionally, all groups with
visual impairment appeared to keep less distance to other traffic participants or
objects compared to normal-sighted controls. These results indicate that visually
impaired should receive additional training on specific behaviours compared to
normal-sighted people. Yet, future research needs to investigate the role of speed
and should explore the relative importance of different elements of a scooter
driving test in more detail.
Rehabilitation-oriented approach
The fact that visual impairment does not solely determine mobility scooter
driving safety underlines the necessity of a practical fitness-to-drive test on an
individual basis. As with driving a car, driving a mobility scooter is a complex task
and driving safety is therefore dependent on multiple factors. Brouwer & Ponds
(1994) proposed a rehabilitation-oriented approach, focusing on training drivers
to compensate for shortcomings rather than introducing medical standards for
driving. According to the model of Michon (1985), the driving task can be divided
into three levels, the strategic level (e.g., planning the drive), tactical level (e.g.,
distance to other road users), and operational level (e.g., steering). Brouwer &
Ponds (1994) claimed that compensation is most efficient on the strategic or
tactical level as time pressure is low. On the operational level, time pressure is high
and compensation is more difficult. Teaching visually impaired mobility scooter
65

Slow motorised traffic and vision

users how to look appropriately, given impairment, to avoid complex situations, or
to adjust their travel speed in a timely way could therefore be important means to
make driving mobility scooters safe.
Strength and limitations
To the best of our knowledge, this is the first study investigating fitness to drive
a mobility scooter in a practical driving test in individuals with visual impairment.
Using a population of visually impaired participants increases the validity of the
outcomes and gives more insight about the capabilities of visually impaired
individuals. By dividing our participants into different groups dependent on their
visual impairment we were able to show that the abilities of people with visual
impairments cannot be generalised. Yet, a number of limitations have to be
discussed.
Since there were no standardised mobility scooter driving assessments available,
that were suitable for visually impaired people, we created a new assessment for
our purposes. We sought to create content validity by basing our evaluation form
on a practical fitness-to-drive assessment for cars (TRIP) and the input of several
mobility experts. However, our assessment is neither formally validated nor tested
in a preceding pilot study. The driving test used in this experiment might therefore
lack certain elements that create difficulties in traffic or it might contain unnecessary
scales, which can weaken our findings. Bicycle paths and roads, for example, are
frequently used by mobility scooters in the Netherlands, yet, our assessment deals
with these traffic situations only briefly. Also, confidence or defensive driving are
complex concepts and could be the combination of other scales. Future research
needs to develop an assessment tool instrument that represents and weights all
necessary facets of mobility scooter driving safety in traffic. In addition, the results
of the subscales have to be interpreted with caution, since no statistical correction
was applied for the number of subscales.
Another limitation could be the restricted range of age. Users of mobility scooters
are often older than 75 years of age. However, with increasing age, the likelihood
of comorbidities, such as impaired cognitive functioning, increases. This, in turn,
can have a greater detrimental effect on driving safety than just visual impairment
on its own. By selecting participants between the ages of 50 to 75, we sought
to isolate the effect of visual impairment on driving safety whilst minimizing the
impact of cognitive impairment.
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It is interesting that participants with a very low visual acuity received on average
better scores on the subscales compared to participants with low visual acuity, but
were involved in more critical events. Apart from the small sample sizes, this might
be due to observer compensation: the test leader might have pressed the stop
button more frequently in participants with very low visual acuity than those with
low visual acuity as a precautionary measure. The test leader’s knowledge of the
participants’ visual abilities might also have contributed to the difference in critical
events between visually impaired and normal-sighted participants. Another reason
could be the fact that the test leader was not an experienced orientation and
mobility specialists. Despite that, the participants’ reaction after they were stopped
was predominantly positive and supportive.
Finally, videos of the driving tests, rather than the driving tests themselves, were
evaluated by the rehabilitation specialists. The limited camera angles might have
made the rating more difficult and therefore less accurate.
Conclusion
Despite our shortcomings, the present study demonstrated that individuals with
various visual impairments are practically fit to drive mobility scooters. The fact
that most participants passed the driving test showed that they do not appear
to have more difficulties than normal-sighted controls, i.e. the impairment was
not markedly visible for a naïve observer. Therefore, this study does not provide
support for the introduction of specific visual standards for mobility scooters.
Especially peripheral visual field defects with or without combined low visual acuity
can influence safe driving performance and respective individuals deserve special
attention in an individualised practical fitness-to-drive test. Further work is needed
to establish and weight the necessary criteria for consideration in this driving test.
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Abstract
Aim of the present study was to compare different driving parameters between
visually impaired people and normal-sighted controls in a mobility scooter and
microcar driving simulator. A mobility scooter and microcar driving simulator and
different virtual environments were developed for the purpose of this experiment.
Participants completed 4 drives in the microcar driving simulator and 8 drives
in the mobility scooter driving simulator. Driving performance was compared
between visually impaired and normal-sighted participants, using the parameters
speed, lateral position, time-to-collision, and number and type of collision. Visually
impaired participants did not differ significantly from normal-sighted controls
with regard to speed and overall lateral position. In contrast, number of collisions
was higher in visually impaired participants in almost all drives. Time-to-collision
differed in some, but not all of the drives. Small obstacles with low contrast posed
the highest risk of collision for impaired drivers. Concluding, the present findings
showed that visually impaired participants were able to maintain a steady position
on the street, but showed more difficulties in traffic situations that included
obstacles and other traffic participants. Familiarity with the driving tasks seemed
to improve performance, however, further research is necessary to confirm this
observation.
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Introduction
Visual impairment can prevent humans from extracting essential visual information
from the environment. Especially in traffic situations visually impaired individuals
face more challenges than sighted people (Owsley & McGwin Jr., 2010; Szlyk, Seiple,
& Viana, 1995). In cars, legal visual standards have been introduced to ensure safety
for visually impaired individuals and other traffic participants. However, studies
investigating the possibilities for maximising participation reveal that people with
visual impairments can still drive safely despite not meeting the required legal
standards (De Haan et al., 2014; Dow, 2011; Owsley & McGwin, 1999) and that
abilities such as compensatory strategies need to be considered (Coeckelbergh,
Brouwer, Cornelissen, & Kooijman, 2004).
In contrast to ordinary motor vehicle traffic, the effect of visual impairment on
driving slow motorised vehicles has hardly been investigated. Slow motorised
vehicles are defined as motor vehicles with a maximum speed of 45 km/h (28
mph). This category includes vehicles such as mopeds, microcars, and mobility
scooters. The focus of the present study is on the latter two vehicles. Mobility
scooters are mobility aids especially designed for the physically disabled and are
permitted to be driven both indoors, and outdoors on pavements, cycle lanes, and
roads. They are open vehicles with three, four, or five wheels and have a speed
range of approximately 5-15km/h (3-10mph). Microcars are small cars with a speed
limit of 45km/h that follow the traffic rules of mopeds (e.g., driving in urban traffic,
but prohibited on motorways). The European driving licence category AM needs
to be passed to be allowed to drive microcars. However, in the Netherlands, for
both microcars and mobility scooters, legal visual standards do not exist.
Previous studies have shown that visual impairment affects driving performance in
mobility scooters (Cordes, Heutink, Tucha, et al., 2017; Cordes, Heutink, Brookhuis,
Brouwer, & Melis-Dankers, 2018; Nitz, 2008). However, these findings do not imply
that people with visual impairments cannot participate safely in traffic. People with
low visual acuity have been shown generally to be safe drivers, whereas visual field
defects seem to impact driving performance more than low visual acuity (Cordes,
Heutink, Tucha, et al., 2017). Driving performance in the studies by Nitz (2008) and
Cordes, Heutink, Tucha, et al. (2017) was assessed with on-road driving tests, which
may have limited standardisation and objectivity. To increase standardisation and
objectivity, specially equipped driving simulators could be used to study driving
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performance, especially in vulnerable patient groups (Medeiros, Weinreb, Boer,
& Rosen, 2012). In contrast to on-road assessments, researchers can control
environments in driving simulators, explore driving performance in greater detail
and more objectively, and provide safe training conditions (De Winter, Leeuwen, &
Happee, 2012). Driving simulations cannot exactly replicate real world performance
(Mullen, Charlton, Devlin, & Bédard, 2011), but in several studies it has been shown
that performance in driving simulators is valid in the sense of revealing the same
pattern of results as found in on-road driving performance (Bédard, Parkkari,
Weaver, Riendeau, & Dahlquist, 2011; Lee, 2003; Mayhew et al., 2011; Underwood,
Crundall, & Chapman, 2011).
A number of studies explored driving performance of visually impaired individuals
in car driving simulators. Szlyk, Brigell, and Seiple (1993) showed that visually
impaired participants displayed significantly more lane boundary crossings and
more variability in lateral position compared to normal-sighted participants. In
a later study, Szlyk, Mahler, Seiple, Edward, and Wilensky (2005) investigated
driving performance in glaucoma patients compared to normal-sighted controls
and showed that the number of collisions with other traffic participants was
significantly correlated to visual field loss, but not to low visual acuity or contrast
sensitivity. These results confirm an earlier observation that participants with
retinitis pigmentosa had more collisions compared to normal-sighted controls in a
driving simulator task (Szlyk, Alexander, Severing, & Fishman, 1992). Coeckelbergh
et al. (2002) showed that participants with central visual field defects drove at
lower speeds and exhibited a shorter time-to-collision with a lead car compared
to participants with peripheral visual field defects and normal-sighted controls,
whereas participants with peripheral visual field defects showed more variation in
lateral position compared to other participants. Visual field defects did not lead to
significantly more collisions in the driving simulator task.
To the best of our knowledge, no study has yet investigated driving performance
of visually impaired people in a driving simulator for slow motorised vehicles. A
review by Erren-Wolters et al. (2007) suggests that virtual reality can be useful
to improve the use of electric mobility devices. Jannink et al. (2008) evaluated a
mobility scooter training program using a driving simulator and showed that both
on-road training and driving simulator training yielded improved driving skills. The
present study aims to examine driving performance of visually impaired individuals
in a standardised manner by studying parameters such as lateral position, speed,
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time-to-collision, and number and type of collision in a driving simulator. For this
purpose, virtual environments were created for mobility scooters and microcars.
Research questions were whether (1) visually impaired individuals show poorer
lateral position control than normal-sighted controls, (2) visually impaired
participants have shorter time-to-collision values than normal-sighted controls
(3) visually impaired people have more collisions compared to normal-sighted
controls, and (4) certain types of obstacles impose a particular challenge for the
(visually impaired) participants. Since visual functioning in itself has not been shown
to be a good predictor of on-road driving performance in (Coeckelbergh et al.,
2004; De Haan et al., 2014; Dow, 2011; Owsley & McGwin, 1999), we do not expect
a strong relationship between visual impairment and driving performance in the
slow motorised vehicle driving simulator either. Therefore, this study does not aim
at establishing visual standards for slow motorised vehicles, but rather intends to
explore areas that show opportunities for training or technically assisting visually
impaired individuals.

Method
The experiment was conducted at the University Medical Center Groningen
(UMCG), the Netherlands, and was part of the project Mobility4All, investigating
the influence of low vision on traffic safety in slow motorised vehicles. A driving
simulator with two mock-ups and different driving environments was developed
for the purpose of this study (ST Software Simulator Systems, Groningen, the
Netherlands).
Participants
In total, 94 normal-sighted controls and participants with visual impairment caused
by ocular pathology between 50 and 70 years of age took part in the experiment. A
number of participants had to be excluded from analysis due to driving simulator
sickness or technical difficulties, resulting in different sample sizes per simulator
drive (see Figure 3 for detailed information about sample sizes). Participants were
divided into five different groups according to their visual ability (see Chapter
2). There were no significant differences between visually impaired and normalsighted participants with regards to age and general cognitive functioning (Table
5.1). Normal-sighted controls had significantly more driving experience (all types
of motorised vehicle combined except for mobility scooters) than visually impaired
participants (t(92) = 4.106, p < 0.001). No differences could be found between
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Table 5.1. Participants’ characteristics

Visually impaired participants
(n = 57)

Normal-sighted controls
(n = 37)

20
37

14
23

61.2 (± 7.7)

61.0 (± 5.5)

MMSEa (mean ± SD)

28.07 (± 1.62)

28.43 (± 1.39)

Driving experience
(mean years ± SD)

26.5 (± 14.9)

38.1 (± 10.5)

Gender
Female
Male
Age (mean ± SD)

a
Mini Mental Status Examination, a screening tool for general cognitive functioning. A score
below 24 indicates cognitive impairment

male and female participants with regard to age, cognitive functioning and driving
experience. All participants completed real-life mobility scooter training and
assessment before driving in the simulator environments (see Chapters 3 and
4). The experiment was approved by the Ethical Committee Psychology of the
University of Groningen, the Netherlands, according to the Declaration of Helsinki.
All participants provided written informed consent.
Driving simulator
The driving simulator consisted of a microcar or mobility scooter mock-up that
stood in front of three big screens. Maximum speed of the microcar simulator was
45km/h and 15km/h for the mobility scooter driving simulator. The mobility scooter
driving simulator mock-up was the same mobility scooter as used in Chapter
3 and 4 and was technically adapted and connected to the simulation PCs by
sensors for steering and switches. A detailed description of the driving simulation
set-up can be found in Chapter 2.
Driving environments
The virtual environments were especially designed for the purpose of this
experiment. Three environments were developed for the microcar and mobility
scooter simulator using ST simulation software (ST Software Simulator Systems,
Groningen, the Netherlands) to explore driving performance under different
conditions: 1. Microcar driving on street (max. 45km/h, 6m wide), 2. Mobility scooter
driving on pavement (max. 5km/h, 2m wide), and 3. Mobility scooter driving
on street (max 15km/h, 6m wide). These environments were further subdivided
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Figure 5.1 Overview of the different simulator drives

into two different short driving courses to measure different aspects of driving
performance: lane-keeping courses and obstacle courses (Figure 5.1). Each course
took approximately 2-3 minutes.
The lane-keeping courses consisted of a winding road with a relatively plain
surrounding and no intersections. Except for a number of oncoming cars on the
street, there were no obstacles present. The main purpose of the lane keeping
courses was to measure lateral position control (SDLP; the amount of deviation
from the centre of the driving lane) at different speeds. The two lane keeping
courses came with two instructions: In the first drive, speed was fixed and was
divided into 3 blocks in which speed increased in steps throughout the course
(except for mobility scooter drive on pavement, where speed remained constant at
5km/h). In the second drive participants were asked to choose their own preferred
speed (block 1) or drive as fast as possible (block 2).
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The obstacle courses consisted of a city environment with four intersections (where
participants had to give right of way) and a number of static obstacles and dynamic
traffic agents. The software generated traffic agents that moved autonomously
through the environments.
Traffic was controlled by a script that regulated all intended traffic interactions
and conflicts during the simulator drive. Static obstacles were created with four
different characteristics: (1) small and low contrast (e.g. grey bollard), (2) small and
high contrast (e.g., coloured bollard), (3) big and low contrast (e.g., grey parked
car), and (4) big or high contrast (e.g., coloured bin). Traffic agents (e.g., cars, trucks,
bicycles, pedestrians) were divided into three categories: (1) coming from the left
at an intersection, or (2) coming from the right at an intersection, or (3) had to be
overtaken (both overtaking slow traffic agents travelling in the same direction and
passing traffic agents approaching from the opposite direction). The number and
type of static obstacles were evenly distributed for the different simulator drives
using a 2x2 matrix (two small, low-contrast obstacles, two small, high-contrast
obstacles, two big, low-contrast obstacles, and two big, high-contrast obstacles
per drive). Likewise, the number and type of traffic agents were balanced for the
different drives (two traffic agents from the left, two traffic agents from the right,
two traffic agents to overtake). Only in the last drives (mobility scooter on street)
more than two obstacles or traffic agents were implemented for certain categories
to avoid predictability.
The goal of the obstacle courses was to record the number of collisions and timeto-collision (TTC: the time that is left before a collision takes place if speed and
direction are not changed) towards obstacles and other traffic agents. As in the
lane-keeping courses, the obstacle courses were split into two drives according to
the following instructions: During the first drive participants were asked to drive
with a preferred speed, during the second drive participants were asked to drive
as fast as possible without neglecting safety.
Procedure
Participants completed 12 drives in total, starting with 4 drives in the microcar
simulator (The two lane keeping courses were completed first, followed by the two
obstacle courses), 4 drives in the mobility scooter simulator on the pavement and
finally 4 drives in the mobility scooter on the street (Figure 5.1). Participants were
instructed to operate the vehicles as they normally would in traffic and to obey
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the traffic rules. The specific instruction for the lane keeping courses was to adapt
a safe position on the road and to keep that position during the drive. For the
free speed conditions participants were asked to start driving with their preferred
speed. Halfway through the drive they were prompted to drive as fast as they could
whilst staying safe. For the obstacle courses, participant were instructed to avoid
collisions with obstacles and other traffic participants adapting their preferred
speed (part 1) or driving as fast, yet safe, as they could (part 2).
A 5-minute break was taken between the microcar and mobility scooter simulator
tasks and mock-ups were rearranged. Before proceeding with the mobility scooter
driving simulator tasks, participants completed a practice drive in the simulator,
because an informal pilot study had revealed that judging distances might be
challenging in these simulations. Because simulator sickness is an often-occurring
phenomenon in driving simulator research, participants were informed about the
symptoms of simulator sickness and assured that they could stop the task at any
time. To monitor the wellbeing of the participants, the Simulator Sickness Misery
Scale (MISC) was taken after each drive (Bos, Ledegang, Lubeck, & Stins, 2013). The
MISC is an 11-point scale to measure the degree of simulator sickness symptoms
(feeling unwell, dizziness, actually feeling sick). A score >6 was an indicator for light
sickness and served as an objective marker in this experiment to stop the drives.
Statistical analysis
Dependent variables were the outcome measures of the driving simulation: speed,
standard deviation lateral position (SDLP), minimum time-to-collision (TTC), and
number and type of collisions. SDLP was measured as the deviation from the
centre line, whereas TTC was measured using the speed of the driver and the
distance towards obstacles or other traffic participants. TTCs larger than 2 seconds
were seen as safe. A collision was recorded when TTC reached zero.
For the lane-keeping courses, speed and SDLP were calculated per block per drive.
Since the assumption of normality was not met, visually impaired participants were
compared to normal-sighted controls using non-parametric tests (Mann-Whitney
U). For the obstacle courses, the number of collisions and the TTCs for static
and dynamic (crossing and to be overtaken) obstacles were compared between
visually impaired and normal-sighted participants. Maximum value of the time-to
collision was 4 seconds. Mann-Whitney U tests were used for these comparisons.
Furthermore, the relative risk of visually impaired and normal-sighted participants
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to collide (TTC = 0) or nearly collide (TTC<0.5) with a certain obstacle group
was calculated. For this purpose, obstacles were categorized according to their
characteristics into static small objects with either high or low contrast, static large
objects with high or low contrast, moving objects from the left, moving objects
from the right, or moving objects that had to be overtaken. The number of (near-)
collisions with these object categories were accordingly calculated and, depending
on how many drives a respective participant completed, the chance of collision
with a certain obstacle category was obtained. The mean chance of collision was
then calculated separately for the group of visually participants and controls.

Results
Lateral position and speed
In the lane-keeping drives (6 in total), lateral position control of visually impaired
participants and normal-sighted controls did not significantly differ overall. Only
in two blocks visually impaired participants showed significantly larger variability
in their lateral position than controls: the first block of the fixed-speed lanekeeping drive of the microcar environment (speed: 15 km/h; t(61) = 2.25, p < 0.05)
Table 5.2 Mean SDLP (SD) and speeds for the different lane keeping drives
Lateral position

Drive
b

Speed (km/h)

SDLP (cm)

Preferred speed

Hurry

Microcar

VI

47.0 (11.7)

--

--

(fixed speed)

Controls

39.1 (11.9)

--

--

Microcar

VI

46.2 (16.1)

26.3 (7.1)

37.4 (9.5)

(free speed)

Controls

41.2 (12.5)

27.7 (7.3)

39.3 (9.2)

MS pavement

VI

22.0 (25.4)

--

--

(fixed speed)

Controls

12.1 ( 9.1)

--

--

MS pavement

VI

34.5 (19.5)

11.8 (2.0)

14.7 (1.4)

(free speed)

Controls

28.1 (11.0)

11.6 (3.0)

14.8 (1.6)

MS street

VI

30.1 (22.8)

--

--

(fixed speed)

Controls

22.8 ( 7.8)

--

--

MS street

VI

39.8 (11.7)

15.2 (1.2)

16.2 (0.2)

(free speed)

Controls

35.8 (14.3)

15.0 (1.5)

16.2 (0.2)

a

a
b

MS = Mobility Scooter
VI = visually impaired
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and the first block of the fixed lane-keeping drive of the mobility scooter street
environment (speed: 5 km/h; t(31) = 2.33, p < 0.05). Noticeable is the large interindividual variability in the SDLP scores, especially amongst the visually impaired
participants (Table 5.2). With regard to speed, visually impaired participants did
not drive significantly slower than normal-sighted controls in any conditions. On
the mobility scooter drive on the street, both visually impaired participants and
normal-sighted controls drove at the highest possible speed.
Number of collisions
Except for the first drive in the mobility scooter drive on the pavement, visually
impaired participants have significantly more collisions compared to normalsighted controls (Table 5.3). Figure 5.2 shows that visually impaired participants
have most collisions in the first microcar drive, and least collisions on the mobility
scooter drive on the street. In addition to that, even though participants were asked
to drive faster in the second condition of the environments, fewer collisions can
be observed for this instruction in all three environments. The relative difference
between visually impaired and normal-sighted participants appears to be largest
in the first drive of the microcar driving simulator.

Table 5.3. Number of collisions of visually impaired and normal-sighted
participants in the different drives
Drive

Group
b

N

Mean

SD

Median

Test

p

33

1.94

2.26

1.0

U = 198.5

< 0.001

U = 247.0

0.036

U = 120.0

0.134

U = 103.5

0.048

U = 79.5

0.050

U = 78.0

0.036

Microcar

VI

(free speed)

Controls

25

0.24

1.20

0.0

Microcar

VI

30

0.43

0.68

0.0

(hurry)

Controls

22

0.09

0.29

0.0

MS pavement

VI

20

0.90

1.41

0.0

(free speed)

Controls

16

0.25

0.44

0.0

MS pavement

VI

18

0.89

1.71

0.0

(hurry)

Controls

16

0.06

0.25

0.0

MS street

VI

18

0.56

0.86

0.0

(free speed)

Controls

13

0.08

0.28

0.0

MS street

VI

17

0.41

0.79

0.0

(hurry)

Controls

13

0.00

0.00

0.0

a

a
b
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Figure 5.2. Mean number of collisions per drive (error bars represent standard
deviations)

MS = Mobility Scooter.
Horizontal axis: 1: Microcar, street, preferred speed; 2: Microcar, street, hurry; 3: MS, pavement, preferred
speed; 4: MS, pavement, hurry; 5: MS, street, preferred speed; 6: MS, street, hurry

Time-to-collision
For both visually impaired and normal-sighted participants the average TTC of
all obstacle groups combined is larger than 2.5 and thus cannot be classified as
risky. A significant difference in overall TTC between visually impaired participants
and controls in the microcar simulator drives and the mobility scooter street drive
could be found (hurry; Figure 5.3).
With regard to static objects, average TTC’s are also long for both visually impaired
and normal-sighted participants (Table 5.4). Visually impaired participants show
significantly shorter TTCs on the microcar street drive (preferred speed; T(56)=
-4.746; p<0.001) and the mobility scooter street drive (preferred speed; U = 68.0;
p = 0.05), and a significantly longer TTC on the mobility scooter pavement drive
(preferred speed; U = 88.5; p < 0.05) compared to normal-sighted controls.
Concerning crossing traffic agents, visually impaired participants had shorter TTCs
compared to normal-sighted controls on the microcar street drive (preferred speed;
U = 171; p < 0.001) and mobility scooter pavement drive (preferred speed; U = 98.5;
p = 0.50). Lastly, regarding moving traffic agents participants had to overtake,
visually impaired participants had significantly shorter TTCs in the microcar street
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Figure 5.3 Mean TTC in seconds of all obstacle groups combined for the
different drives (error bars represent standard deviations)

Horizontal axis:
1: Microcar, street, preferred speed; T(56) = -4.103; p < 0.001
2: Microcar, street, hurry: T(50) = -2.223; p < 0.05
3: Mobility Scooter, pavement, preferred speed: T(34) = 0.090; n.s.
4: Mobility Scooter, pavement, hurry: T(32) = -0.553; n.s.
5: Mobility Scooter, street, preferred speed: T(29) = -1.567; n.s.
6: Mobility Scooter, street, hurry: T(28) = -2.540; p < 0.05

Table 5.4. Mean (SD) TTC of visually impaired and normal-sighted participants in the
different drives
Drive

Group

n

TTC static (s)

TTC crossing (s)

Mean (SD)

Median

Mean (SD)

Median

TTC overtake (s)
Mean (SD) Median

Microcar

VIb

33

2.82 (0.71)

2.94

3.68 (0.34)

3.68

2.97 (0.70)

2.97

(free speed)

Controls

25

3.56 (0.34)

3.63

3.96 (0.17)

4.00

3.45 (0.70)

4.00

Microcar

VI

30

3.25 (0.36)

3.28

3.75 (0.32)

3.85

3.21 (0.91)

3.52

(hurry)

Controls

22

3.42 (0.46)

3.57

3.89 (0.16)

4.00

3.60 (0.62)

3.94

MS pavement

VI

20

2.83 (0.41)

2.94

3.01 (0.54)

2.97

1.91 (0.85)

1.79

(free speed)

Controls

16

2.55 (0.32)

2.55

3.30 (0.51)

3.26

1.87 (0.94)

2.23

MS pavement

VI

18

2.69 (0.78)

2.75

3.18 (0.77)

3.35

2.51 (1.24)

3.06

(hurry)

Controls

16

2.68 (0.71)

2.72

3.40 (0.47)

3.55

2.70 (0.96)

3.03

MS street

VI

18

2.78 (0.50)

2.64

3.50 (0.54)

3.62

1.57 (0.61)

1.42

(free speed)

Controls

13

3.12 (0.37)

3.21

3.50 (0.45)

3.64

1.86 (0.62)

1.68

MS street

VI

17

2.72 (0.37)

2.77

3.40 (0.40)

3.38

2.18 (0.74)

1.94

(hurry)

Controls

13

2.77 (0.32)

3.72

3.54 (0.36)

3.59

2.95 (0.89)

3.23

a

a
b
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drive (preferred speed; U = 235.5; p < 0.05) and the mobility scooter street drive
(hurry; U = 55.0; p < 0.05).
Type of collisions
Analysis of the different obstacles groups revealed that most collisions took place
with small, low-contrast objects (Table 5.5). Controls had fewer collisions compared
to visually impaired participants. The elevated risk of collision for visually impaired
participants compared to normal-sighted controls is especially visible for static,
small objects with low contrast and for all types of moving objects.
Furthermore, in Table 5.5 it is shown that visually impaired individuals more often
come critically close to objects (TTC<0.5) than normal-sighted controls, except for
high-contrast objects. Participants with visual impairment who are in this critical
range, end up colliding more often with objects, whereas normal-sighted controls
Table 5.5. Mean percentage of participants who collide with or come critically close
to obstacles of the different obstacle categories. The first three rows show the
percentages of participants with a TTC below 0.5 (including collisions), the second
three rows show the percentage of participants who actually collided, and the last
three rows show the percentage of participants who came critically close to objects
without colliding
Parameter

Static
small
LCa

Static
small
HCb

Static
big
LC

Static
big
HC

Moving
left

Moving
right

Moving
front

Controls
Near- collisions
+ collisions
VI
(TTC<0.5)
VI/ contr

12%

12%

11%

11%

1%

0.6%

8%

25%

10%

13%

9%

4.4%

1.3%

9%

2.08

0.83

1.18

0.82

4.40

2.17

1.13

Controls

4%

0%

0%

0%

1%

0.3%

1%

VI

15%

4%

5%

5%

4%

1%

4%

VI/ contr

3.75

0.04

0.05

0.05

4.00

3.33

4.00

Controls

8%

12%

11%

11%

0%

0.3%

7%

10%

6%

8%

4%

0.4%

0.3%

5%

1.25

0.50

0.73

0.36

0.004

1.00

0.71

Collisions
(TTC =0)

Near- collisions
VI
(0.5>TTC>0)
VI/ contr
a

LC = low contrast
HC = high contrast

b
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appeared to be able to prevent collisions despite their critical TTC. However, the
probability of collision with any type of static and moving objects is low in both
visually impaired and normal-sighted participants. Around 30% of the visually
impaired participants never had a TTC < 0.5.

Discussion
To the best of our knowledge, this is the first driving simulator study comparing
driving performance of visually impaired and normal-sighted people in slow
motorised vehicles. The virtual driving environments were especially designed to
answer the questions of this study. Parameters measured included lateral position,
speed, time-to-collision, and number and type of collisions. It was found that visually
impaired participants were generally able to control vehicle position on a winding
road, but displayed more risky driving behaviour than normal-sighted controls
when presented with obstacles or when interacting with other traffic participants.
Results are generally in accordance with earlier conducted research within this
patient sample. In a study by Cordes, Heutink, Tucha, et al. (2017), visually impaired
participants demonstrated sufficient lateral position control in a mobility scooter
on-road test, but were more often involved in risky traffic situations compared to
normal-sighted controls.
Lateral position and speed
Visually impaired participants showed little statistical differences in lateral position
control compared to normal-sighted controls, although the large variation
indicated that visually impaired participants had less lateral position control on an
individual level. This observation is in accordance with research by Coeckelbergh
et al. (2002), who showed that visually impaired people, in particular people with
peripheral visual field defects, displayed more variation in their lateral position.
Furthermore, we expected visually impaired participants to reduce their speed due
to their impairment, which was not confirmed by the results. This suggests that
visually impaired participants did not choose to compensate for their impairment
by adapting their speed and dared to drive as fast as participants without any
visual impairment.
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Number and type of collisions
The results of the present study are in line with studies that have shown that
participants with visual impairment have more collisions in a dynamic car driving
simulation than normal-sighted controls (Szlyk et al., 1993; Szlyk et al., 2005). Visual
field problems in particular were related to risk of collision in these studies. Future
studies need to investigate the role of different types of impairment on safe driving
performance in slow motorised vehicles as our sample size was too low to allow
for an in-depth analysis between the groups with different visual impairment.
Interestingly, the number of collisions was lower for the second drive in the same
environment (hurry) compared to the first part (preferred speed), suggesting
better performance with more familiarity. This is especially visible in the microcar
simulator, where visually impaired participants show a highly reduced number of
collisions in the second drive. Research suggests that executive functioning and
thus the ability to adapt to novel task decreases with age (Lowe & Rabbitt, 1997).
Due to their impairment, visually impaired participants in this study might have
had extra difficulties initially adapting to the driving simulator task and accordingly
improved on the second drive.
As should be expected, the type of objects participants collided with most were
small objects with low contrast, e.g., grey bollards or branches on the street. For
visually impaired participants especially, these types of objects posed a larger risk
of collision. The observation that the risk of collision is particularly elevated in
small, low-contrast obstacles, but not in small, high-contrast ones, confirms earlier
research revealing poor visibility of obstacles and road markings are the main
causes of one-sided collisions in cyclists (Fabriek, De Waard, & Schepers, 2012;
Schepers & Den Brinker, 2011). The authors advocated minimizing unnecessary use
of road obstacles and to maximize visibility of necessary objects by using highcontrast colours. In addition, moving traffic agents also created a greater risk for
visually impaired participants. This finding stresses the importance of increasing
awareness of potential moving hazards on the road in visually impaired drivers.
Future studies could investigate if a certain type of training, e.g., scanning training
for people with visual field defects, could increase attentiveness towards other
traffic participants at crossings. Since visually impaired participants did not show
any reduction in their chosen speed, it would also be interesting to investigate
whether a reduction in speed would have resulted in fewer collisions.
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Time-to-collision
Analysis of the time-to-collision did not suggest a highly elevated risk of collision
for visually impaired and normal-sighted participants. One third of the visually
impaired participants never got critically close to either objects or traffic agents.
Differences between visually impaired participants and normal-sighted controls
were observed particularly in the first condition of the drives (preferred speed). This
again suggests that visually impaired individuals need more time to adapt to a new
driving environment. For rehabilitation, this stresses the importance of sufficient
familiarisation with the driving environment and ample training time. Future studies
should further investigate the effect of familiarity and predictability of the driving
environment on mobility scooter driving safety. Earlier studies have shown that
familiarity with the environment can lead to fewer collisions, since more attentional
capacity is available for hazard detection (Martens & Fox, 2007; Schepers & Den
Brinker, 2011). In addition, (visually) impaired drivers tend to prefer to drive in more
familiar environments (Owsley & McGwin Jr., 2010), suggesting that they are aware
of difficulties in unfamiliar situations and choose to compensate for it.
Strengths and limitations
To the best of our knowledge, no other study has yet created driving simulations
for slow motorised vehicles that are particularly tailored to measure driving
performance of visually impaired people. Despite creating standardisation and
objectivity, our driving simulators come with a number of disadvantages. One
of these is the scope for generalisation of the test results. In the present study,
estimating distances from obstacles and traffic agents in the mobility scooter
driving simulator appeared to be difficult for participants, despite a practice drive
every participant had to complete beforehand. In real traffic, mobility scooter users
can manoeuvre their vehicle around obstacles by directly looking down. However,
due to the set-up of the driving simulator, this information was not accessible in
the virtual environments. Especially in the mobility scooter environments on the
pavement, where the space to avoid collision is limited compared to the other
environments, incorrect judgement of distances could have led to an inflated
number of collisions for both visually impaired and normal-sighted participants.
In addition, steering of the mobility scooter was very sensitive. Although this
difficulty did not seem to have a negative impact on lateral position control in
participants with visual impairment, it might have contributed to the difference
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found in collisions, since more steering skills were required to manoeuvre around
the different obstacles.
Furthermore, participants in the present study suffered unexpectedly severe
from driving simulator sickness. More than half of the participants stopped with
the driving simulator tasks at some point (visually impaired participants did not
differ statistically significant in their drop-out rate from normal-sighted controls).
Relatively more female participants dropped out in total as a result of simulator
sickness compared to male participants (approximately 94% versus 53%).
Simulator sickness is a negative side effect of driving simulator studies, resulting in
symptoms such as dizziness, headaches, or nausea (Brooks et al., 2010). Simulator
sickness may not only lead to missing data, but may also have an influence on
the validity of the driving task (Stoner & Fisher, 2011). To minimize the influence
of driving sickness symptoms on driving performance in the present study and
to secure the participants’ wellbeing, we monitored the participants’ symptoms
strictly and stopped the driving simulations before symptoms increased. This,
however, resulted in much smaller sample sizes, as fewer participants completed
the different driving courses. Due to the small sample sizes, we were not able to
analyse visually impaired participants according to their type of visual impairment
and we cannot draw any conclusions about the performance of participants with
different visual impairments. In addition, differences between males and females
could not be analysed and might be an interesting target for future studies.
Lastly, the driving simulator tasks all had a similar design to maximise comparability
between the different drives. This similarity could have resulted in a certain
predictability and learning effect in later drives, which could have been the reason
for fewer collisions and decreased time-to-collisions in the second part of the
driving courses. However, the improved performance also highlights the fact that
participants were able to adapt quickly, which could be an interesting observation
for rehabilitation purposes.
Conclusion
Visually impaired individuals are able to keep a safe position on winding roads
and pavements at variable speeds (5-45km/h), but perform less safely compared
to normal-sighted controls when interacting with other traffic participants and
obstacles on the road. Reduced contrast in the environment increases risk of
collision more than the size of the object. Nevertheless, these findings do not
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suggest that visually impaired individuals are unfit to drive slow motorised vehicles,
since total numbers of collisions are still low. Furthermore, familiarity with the
environment appears to improve driving performance. The findings could be used
to improve training facilities in rehabilitation and infrastructure design. Further
research is needed to confirm the role of familiarity and/or investigate different
types of visual impairment in a driving simulator setting.
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CHAPTER 6
The Driving Simulator Versus On-road
Assessment: Exploring Validity

Chapter 6

Introduction
Driving simulators are valuable tools in research on driver behaviour and traffic
safety (cf. Brookhuis & De Waard, 2010). They have a number of advantages over
on-road assessments, for example, they allow complete experimental control, they
provide a safe traffic environment, they permit standardisation to be established,
and they can facilitate an in-depth analysis of diverse driving parameters.
Particularly for vulnerable and at-risk drivers, driving simulators offer a valuable
opportunity to investigate driving performance both in research and in clinical
practice. However, one drawback of driving simulator research is the transferability
and predictability of the outcomes to real-life situations, in other words, its validity.
There are many different forms of driving simulators, all of which aim to resemble
real on-road driving and do so to varying degrees. How realistic driving simulators
are is dependent on numerous factors such as projection size, vestibular input,
mock-up, the virtual environment and its projection resolution amongst other
things.
Different forms of driving simulator validity can be distinguished (Mullen, Charlton,
Devlin, & Bédard, 2011). Face validity simply indicates that an assessment with a clear
purpose measures what is intends to measure. Behavioural validity describes the
extent to which performance in a driving simulator reflects the same performance
in an on-road situation. This validity can be divided into absolute and relative
validity. Absolute validity refers to when exactly the same outcomes between
two situations occur and is rarely established. In contrast, a driving simulator has
relative validity if an effect in the simulator goes in the same direction or is of
similar magnitude than in reality. This type of validity is often used in research
and a number of studies have established relative behavioural validity for different
driving simulator parameters (De Waard & Brookhuis, 1997; Lee, 2003; Lew et al.,
2005; Piersma et al., 2016; Veldstra, 2014).
Most research on driving simulator validity is based on groups of healthy participants,
which might potentially present problems if this validation is applied to people with
impairments. Research has shown that the less competent the driver, the less valid
driving simulators are as a research tool (Mullen, Charlton, Devlin, & Bédard, 2011).
Special care has to be taken if a driving simulator is used as a screening instrument
to establish practical fitness-to-drive in impaired individuals or to decide whether
a person should get a driving licence or not. In these cases, high behavioural
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validity of the driving simulator is crucial. Lew et al. (2005) studied the predictability
of a driving simulator training programme in patients with traumatic brain injury
and showed that the simulator was an ecologically valid task to predict driving
performance in the long term. An advantage of driving simulators compared to
on-road driving assessments is a better test-retest reliability. Even though on-road
assessments are seen as the golden standard in assessing practical fitness-todrive, i.e. have higher face validity, conditions are challenging to control, making
it difficult to compare performances between individuals and between trials.
In some countries (e.g., Sweden) roads might be too quiet to offer an on-road
assessment that reflects the real complexity of the driving task. In such countries,
well-established driving simulators might be a robust alternative to an on-road
assessment. In addition, on-road assessments are usually evaluated by different
driving instructors where high interrater-reliability is not always guaranteed. Due
to the shortcomings of on-road assessments, driving simulators may therefore add
valuable information.
The advanced microcar and mobility scooter simulator developed for the project
Mobility4All used the existing set-up and technology of the UMCG driving simulator
(e.g., same mock-up for microcar simulator, lane keeping drives), which has been
used for clinical and scientific purposes in recent years (e.g., Brouwer, Busscher,
Davidse, Pot, & Van Wolffelaar, 2011; Dotzauer, 2014); Fitness-to-drive assessments
on behalf of the Dutch Driving Licence Authority). Thus, many features of the
driving simulator used in the present project have been demonstrated to be valid
and reliable. However, new virtual environments, different driving conditions (e.g.,
restricted speeds) and a new mock-up for the mobility scooter driving simulator
make further analyses necessary. Since the simulator was used for research
purposes, the relative validity of the simulator was investigated in the following.
More specifically, performance in the simulator was compared to performance in
the mobility scooter on-road test and the individual predictability of the driving
simulator in terms of on-road driving performance was explored. In order to be
able to use similar parameters, driving performance was operationalised as the
number of collisions in the driving simulator compared to the number of critical
events in the on-road mobility scooter driving test. A high relative validity of the
driving simulator would mean that participants who have more collisions in the
driving simulator also have more critical events in the on-road assessment and
vice versa.
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Analysis
Since on-road tests are seen as the golden standard in driving safety research in
the Netherlands, the outcomes of all driving simulator drives combined (average
number of collisions across all simulator drives) were compared to the mobility
scooter on-road drive. The correlation between the number of collisions in the
driving simulator and the critical events in the mobility scooter on-road test was
established, and simulator performance of participants who failed the mobility
scooter on-road test was explored in detail. Since simulator sickness contributed
to a high rate of drop-out amongst participants, a separate paragraph is devoted
to this matter. Visually induced simulator sickness is a common side effect of
driving simulators and is similar to motion sickness. Symptoms include dizziness,
headaches, drowsiness or nausea, for example and several theories have been put
forward to explain the cause of simulator sickness (Stoner, Fisher, & Mollenhauer
Jr., 2011). Simulator sickness itself may pose a threat to the validity of the driving
simulator task by affecting the individual’s driving performance.

Results
Simulator sickness
A major problem that occurred during the driving simulator assessment was the
number of people that could not complete the full driving simulator task due to
them developing simulator sickness symptoms. More than half of the participants
(54.9%) dropped out at some point during the simulator drives (total duration
of the simulator drives approximately 50 min). Since it is known that simulator
sickness can also influence driving performance and thereby the validity of the
driving simulator, the Misery Scale (Bos et al., 2013) was used to assess simulator
sickness symptoms and to stop the experiment when a threshold was exceeded
(see Chapter 5). Although this approach protected both the participants and the
validity of the data, it also contributed to the low number of participants that
completed all tasks in the driving simulator. There was no significant difference
between the drop-out rates between visually impaired participants (57.4%) and
normal-sighted controls (51.4%). However, compared to drop-out rates in a similar
driving setting (about 40% in older participants and 20% in younger participants;
Dotzauer, 2014), the drop-out rate due to simulator sickness was unexpectedly high
(Table 6.1). As can be seen, participants with peripheral visual field defects suffered
93

Slow motorised traffic and vision

Table 6.1. Number and percentage of participants per group who experience driving
simulator sickness

Simulator
sickness

yes
no

Count
%
Count
%

Very low
acuity

Low acuity

Peripheral field
defects

Combination

Control

5
55.6
4
44.4

9
56.3
7
43.7

9
64.3
5
35.7

8
53.3
7
46.7

19
51.4
18
48.6

χ(4) = 0.715, n.s.

particularly badly from simulator sickness. However, no significant differences in
drop-out rate due to simulator sickness could be found between the different
groups.
Apart from the consequences of simulator sickness described above, the high
drop-out rate made it challenging to establish a relationship between the driving
simulation tasks and the mobility scooter on-road test. Nevertheless, an attempt is
made to link the two experiments in the following.
Association between the driving simulation tasks and the mobility scooter
on-road test
A moderate positive correlation between the number of collisions in the driving
simulator and the recorded critical events in the mobility scooter on-road test was
found (r = 0.347, p < 0.05). Generally, it can be said that driving performance in the
driving simulator was similar to the on-road test in terms of number of collisions
and critical events. In both the on-road test and the driving simulator task, visually
impaired participants showed a higher number of collisions (number of critical
events) compared to normal-sighted controls (Table 6.2).
Table 6.2. Percentage collisions/critical events of visually impaired and normalsighted controls in the simulator/on-road test
Simulator
On-road
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Number of collisions/
critical events
0
1
≥2
0
1
≥2

Visually impaired
(%)
27.6
27.6
44.8
24.1
34.5
41.4

Controls (%)
68.0
32.0
0.0
72.0
20.0
8.0

All participants
(%)
46.3
29.6
24.1
46.3
27.8
25.9
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Predictability of the driving simulator
The failure rate of the mobility scooter on-road test was generally low (n = 5) and
the participants who failed all had some form of visual impairment (see Chapter
4). Only two out of those five participants completed all simulator drives, two only
completed the microcar simulator drives, and one participant did not complete
any of the simulator tasks. Table 6.3 shows that with one exception, all participants
who failed the on-road drive had more than two collisions in the driving simulator.
Those who failed the on-road test (median number of collisions = 1.25) did not
have significantly more collisions in the driving simulator compared to those who
passed the on-road test (median number of collisions = 0.17; U = 56.0, p = 0.125).
However, due to the small sample size, results need to be interpreted with caution.
Table 6.3. Comparisons of the performances of individuals who failed the on-road test
and their performances in the driving simulator
On-road

Number of collisions driving sim

Critical
events

MC1a

MC2

MSp1b

MSp2

MSs1c

MSs2

Average per
drive

Combined
visual
impairment

1

X

X

X

X

X

X

X

M4A_032

Peripheral
field defect

3

0

0

X

X

X

X

0

M4A_058

Peripheral
field defect

2

3

1

1

1

2

3

1.8

M4A_065

Combined
visual
impairment

2

1

2

0

0

1

0

1.5

Participant

Group

M4A_012

a
MC = Microcar; b MSp = Mobility scooter pavement; c MSs = Mobility scooter street; x = did not
complete drive

Discussion and conclusion
To be able to transfer the outcomes of driving simulator tasks to real life situations,
it is important that the validity of the driving simulator is established. In this chapter,
the association between the driving simulator tasks and the mobility scooter onroad drive was explored. The results show that the performance between driving
simulator tasks and on-road tests are moderately associated. Visually impaired
participants performed worse than normal-sighted controls both in the simulator
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and in the on-road drive. However, participants who failed the on-road test did
not necessarily perform worse in the driving simulator tasks. Whereas the driving
simulator is not able to predict driving safety in real-life situations well, participants
show a similar driving performance in both settings.
Factors contributing to the association not being stronger between the two tasks
could be the large drop-out rate (54.9%) in the driving simulator task or the
relatively low rate of failures in the on-road drive (6%). Due to the large amount
of missing data it was difficult to explore the relationship between the two tasks.
In addition, although it was made sure that participants with simulator sickness
symptoms stopped the tasks before symptoms got too severe, we cannot guarantee
that the discomfort some participants experienced affected their performance
in the driving simulator. One surprising observation was the high drop-out rate
in participants with visual field defects. The mismatch between optic flow and
vestibular input is often described as a relevant cause of simulator sickness. Since
people with visual field defects are exposed to less optic flow due to their restricted
visual field, we expected that simulator sickness would be reduced in these people
compared to participants with other visual impairment. However, in the present
study the opposite effect was found: Participants with visual field defects were
more affected by simulator sickness than other visually impaired participants. An
explanation for this occurrence could be found in the Postural Instability Theory
(Riccio & Stoffregen, 1991) which proposes that simulator sickness occurs when a
person attempts to maintain stability in a new environment in which the body has
not yet learned strategies to preserve postural stability. Due to their impairment,
participants with visual field defects might have moved their head more than other
participants to get an overview of the simulator environments, which might have led
to less postural stability and therefore more severe simulator sickness symptoms.
More research is necessary to tackle the high rate of dropouts in the simulator due
to simulator sickness. Although no significant difference was found between the
dropout rates of visually impaired and normal-sighted participants, it is remarkable
that the incidence of simulator sickness symptoms is unusually high in this patient
group. Reasons for this high rate of simulator sickness could be the composition
of the virtual environments (urban surrounding creating more optic flow), the task
(manoeuvring around obstacles involving a substantial amount of steering and
braking), and the individual characteristics of the participants (e.g., older age).
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A limitation of this study is that the parameters of the driving simulator tasks and
the on-road test were similar but not identical. Whereas the number of collisions
was used as a measure for driving safety in the simulator, the number of critical
events was used for the on-road test. A reason for this approach was that the
number of collisions in the on-road test was negligible, because the test leader
intervened to protect the safety of the participants. Critical events were defined
as situations in which the test leader stopped the mobility scooter using a remote
control, and as situations that were rated as potentially unsafe (see Chapter 4).
Another factor that could have weakened the association between the
simulator and on-road tasks was the behaviour of the traffic agents in the
virtual environment. In the driving simulator, traffic agents were programmed
to be “on a collision course” with the participants (i.e. traffic agents adapt their
speed according to the driver), thereby creating an slighty unusual environment
aimed at increasing chances for collision, whereas in the on-road situation
other traffic participants naturally looked to avoid dangerous situations.
This study was the first to investigate driving performance in slow motorised
vehicles in a simulated environment, aiming at a high degree of ecological validity.
Even though on-road tests might have a higher face validity, they have limitations
as well (e.g., less safety, unpredictability of traffic and hence lower reliability).
Simulators may be used to assess performance in situations that cannot easily be
created in an on-road environment. Furthermore, the simulator tasks in the present
study added valuable information to the driving performance of visually impaired
individuals (see Chapter 3 and 4) and should therefore be seen as a complimentary
task to the mobility scooter driving test. Future research should focus on studying
approaches to reduce simulator sickness and on further investigating the validity
and usability of simulator tasks for establishing practical fitness to drive.
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Chapter 7

Introduction
Driving is a complex task and the quality of its performance is determined by
multiple factors. In the preceding chapters, the role of visual impairment on driving
safety in slow motorised vehicles has been explored and results indicated that most
visually impaired participants were able to drive mobility scooters safely. Yet, there
were a number of individuals that showed difficulties with driving mobility scooters
in traffic. In this chapter it will be explored to what extent neuropsychological tests
may contribute to the assessment of driving safety.
In previous research it was found that cognitive functions are
related to hazard detection, timely and appropriate responding and
dealing safely with various traffic situations (Vestri & Marchi, 2009).
Cognitive impairment can be the result of acquired brain injury and
neurodegenerative diseases, and also ageing processes can contribute. Because
many mobility scooter users belong to the older population, age related cognitive
decline might influence their safety in traffic situations.
In car traffic, a number of studies have shown that patients with mild cognitive
impairment, stroke, or dementia showed poorer car driving performance compared
to a control group (Kawano et al., 2012; Piersma et al., 2016) and much research has
been devoted to predicting safe traffic participation based on neuropsychological
test performance (Anderson et al., 2012). Generally, it has been found that there is
only a moderate association between cognitive impairment and practical fitness
to drive and that factors such as compensation and behavioural adaptation play
a role as well (Brouwer, 2015). In addition, regulations have been established with
regard to cognitive functioning and driving. The European directive on driving
licences states: “Driving licences shall not be issued to, or renewed for, applicants
or drivers suffering from a serious neurological disease, unless the application is
supported by authorised medical opinion.” (Annex III, 11, Directive 2006/126/EC of
the European Parliament).
Whereas there is a wealth of studies on cognitive impairment and car driving
performance, hardly any studies have been conducted on the cognitive correlates
of driving performance in slow motorised vehicles. Sufficient cognitive functioning
is thought to be important to warrant driving safety in these vehicles (Field, 1999)
and the necessity of neuropsychological assessment is expressed (De Hoog, 2013;
Steyn & Chan, 2008). In a study by Massengale et al. (2005), it was shown that
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performance on tests on attention, alertness, problem solving, and reasoning
skills was significantly correlated with electric wheelchair driving performance. In
contrast, other studies did not find a relationship between cognitive functioning
and driving performance in powered mobility devices (Hall et al., 2005; Letts et al.,
2007).
In the research described above, the effect of cognitive functioning on practical
fitness to drive cars was studied in participants without visual impairment. In the
present study, a neuropsychological test battery was administered to explore the
role of cognitive factors in determining mobility scooter driving safety in visually
impaired participants (see Chapter 2 for more information). One could argue that
people with visual impairment might rely more heavily on cognitive functions in
traffic to be able to compensate for the visual impairment. Therefore, although
participants of the present study were neither diagnosed with neurodegenerative
diseases nor suffered from brain damage, cognitive functioning was examined to
explore the added value of neuropsychological test assessment in determining
practical fitness to drive mobility scooters in visually impaired individuals.

Method
Participants
In total, 105 participants took part in the experiment. The exact number of
participants in each analysis differed per test assessment and is reported in the
result section below. Exclusion from analysis was based on missing data due to
the inability to complete the tests and/or technical problems (n different per test)
or on unclear group membership (n = 8). Participants were categorised based on
visual acuity and visual field size at the time of the assessment into five subgroups:
participants with very low visual acuity (<0.16, <6/38, 29/125), participants with low
visual acuity (0.16-0.4), participants with peripheral field defects, participants with
a combination of visual impairment, and normal-sighted controls (see Chapter
2). The experiment was approved by the Ethical Committee Psychology of the
University of Groningen, the Netherlands, according to the Declaration of Helsinki.
All participants provided written informed consent.
Neuropsychological assessment
A description of how the test battery was established can be found in Chapter 2.
Administration of the total test battery took approximately 90 minutes. A challenge
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with neuropsychological testing is that most tests are presented visually and scores
are not corrected for potential effects of low vision. Although one might argue
that this is not a crucial factor for testing compensation, we tried to find a balance
between the sensitivity of tests (potential correlation with driving performance)
and expected low impact of visual functioning.
Mini Mental Status Examination
To establish the severity of cognitive impairment, the Dutch translation of the
Mini Mental Status Examination (MMSE) was administered (Folstein, Folstein,
& McHugh, 1975; Kok & Verhey, 2002). The MMSE is widely used in clinical and
research settings to screen for dementia and has also been frequently included in
studies investigating driving safety (Bieliauskas, 2005; Fürmaier et al., 2017; Mathias
& Lucas, 2009; Piersma et al., 2016; Wagner, Müri, Nef, & Mosimann, 2011). It has
been shown to have satisfactory validity and reliability (Tombaugh & McIntyre,
1992). The MMSE consists of 11 items of different categories: orientation, memory,
attention, language, and visual construction. Maximum score is 30 and a score of
23 or less is said to indicate cognitive impairment. Assessment time is five to ten
minutes.
Trail Making Test
The Trail Making Test (TMT; Reitan, 1958) is a neuropsychological tool measuring
visual search, working memory, cognitive flexibility and executive functioning and
is applied in various neuropsychological assessments. It has been shown to be
correlated to driving performance and is often part of a larger test battery assessing
fitness-to-drive in different patient groups (Brouwer, 2010; Classen, Wang, Crizzle,
Winter, & Lanford, 2013; Papandonatos, Ott, Davis, Peggy, & Carr, 2016; Piersma
et al., 2016). The TMT consists of two parts: The first part, the TMT-A, consists of
25 encircled numbers randomly distributed over an A4 sheet, which have to be
connected sequentially by drawing lines between the numbers. The second part,
the TMT-B, consists of an A4 sheet with a mix of encircled numbers (13) and letters
(12) that have to be connected in an alternating way (1-A-2-B-3-C-etc.). In both
parts, the time needed to complete these tasks is the main outcome measure.
Additionally, time to perform part B is divided by the time to perform part A to
obtain the B/A index as a measure of cognitive flexibility. Normative data in the
general population is available to rate performance (Schmand, Houx, & De Koning,
2003). Administration of both parts takes approximately five to ten minutes. In
103

Slow motorised traffic and vision

the present study, completion time was recorded by the tablet-laptop set-up (see
Chapter 2).
Rey Complex Figure Test
The Rey Complex Figure Test (RCFT; Meyers & Meyers, 1995) was included as a
measure of visual perception, visual organisation, executive functioning, and
memory. These functions have been shown to be important for safe and smooth
participation in traffic situations (Meyers, Volbrecht, & Kaster-Bundgaard, 1999).
The RCFT consists of three conditions: Copy, Immediate Recall, and Delayed Recall.
The Copy condition requires participants to copy a complex geometric figure that is
presented to them on an A4 paper. In the Immediate Recall condition, participants
are asked to reproduce the figure from memory after a short delay. Finally, in
the Delayed Condition, participants are instructed to draw the figure again from
memory, this time after approximately 30 minutes. Not taking into account the
30-minute delay, assessment of the RCFT takes approximately 15 minutes. The
drawing sequence of the figure and the completion time in all conditions were
recorded by the tablet-laptop set-up. In addition to that, the drawing of the figure
was recorded as a picture and as a video-replay to aid possible further analysis
(see Chapter 2).
Vienna Test System: Reaction Time
The subtests Reaction Time (RT) of the Vienna Test System (Schuhfried, 2012) are
computer tests (administered on a PC in the present study) that measure reaction
time to visual (S1) and auditory (S2) stimuli, and inhibition of a reaction to noncritical stimuli (S3). They are part of the Vienna Test System Traffic battery. In S1,
participants focus on a stationary black circle (diameter: 3cm) on the computer
screen (grey background) and are instructed to press a button as soon as the black
circle turns yellow (Figure 7.1a). S2 is entirely auditory. Participants are required to
press a button as soon as they hear a tone (2000 Hz). In S3, both visual (yellow and
red circles) and auditory stimuli (2000 Hz tone) are presented to the participants.
Pushing the button is only required when participants see the yellow circle and
hear the tone at the same time. A reaction to all other stimuli, for example a
yellow circle or a tone in isolation, must be inhibited. In all subtasks, participants
must rest their finger on a particular button on the keyboard and only release the
finger from this button and push the target button when the relevant stimulus
(combination) appears. Reaction time is measured as the time between stimulus
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presentation and the release of the rest button.
Subtasks S1 and S2 consist of 28 and S3 of 48 stimuli respectively. Total assessment
time is approximately 25 minutes. All subtests are preceded by a practice session to
ensure participants’ understanding of the tasks. The RT tests have been shown to
be a highly reliable and valid assessment tool (Schuhfried, 2012) and are associated
with driving performance (Piersma et al., 2016).
Figure 7.1. a) Reaction Time; b) Determination Test. This stimulus would
require pushing the red round button on the keyboard.
a)

b)

Vienna Test System: Determination Test (DT)
The Determination Test (DT) of the Vienna Test System (Schuhfried, 2012) is aimed
at measuring reactive stress tolerance, attention and reaction speed in highly
demanding situations (e.g., traffic situations).
The task makes use of a combination of round coloured stimuli (diameter: 3cm),
rectangles (app. 2.7cm x 1.) and auditory signals that light up/sound in a random
order (Figure 7.1b). Participants must react as quickly as possible to the various
stimuli using both a keyboard and foot pedals. Visual stimuli are made up of circles
in five colours (red, white, green, yellow, and blue) that are presented in two rows
(grey background). Actions involve pressing the corresponding buttons on the
keyboard in the same colour as the stimuli on the screen. On the right and left
side of the coloured stimuli are two rectangles that light up in a grey colour when
a response with the right and left foot pedal is required. In addition, a low (100Hz)
or a high (2000Hz) tone is presented which requires yet another response on the
keyboard (black and grey bars for low and high tone respectively).
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In the present study, the adaptive mode was used, which implies that the
presentation speed of the different stimuli is partially dependent on the participants’
performance. The faster participants reacted, the faster the stimulus presentation
became, pushing participants to perform at the limit of their abilities. Assessment
time was approximately 10 minutes. The DT is used in traffic-psychological research
and has been shown to be highly reliable and valid (Schuhfried, 2012).
Dot Counting Task
The Dot Counting Task examines top-down scanning behaviour and getting an
overview over a visual scene. Participants are required to count a number of
white dots presented on a dark-grey background (cf. De Haan, 2016; Figure 7.3a).
Instructions include to be precise and as quick as possible. The dot patterns were
projected onto a large screen (139 x 112cm) with a viewing distance of 190cm.
Horizontal and vertical field of view were 40° and 32° respectively. The light was
turned off during testing to ensure better contrast. Participants were presented with
16 dot patterns in total, with each pattern containing 6, 7, 8, or 9 dots (diameter:
2 cm). Assessment time was approximately 15 minutes. Participants did not get
specific instructions on how to scan the dot patterns. Before the dots appeared,
participants had to fixate a white central cross on a grey background to ensure that
every participant started from the centre of the screen. To control whether a stable
fixation had been achieved, an eye tracking device was used (FaceLAB 5, Seeing
Machines, 2009). As soon as the screen with the dots appeared, participants had
to count the number of dots. Accordingly, participants were asked to press the left
mouse button as soon as they thought to know the answer (this registered the
reaction time) and then to say the answer out loud (this was written down by the
test leader). For analyses, both accuracy and reaction time were recorded.
Figure 7.3. a) Example of a trial with 8 dots on the Dot Counting Task; b) Figure
7.4. Example of the Hazard Perception Task. This situation would require braking.
a)
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Vlakveld Hazard Perception
The Vlakveld Hazard Perception task consists of 25 photos depicting a range of
traffic situations, all from the perspective of a driver behind the steering wheel of a
passenger car (Figure 7.3b). The situations were chosen in collaboration with experts
from the Dutch Driving Licence Authority (Centraal Bureau Rijvaardigheden, CBR)
and were used in the Dutch driving licence examination (for more information, see
Vlakveld, 2008). In addition to the overview of the visual scene ahead, the photos
include a rear view mirror at the top and the dashboard of the car at the bottom
showing the speed in km/h (digital, size of numbers approximately 3.5cm x 6cm).
The maximum speed limit is neither exceeded nor is the speed unrealistically low
in each of the 25 photos. Because the speed of other road users is difficult to
estimate on static photos, the situations were chosen in such a way that the speed
of other traffic participants is not relevant for an appropriate judgement of the
situation. Speed was read out aloud to those participants who were not able to
see it.
The 25 photos were displayed on a screen (139 x 112cm) with a size of 40° x 25°.
The participants were seated 190cm from the screen and the light was turned off
during testing to ensure better contrast. Before the photos were presented, the
participants were asked to fixate on a white central cross on a grey background to
ensure that every participant started from the centre of the screen. Again, stable
fixation was controlled by using eye-tracking (FaceLAB 5, Seeing Machines, 2009).
Each photo was then presented for 8 seconds. After the photo had disappeared,
the participants had to give a response of whether to brake, release the throttle
or continue driving with the same speed in that particular situation. Participants
answered orally and the test leader recorded the response. The order of the photos
remained the same for each participant. Assessment time was approximately 10
minutes. The main outcome variable of the Vlakveld Hazard Perception Task is
the number of correct responses. In the present study, a number of additional
outcome measures were analysed: cautious responses (answer: brake, when
correct response: release throttle; answer: release throttle, when correct response:
continue), very cautious responses (answer: brake, when correct response:
continue), risky responses (answer: release throttle, when correct answer: brake;
answer: continue, when correct response: release throttle), and very risky (answer:
continue, when correct response: brake).
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Statistical analysis
Test performance of participants was converted to T-scores on all tests based
on available normative data4, except for the RCFT Copy, Dot Counting Task
and Vlakveld Hazard Perception Task (T-scores not available for these tests).
Accordingly, the performance of the different groups was classified based on their
T-scores. T-scores between 40 and 60 were classified as average performance
(T-scores below 30: very low; T-scores between 30 and 40: below average; T-scores
between 60 and 70: above average; T-scores above 70: very high). Performance
of the different experimental groups were further compared with each other,
using Univariate ANOVA. Simple Contrasts with the control group as a reference
were used to establish differences between the different groups with visual
impairment and the normal-sighted controls. To examine the relationship between
(neuropsychological) test performance and mobility scooter driving performance,
the test scores were correlated with the mobility scooter driving test scores (see
Chapter 3). Finally, (neuropsychological) test performance of those participant
who failed the mobility scooter driving test was examined. The significance level
was set at α = 0.05.

Results
MMSE
All participants scored above the cut-off value of 24, including those participants
who failed on the ability scooter driving test. In addition, participants with visual
impairment did not score significantly lower than normal-sighted controls (F(4,84)
= 0.591, p = 0.670; Table 7.1). No significant association was found between
performance on the MMSE and the mobility scooter driving test for both visually
impaired and normal-sighted participants (Table 7.2).
Trail Making Test
There is a significant difference in TMT performance between the different
experimental groups F(4,78) = 14.02, p < 0.001). Participants with very low visual
acuity, peripheral field defects and a combination of visual impairments performed
significantly lower than normal-sighted controls on both TMT-A and TMT-B (p <
4
To be able to interpret test performance, raw scores have to be compared to a representative sample
(“norm group”) and accordingly transformed into a standardised score. T-scores (mean = 50, SD = 10) are
standardised scores that are often used in neuropsychological test assessment.
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Table 7.1. MMSE scores of the different experimental groups
Group

N

Mean

SD

Very low acuity

14

28.3

1.4

Low acuity

10

28.1

2.0

Peripheral

11

28.2

1.8

Combination

14

27.6

1.8

Controls

38

28.4

1.4

Table 7.2. Pearson correlations between performance of various
(neuropsychological) tests and mobility scooter driving performance score
Visually impaired

Test
MMSE

Normal-sighted

N

r

Sig

N

r

Sig

46

0.06

0.679

35

-0.16

0.369

TMT-A (t-score)

44

0.43

0.004

34

0.01

0.969

TMT-B (t-score)

41

0.45

0.003

33

0.33

0.061

TMT-B/A (t-score)

41

0.26

0.098

33

0.36

0.042

Rey Copy1

45

0.10

0.534

32

0.44

0.012

Rey Immediate recall (t-score)

45

0.03

0.844

34

0.25

0.150

Rey delayed recall (t-score)

45

0.04

0.782

34

0.17

0.349

RT-S1 (t-score)

46

0.02

0.919

35

-0.24

0.173

RT-S2 (t-score)

46

-0.20

0.187

35

-0.15

0.390

RT-S3 (t-score)

46

0.08

0.616

35

-0.11

0.540

VTS DT (t-score)

29

0.31

0.108

35

0.10

0.251

Dot Counting Task (errors)a
Dot Counting task (reaction
time)a
Vlakveld Hazard Perceptiona

46

-0.49

0.001

35

0.00

0.991

46

-0.43

0.002

35

0.01

0.991

45

0.29

0.053

35

0.27

0.125

a

raw scores, t-score not available

0.001, Table 7.4). With regard to the B/A index, participants with very low visual
acuity and a combination of visual disorders performed significantly lower than
normal-sighted controls (p < 0.001). Compared to norm-data, it is noticeable that
more participants with visual impairment (especially those with very low visual
ability and a combination of impairments) score below the norm or worse more
often than normal-sighted controls (Table 7.5). In visually impaired participants,
driving performance on the mobility scooter on-road test and scores on the Trail
Making test part A and B are significantly correlated with a moderately strong
effect size (Table 7.2). For normal-sighted controls, the score on the B/A index
was significantly correlated to the mobility scooter driving score. Eighty percent
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Table 7.3. Number of visually impaired participants who failed/passed the mobility
scooter on-road test according to their performance on the different tests
MS test Faila
(n = 5)

MS test pass

Total

Very low

4

13

17

(low) average

1

13

14

Average and above

0

13

13

Total

5

39

44

Very low

2

9

11

(low) average

2

5

7

Average and above

1

22

23

Total

5

36

41

Very low

1

0

1

(low) average

1

8

9

Average and above

3

28

31

Total

5

36

41

Very low

0

2

2

(Low) average

2

4

6

Average and above

3

34

37

Total

5

40

45

Very low

0

1

1

(low) average

0

3

3

Average and above

5

36

41

Total

5

40

45

Very low

0

2

2

(low) average

1

2

3

Average and above

4

36

40

Total

5

40

45

Very low

0

1

1

(low) average

2

8

10

Average and above

3

32

35

Total

5

41

46

Very low

0

0

0

(low) average

0

0

0

Average and above

5

41

46

Total

5

41

46

Very low

1

5

6

(low) average

2

10

12

Average and above

2

26

28

Total

5

41

46

Test

N

Test peformance

TMT-A

44

TMT-B

TMT-B/A

Rey Copy

Rey Short Memory

Rey Long Memory

RT-S1

RT-S2

RT-S3

a
DT:
b

41

41

45

45

45

46

46

46

n=2
only raw scores available; very low: < 2 SD below (or above for Dot Counting Task) the sample
mean; (low) average: within 1 SD – 2 SD of the sample mean: average and above: > 1 SD below
average

110

Chapter 7

Table 7.3. Number of visually impaired participants who failed/passed the mobility
scooter on-road test according to their performance on the different tests
MS test Faila
(n = 5)

Test

N

Test peformance

DT

29

Very low

1

2

3

(low) average

0

19

19

Average and above

1

6

7

Total

2

27

29

Very low

1

3

4

(low) average

3

5

8

Average and above

1

33

34
46

Dot Errorsb

46

Dot RTb

46

b

45

Vlakveld

MS test pass

Total

Total

5

41

Very low

2

2

4

(low) average

0

10

10

Average and above

3

29

32

Total

5

41

46

Very low

0

1

1

(low) average

2

11

13

Average and above

3

28

31

Total

5

40

45

a
DT:
b

n=2
only raw scores available; very low: < 2 SD below (or above for Dot Counting Task) the sample
mean; (low) average: within 1 SD – 2 SD of the sample mean: average and above: > 1 SD below
average

of the visually impaired participants who failed the mobility scooter on-road test
performed very low on the TMT-A (Table 7.3; TMT-B: 40%, B/A: 20%) and another
20% performed (below) average (TMT-B: 40%, B/A: 20%). On the other hand, of
the participants who performed very low on the TMT-A, 24% failed the on-road
test (TMT-B: 18%, B/A: 100%). Furthermore, of the participants who performed
(below) average on the TMT-A, 7% failed the on-road test (TMT-B: 29%, B/A: 11%).
Table 7.4. Average T-scores of the different groups on the Trail Making Test
TMT-A

TMT-B

B/A

Group

N

Mean

SD

N

Mean

SD

N

Mean

SD

very low acuity

13

24.4

21.5

10

32.4

16.2

10

43.0

9.0

low acuity

10

45.1

12.4

10

50.5

8.0

10

53.8

5.9

peripheral

11

30.9

12.4

11

43.0

12.8

11

53.6

12.4

combination

12

26.3

20.5

12

32.2

17.1

12

43.9

9.8

controls

37

52.5

10.7

36

56.7

9.2

36

56.1

8.8
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Rey Complex Figure Test
With regard to the Copy condition, there is a significant difference between the
different experimental groups F(4,78) = 14.02, p < 0.001). In contrast to normalsighted controls, participants with very low visual acuity had significantly more
difficulties copying the figure correctly (p < 0.001, Table 7.6). No differences can be
found between normal-sighted controls and visually impaired participants on the
Immediate Recall (F(4,79) = 0.147, p = 0.964) and Delayed Recall (F(4,79) = 0.287,
p = 885) condition. Comparison to norm-data revealed that especially participants
with very low visual acuity score below the norm or worse (Table 7.7). Performance
on the RCFT is not significantly correlated to mobility scooter driving performance
for both visually impaired and normal-sighted participants (Table 7.2). None of
the visually impaired participants who failed the mobility scooter on-road test
performed very low on the Copy Condition, Immediate or Delayed Recall (Table
7.3). Forty percent of those participants performed (below) average on the Copy
Condition (Immediate Recall: none, Delayed recall: 20%). Furthermore, none of
the participants who performed very low on the Copy Condition, Immediate and
Delayed Recall failed the on-road test. Of the participants who performed (below)
average on the Copy Condition, 33% failed the on-road test (Immediate Recall:
none, Delayed Recall: 33%).
Vienna Test System: Reaction Time and Determinations Test
On all three subtasks of the RT, the different experimental groups did not differ
significantly from each other (Table 7.8; S1: F(4,81) = 0.981, p = 0.423; S2: F(4,82)
= 0.603, p = 0.662; S3: F(4,81) = 0.530, p = 0.714). In addition, participants with
visual impairments do not differ from normal-sighted controls when compared
to norm data (Table 7.9). The performance of both visually impaired and normalsighted participants on the three subtasks is not significantly correlated to mobility
scooter driving performance. In contrast to the results on the RT, a significant
difference could be found between the different groups on the correct responses
of the DT (F(4,64) = 8.011, p < 0.001; Table 7.8). More specifically, contrast analysis
revealed that participants with very low visual acuity (p = 0.007), participants
with peripheral field defects (p < 0.001), and participants with a combination of
impairment (p = 0.019) performed worse compared to normal-sighted controls.
Compared to normative data, visually impaired participants performed more often
below average and worse (Table 7.9). The performance on the DT is not correlated
112
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to the mobility scooter diving test performance for both visually impaired and
normal-sighted participants (Table 7.2). None of the visually impaired participants
who failed the mobility scooter on-road test performed very low on the S1 and
S2 (Table 7.3; S3: 20%, DT: 50%). Of those participants, 40% performed (below)
average on the S1 (S2: none, S3: 40%, DT: none). Furthermore, of the participants
who performed very low on the S1, none failed the on-road test (S2: N/A, S3: 17%,
DT: 33%). Of the participants who performed (below) average on the S1, 20% failed
the on-road test (S2: N/A, S3: 17%, DT: none).
Dot Counting Task
Significant differences were found between the different experimental groups
both with regard to number of mistakes (F(4,81) = 1.744, p < 0.001) and reaction
times (F(4,81) = 15.346, p < 0.001; Table 7.10). More specifically, the differences in
mistakes could be found between the normal-sighted controls and participants
with peripheral field defects (p < 0.001) and a combination of visual disorders (p =
0.002). In addition, participants with very low visual acuity (p = 0.002), peripheral
field defects (p < 0.001) and a combination (p < 0.001) perform significantly slower
compared to the control group. In visually impaired participants, performance on
the Dot Counting Task was significantly correlated to mobility scooter driving test
performance in a moderately strong manner, but this was not the case for normalsighted controls (Table 7.2). Twenty percent of the visually impaired participants
who failed the mobility scooter on-road test performed very low on the Dot
Counting Task with regard to the number of errors (Table 7.3; Reaction time: 40%).
Sixty percent of those participants performed (below) average with regard to the
number of errors (Reaction time: none). Furthermore, of the participants who
performed very low with regard to the number of errors, 25% failed the on-road
test (Reaction time: 50%). Of the participants who performed (below) average with
regard to the number of errors, 38% failed the on-road test (Reaction time: none).
Vlakveld Hazard Perception Task
The results of the univariate ANOVA showed significant differences between the
different groups on the number of correct (F(4,79) = 6.142, p < 0.001), number of
very risky (F(4,79) = 5.416, p = 0.001), and very cautious (F(4,79) = 4.044, p = 0.005)
responses (Table 7.11). Contrast analyses showed that all groups of participants
with visual impairment had a lower number of correct scores on the Vlakveld
Hazard Perception Task in comparison to the control group. With regard to very
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Table 7.11. Average number of correct, (very) cautious, and (very) risky
answers of different groups on Vlakveld Hazard Perception Task
Vlakveld
performance

Very low acuity
(n = 14)

Low acuity
(n = 10)

Peripheral
(n = 11)

Combination
(n = 12)

Controls
(n = 37)
0.5 (0.8)

Very Cautious

Mean (SD)

1.8 (1.5)

1.0 (0.7)

1.0 (0.9)

1.4 (1.5)

Cautious

Mean (SD)

2.1 (1.7)

2.7 (2.5)

1.2 (1.0)

2.2 (2.1)

1.7 (1.6)

Correct

Mean (SD)

13.2 (3.1)

14.7 (3.7)

14.9 (3.0)

14.1 (2.3)

17.2 (2.9)

Risky

Mean (SD)

5.6 (2.5)

5.0 (3.6)

6.1 (2.0)

5.3 (2.2)

4.1 (2.4)

Very risky

Mean (SD)

2.0 (1.5)

0.9 (1.3)

1.1 (1.1)

1.2 (0.8)

0.5 (0.7)

risky scores, participants with very low visual acuity showed a higher number of
very risky reactions than normal-sighted controls. Furthermore, both participants
with very low acuity and participants with a combination of visual impairments
reacted very cautiously towards more photos compared to normal-sighted
controls. No differences could be found with regard to the number of risky (F(4,79)
= 1.821, p = 0.133) and cautious (F4,79) = 1.165, p = 0.333) answers. In addition
to that, performance on the Vlakveld Hazard Perception Task was not correlated
to mobility scooter driving performance for both visually impaired and normalsighted participants (Table 7.2). None of the visually impaired participants who
failed the mobility scooter on-road test performed very low on the test with regard
to correct answers (Table 7.3) and 40% of those participants performed (below)
average. Furthermore, of the participants who performed very low on the Vlakveld
Hazard Perception Task, none failed the on-road test. Of the participants who
performed (below) average, 15% failed the on-road test.

Discussion
The aim of this study was to examine cognitive functioning in visually impaired
participants and to explore the added value of neuropsychological assessment
in determining practical fitness to drive mobility scooters in these individuals. In
visually impaired participants, performance on the MMSE, RCFT Immediate and
Delayed Recall, RT, DT, and Vlakveld Hazard Perception Task was not associated with
driving performance, and performance on these tasks could not predict failure on
the mobility scooter on-road test. These results are in contrast to the outcomes of
earlier studies (Fuermaier et al., 2017; Meyers et al., 1996; Piersma et al., 2016). The
RCFT Copy was associated to mobility scooter driving performance only for the
normal-sighted controls. On the other hand, the TMT and the Dot Counting Task
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were significantly correlated to performance on the mobility scooter on-road drive
in a moderately strong manner. This finding suggests that visual search speed is
an important determinant of a safe use of mobility scooters. Performance on the
TMT-A in particular showed good sensitivity as 4 out of the 5 participants failing
the mobility scooter on-road drive performed very low on the TMT-A. At the same
time, however, a relatively large number of visually impaired participants showed a
very low performance on the TMT-A and nevertheless passed the mobility scooter
on-road test. Thus, although the TMT-A seems to be able to detect people that
indeed have difficulties in traffic, there is a danger that people will be wrongly
classified as being unsafe drivers if the TMT would be used as an only predictor.
The association between driving performance and the Dot Counting Task is not
surprising, since the main function needed for this tasks, visual scanning, is impeded
in participants with visual field defects. This might mean that these people miss
important information in a traffic scene. In fact, for visually impaired participants,
both parameters of the Dot Counting Task were positively associated with mobility
scooter driving performance. As shown in Chapter 2 and 3, participants with
peripheral field defects show most difficulties on the mobility scooter on-road test,
although approximately 90% of the participants with a visual impairment passed a
mobility on-road driving test despite their visual difficulties. This finding indicates
that compensation strategies in form of more effective scanning behaviour might
be important for people with visual field defects who want to use a slow motorised
vehicles. Despite the association with driving performance, low performance on
the Dot Counting Task did not predict failure on the mobility scooter on-road
test very well in the present study. Thus, although the test might add valuable
information for the assessment of fitness to drive, outcomes on this task need to
be interpreted with caution as low performance on this task does not necessarily
mean that someone cannot participate safely in traffic using mobility scooters.
The fact that visually impaired participants showed difficulties in completing
a number of the tests could be a reason for the outcome that most tests were
not associated with driving performance. Compared to normal-sighted controls,
visually impaired participants did not differ in their performance with regard
to general cognitive functioning (MMSE), visual memory (RCFT Immediate and
Delayed Recall), reaction speed and inhibition (RT). In contrast to that, visually
impaired participants performed worse on the TMT, RCFT Copy Condition, DT,
Vlakveld Hazard Perception, and Dot Counting Task as compared to normal118
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sighted controls. The most straightforward explanation of these results would
be that lower test performance in the group of visually impaired participants is
indicative of lower or even impaired cognitive functioning. However, since none of
the participants (visually impaired participants and normal-sighted controls alike)
reported neurodegenerative diseases or suffered from acquired brain damage,
this explanation would not seem very likely. Except for on the Dot Counting Task,
where visual scanning due to different visual abilities was actually tested - worse
test performance is more likely to be confounded by visual impairment rather than
the result of poor (cognitive) functioning. This problem has also been identified by
earlier studies (Bertone, Bettinelli, & Faubert, 2007; Hunt & Bassi, 2010; Hunt, 2001;
Kempen, Kritchevsky, & Feldman, 1994; Skeel, Nagra, VanVoorst, & Olson, 2003). A
study by De Haan, Tucha, and Heutink (Manuscript submitted for publication), for
example, showed that a simulated low visual acuity of 0.2 (Snellen 6/30 or 20/100)
did not affect performance on the MMSE, but interfered with test performance on
the TMT and RCFT Copy Condition. More specifically, detailed analyses of the TMT
performance revealed that visually impaired participants performed on average
1.5 times slower than normal-sighted controls due to their impairment (De Haan
et al., Manuscript submitted for publication; Van Ieperen, 2015). In line with the
findings of this study, participants with very low visual acuity in the present study
showed difficulties with tests that included smaller details, such as the TMT, RCFT,
or Vlakveld Hazard Perception Task. Performance might therefore be biased for
this group on these tests. Participants with peripheral field defects on the other
hand were particularly challenged by tests that demanded keeping an overview,
such as the TMT, Schuhfried DT, Dot Counting Task, or Vlakveld Hazard Perception
Task. Although a number of participants might have applied compensation skills
in the form of effective scanning, their reduced visual field likely had an impact
on test performance. With regard to the Schuhfried DT, additional problems with
colour perception could have influences test performance. Surprisingly, a number
of visually impaired participants showed difficulties with distinguishing stimuli
due to their colour (in particular white and yellow, and blue and green stimuli).
Difficulties with the Vlakveld Hazard Perception Task could also be attributed
knowledge gaps. One could argue that visually impaired participants had less
driving experience and therefore poorer appraisal of certain traffic situations and
less knowledge of traffic rules.
To conclude, outcomes on these tests therefore need to be interpreted with
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caution for visually impaired people. Tests that posed relatively little problems for
visually impaired participants were the MMSE (mainly non-visual components),
and the Schuhfried RT (the target stimuli were relatively large in size and had a
high contrast with regard to the background). Although low performance on these
tests cannot be used to indicate poor fitness to drive, this does not necessary mean
that these tests do not have additional value in assessing practical fitness to drive.
Good performance on these tests, despite the visual impairment, is indicative of
good fitness to drive and may reflect good cognitive capacities to compensate.
A number of limitations of this study must be mentioned. First, as stated before,
visual impairment affected performance on a number of tests which resulted in
biased test results. When establishing the test battery we aimed to include tests
that would both be sensitive measurements (association with driving performance)
and suitable for people with various visual impairments. However – as outcomes
show – a good balance proved difficult to establish. Further research could either
establish normative data based on a representative sample for visually impaired
people or look the association between driving performance and at tests that are
not visually depending. Second, a ceiling effect on the mobility scooter on-road test
might have influenced outcomes. Only five participants failed the mobility scooter
on-road test, which might have affected predictability of the (neuropsychological)
tests. Therefore, test results need to be used with caution to avoid too many falsepositive or false-negative judgements. Third, in the present study, an association
of the different tests with driving performance is established individually, whereas
a combination of different tests usually has a better predictive value. Future studies
could explore how a combination of different tests suitable for visually impaired
people may predict driving performance in mobility scooters.
To summarise, even though visually impaired participants had a disadvantage in
some of tests used in this study, a number of tests showed an association with
mobility scooter driving performance (TMT, Dot Counting Task). It is unlikely
that participants in the present studies had cognitive comorbidity. In a group
or in individuals at risk of cognitive impairment or cognitive comorbidity, these
test could have increased additional value in determining driving performance.
However, outcomes need to be interpreted with caution, as low performance on
these tests did not necessarily predict unsafe driving performance. It is therefore
recommended to support low test results with additional assessment, e.g., a
practical driving test. On the other hand, good performance on these tests might
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be an indication of good driving performance. It would be interesting for future
studies to explore how additional cognitive impairment would affect driving
performance in visually impaired people.
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Chapter 8

Slow motorised vehicles play an important role in maintaining independence in
peoples’ lives. Due to the absence of legal visual standards for users of these
vehicles, visually impaired people in particular can benefit from them to maintain
their independent mobility. However, little is known about the physical and mental
factors influencing driving safety in these vehicles, which leaves uncertainties in
clinical practice. In particular, professionals working directly with clients are not fully
equipped to offer adequate support and advice in certain situations. A challenge
in this field of work is to find the balance between supporting the mobility needs
of clients and at the same time ensuring that traffic safety can be maintained.
The aim of the present thesis therefore was twofold: to gain more insight into the
driving safety of visually impaired people using slow motorised vehicles, and to
explore potential approaches to support independent mobility. For this purpose,
driving ability and practical fitness to drive mobility scooters and microcars was
investigated in a group of people with visual impairments and a group of normallysighted people. Several different approaches were used to measure these concepts
under different conditions. Driving performance was examined both in an on-road
situation (measuring fitness-to-drive and the ability to gain driving skills) and in a
driving simulator. Furthermore, the value of neuropsychological test assessment
in determining someone’s practical fitness to drive was explored. This chapter will
give a general discussion of the outcomes and will describe the implications for
clinical practice and future research.

Driving ability
One requisite of driving safely in traffic is sufficient driving ability. Adequate driving
ability is important to be able to operate slow motorised vehicles safely and forms
a basis to establish practical fitness-to-drive. One part of our experiments therefore
included a mobility scooter driving skill test to determine if visually impaired
people were able to gain the necessary skills to operate a mobility scooter safely
(Chapter 3). The results of that experiment indicate that, in general, visually
impaired people can learn to drive mobility scooters adequately. After only a short
time of practising basic mobility scooter manoeuvring skills, all participants but
one showed sufficient driving ability to proceed to a more challenging on-road
driving test (see below). It is noteworthy that visually impaired participants needed
more repetition to obtain those skills as compared to normal-sighted controls.
This indicates that visually impaired individuals may need more mobility scooter
training than normal-sighted people. However, this might not hold for all types
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of visual impairment. Results indicated that especially participants with combined
visual acuity and visual field impairments may experience difficulties during the
training process, whereas participants with (very) low visual acuity do not differ
from normal-sighted controls with regard to acquiring the necessary driving skills.
One specific skill that required extensive practice was the appropriate operation of
the lever to accelerate, decelerate, and stop the mobility scooter. In line with our
expectations, stopping was observed as being the most challenging skill. However,
safe use of the lever is not associated with visual impairment, but rather a general
difficulty that all prospective mobility scooter users may encounter. Research shows
that improper use of the lever is a leading cause of accidents involving mobility
scooters (Schepers, 2007). Particularly in the Netherlands, where bicycles are one
of the main transport means, people might find the lever on the mobility scooter
counterintuitive. Whereas cyclists are used to squeezing the brake to stop, the
same action on the mobility scooter would lead to acceleration. The appropriate
use of the lever should therefore be given extra attention during training, e.g.,
practising how fast a mobility scooter accelerates and how long it takes before
the mobility scooter stops at different speeds after the lever has been released.
Furthermore, the electronics of the mobility scooter should be adjusted according
to the client’s needs. Maximum speed, power-assisted steering, or the rate of
acceleration are modifiable in mobility scooters and should be individualised
per client. Another driving skill that caused difficulties was reversing. Participants
with peripheral visual field defects in particular showed problems with this skill.
In contrast to operating the lever, problems with reversing was associated with
visual impairment. Whereas correct use of the lever should be trained in all people
who want to a drive a mobility scooter, training how to reverse safely needs to be
mainly offered to people with peripheral field defects.
Interestingly, more driving experience in any kind of motorised vehicle (e.g.,
moped, car) was not associated with better performance on the mobility scooter
driving skill test. This confirms outcomes of a study by Nitz (2008), who argues that
driving mobility scooters requires a new set of skills that are independent of the
driving skills acquired through car driving. This outcome implies that - just as car
driving skills - mobility scooter driving skills need to be learned thoroughly before
the scooter is used in traffic. The same applies to traffic rules: Since traffic rules of
slow motorised vehicles differ from those of regular car traffic, it is important that
rehabilitation professionals give attention to these rules during training. Providers
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of mobility scooters and healthcare professionals should therefore monitor whether
people are given the opportunity to receive a sufficient amount of training as
insufficient training may unnecessarily restrict mobility scooter use in people with
visual impairment.

Practical Fitness-to-drive
To investigate practical fitness-to-drive (the ability to drive safely with an
impairment, taking into account individual strategies) in mobility scooters,
participants completed an on-road driving test, consisting of a route that covered
both indoor and outdoor environments in a busy and urban setting (Chapter 4).
Although the visually impaired participants’ performance was rated significantly
worse on average compared to normal-sighted controls, their driving safety was
generally still rated as sufficient. This outcome indicates that there is no reason to
exclude visually impaired participants from using mobility scooters merely due to
their visual impairment.
Almost all participants (90%) passed the on-road test. Participants who failed had
either a very low visual acuity (<0.16; <6/38; <20/125), peripheral field defects
or a combination of both low visual acuity and visual field defects. None of the
normal-sighted controls and participants with low visual acuity (0.16-0.4; 6/386/15; 20/125-20/50) failed the on-road test. These results imply that especially
individuals with peripheral field defects (with or without low visual acuity) are more
likely to be involved of being involved in hazardous situations and therefore might
need more guidance and training in real-life traffic situations to become aware
of potential hazards when using their mobility scooter. Individuals with low visual
acuity on the other hand do not seem to need extra attention during training
based on their visual abilities, as their performance in the present study does not
imply specific difficulties in real-life traffic.
It is worth emphasising that these results are based on a sample of people with
no prior mobility scooter experience who underwent only relatively brief training
before completing the complex on-road drive. Yet, the pass-rate observed in
this experiment was relatively high. In addition to that, it is not unreasonable
to assume that some of the individuals that failed might have passed the onroad test with more extensive training or if the on-road test had been carried
out in a familiar and/or more rural setting. Using a qualitative design, McMullan
(2016) observed four mobility scooter users with various visual impairments in
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their familiar environment and concluded that all were safe enough to participate
in traffic. Further support for the ability to drive driving mobility scooters with
visual impairment comes from Deverell & Ong (2011), who had normal-sighted
participants completing an on-road circuit using low-vision simulator goggles.
They found that participants with a simulated visual acuity of 0.05 (6/120; 20/400)
or with a 5° visual field did not experience problems when encountering different
environmental features (high and low contrast shorelines, change in terrain, street
furniture and poles, traffic light crossings, busy road crossings without lights). At
a simulated visual acuity of 0.025 (6/240; 20/800), however, the level of vision was
no longer sufficient to independently deal with low contrast shorelines and busy
roads without lights. Problems with low-contrast obstacles were also encountered
in the driving simulator environments of the current study (see below).

Driving performance in a simulator
Although in the on-road mobility scooter driving test the circuit and the instructions
were the same for all participants, it was not possible to control circumstances
such as the exact amount and the behaviour of other traffic participants or the
weather conditions. In addition, due to ethical reasons, the test leader was able
to stop participants with a remote control in case of a hazard, which might have
skewed results towards a more positive outcome. In order to measure driving
performance in a more controlled environment, we created a driving simulator
with a real mobility scooter and microcar driving simulator to engage in a virtual
world (Chapter 5). Participants completed several drives in different environments
and with different instructions. The results of this experiment revealed that visually
impaired participants were generally able to control vehicle position at different
speeds (5-45km/h) on a winding road, but showed more risky driving behaviour
than normal-sighted controls when presented with obstacles or when interacting
with other traffic participants. However, the average number of collisions in the
group of people with visual impairments remained small. These results are in line
with the outcomes of the on-road test, but due to a high drop-out rate caused by
simulator sickness, no distinction could be made between the different types of
visual impairment.
Compared to the group of normal-sighted people, the group of visually impaired
participants did not show inferior performance (i.e. a higher number of collisions)
with increasing speed in either the microcar simulator or the mobility scooter
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simulator. Except for the very first drive in the microcar driving simulator, the number
of collisions and time-to-collision were similar in the microcar simulator compared
to the mobility scooter simulator. A likely explanation of the poorer performance
in this first microcar drive could be the novelty of the task, as suggested in other
research (Brouwer, 2015; Lundberg & Hakamies-Blomqvist, 2003). The driving
simulator tasks thus suggest that many visually impaired participants are not only
able to safely drive mobility scooters, but - after sufficient familiarisation with
the simulator - are also able to safely drive microcars. Since it can be difficult to
generalise driving simulator performance to real-life situations, findings should
be interpreted with the necessary care (Chapter 6). Participants who did not
do well in the driving simulator did not necessarily fail the on-road test in our
study. In addition, the high occurrence of people suffering from simulator sickness
might have influenced driving performance in the driving simulator negatively.
Habituation seems to be one possible solution to tackle simulator sickness (see
Appendix A), but might not always be feasible in clinical practice. Until these
challenges have been tackled, an on-road examination in microcars probably gives
the most realistic prediction of someone’s safety in traffic. Nevertheless, additional
use of a simulator may offer supplementary information of someone’s driving
performance that cannot easily be tested in an on-road situation.
Not surprisingly, the simulator tasks revealed that visually impaired participants
were especially challenged by small objects with a low contrast. Raising awareness
of these types of potential hazards should therefore be part of both mobility
scooter training for visually impaired people and infrastructure design.
Noticeable in these tasks was the high individual variation within the groups of
visually impaired participants with regard to the number of collisions and vehicle
position control. This variation implies that individual differences other than visual
function (e.g., cognitive and personality factors, coping with stressful situations,
adapting to new situations, actual behaviour in traffic) may play a role in driving
performance.

The influence of cognition
The previous experiments showed that visual impairment in general is not a good
predictor of an individual’s fitness to drive. Yet, as stated above, individual variation
of participants was large. In addition, users of mobility scooters generally belong
to the elderly population in which cognitive impairments have a higher prevalence.
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Therefore, the relation between cognitive functions and driving performance was
examined (Chapter 8). In addition, the extent to which neuropsychological tests
may contribute to the assessment of driving safety was investigated.
Though carefully selected, one major problem of the (neuropsychological) tests
that were used for assessment was the validity of the tests in a population of
visually impaired people. Most neuropsychological tests assume normal visual
functioning, thereby creating bias for those with visual impairment. In the present
study, visually impaired people performed worse than normal-sighted participants
on a number of tests. Considering that both groups were similar with regard to
age, level of education, and did not report any brain injury or neurodegenerative
disease, these results are unlikely to reflect poorer cognitive functioning in visually
impaired participants. A more likely explanation would be that the visual impairment
prevented people from performing optimally on tests that require good visual
acuity or an intact visual field. Nevertheless, the TMT and the Dot Counting Task
were positively correlated with mobility scooter driving performance. Although
far from being ideal, these tests could to a certain extent be used as indicators of
driving performance. Low performance on these two tests may signify difficulties in
an on-road drive and should therefore be paired with an additional driving test or
observation. On the other hand, good performance on these tests despite a visual
impairment appears to be predictive of good driving performance. In addition,
low performance on the Dot Counting Task indicates difficulties with getting an
overview of a visual scene. Such a result could be particularly useful to forewarn
of difficulties someone might encounter in an on-road drive (e.g., intersections
or crossing traffic participants) and might give directions for further training (e.g.,
scanning training).
With regard to car traffic, it has been difficult to establish a direct relationship
between cognition and safe driving performance. According to Brouwer (2015),
cognitive impairment needs to be quite severe to threaten safe driving performance,
since drivers (in particular those with many years of driving experience) may be
able to compensate for reduced cognitive abilities to a certain extent. Similar to
our results, showing that visual impairment on its own is not a good predictor
of driving safety in slow motorised vehicles, research on people with cognitive
impairment (e.g., early stages of dementia) has shown that these people are not
necessarily unsafe car-users (Brouwer, 2015). However, cognitive impairment as a
comorbidity in visually impaired drivers might have a more detrimental effect on
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driving performance. For future research, it would be interesting to explore the
impact of both visual and cognitive impairment on driving performance in slow
motorised vehicles.

Limitations and future research
The project Mobility4All is the first study to examine driving safety of visually
impaired individuals in slow motorised vehicles. Besides a relatively large sample
size, and a very practical approach, the inclusion of participants with different types
of visual impairment enabled us to draw conclusions for a relatively broad group of
people with visual impairment. In addition, we were the first to develop a mobility
scooter and microcar driving simulator in which virtual environments are designed
in such a way that they can identify problems of visually impaired individuals.
However, outcomes need be considered in the light of several limitations.
Although the standardised mobility scooter driving skill test and the mobility
scooter on-road test were largely based on an official training programme for
mobility scooters offered in the Netherlands, these test drives have not been
validated. The possibility that both tests missed elements that would have given
important information about the participants’ abilities cannot be excluded. For
instance, elements such as using the main road instead of the pavement, driving
with higher speeds for a prolonged time, or finding a suitable location to leave the
pavement were not included in the tests, but might very well be useful additions.
Another important element that could be included in a driving test is speed. Due
to practical circumstances (e.g., time and location), most of the mobility scooter
on-road test of the current study consisted of driving at low speeds indoor or on
pavements (approximately 5 - 6km/h). However, since mobility scooters are often
used on cycle lanes or roads in the Netherlands, a stronger emphasis on higher
speeds is advised in training as well in clinical practice. By including high speeds
in the on-road driving assessment, better advice or training could also be given to
clients (e.g., a client might do well with low, but not high speeds). Lastly, the use of
an external stop button is highly recommended.
In addition, interrater-reliability for evaluation of the driving test was low. The
solution to take the lowest score of the assessor might have resulted in a higher
number of people failing the driving tests. A future research goal could be to
establish a uniform training programme with a validated scoring system for people
with visual impairment that can be used by rehabilitation professionals.
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Furthermore, we filmed the mobility scooter on-road test and used a scale
from 1 to 10 to evaluate driving performance in the present study. For clinical
practice, a more reliable result might be achieved by evaluating an on-road
driving test. Furthermore, using a Likert scale as described in Chapter 3 (1 = good
performance; 2 = satisfactory performance; 3 = insufficient performance; Van
Baalen & Boerwinkel, 2011) might simplify the interpretation of how well clients do
on particular subtasks.
The high drop-out rate in the driving simulator study challenged interpretations
of the results. Even though the driving simulator was designed to achieve a high
ecological validity, a less immersive environment might have resulted in less
simulator sickness. In addition, participants could have been familiarised to the
driving simulator before the experimental tasks were executed, since habituation
seems to be effective in reducing simulator sickness symptoms (see Appendix
A). However, habituation might be difficult to establish in clinical practice, since
this would mean that assessment would be spread over multiple days. At this
stage of development, limited use of the driving simulator in clinical practice would
be recommended, since in the current state the disadvantages outweigh the
advantages. Future research needs to focus on how to design a mobility scooter
driving simulator that can reliably predict driving safety with reduced incidence of
simulator sickness. Simplified virtual environments or smaller screen sizes might
perhaps help to reach this goal.
With regard to cognitive factors, no firm conclusions about the cognitive abilities
could be drawn since visual impairment biased the results of most tests. At present,
only the TMT and the Dot Counting Task showed an association with driving
performance for visually impaired individuals, whereas the MMSE, RCFT, Schuhfried
RT and DT and the Vlakveld Hazard Perception Task were not related to driving
performance. An additional problem was a ceiling effect on the mobility scooter
on-road test as only a small number of participant failed this test. Thus, more
research should be done to examine neuropsychological tests in people with visual
impairment and – in order to investigate the impact of cognition on driving safety
in slow motorised traffic – in people with brain damage or neurodegenerative
diseases. In addition, the predictive ability of test batteries as a whole rather than
individual tests could be explored.
Although this thesis aimed at studying traffic safety in mobility scooter and
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microcar users, the main focus has been on mobility scooters. Due to safety
and practical reasons, driving performance in microcars was only investigated in
a driving simulator. In contrast to mobility scooters, on-road assessments with
microcars are riskier for participants due to their higher speeds and probably
would have required a driving instructor and a vehicle with an instructor’s brake to
be able to intervene in critical situations. While we assume that participants with
visual impairment that fall within the legal visual standards for driving a car will be
safe to drive a microcar as well, more research should be undertaken with visually
impaired people that fall outside these standards.

Implications for clinical practice
Finding the right balance between sustaining mobility and promoting driving
safety is one of the challenges in (visual) rehabilitation. On the one hand, it is
often thought that normal visual functioning is required to use slow motorised
vehicles safely and that the lack of legal visual standards leads to an increase in
accidents. On the other hand, the importance of community participation and
the role that slow motorised vehicles play in fulfilling active and independent
participation has been shown in several studies (Deverell, 2011; McMullan, 2016).
The absence of legal visual standards for microcars can be used to the advantage
of people who are not legally permitted to drive cars, thereby creating a possibility
to continue with every day activities and stay connected with their social circles.
Especially in rural areas, the risk that losing one’s driving licence leads to poorer
quality of life may be countered by the use of microcars. Since the main function
of mobility scooters is to increase mobility for those who are physically less able,
taking away a mobility scooter due to visual impairment might even have more
severe consequences for affected individuals. The absence of legal visual standards
also highlights the own responsibility of the driver. Ultimately, visually impaired
drivers of slow motorised vehicles need to decide for themselves if they are able to
participate in traffic in such a way that they do not cause dangerous situations or
hinder traffic in an unsafe way (Article 5, Dutch Road Traffic Act, 1994). The role of
(visual) rehabilitation centres is to give sufficient information and evidence-based
advice to help the client make a well-informed decision. This does not necessarily
just involve helping as many clients as possible to drive slow motorised vehicles,
but also to offer alternatives if the use of these vehicles cannot be recommended.
The results of this thesis show that there is little evidence that visual impairment
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alone leads to unsafe driving in slow motorised vehicles or the inability to
learn the necessary skills to operate these vehicles. This outcome supports the
currently legislation on the absence of legal visual standards for slow motorised
vehicles. Due to the large individual differences in driving performance, which
cannot necessarily be attributed to visual impairment, an individual approach
is therefore recommended in (visual) rehabilitation. Clients should be given the
opportunity to show and practise driving skills in the slow motorised vehicle of
their choice, but not every client should be obligated to follow such a training
programme. People with visual acuity problems as low as 0.16 (6/38; 20/125),
for example, would probably not experience many difficulties in traffic as their
driving performance in the current study did not differ from, or came close to, the
performance of normal-sighted controls. Participants with very low visual acuity (<
0.16; <6/38; <20/125), peripheral field defects or a combination of both showed
more difficulties in the experiments of this project and would probably benefit
from extra training. In case of doubt, a driving test can lead to further insights.
Assessment of contrast sensitivity should also be included as it was shown that low
contrast sensitivity may lead to unsafe driving performance (see Appendix B). In
addition, neuropsychological test assessment may help decide whether a client
needs extra training. In the present study, the TMT and the Dot Counting Task were
shown to be associated with driving performance in mobility scooters. Very low
performance on these tests might be indicative of difficulties with the driving task
for some individuals and might prompt a driving test, whereas good performance
on these tests in general indicates good driving performance.
If a driving assessment is employed, we recommend that driving skills should be
practiced first, until clients show satisfactory performance and can operate the
vehicle without difficulties. For mobility scooters, the official national mobility
scooter course developed by “Blijf Veilig Mobiel [Staying Mobile Safely]” (Van
Baalen & Boerwinkel, 2011) forms a good basis to practise relevant mobility scooter
skills and can be easily assessed and evaluated. In particular, appropriate use of the
lever (all clients) to be able to stop on time and reversing (specifically for people with
peripheral visual field defects) should be practised. Furthermore, the electronics of
the mobility scooter should be adapted according to the client’s needs. It is selfevident that individuals who are not able to learn these basic skills – be it due to
visual impairment or other reasons – are unlikely to participate safely in traffic. In
those cases, alternatives to stay as independent as possible should accordingly
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be discussed with the client. After all, the goal is to support safe and responsible
traffic participation. In addition to training and testing driving skills, an on-road
test, preferably in the clients’ own environment should be executed to identify
challenging situations. Although a stop button would be advisable as it allows
intervention to avoid accidents in critical situations, this is not feasible in all practice
situations. With regard to microcars, clients who already possess the appropriate
driving licence and have car-driving experience5 need to be distinguished from
those who need to gain the licence necessary for driving microcars (class AM4).
The exam for the licence AM4 involves a theoretical and a practical assessment
focused on driving skills (an on-road assessment is not required). In the present
project, microcar driving performance was only assessed in a driving simulator.
Problems were particularly noticeable in situations where obstacles and other
traffic participants were present. Again, in case of doubt, an on-road driving
assessment might help to make the right decision. For driving assessments the
rule should be adopted that practical fitness-to-drive should be assumed as long
as the (visual) impairment is not noticeable to an external observer. In addition,
performance of participants in the driving simulator improved over subsequent
drives. People who exhibit difficulties during a first assessment should therefore be
given the opportunity to train and improve their performance.
As Brouwer and Withaar (1997) argue, non-suitability for driving motorised vehicles
should only be claimed when all possibilities of rehabilitation are exhausted.
Rehabilitation should therefore always include the training of compensation
strategies. Michon’s (1985) hierarchical driving model is suitable to explore the
options of compensation. In clinical practice, this could involve an educational
module where participants discover what their challenges are (e.g., crossing a
complex intersection, using roads with uneven surfaces, driving in bad weather) and
accordingly learn how to deal with these challenges on a strategic (e.g., planning
the route beforehand) or tactical (e.g., adapting speed) level. For mobility scooters
in particular, speed restriction based on the clients’ abilities would be an easy
and straightforward choice. Compensation in the form of visual training is also
an option for both mobility scooters and microcars. Earlier research showed that
scanning or saccadic training improved mobility in people with visual field loss (De
Haan, Melis-Dankers, Brouwer, & Tucha, 2015; Ivanov et al., 2016). Scanning training
for people with visual field defects could thus be offered for slow motorised traffic
Drivers who lose their car driving licence (class B) due to visual impairment can apply for the driving
licence necessary to drive microcars (class AM4) without any further assessment.
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as well. Furthermore, the current rehabilitation programme AutO&Mobility within
Royal Dutch Visio offers suitable clients with low visual acuity to use a Bioptic
Telescope System (BTS; Melis-Dankers et al., 2008), which has been proven to
be successful in car traffic. However, although a BTS could help drivers of slow
motorised vehicles in individual cases, reducing speed might be a more feasible
option for compensation as slow motorised vehicles are mostly used in familiar
environments in which reading street signs and overtaking are not really needed.
Furthermore, driving safety could also be increased by adapting the environment
or with the help of technology. Small objects with a low contrast have been shown
to pose a risk for people with visual impairment (e.g., bollards, pavement curbs)
and should be considered in infrastructure design. Obstacles that cannot easily
be distinguished from the pavement should be avoided, for example, by applying
high luminance (colour) contrast to increase visibility. Falling off the curb of a
pavement is a commonly reported accident in mobility scooters, independent of
visual impairment (Schepers, 2007). Making the curb more visible might therefore
not only benefit mobility scooter users but also other people with low vision.
Apart from improving the infrastructure, technological assistance could support
mobility scooter users to avoid hazards. Driver assistance systems for cars have
been established for years and might be of advantage in mobility scooters as
well (Eck et al., 2012; Fehr, Langbein, & Skaar, 2000; Wang, Mihailidis, Dutta, &
Fernie, 2011). A driver assistance system for mobility scooters consisting of velocity
control, collision avoidance, navigation support at bottlenecks, park assistance,
and a navigation system for safe and barrier-free direction-finding has been tested
in the past (for more information see Eck et al., 2012). Research in cars found
that driver assistant systems decreased unnecessary waiting time at intersections
and led to fewer collisions (Dotzauer, 2014). However, Dotzauer (2014) also warns
that these systems can in some cases lead to increased risks as people were also
reported to over-rely on the information the system gives. A potentially useful
research avenue would be to examine the usefulness and refinement of these
assistance systems for users of slow motorised vehicles with impairments (e.g.,
curb detection, collision avoidance, and help with crossing over at intersections).
Based on the outcomes of this thesis, we suggest that an approach involving
positive risk taking rather than focusing on impairment should be adopted
(Morgan, 2004). Positive risk taking is defined as the careful consideration of risks
to work towards the benefits and positive potentials that such risk taking involves.
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A study by McMullan (2016) showed that mobility scooters have been reported to
be hugely beneficial when it comes to community participation and that visually
impaired users need to engage in positive risk taking to keep their independency.
Rehabilitation centres can give evidence-based advice to help the client make
a well-informed decision, but the responsibility of participating safely in traffic
ultimately lies within the visually impaired drivers themselves.

Conclusion
This thesis has increased the understanding of the role of visual impairment in
driving slow motorised vehicles. Results show that visual impairment alone does
not predict whether an individual can (learn to) drive mobility scooters safely or
not. As a general rule, people with low visual acuity who would be eligible to drive a
car using a Bioptic Telescope System in the Netherlands (minimum visual acuity of
0.16), do not need to be treated differently from normal-sighted controls in terms
of mobility scooter allocation. Furthermore, abilities of individuals with visual field
deficits, visual acuity below 0.16 (6/38; 20/125), or low contrast sensitivity should be
assessed more carefully. With regard to microcars, visually impaired participants
showed the capacity to improve substantially with training, which suggests the
value of rehabilitation programmes. Instead of only focusing on an individual’s
impairments, training to apply compensation strategies should be offered and
changes in environment should be considered as well. Applying more contrasts to
obstacles (e.g., bollards) or curbs would make potential hazards more visible and
help visually impaired to avoid accidents.
Based on our results we therefore advise against the introduction of legal visual
standards for the use of slow motorised vehicles and rather focus on an individual’s
potential to improve driving performance and to compensate for their impairment.
To put it in the words of Vestri & Marchi, (2009):
“The assessment of fitness-to-drive assumes a specific query that
is different from visual clinical practice: it does not ask whether the
person has a deficit, it asks whether the person is able to drive safely,
even in the presence of a deficit” (p. 115)
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Abstract
The purpose of this study was to investigate the effect of a physical rest-frame,
habituation and age on simulator sickness in an advanced mobility scooter driving
simulator. Twenty-six young adults and 34 older adults completed a total of
twelve drives in an advanced mobility scooter driving simulator over two visits. A
2x2 crossover design was used to measure the effect of the rest frame that was
added to the driving simulator on either the first or second visit. After each driving
session, participants completed the Simulator Sickness Questionnaire (SSQ) to
measure simulator sickness symptoms. A significant decrease in simulator sickness
was observed between the first and the second visit. Older adults reported more
severe simulator sickness symptoms compared to younger participants. No effect
of rest-frame could be found. In conclusion, habituation appears to be the most
effective method to reduce simulator sickness in an advanced mobility scooter
driving simulator. More research is needed to investigate simulator sickness in
patient groups.
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Introduction
Driving simulators have become a frequently used method to test driving
behaviour, since they have created the opportunity to teach and improve driving
skills in a risk-free and cost-effective environment. The validity of driving simulators
has been demonstrated by various studies (Klüver, Herrigel, Heinrich, Schöner, &
Hecht, 2016; Lee, Cameron, & Lee, 2003; Lew et al., 2005; Meuleners & Fraser, 2015;
Veldstra, Bosker, De Waard, Ramaekers, & Brookhuis, 2015). However, simulator
sickness, which is known as a by-product of high fidelity visual simulators, may be
a threat to this validity (Helland et al., 2016; Kennedy, Lane, Berbaum, & Lilienthal,
1993; Mullen, Charlton, Devlin, & Bédard, 2011). The symptoms experienced
when suffering from simulator sickness include headaches, dizziness, drowsiness,
sweating, or nausea, for example. In contrast to motion sickness in real traffic,
symptoms are visually induced rather than caused by physical movement. The
incidence of simulator sickness can differ greatly (Bos, Ledegang, Lubeck, & Stins,
2013; Brooks et al., 2010; B Keshavarz, Hecht, & Lawson, 2014; La Viola Jr, 2000;
Stoner, Fisher, & Mollenhauer Jr., 2011).
Possible explanations for simulator sickness
Several theories explaining possible causes and processes underlying simulator
sickness have been proposed, however, none of these theories is generally
acknowledged as superior (Keshavarz et al., 2014; Stoner et al., 2011). The most
widely accepted theory is the sensory conflict theory, or cue conflict theory, which
states that simulator sickness is the result of both a sensory conflict and the held
expectations based on previous experience of the sensory system (Reason and
Brand 1975). Accordingly, simulator sickness can occur in a stationary simulator
when a subject has not yet established a pattern to match the contradictory
information from the visual system (“I am moving”) and the vestibular system (“I
am stationary”) (Stoner et al.,2011). Sensory conflict theory is supported by the
finding that people who have many years of driving experience in the real world
experience more simulator sickness than people with less driving experience (Stoner
et al., 2011). In addition to that, the fact that simulator sickness symptoms can be
reduced by repeated exposure to the simulator task also provides evidence for
the sensory conflict theory. A number of studies have demonstrated a habituation
effect on the occurrence of simulator sickness (Domeyer, Cassavaugh, & Backs,
2013; Helland et al., 2016; Hill & Howarth, 2000; Howarth & Hodder, 2008; Behrang
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Keshavarz, Hecht, & Zschutschke, 2016; Teasdale, Lavalliere, Tremblay, Laurendeau,
& Simoneau, 2009; Zhang et al., 2015). Domeyer, Cassavaugh, and Backs (2013),
even showed a habituation effect after two days, suggesting that simulator sickness
symptoms may already decrease after a short period of time.
Riccio and Stoffregen (1991), however, rejected the sensory conflict theory and
introduced an alternative theory to explain the occurrence of simulator sickness,
the postural instability theory. Based on this theory it is suggested that our sensory
system is constantly trying to preserve postural stability in our environment.
Accordingly, simulator sickness occurs when a person attempts to maintain
stability in a new environment in which the body has not yet learned strategies
to preserve postural stability (Riccio & Stoffregen, 1991). Research on the postural
instability theory revealed that postural instability can predict both motion and
simulator sickness (Smart, Stoffregen, & Bardy, 2002; Stoffregen, Chang, Chen, &
Zeng, 2017; Stoffregen, Hettinger, Haas, Roe, & Smart, 2000; Stoffregen & Smart,
1998). A further study in which the position of participants was fixed reported
relief in simulator sickness symptoms in older participants, and thus supports the
postural instability theory (Keshavarz, Novak, Hettinger and Stoffregen 2017 ).
Yet another explanation was proposed by Prothero, Draper, Furness, Parker, and
Wells (1999), which is known as the rest-frame hypothesis. According to this
hypothesis, simulator sickness is not induced by conflicting motion cues but
rather by the different ‘rest-frames’ in which these visual cues are presented.
Derived from physics, a coordinate system that is used to define positions, angular
orientations and motions is called a ’reference frame’. When a reference frame
is perceived to be stationary by the driver, the reference frame is called a restframe (Prothero, Draper, Furness, Parker, & Wells, 1997). The virtual display that
is presented in a virtual environment (VE) can be divided into two components.
One component represents the content of the VE (e.g., the screen on which the
simulation is projected) and the other component is matched to the observer’s
so-called physical inertial environment (i.e. the room in which the simulator is
stationed), also known as the independent visual background (IVB).
In support of this hypothesis, results of different studies showed that participants
experienced less simulator sickness symptoms when they could see the laboratory
wall (Prothero et al., 1999) or when an IVB (e.g., a grid or clouds) was added to
the projection (Duh, Abi-Rached, Parker, & Furness, 2001; Duh, Parker, & Furness,
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2001). Interestingly, a more natural independent visual background (clouds) was
more effective than a background consisting of a grid pattern.
Factors that influence simulator sickness
A number of factors have been determined that influence the occurrence and
severity of simulator sickness. First, graphics factors such as optical distortion,
display flicker, image resolution, or refresh rate, (Johnson, 2005; Kennedy &
Fowlkes, 1992; Kolasinski, 1995; Mollenhauer, 2004), and in general a wider field of
view (Johnson, 2005; Lin, Abi-Rached, Kim, & Parker, 2002; Mollenhauer, 2004) can
influence simulator sickness negatively.
Secondly, related factors such as simulation duration, unnatural manoeuvres
(freezing the screen), head movement, manoeuvre intensity, turn predictability
(lack of visual cues), vehicle velocity and scene content (Jaeger & Mourant, 2001;
Johnson, 2005; Kennedy & Fowlkes, 1992; Kennedy, Stanney, & Dunlap, 2000;
Kolasinski, 1995; Mourant, Rengarajan, Cox, Lin, & Jaeger, 2007; Mourant &
Thattacheny, 1999) can worsen symptoms. The third category comprises individual
factors, which besides age (Brooks et al., 2010), include the amount of experience in
the simulated environment, experience in non-simulated environments, history of
motion sickness and medications, general health and sleep deprivation (Crowley,
1987; Johnson, 2005; Kennedy & Fowlkes, 1992). In addition to that, cognitive factors
can play a role in experiencing simulator sickness symptoms. Although research
has not found significant differences between healthy and cognitively impaired
individuals in simulator sickness incidence rates, the odds of cognitively impaired
individuals (mostly stroke patients) were found to be 2.4 times larger compared to
cognitive healthy individuals (Rizzo, Sheffield, Stierman, & Dawson, 2003).
In general, Klüver, Herrigel, Preuß, Schöner, and Hecht (2015) concluded in their
study, that participant and scenario characteristics can explain the development of
simulator sickness symptoms better than simulator characteristics.
The advanced mobility scooter driving simulator
Most research on simulator sickness has been conducted for aviation or car driving
simulators. Dropout rates in these driving simulators can vary largely based on the
type of simulator and characteristics of the participants (Trick & Caird, 2011). With
increasing use of alternative forms of mobility, especially mobility scooters, new
types of driving simulators have been developed. The University of Groningen,
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in collaboration with Royal Dutch Visio (centre of expertise for visually impaired
and blind people), was one of the first to develop an advanced mobility scooter
driving simulator (AMSDS) for clinical and scientific purposes in different (patient)
populations. However, chances on experiencing simulator sickness in the AMSDS
appeared to be extremely high. In one particular experiment, nearly 70% (65 out
of 94) of the participants had to end test procedures prematurely due to simulator
sickness symptoms (Cordes, Heutink, Brouwer, Brookhuis, & Melis-Dankers,
2018). This high dropout rate is even more striking considering the fact that in
experiments with the car driving simulator, situated in the same room and using
the same display and underlying technology, a dropout rate of 25% would have
been considered to be normal.
The present experiment
The high incidence of simulator sickness in the AMSDS compared to the regular
driving simulator might be due to several differences between the two types
of simulator. For instance, task-related factors in the mobility scooter might be
relatively more demanding in the AMSDS since mobility scooters take sharper
turns and have a relatively sharper acceleration and deceleration. Although it has
been shown that a complex environment might lead to simulator sickness, the
virtual environments included a city drive with much interacting traffic, since a
large degree of ecological validity was to be achieved. Therefore it was not feasible
to change scenario characteristics. Instead, the goal of the present study was to
incorporate more achievable changes to the simulator and to test their effect on
simulator sickness in the AMSDS. Based on the rest-frame hypothesis proposed
by Prothero et al. (1999), a physical grid pattern was added to the screens of the
simulator set-up with the expectation that a more visible independent background
would reduce simulator sickness. In addition to that, the effect of a habituation
across 2 sessions with 24 hours in-between was investigated. Both solutions were
tested in young and old adults.

Method
Participants
Twenty-six young adults (age between 18 and 30) and 34 older adults (age between
50 and 75) took part in the present study. Characteristics of the participants are
presented in Table A1. Younger participants were recruited via social media and
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Table A1. Participants’ characteristics
Age group
Young
adulthood
(n = 26)

Late adulthood
(n = 34)

Min

Max

Mean

SD

18

27

21.2

2.3

5

7

5.9

0.4

6
0

10
40.0

8.1
6.0

1.2
9.2

Age (years)

51

74

63.7

6.0

Educationa

2

7

5.4

1.0

Age (years)

Educationa

Personal healthb
Total estimated km driven in life

7
10
8.3
0.9
Personal healthb
Total estimated km driven in life
0
2,500,000
497,423
602,561
a
Highest finished educational level was determined by the Dutch classification system according
to Verhage (1964), which includes seven categories. 1 = did not finish primary school, 2 =finished
primary school, 3 = did not finish secondary school, 4 = finished secondary school, 5 = finished
secondary school medium level, 6 = finished secondary school highest level and/or college degree,
7 = university degree.
b
self estimated on a scale from 1 - 10

by approaching psychology students from the University of Groningen. Older
participants were recruited via advertisements, flyers and personal contacts. All
participants were in possession of a valid driving licence. Exclusion criteria were
ocular disease, vestibular disorders or any other medical/neurological conditions
or medication that could interfere with driving performance. Students received
study credit points for participating; other participants took part in the experiment
on a voluntary basis. The experiment was approved by the Ethical Committee
Psychology of the University of Groningen, the Netherlands, according to the
Declaration of Helsinki. All participants provided written informed consent.
Apparatus
The advanced mobility scooter driving simulator has been developed by ST
Software (Groningen, The Netherlands). The mobility scooter that is used as a
mock-up is a real vehicle with technical adjustments that has been attached to the
simulation computers using steer recorders and switches (see Figure A1).
The software of the driving simulator consists of a calculation model of simulated
traffic with autonomous characteristics in which all simulated traffic participants
drive independently in a network of roads. This surrounding traffic is created in
and controlled by a scripting tool that allows the type of interactions intended for
the experiment. The scripting-tool also avoids traffic conflicts between simulated
traffic participants and manages data collection.
The graphics hardware consists of three PC’s that run the software, controlling
160

Appendices

Figure A1. The mobility scooter simulator accompanied by rest-frame

three computer displays with an imaging frequency of 60 Hz. The simulation was
projected onto three screens. The sizes of the middle screen and side screens
are 200x150 cm. The middle screen has a resolution of 1920x1080 pixels and the
side screens both have a resolution of 1024x768 pixels. The dimensions of the
projection on the screens are 200 cm x 110 cm. Horizontal and vertical field of view
were 180° and 34° (middle screen) respectively.
The front of the mobility scooter was positioned about 80 cm in front of the middle
screen, in such way that the participant’s view to all the screens was perpendicular
to the middle, while sitting in the mobility scooter. The software projected the
movement of the mobility scooter in the simulated environment, based on the
steering wheel forces. The software additionally generated the sounds of the
engine and the sounds of the surrounding traffic through two speakers, situated
behind the projection screen.
Since one of the original aims of the AMSDS was to assess fitness-to-drive in
visually impaired people, the rest-frame could not be part of the visual projection,
as it was implemented in other studies (Duh, Parker, et al., 2001; Lin, Abi-Rached,
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& Lahav, 2004; Prothero et al., 1999). Instead, the rest-frame was constructed of
solid materials surrounding the screens on which the simulation was projected.
Compared to the IVB conditions in the studies by Duh, Parker, et al. (2001) and Lin et
al. (2002), the characteristics of the rest-frame in the current study also comprised
a grid shaped pattern. The rest-frame consisted out of six black synthetic covers
on which a grid was added by attaching white paper squares onto the plates (see
Figure A1). In the experimental condition a rest-frame was added to the screens. In
addition, to keep the contrast of the projection optimal for people with low vision,
luminance in the simulator room was kept to a minimal. In the control condition,
participants saw the white projection screens.
Virtual environments
The driving simulation study comprised six drives in rural environments under
different conditions (see Table A2). Visual complexity and speed increased over
the number of drives. During all of the drives, participants had to follow a winding
road. During the test drives in which the participants controlled their own speed,
participants were asked to start driving with a speed they felt comfortable with.
When the first half of the drive was finished, participants were asked to drive as fast
as they could, provided that they were still driving safely. Environments without any
obstacles included a winding road surrounded by nature (e.g., meadows, trees),
whereas the more complex environments included obstacles and were located
in a residential area with several crossings. Obstacles included stationary objects
with different visibility and moving traffic agent (cars, cyclists, and pedestrians) that
either appeared at crossings or on the same lane participants were travelling on.
Participants were instructed to keep a steady position on the road and to avoid
collisions with obstacles or other traffic participants.
Table A2. Different virtual driving environments
Drive number

Speed

Speed control

Average
duration

Pavement/
on-road

Obstacles
present

Practice

Up to 5 km/h

Manual

1 min 50s

Pavement

Yes

1

5 km/h

Fixed

3 min

Pavement

No

2

Up to 5 km/h

Manual

1 min 20 s

Pavement

No

3

Up to 5 km/h

Manual

2 min 50s

Pavement

Yes

4

5 – 10 – 15 km/h

Fixed

2 min 40s

Street

No

5

Up to 15 km/h

Manual

1 min 50s

Street

No

6

Up to 15 km/h

Manual

2 min

Street

Yes
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Procedure
The experiment took place at the University Medical Centre Groningen, the
Netherlands, where the AMSDS was stationed. All participants visited the
laboratory on two consecutive days. Each visit lasted approximately 45 minutes.
The interval between the two visits was exactly 24 hours. Before the experiment
started participants were informed about the possibility of experiencing simulator
sickness and their right to stop the experiment at any moment.
At the start of the first visit participants completed a questionnaire about
demographic information, driving experience, self-perceived driving skills and
general health. Participants were then asked to complete a practice drive to get
used to operating the AMSDS. Upon successful completion of the practice drive,
participants moved on to the six test drives. A crossover design (AB|BA) with
stratified random allocation (based on age group) was used to determine which
participant completed the driving simulation tasks with or without the rest-frame
on the first visit. On the second visit, participants immediately started with the
six test drives but now in a different condition compared to the first visit (with or
without the rest-frame).
After each drive participants filled in the Simulator Sickness Questionnaire (SSQ,
[Kennedy et al., 1993]) and the Misery Scale (MISC, [Emmerik, Vries, & Bos, 2011])
to monitor SS symptoms. The SSQ consists of 16 items, each containing a single
symptom related to simulator sickness that can be scored on a scale from 0 (not
experiencing the symptom) to 3 (strongly experiencing the symptom). Sum score
of the SSQ after each drive could range from 0 to 235.62 points. The MISC is
a ten-point scale, reaching from 0 (not experiencing symptoms) to 10 (throwing
up). Intermediate scores range from 1 (feeling uneasy, but without symptoms of
nausea), 2-5 (dizziness, feeling warm, sweating, headache, etc. without feeling
nauseous), and 6-9 (degrees of nausea). The MISC was used to monitor simulator
sickness objectively during the trials and prevent participants from developing
severe symptoms of simulator sickness. When participants scored 6 or higher the
experiment was stopped to ensure wellbeing of the participants.
At the end of the second visit, participants were debriefed and given an additional
short questionnaire in which they were asked how they experienced the study and
whether they preferred to drive in the AMSDS with or without the rest-frame.
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Statistical analysis
The main effects of frame (presence or absence), habituation (1st versus 2nd visit)
and age (older and younger adults) were investigated. In addition, interaction
effects between frame and age and habituation and age were examined. Repeated
measures ANOVAs with age as a between-subject factor were used for this purpose.
The SSQ is subdivided into three subscales: Nausea (e.g., burping, stomach
awareness), oculomotor (e.g., blurred vision, eyestrain), and disorientation (e.g.,
dizziness, vertigo) (Kennedy et al., 1993). Scores for the two visits have been
calculated for the individual subscales and for the SSQ total score for each of the
six drives according to Kennedy et al. (1993). The average SSQ total scores of the
individual drives were determined for either the presence/absence of the frame or
the first or second visit in the laboratory. Independent variables were presence/
absence of the rest-frame, visit, and age group; dependent variables were the
average SSQ total scores per condition. In case participants dropped out during
the first visit due to severe simulator sickness symptoms, the SSQ total score for
their last completed drive were adopted to restore missing data. Differences in
SSQ total scores of visit 1 for the different age groups were calculated accordingly
using an independent sample t-test. The data of participants that did not show up
for the second visit were excluded pairwise for the analysis of variance.
P-values < 0.05 were defined as significant. Effect sizes were calculated for main
effects using the effect size r (Field, 2009). Effect sizes were classified as followed: r
= 0.10: small effect, r = 0.30: medium effect, r = 0.50: large effect.

Results
Dropout and preliminary analysis
Six participants of the older age group did not show up for the second visit of
the experiment. Two of these participants did not complete any drives in the first
visit either as they decided to stop after the practice drive of the first visit. Two
participants completed only a limited number of the drives of the first visit and
another two participants completed all drives of the first visit. One participant,
belonging to the older age group as well, stopped halfway through the drives of
the first visit, but returned for the second visit and completed all six drives of the
second visit. In contrast, all participants of the younger age group completed all
drives of both the first and the second visit.
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Main analysis
The results of the analysis of variance showed that there was a significant main
effect of visit (F(1,52) = 27.94, p < 0.001, r = 0.59) and age group (F(1,52) = 4.65,
p = 0.036, r = 0.29) with regard to the total SSQ score. Effect sizes were large and
medium, respectively. Reported simulator sickness symptoms decreased in the
second visit of the experiment and older adults reported more severe symptoms
than young adults (Table A3). Furthermore, independent sample t-tests revealed
that there was a significant difference between older and younger adults on the
first (t(42.1) = -2.57, p = 0.014, r = 0.37) but not on the second visit (t(34.3) = -1.98,
p = 0.056, r = 0.32). Medium effect sizes could be found in both comparisons. No
effect of frame was found (F(1,52) = 0.19, p = 0.662, r = 0.09) and the effect size
was small. Interaction effects between frame and age group (F(1,52) = 0.10, p =
0.719) and visit and age group (F(1,52) = 2.84, p = 0.097) were neither found to be
significant. However, the size of the p-value suggests that the effect of visit might
have been stronger in the older age group. Generally, it could be observed that
the standard deviations of older participants were noticeably higher than those
of the younger participant group, showing higher variability of simulator sickness
symptoms in older adults (Table A3).
With regard to the subscales, there were no main effects for frame, no interaction
effect for frame and age group, and no interaction effect for visit and age group
Table A3. SSQ scores for main and interaction effects
SSQ scores
1st visit
2nd visit
1st visit
2nd visit
Frame
Without Frame

Younger adults

N
26

Mean
6.31

SD
7.45

Older adults

28

13.22

15.69

Younger adults

26

1.37

2.06

Older adults

28

3.65

5.72

Total

54

9.89

12.80

Total

54

2.55

4.47

Younger adults

26

3.14

5.34

Older adults

28

8.37

11.9

Younger adults

26

4.53

6.54

Older adults

28

8.5

13.51

Frame

Total

54

5.85

9.68

Without Frame

Total

54

6.59

10.83

Younger adults

26

3.84

4.32

Older adults

28

8.43

10.05

Totala
a

The total SSQ score is the average score of the SSQ scores of 1st and 2nd visit.
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Figure A2. Average SSQ scores for each drive driving with and without frame

Figure A3. Comparison of total SSQ scores between first and second visit

for all three subscales. In line with the main effect for visit on the total SSQ score, a
main effect for visit was found on all three subscales (lower SSQ scores on second
visit).
In Figure A2, the average SSQ score for the presence/absence of the frame is
shown for the individual drives. It can be observed that SSQ scores seem to be
higher for the no-frame condition in all drives, except for drive 2. Likewise, Figure
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A3 shows the average SSQ score for the time of the visit. Supporting the statistical
significant result, SSQ scores are lower for the second visit in all drives. Analysis of
the short questionnaire that was filled in after debriefing showed no preference
for driving with or without the rest-frame. About half of the participants preferred
to drive with rest-frame since the frame had a calming effect and offered stability.
However, the other half preferred to drive without the rest-frame as they thought
the frame caused more chaos and actually resulted in feelings of distress, dizziness
and instability. Among the participants who felt uncomfortable driving with the
rest-frame, it was often suggested that the feelings of instability were caused by
the black and white squares, as the squares appeared to be moving during the
simulation.

Discussion
The present study investigated the effect of a physical rest-frame, habituation and
age on experiencing simulator sickness in an advanced mobility scooter driving
simulator.
Based on previous studies using a projected rest-frame (Duh, Parker, & Furness,
2001a; Lin et al., 2004; Prothero et al., 1999) it was hypothesised that adding a
rest-frame to the display of the VE in the AMSDS would relieve simulator sickness
symptoms in participants. Unlike these studies however, the use of a physical restframe in this study did not significantly alleviate simulator sickness symptoms. This
result might be an indication that a physical variant of an IVB is not as effective as
the projected counterpart which was used in the study by Duh, Parker, et al. (2001).
Another explanation might be that the rest-frame in our experiment was not visible
enough. Duh, Parker, et al. (2001) used bright projections to light up the grid from the
background, whereas in our study illumination was reduced to enhance contrast of
the projected VE. Since the AMSDS was set up to investigate driving in people with
visual impairments, good contrast of the projected VE was of great importance. Lin
et al. (2002), further suggested in their study that IVB brightness and luminance
may contribute to the positive effects of the IVB. However, approximately half of
the participants of the present study reported that they were irritated by the restframe, rather that gaining a benefit from it. In line with that, a study by Keshavarz,
Hecht, and Zschutschke (2011) revealed that especially a well-visible background
might lead to an increase in simulator sickness symptoms. The authors hold an
intra-visual conflict - more specifically, the conflict between the two images of
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the projection and the laboratory surrounding - responsible for this effect. These
results thus suggest that the grid used in the present study might have had an
adverse rather than beneficial effect on experiencing simulator sickness.
With regard to age, it can be concluded that the older participants in our study
experienced more simulator sickness than younger participants. Although no
difference between younger and older participants could be found as a function of
frame or visit, we found a significant difference in experienced simulator sickness
between the group of older participants and the group of younger participants.
The higher dropout rate in the older age group (six dropouts compared to none
in the younger group) also supports the notion that older participants experience
simulator sickness more severely compared to younger participants. This result is
in consonance with outcomes reported by Brooks et al. (2010) and Keshavarz et al.
(2017). Different explanations of this phenomenon have been given in the literature.
In line with the cue conflict theory (Stoner et al., 2011), an explanation could be
that older participants reported more physical driving experience and thereby
experienced a stronger conflict in the driving simulator based on this experience.
Chang, Chen, Kung, & Stoffregen (2017) did not find any differences in incidence
and severity of simulator sickness between drivers and non-drivers of the same
age-group. In a similar study, Stoffregen et al. (2017) reported that although drivers
developed simulator sickness quicker than non-drivers compared to non-drivers,
severity of the symptoms were not affected by experience. Another explanation
could be based on the postural sway theory. Keshavarz et al. (2017) showed in their
study that older but not younger participants experienced simulator sickness in an
unrestrained condition as compared to the condition where head and torso were
fixed to the seat. This could be explained by reduced postural control in the older
participants.
With regard to habituation, we found that participants experienced considerably
less simulator sickness symptoms during the second visit in the AMSDS than
during the first visit. This finding is supported by the results of other studies as well
(Domeyer et al., 2013; Hill & Howarth, 2000; Howarth & Hodder, 2008; Behrang
Keshavarz et al., 2016; Teasdale et al., 2009; Zhang et al., 2015). Generally it has
been shown that long, continuous exposure to simulator tasks can result in the
worsening of symptoms, whereas distributed exposure, or habituation to simulator
tasks, can reduce severity of simulator sickness symptoms (Kennedy et al., 2000;
McCauley & Sharkey, 1992). The habituation effect in our study was already
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noticeable within 24 hours, rather than the 48 hours proposed by Domeyer et al.
(2013). However, habituating participants to driving simulator tasks can be a time
and cost-consuming procedure and can be difficult to implement. Keshavarz et
al. (2016) suggests that a shorter training of similar tasks might alleviate simulator
sickness symptoms as well. More research needs to be done to investigate the
most effective way of habituation to reduce simulator sickness symptoms.
Compared to the first mobility scooter driving simulator study testing driving
performance in visually impaired individuals (Cordes et al., 2018), the dropout rate
of the participants (10%) was surprisingly low. Reasons for the low incidence of
symptoms could be the chosen age group and health condition of the participants
of the present study. Participants of the first mobility scooter driving simulator
study were only older adults (50 - 75 years of age) and had some form of visual
impairment (low visual acuity, visual field defects). Since driving simulators are
especially useful to test driving performance of individuals with compromised
health (e.g., motor, visual or cognitive impairment), future research needs to assess
simulator sickness susceptibility of these populations.
Simulator sickness is a complex phenomenon and dependent on many different
factors. The present study has looked at a number of well-reported variables that
influence simulator sickness, however, other factors might have played a role as
well. The simulator was set-up in a fully immersed environment which on the one
hand increased ecological validity, but on the other hand has also shown to be one
of the main factors of experiencing simulator sickness (Stoner et al., 2011). Another
research institute using a mobility scooter simulator found that decreasing the
size of the screens reduced simulator sickness notably (Het Roessingh, personal
communication). Furthermore, the urban environment in some of the simulator
drives contained many features that increased optical flow, another factor that
has been shown to worsen sickness. Lastly, the type of task in AMSDS required
participants to steer around objects, which could have been yet another factor
increasing simulator sickness. However, in this study it was not realistic to change
screen size or scenario characteristics, since the virtual environments were used for
other research purposes as well.
In conclusion, habituation seems to be the easiest and most promising method
to reduce simulator sickness symptoms in the AMSDS, whereas the inclusion of a
rest-frame as used in this study is a redundant addition to the simulator set-up.
More research has to be done to explore additional factors and different patient
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groups before the driving simulator can be used for clinical purposes.
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Appendix B
The role of contrast sensitivity
In this dissertation, participants have been divided into groups with different types
of visual impairment. This division has been made based on their visual acuity
and visual field size as these visual functions are currently used in car traffic to
determine if someone is visually fit to drive. However, a number of studies have
emphasised the importance of contrast sensitivity for safe traffic participation in
cars (Bal, Coeckelbergh, Van Looveren, Rozema, & Tassignon, 2011; Guo, Fang, &
Antin, 2015; McGwin Jr., Chapman, & Owsley, 2000; Owsley & McGwin Jr., 2010;
Owsley, Stalvey, Wells, Sloane, & McGwin, 2001; Van Rijn et al., 2011). Therefore, the
role of contrast sensitivity on driving safety in slow motorised vehicles has been
explored in this appendix.
Peak contrast sensitivity was measured using the Groningen Edge Contrast Kaart
Ontwerp (GECKO; (Kooijman, Stellingwerf, & Van Schoot, 1994), a test designed
for measuring the peak contrast sensitivity in visually impaired people. The test is
assessed with a distance of 1m and an illuminance of 500lux. The maximum score
is 16 and the minimum score is 0. Scores of 16, 15, and 14 are considered normal
values and scores of 13 and 12 are classified as almost normal. Scores below 12 are
considered as abnormal.
The GECKO scores of the people who failed the mobility scooter on-road test have
been explored. Furthermore, mobility scooter driving performance (see Chapter 4)
and performance in the driving simulator (see Chapter 5) was compared between
participants who performed below and above the cut-off (12) on the GECKO.

Results
Four out of the five participants who failed on the mobility scooter on-road test
had a contrast sensitivity below cut-off (80%; Table B1). Of the people who passed
the mobility scooter on-road test, approximately 65% had a score above cut-off on
the GECKO, whereas 35% performed below cut-off (Table B2). Participants with a
score below cut-off on the GECKO performed worse both on the mobility scooter
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Table B1. Contrast sensitivity of participants who failed mobility scooter test
Participant

Group

Gecko

Below cut-off?

M4A012

Combination

10

yes

M4A032

Peripheral

16

no

M4A058

Peripheral

11

yes

M4A065

Combination

8

yes

M4A075

Very low acuity

10

yes

Table B2. Number of participants who failed/passed the mobility scooter onroad test according to their contrast sensitivity
Mobility scooter drive
Gecko

Pass

Fail

Total

Above cut-off (≥ 12)

54

1

55

Below cut-off (< 12)

29

4

33

Total

83

5

88

Table B3. Comparison of the mobility scooter on-road test score between
participants with contrast sensitivity above or below cut-off
MS on-road test score

Gecko

N

Mean

SD

Above cut-off (≥ 12)

55

7.6

1.1

Below cut-off (< 12)

33

6.9

1.3

Table B4. Comparison of the number of collisions on the driving simulator
between participants with contrast sensitivity above or below cut-off
Nr of collisions

Gecko

N

Mean

SD

Above cut-off (≥ 12)

36

0.69

1.6

Below cut-off (< 12)

17

3.06

3.5

on-road drive (T(86) = 2.89; p = 0.005; Table B3) and the driving simulator tasks (U
= 128; p < 0.001; Table B4). There is a small, but significant correlation between the
mobility scooter on-read test performance and the GECKO (r = 0.251, p = 0.018)
and a moderate significant correlation between driving performance in the driving
simulator and the GECKO score (r = -0.348, p = 0.011)

Discussion
Because contrast sensitivity has been shown to play an important role in safe traffic
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Figure B1: Distribution of the mobility scooter on-road test score for
participants with contrast sensitivity above or below cut-off
Above cut-off (≥ 12)

Below cut-off (< 12)

participation in cars, the role of contrast sensitivity in slow motorised vehicles has
been explored in this appendix. Results show that contrast sensitivity has an impact
on driving performance in slow motorised vehicles. A low score on the GECKO was
associated with worse performance in both performance on the mobility scooter
on-road test and the driving simulator, although the effects were small. Especially
in the driving simulator, low contrast sensitivity contributed to a higher number of
collisions. This is in line with the finding that visually impaired participants showed
difficulties with objects that had a low luminance contrast (see Chapter 5).
Furthermore, almost all of the participants who failed the mobility scooter on-road
test had an abnormal score on the GECKO. Therefore, the GECKO seems to be a
sensitive measure to detect unsafe traffic participation. However, the GECKO is not
an optimally sensitive measure, as only 65% of the people who passed the mobility
scooter on-road test, showed a normal GECKO score. Therefore, the outcome of
the GECKO needs to be interpreted with caution to avoid classifying people as
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Figure B2: Distribution of the number of collisions on the driving simulator for
participants with contrast sensitivity above or below cut-off
Above cut-off (≥ 12)

Below cut-off (< 12)

unsafe who would very well be able to use slow motorised vehicles safely. On the
other hand, good contrast sensitivity does imply good driving performance.
Concluding, the results of this exploration show that contrast sensitivity affects
driving performance, but that it cannot be used to accurately predict who will be safe
in traffic or not. Results could rather be used to make rehabilitation professionals
aware of what difficulties visually impaired individuals might encounter during an
on-road drive. For example, a low contrast sensitivity might mean that a particular
client might have difficulties with the borders of a pavement or an increased
chance to collide with obstacles that cannot be easily distinguished from the
environment. Furthermore, this outcome is also relevant for infrastructure design
as it is important to create sufficient contrast. In that respect, contrast sensitivity
adds valuable information to help improve rehabilitation and direct training, but
should not be used as a means to identify unsafe drivers. Furthermore, future
research should add contrast sensitivity as a measure to their design to gain more
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information about the role of contrast sensitivity in slow motorised traffic.
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English summary
Independent mobility is important for people’s general well-being and social
participation. Slow motorised vehicles - defined as motor vehicles with a maximum
speed of 45km/h (for example, mobility scooters, mopeds or microcars), enable
many people to maintain this independence. Visual impairments however can
adversely affect independent mobility. The aim of this thesis is therefore to
investigate the extent to which people with visual impairments can drive slow
motorised vehicles safely. The focus of this thesis is on mobility scooters and
microcars.
The background of the thesis is described in Chapter 1. The dissertation is the
result of the project Mobility4All that was developed by the University of Groningen
and Royal Dutch Visio, centre of expertise for visually impaired and blind people
(funding: ZonMW, project number 94309004). In contrast to car traffic, there are
no legal visual standards for driving slow motorised vehicles. The absence of
these standards is advantageous from the perspective of striving for maximum
independent mobility, but can at the same time be disadvantageous in terms
of traffic safety. Therefore, a good balance must be sought between individual
independence on the one hand and traffic safety on the other. There is very little
scientific research available about the visual and cognitive factors that could affect
driving safety in slow motorised vehicles. The limited research that exists focuses
only on mobility scooters or electric wheelchairs and does not provide consistent
results.
Chapter 2 gives an overview of the study design. In total, 105 visually impaired
and normal sighted people participated in the various experiments of the project
Mobility4All. The subjects were subdivided into different groups based on an
examination of the basic visual functions: (1) participants with no visual field defects
and very low visual acuity (< 0.16), (2) participants with no visual field defects and
low visual acuity (0.16-0.4), (3) participants with normal visual acuity and peripheral
visual defects, (4) participants with a combination of low visual acuity and visual
field defects, and (5) a normal sighted control group. Traffic safety was explored in
different settings. A standard mobility scooter was purchased to examine driving
skills and fitness-to-drive in a mobility scooter driving skill test and a mobility
scooter practical driving test in real traffic. To ensure the safety of the participants,
a stop mechanism was installed on the mobility scooter to enable the test leader
183

Slow motorised traffic and vision

to stop the vehicle remotely. Furthermore, mobility scooter and microcar driving
simulators were developed to be able to investigate traffic safety systematically.
Virtual environments were designed specifically for the purpose of this project and
included scenarios with and without obstacles, with different road sections (street
and pavement), and with different speeds. The obstacles in the obstacle courses
were developed in such a way that they were problematic for visually impaired
people (such as obstacles with low contrast, different sizes, position either in the
right or in the left peripheral field). Finally, a neuropsychological test battery was
administered which was composed with the help of experts in the field of traffic
psychology and ophthalmology.
In Chapter 3, the driving skills of participants with visual impairments using
mobility scooters is investigated. The aim of this experiment was to determine
whether visually impaired people were able to learn the driving skills necessary
to drive mobility scooters, and whether any of the skills posed difficulties. For
this purpose, a mobility scooter driving skill test was developed based on the
mobility scooter training course “Blijf Veilig Mobiel” [Stay Mobile Safely] developed
by Veilig Verkeer Nederland [Traffic Safety Netherlands]. Skills that were practiced
and assessed were, for example, stopping, reversing or driving through a narrow
door opening. The performance of 48 visually impaired and 37 normal sighted
participants without driving experience in mobility scooters was assessed on
a 3-point scale. In addition, it was observed how often the participants had to
repeat certain parts of the driving skills test in order to master the relevant skill
well enough. Results show that all subjects were able to gain sufficient driving skills
to safely drive the mobility scooter. Participants with peripheral visual field defects
(both without or combined with low visual acuity) showed most problems when
learning different skills. Reversing proved especially difficult for these participants.
Another skill that turned out to be problematic was stopping on time. However,
this difficulty could not be primarily attributed to visual impairment, but rather
to the correct handling of the throttle. Driving experience in vehicles other than
mobility scooters and general anxiety did not affect the test results. However, the
level of anxiety after completion of the driving test was greater in participants who
showed worse performance.
In Chapter 4, fitness-to-drive of visually impaired participants was investigated. In
this experiment, 46 visually impaired and 35 normal sighted participants completed
a practical fitness-to-drive test in the mobility scooter. The driving test was recorded
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with a camera. Two independent occupational therapists specialised in orientation
and mobility evaluated the performance of the participants using these videos. The
main outcome measures were the general driving performance and the number
of critical moments, which are defined as situations in which the stop button had
to be used or where participants encountered problematic situations. Based on
the assessments of the occupational therapists, approximately 90% of the visually
impaired participants passed the mobility scooter practical driving test. In general,
the performance of visually impaired participants was evaluated as worse than that
of the normal sighted control group, but nevertheless visually impaired participants
performed well enough to be able to participate safely in traffic. None of the
participants belonging to the group “low visual acuity” failed the mobility scooter
practical driving test. Participants with very low visual acuity and a combination of
visual impairments encountered critical moments more often.
Because on-road tests can be difficult to standardise, a number of driving
simulator tasks were developed in order to examine driving performance in a more
controlled manner. In Chapter 5 the results of this experiment are presented.
Participants were asked to complete various drives in mobility scooter and microcar
driving simulators. To measure driving performance, different parameters (speed,
standard deviation of lateral position, time-to-collision, distances, and number and
type of collisions) were compared between visually impaired and normal sighted
participants. Results showed that visually impaired participants did not differ from
normal sighted participants with regard to speed and lateral position in both the
mobility scooter and the microcar simulator. The number of collisions, however,
was higher for visually impaired participants in almost all drives. Especially in the
first obstacle course of the microcar driving simulator, visually impaired participants
showed more collisions compared to normal sighted participants. However, this
difference became considerably smaller in the second microcar drive. Reasons for
this improvement could be a good learning ability or a better familiarity with the
task. Outcomes related to time-to-collision differed per drive. Small obstacles with
low contrast appeared to pose the greatest risk of collision for visually impaired
drivers.
In Chapter 6, the relationship between the mobility scooter practical driving
test and the driving simulator tasks was examined. The number of collisions
(combination of all driving simulator drives) was compared with the number of
critical moments on the mobility scooter practical driving test. Furthermore, driving
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simulator performances of participants who did not pass the mobility scooter
practical driving test were analysed. Performance in the driving simulator was
moderately correlated to performance on the mobility scooter practical driving
test, yet, participants who failed the driving test did not necessarily perform worse
in the driving simulator. However, due to a high dropout rate of participants during
the driving simulator tasks as a result of simulator sickness, these outcomes must
be interpreted with caution. Until a solution to reduce the incidence of simulator
sickness is not found, the use of the driving simulator is not recommended in
clinical practice.
The results described in the previous chapters indicate that visual impairment
alone cannot predict driving performance in slow motorised vehicles. In Chapter
7 the added value of (neuropsychological) test assessment for evaluating practical
fitness-to-drive was investigated. The following tests were used: Mini Mental
Status Examination, Trail Making Test, Rey Complex Figure Test, Reaction Times
(Vienna Test System), Determination Test (Vienna Test System), Dot Counting Task,
and Vlakveld Hazard Perception Task. Results showed that only the Trail Making
Test and the Dot Counting Task showed a moderate correlation with the driving
performance of visually impaired participants in the mobility scooter. Part A of the
Trail Making Test in particular turned out to be a reasonable predictor of whether
participants passed or failed the driving test. However, low performance on these
tests does not necessarily mean that someone is unsafe in traffic. Decisions on
practical fitness-to-drive should therefore not be taken solely on the basis of
these tests. Another finding was that, despite the fact that the participants’ visual
impairments were considered when choosing the (neuropsychological) tests,
visually impaired people performed worse than normal sighted people on most
tests. It is unlikely that this poorer performance is the result of poorer cognitive
skills, but rather a result of their visual impairment.
In the final chapter, Chapter 8, a general discussion and conclusion is given with
regard to all preceding chapters. It can be concluded that visual impairment alone
cannot determine whether someone can safely and responsibly participate in slow
motorised traffic. The introduction of legal visual standards for the use of these
vehicles is therefore not recommended. Within rehabilitation, however, a distinction
can be made between the different types of visual impairment. In contrast to
people with low visual acuity, people with very low visual acuity, visual field defects
(with or without additional low visual acuity) and low contrast sensitivity need
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more attention. An individual approach to determine practical fitness-to-drive is
advised in those cases. In addition, the chapter provides recommendations for
visual rehabilitation. Skills that require extra attention are stopping on time (applies
to all participants) and reversing (especially for people with visual impairments).
Although the results have to be interpreted carefully, the Trail Making Test and
the Dot Counting Task could give an indication of the driving performance of
visually impaired people. Low performance on these tests could be an indication
of difficulties in traffic and would require further attention within rehabilitation.
Furthermore, extra attention is needed for obstacles with low contrast. This finding
is not only important in rehabilitation, but can also be valuable for infrastructure
design. Finally, the importance of compensation is discussed. According to Michon’s
model, compensation can take place on the strategic and tactical level (such as
planning a route in advance or adjusting the speed) to avoid difficult situations in
traffic. These strategies could easily be incorporated into rehabilitation to support
people in spite of their visual impairment to maintain their independent mobility.
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Nederlandse samenvatting
Onafhankelijke mobiliteit is erg belangrijk voor het algemene welbevinden en
de maatschappelijke participatie. Langzaam gemotoriseerde voertuigen stellen
mensen met beperkingen in staat om deze onafhankelijkheid te behouden.
Het betreft motorvoertuigen met een maximale snelheid van 45km/h (bijv.
scootmobielen, bromfietsen of brommobielen). Visuele beperkingen zouden
echter het veilig en verantwoord gebruik van langzaam gemotoriseerde voertuigen
nadelig kunnen beïnvloeden. Doel van dit proefschrift is om te onderzoeken in
hoeverre mensen met visuele beperkingen langzaam gemotoriseerde voertuigen
veilig en verantwoord kunnen besturen. Hierbij is met name gekeken naar
scootmobielen en brommobielen.
In Hoofdstuk 1 wordt de achtergrond van dit proefschrift uitgelegd. Het
proefschrift is het resultaat van het project Mobility4All dat uitgevoerd werd door de
Rijksuniversiteit Groningen en Koninklijke Visio, expertisecentrum voor slechtziende
en blinde mensen (subsidiegever: ZonMW, project nummer: 94309004). In
tegenstelling tot het autoverkeer bestaan er geen visuele medische eisen voor
het besturen van langzaam gemotoriseerde voertuigen. Vanuit het perspectief
van het streven naar optimale onafhankelijke mobiliteit voor mensen met een
visuele beperking is dat voordelig, maar tegelijkertijd kan het op gespannen voet
staan met de veiligheid van zowel de cliënt zelf als die van medeweggebruikers.
Derhalve moet gezocht worden naar een goede balans tussen individuele
onafhankelijkheid aan de ene kant en veiligheid aan de andere kant. Er bestaat
nauwelijks wetenschappelijk onderzoek naar de visuele en cognitieve factoren
die het rijden in langzaam gemotoriseerde voertuigen beïnvloeden. Het weinige
onderzoek dat er is richt zich alleen op scootmobielen of elektrische rolstoelen en
geeft geen consistente resultaten. Om de zelfstandige mobiliteit van mensen met
een visuele beperking te optimaliseren en evidence-based revalidatieprogramma’s
te kunnen bieden op dat gebied is nader onderzoek naar het veilig en verantwoord
gebruik van langzaam gemotoriseerde voertuigen noodzakelijk.
Hoofdstuk 2 geeft een overzicht over de gebruikte methoden. In totaal hebben
105 proefpersonen deelgenomen aan de verschillende experimenten van het
project Mobility4All. De proefpersonen werden naar aanleiding van een visueel
functieonderzoek onderverdeeld in vijf verschillende subgroepen: (1) personen
met een intact gezichtsveld maar een heel lage gezichtsscherpte (<0,16; <6/38;
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<20/125), (2) personen met een intact gezichtsveld en een lage gezichtsscherpte
(0,16-0,4; 6/38-6/15; 20/125-20/50), (3) personen met een goede gezichtsscherpte
maar perifere gezichtsvelduitval, (4) personen met een combinatie van lage
gezichtsscherpte en gezichtsvelduitval, en (5) een goedziende controlegroep.
Verkeersveiligheid werd bekeken vanuit verschillende gezichtspunten. Een zeer
gangbare scootmobiel met 3 wielen werd aangeschaft om enerzijds in een
trainingsparcours de rijvaardigheid van slechtziende mensen te onderzoeken
en anderzijds de rijgeschiktheid in het echte verkeer te beoordelen. De
rijvaardigheidstest bestond uit verschillende onderdelen om het besturen van
scootmobielen te oefenen en vervolgens te beoordelen. De rijgeschiktheidstest
werd zowel binnen als buiten uitgevoerd in het alledaagse verkeer, waarbij de
deelnemers allerlei realistische verkeerssituaties tegenkwamen. Om de veiligheid
van de proefpersonen te waarborgen werd er een stopknop ingebouwd in
de scootmobiel, zodat het voertuig ook op afstand gestopt kon worden.
Daarnaast werd een scootmobiel- en een brommobielrijsimulator ontwikkeld
om verkeersveiligheid op een systematische manier te kunnen onderzoeken. De
realistische virtuele omgevingen die speciaal voor dit project werden ontworpen,
bevatten verschillende scenario’s, met en zonder obstakels, met diverse
wegonderdelen waarop met verschillende snelheden moest worden gereden. De
verschillende obstakels in de obstakelritten zijn zo ontwikkeld dat ze juist voor
visueel beperkte mensen problematisch zouden kunnen zijn (zoals obstakels met
laag contrast, met verschillende grootte, gepositioneerd in een specifiek deel
van het gezichtsveld). Omdat cognitieve factoren ook een rol spelen bij veilige
verkeersdeelname, is er ten slotte ook een neuropsychologische testbatterij
afgenomen die met behulp van experts op het gebied van verkeerspsychologie en
oogheelkunde samengesteld werd.
Hoofdstuk 3 gaat over de rijvaardigheid van mensen met visuele beperkingen
op scootmobielen. Het experiment dat in dit hoofdstuk wordt beschreven had als
doel om te bepalen of visueel beperkte mensen kunnen leren om een scootmobiel
veilig te besturen en met welke onderdelen ze hierbij moeite hebben. Hiervoor
werd een scootmobielparcours ontwikkeld gebaseerd op de scootmobielcursus
“Blijf Veilig Mobiel” van Veilig Verkeer Nederland. Vaardigheden die zijn geoefend
en beoordeeld, waren onder andere stoppen, het maken van een noodstop,
achteruitrijden en door een smalle deuropening rijden. De prestatie van 48 mensen
met een visuele beperking en 37 goedziende proefpersonen zonder eerdere
190

Summaries

rijervaring in scootmobielen werd beoordeeld op een 3-punt-schaal. Bovendien
werd genoteerd hoe vaak de deelnemers bepaalde onderdelen moesten herhalen
om de betreffende vaardigheid goed genoeg te beheersen. Resultaten laten
zien dat alle proefpersonen op één na in een training van ongeveer 30 minuten
voldoende rijvaardigheid konden opdoen om de scootmobiel adequaat te besturen.
Deelnemers met perifere gezichtsvelduitval (al dan niet gecombineerd met lage
gezichtsscherpte) hadden de meeste problemen bij het leren van de verschillende
vaardigheden. Vooral achteruitrijden en het tijdig stoppen van de scootmobiel
bleken moeilijk voor deze deelnemers. Hierbij was echter niet zozeer de visuele
beperking bepalend, maar eerder de juiste omgang met de bediening. Rijervaring
in andere voertuigen dan scootmobielen en de mate van angst die mensen in het
dagelijks leven ervaren waren geen van beide gerelateerd aan de prestatie op
deze test. Deelnemers die minder goed presteerden op de scootmobielparcours
rapporteerden echter na afloop meer angst te ervaren dan deelnemers met een
betere prestatie.
In Hoofdstuk 4 werd de rijgeschiktheid van visueel beperkte mensen in het
echte verkeer onderzocht. In dit experiment legden 46 visueel beperkte en 35
goedziende deelnemers een praktische rijgeschiktheidstest in de scootmobiel af.
De rijgeschiktheidstest vond zowel binnen als buiten plaats, waar de deelnemers
verschillende realistische verkeerssituaties tegenkwamen (bijvoorbeeld het
manoeuvreren tussen voetgangers en het oversteken van een straat). De rit werd
opgenomen met een GPS-camera. Twee onafhankelijke ergotherapeuten die zijn
gespecialiseerd in oriëntatie en mobiliteit bij mensen met een visuele beperking
beoordeelden de video-opnames, zonder te weten of de deelnemer in kwestie
slechtziend of goedziend was. De belangrijkste uitkomstmaten van dit experiment
waren de algemene beoordeling van de rijprestatie en het aantal kritische momenten,
waarbij de stopknop gebruikt moest worden als deelnemers in problematische
situaties terecht driegden te komen. Op basis van de beoordelingen van de
ergotherapeuten slaagde ongeveer 90% van de visueel beperkte deelnemers voor
de rijgeschiktheidstest. Over het algemeen werd de prestatie van visueel beperkte
deelnemers slechter beoordeeld dan die van de goedziende controlegroep, maar
desondanks presteerden ook de visueel beperkte deelnemers ruim voldoende
om verantwoord aan het verkeer te kunnen deelnemen. Geen van goedziende
deelnemers of deelnemers met een lage gezichtsscherpte zakten op de test.
Deelnemers met een zeer lage gezichtsscherpte en/of een combinatie van visuele
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beperkingen kwamen wel vaker in kritische situaties terecht.
Omdat testen die op de weg plaatsvinden moeilijk gestandaardiseerd kunnen
worden, werden specifiek voor het project Mobility4All rijsimulatortaken ontwikkeld
om de rijprestatie op een meer gecontroleerde manier te kunnen onderzoeken.
In Hoofdstuk 5 worden de resultaten van dit experiment gepresenteerd. In deze
studie werd de deelnemers gevraagd om verschillende ritten in een rijsimulator
af te leggen. Zowel in de scootmobiel- als ook in de brommobielsimulator
hebben de deelnemers ritten met of zonder obstakels afgelegd. De ritten zonder
obstakels waren bedoeld om snelheid en laterale positie op de weg te meten.
De obstakelritten waren bedoeld om time-to-collision (de tijd waarbinnen het
voertuig tegen een ander voertuig of obstakel botst als het in dezelfde richting en
met dezelfde snelheid blijft rijden), minimale afstand ten opzichte van een obstakel
op het moment van passeren en het aantal en type botsingen in kaart te brengen.
De simulatorritten in de scootmobiel werden verder nog opgesplitst in ritten op
de stoep en ritten op straat. Uit de resultaten komt naar voren dat slechtziende
deelnemers niet verschilden van goedziende deelnemers met betrekking tot
snelheid en laterale positie in zowel de brommobiel- als de scootmobielrijsimulator.
Het aantal botsingen was in bijna alle ritten hoger voor mensen met een visuele
beperking dan voor de goedziende deelnemers. Vooral in de eerste obstakelrit van
de brommobielrijsimulator hadden slechtziende deelnemers meer botsingen ten
opzichte van goedziende deelnemers. Dit verschil werd echter aanzienlijk kleiner
in de tweede brommobielrit. Redenen hiervoor zouden een groot leervermogen
en een betere vertrouwdheid met de taak kunnen zijn. Uitkomsten met betrekking
tot time-to-collision verschilden per rit. Kleine obstakels met een laag contrast
bleken het grootste risico op botsing te vormen voor slechtziende bestuurders.
In Hoofdstuk 6 is vervolgens de samenhang tussen de rijgeschiktheidstest op
de weg en de rijsimulatortaken onderzocht. Het aantal botsingen (combinatie
van alle rijsimulatorritten) werd vergeleken met het aantal kritische momenten
gedurende de rijgeschiktheidstest in de scootmobiel in het echte verkeer. Verder
werd er gekeken naar de rijsimulatorprestatie van de deelnemers die onvoldoende
scoorden op de rijgeschiktheidstest. Prestatie op rijsimulatorritten was matig
gerelateerd aan de prestatie op de rijgeschiktheidstest, maar deelnemers die
gezakt waren op de rijgeschiktheidstest hadden niet noodzakelijkerwijs ook een
slechtere prestatie in de rijsimulator. Vanwege de hoge uitval van deelnemers
op de rijsimulatortaken door simulatorziekte moeten deze uitkomsten echter
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voorzichtig worden geïnterpreteerd. Zolang er geen oplossing is die de kans op
simulatorziekte reduceert, wordt door ons het gebruik van een rijsimulator in de
revalidatiepraktijk afgeraden.
Uit de voorafgaande hoofdstukken is duidelijk dat een visuele beperking
op zichzelf de rijprestatie in langzaam gemotoriseerde voertuigen niet kan
voorspellen. In Hoofdstuk 7 werd de meerwaarde van neuropsychologisch
onderzoek bij de beoordeling van rijgeschiktheid onderzocht. Hiervoor zijn de
volgende testen afgenomen: Mini Mental Status Examination, Trail Making Test,
Rey Complex Figure Test, Reactietijden test (Vienna Test System), Test voor het
Bepalen van Vastberadenheid (Vienna Test System), Stippenteltaak en de Vlakveld
Gevaarherkenningstaak. Resultaten laten zien dat alleen de Trail Making Test en
de Stippenteltaak een matige correlatie vertonen met de rijsprestatie van visueel
beperkte deelnemers in de scootmobiel. Een groot deel van de mensen (4 van 5)
die zakten voor de rijtest had een slechte prestatie op de Trail Making Test A, maar
deelnemers met een slechte prestatie op de Trail Making Test zakten niet altijd voor
de rijtest. Een lage prestatie op deze test betekent dus echter niet noodzakelijk dat
iemand onveilig is in het verkeer. Dit geldt ook voor de Stippenteltaak. Beslissingen
over verkeersveiligheid kunnen daarom niet alleen op basis van deze tests worden
genomen. Ondanks het feit dat bij de keuze voor de tests zo veel mogelijk
rekening was gehouden met eventuele visuele beperkingen blijken mensen met
een visuele beperking op de meeste gebruikte neuropsychologische tests slechter
te presteren dan goedziende mensen. Het is onwaarschijnlijk dat deze lagere
prestatie het gevolg is van slechtere cognitieve vaardigheden. Deze bevinding
laat dus zien dat er bij de afname van neuropsychologische testen rekening moet
worden gehouden met eventuele visuele beperkingen om de validiteit van de
testafname te waarborgen.
Het achtste en laatste hoofdstuk beschrijft de algemene conclusie en discussie.
Geconcludeerd kan worden dat een visuele beperking op zichzelf niet bepaalt
of iemand veilig en verantwoord aan het langzaam gemotoriseerde verkeer kan
deelnemen. Het invoeren van visuele minimale eisen voor het gebruik van deze
voertuigen wordt om die reden dan ook stellig afgeraden. Dit zou slechtziende
mensen die prima kunnen compenseren voor hun visuele beperking onnodig
beperken in hun zelfstandige mobiliteit. Binnen de revalidatie voor slechtziende
mensen kan er echter een onderscheid gemaakt worden tussen de verschillende
types van visuele beperkingen. In tegenstelling tot mensen met alleen een lage
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gezichtsscherpte hebben mensen met een zeer lage gezichtsscherpte (<0,16; <6/38;
<20/125), gezichtsvelduitval (met of zonder bijkomende lage gezichtsscherpte) en
een lage contrastgevoeligheid meer aandacht nodig. Een individuele benadering
bij het bepalen van rijgeschiktheid wordt daarbij geadviseerd. Verder worden in
het hoofdstuk aanbevelingen gegeven voor de visuele revalidatie. Vaardigheden
waar extra aandacht aan besteed moet worden, zijn tijdig stoppen (geldt voor
alle deelnemers) en achteruitrijden (vooral voor mensen met visuele beperkingen).
Hoewel de resultaten uiterst voorzichtig geïnterpreteerd moeten worden, zouden
de Trail Making Test A en de Stippenteltaak bij slechtziende mensen een eerste
indicatie kunnen geven voor de praktische rijprestatie. Lage scores op deze testen
kan een aanwijzing zijn voor moeite in het dagelijks verkeer en vraagt dus verdere
aandacht binnen revalidatie. Verder is extra aandacht nodig bij obstakels met
een laag contrast. Deze bevinding is niet alleen belangrijk binnen de revalidatie,
maar is ook waardevol bij het verkeerskundig ontwerpen van infrastructuur.
Ten slotte wordt ingegaan op het belang van compensatie. Volgens het model
van Michon kan zowel op het strategische niveau als op het tactische niveau
compensatie plaatsvinden om problemen in het verkeer op het operationele
niveau te voorkomen. Deze compensatiestrategieën kunnen vanuit de revalidatie
instellingen aangeleerd worden om mensen, ondanks hun visuele beperking, veilig
en verantwoord zelfstandig mobiel te houden.

194

Summaries

Deutsche Zusammenfassung
Unabhängige Mobilität ist von großer Bedeutung für das allgemeine
Wohlbefinden und die gesellschaftliche Teilnahme. Langsame, motorisierte
Fahrzeuge (mit einer Höchstgeschwindigkeit von 45 km/h, z. B. Elektromobile,
Mopeds oder Leichtkraftfahrzeuge) können einen wesentlichen Beitrag zur
Aufrechterhaltung dieser Unabhängigkeit für Menschen mit Einschränkungen
leisten. Sehbehinderungen können jedoch unabhängige Mobilität wesentlich
beeinträchtigen. Ziel dieser Doktorarbeit ist daher, zu untersuchen, inwieweit
Menschen mit Sehbehinderung langsame, motorisierte Fahrzeuge sicher und
verantwortungsvoll fahren können. Der Fokus liegt hierbei auf Elektromobilen und
Leichtkraftfahrzeugen.
In Kapitel 1 wird der Hintergrund der Doktorarbeit erläutert. Die Doktorarbeit
ist das Ergebnis des Projekts Mobility4All, das von der Universität Groningen und
Koninklijke Visio, einem Rehabilitationszentrum für sehbehinderte und blinde
Menschen in den Niederlanden, entwickelt wurde (Finanzierung durch ZonMW,
Projektnummer: 94309004). Im Gegensatz zum Autoverkehr gibt es keine
Anforderungen an das Sehvermögen für Fahrer langsamer, motorisierter Fahrzeuge.
Für Menschen mit Sehbehinderungen, die nach maximaler, unabhängiger Mobilität
streben, ist das Fehlen dieser Anforderungen vorteilhaft, jedoch kann dies sich
gleichzeitig nachteilig auf die Sicherheit im Straßenverkehr auswirken. Daher muss
ein gutes Gleichgewicht zwischen individueller Unabhängigkeit einerseits und
Sicherheit andererseits hergestellt werden. Auf wissenschaftlicher Ebene gibt es
nur wenig Forschung zu den visuellen und kognitiven Faktoren, die das Fahren in
langsamen, motorisierten Fahrzeugen beeinflussen könnten. Die wenigen Studien,
die durchgeführt wurden, konzentrieren sich hauptsächlich auf Elektromobile oder
elektrische Rollstühle und liefern keine einheitlichen Ergebnisse.
Kapitel 2 gibt einen Überblick über das Studiendesign. Insgesamt nahmen 105
Personen mit eingeschränkter Sehfähigkeit an den verschiedenen Experimenten
des Projekts Mobility4All teil. Basierend auf einer Untersuchung der visuellen
Funktionen wurden die Probanden in mehrere Gruppen eingeteilt: (1) Probanden
mit sehr geringer Sehschärfe (Visus: 0,16-0,4), (2) Probanden mit geringer
Sehschärfe (Visus > 0,16), (3) Probanden mit peripherem Gesichtsfeldausfall, (4)
Probanden mit einer Kombination aus geringer Sehschärfe und Gesichtsfeldausfall,
und (5) Kontrollprobanden ohne visuelle Beeinträchtigung. Die Verkehrssicherheit
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wurde von verschiedenen Standpunkten aus betrachtet. In einem gängigen
Elektromobil wurde die Fahrkompetenz und Fahrtauglichkeit getestet. Der
Fahrkompetenztest bestand aus verschiedenen Elementen (z. B. Rückwärtsfahren
oder Fahren durch eine enge Türöffnung), um den Gebrauch des Elektromobils zu
üben und zudem zu bewerten. Der Fahrtauglichkeitstest wurde sowohl im Innenals auch im Außenbereich durchgeführt, wobei die Teilnehmer verschiedene
realistische Situationen (z. B. Bereiche mit vielen anderen Verkehrsteilnehmern,
Überqueren einer Straße) meistern mussten. Um die Sicherheit der Probanden
zu gewährleisten wurde zusätzlich ein Stoppmechanismus in das Elektromobil
eingebaut, sodass das Fahrzeug mithilfe einer Fernbedienung auch aus der
Ferne angehalten werden konnte. Weiterhin wurden ein Elektromobil- und ein
Leichtkraftfahrzeugfahrsimulator entwickelt, um Verkehrssicherheit systematisch
untersuchen zu können. Virtuelle Umgebungen wurden speziell für den Zweck dieses
Projekts entworfen und umfassten Szenarien mit und ohne Hindernisse, die auf
verschiedenen Straßenabschnitten und mit unterschiedlichen Geschwindigkeiten
zurückgelegt werden mussten. Die Hindernisse in den Hindernisfahrten wurden
so entwickelt, dass sie für sehbehinderte Menschen problematisch sein könnten
(z.B. Hindernisse mit geringem Kontrast, Hindernisse unterschiedlicher Größe,
Position entweder im rechten oder im linken Gesichtsfeld). Da auch kognitive
Faktoren eine sichere Verkehrsteilnahme beeinflussen können, wurde außerdem
eine neuropsychologische Testbatterie zusammengestellt mit Hilfe von Experten
auf dem Gebiet der Verkehrspsychologie und der Ophthalmologie.
Kapitel 3 beschreibt eine Studie zur Fahrkompetenz von Menschen mit
Sehbehinderungen auf Elektromobilen. Ziel dieses Experiments war, zu bestimmen,
ob sehbehinderte Menschen lernen können, wie man Elektromobile sicher bedient
und mit welchen Fahrelementen diese Menschen Schwierigkeiten haben. Zu diesem
Zweck wurde ein Elektromobilparcours entwickelt, der auf ein Elektromobiltraining
der offiziellen Instanz „Veilig Verkeer Nederland [Sicherer Verkehr Niederlande]“
basiert war. Fähigkeiten, die geübt und bewertet wurden, waren zum Beispiel das
Anhalten, Rückwärtsfahren oder Fahren durch eine enge Türöffnung. Die Leistung
von 48 sehbehinderten Probanden und 37 Kontrollprobanden ohne Fahrpraxis in
Elektromobilen wurde auf einer 3-Punkte-Skala bewertet. Darüber hinaus wurde
festgestellt, wie oft die Teilnehmer bestimmte Elemente wiederholen mussten, um
die entsprechende Fähigkeit gut genug zu beherrschen. Die Ergebnisse zeigen,
dass alle Probanden genügend Fahrkompetenz erwerben konnten, um das
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Elektromobil sicher fahren zu können. Teilnehmer mit peripherem Gesichtsfeldausfall
(kombiniert mit geringer Sehschärfe) zeigten die meisten Probleme beim Lernen
verschiedener Fähigkeiten. Vor allem das Rückwärtsfahren erwies sich für diese
Teilnehmer als schwierig. Eine weitere Fähigkeit, die sich als problematisch erwies,
war das rechtzeitige Anhalten. Visuelle Beeinträchtigungen hatten jedoch keinen
primären Einfluss auf diese Fähigkeit, sondern eher die korrekte Handhabung der
Hebelwippe (Gas und Bremse). Fahrerfahrungen und allgemeines Angstempfinden
hatten keinen Einfluss auf die Testergebnisse. Das gegenwärtige Angstempfinden
nach Abschluss der Testfahrt im Elektromobil war jedoch größer bei Probanden,
die eine schlechtere Leistung zeigten.
In Kapitel 4 wurde die Fahrtauglichkeit sehbehinderter Menschen untersucht.
In diesem Experiment absolvierten 46 sehbehinderte Probanden und 35
Kontrollprobanden einen praktischen Fahreignungstest im Elektromobil, wobei die
Fahrt mit einer Kamera aufgenommen wurde. Zwei unabhängige Ergotherapeuten,
die im Fachbereich der Orientierung und Mobilität spezialisiert waren, haben
diese Videos bewertet. Die wichtigsten Kriterien dieses Experiments waren die
allgemeine Einschätzung der Fahrleistung und die Anzahl kritischer Momente,
in denen das Elektromobil vom Testleiter angehalten werden musste oder in
denen die Probanden in problematische Situationen gerieten. Basierend auf den
Bewertungen der Ergotherapeuten bestanden rund 90% der sehbehinderten
Probanden den Fahreignungstests. Im Allgemeinen wurde die Leistung der
sehbehinderten Probanden schlechter beurteilt als die der Kontrollprobanden.
Jedoch erwies sich die Fahrleistung der sehbehinderten Probanden als sicher
genug um am Straßenverkehr teilzunehmen. Keiner der Kontrollprobanden oder
Probanden mit geringer Sehschärfe wurden als zu unsicher bewertet. Probanden
mit sehr geringer Sehschärfe und Probanden mit mehreren Sehbehinderungen
gerieten häufiger in problematische Situationen.
Da die Standardisierung von Fahreignungstests im echten Straßenverkehr schwer zu
realisieren ist, wurden Fahrsimulatoren für das Projekt Mobility4All entwickelt, um die
Fahrleistung in einem besser zu kontrollierenden Umfeld untersuchen zu können. In
Kapitel 5 werden die Ergebnisse dieses Experiments beschrieben. In dieser Studie
absolvierten die Probanden mehrere Fahrten in den neu entwickelten Elektomobilund Leichtkraftfahrzeugfahrsimulatoren. Um die Fahrleistung zu ermitteln, wurden
verschiedene Parameter (Geschwindigkeit, Standardabweichung der lateralen
Position, Kollisionszeit, Distanz und Anzahl und Art der Kollisionen) zwischen
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sehbehinderten Probanden und Kontrollprobanden verglichen. Die Ergebnisse
zeigten, dass keine Unterschiede zwischen den sehbehinderten Probanden und
den Kontrollprobanden hinsichtlich der Geschwindigkeit und der lateralen Position
im Elektromobil- und Leichtkraftfahrzeugfahrsimulator festgestellt werden
konnten. Die Anzahl der Kollisionen war jedoch bei sehbehinderten Probanden
bei fast allen Fahrten höher als die der Kontrollprobanden. Vor allem in der ersten
Hindernisfahrt des Leichtkraftfahrzeugfahrsimulators verursachten sehbehinderte
Probanden mehr Kollisionen als Kontrollprobanden. Dieser Unterschied wurde
jedoch in der zweiten Fahrsimulatorfahrt deutlich kleiner. Gründe für diese
Verbesserung könnten eine gute Lernfähigkeit oder eine bessere Vertrautheit mit
der Aufgabe sein. Die Ergebnisse bezüglich der Kollisionszeit unterschieden sich
pro Fahrt. Kleine Hindernisse mit geringem Kontrast schienen bei sehbehinderten
Probanden die größte Kollisionsgefahr darzustellen.
In Kapitel 6 wurde der Zusammenhang zwischen dem praktischen Fahreignungstest
und den Fahrten in den Fahrsimulatoren untersucht. Die Anzahl der Kollisionen
(Kombination aller Fahrsimulatorfahrten) wurde mit der Anzahl der kritischen
Momente während des praktischen Fahreignungstests im Elektromobil verglichen.
Darüber hinaus wurde die Fahrsimulatorleistung der Probanden begutachtet, die
den praktischen Fahreignungstest nicht bestanden hatten. Die Leistung in den
Fahrsimulatoren war mäßig mit der Leistung im Fahreignungstest verbunden.
Probanden, die den Fahreignungstest nicht bestanden hatten, zeigten im
Fahrsimulator jedoch nicht unbedingt eine schlechtere Leistung. Da viele Probanden
die Fahrsimulatorfahrten aufgrund von Simulatorkrankheit (z.B. Schwindelgefühl
oder Übelkeit) vorzeitig abbrechen mussten, müssen diese Ergebnisse jedoch mit
Vorsicht interpretiert werden. Solange keine Lösung gefunden werden kann, um
Simulatorkrankheit zu reduzieren, wird die Verwendung der Fahrsimulatoren in
der klinischen Praxis nicht empfohlen.
Aus den vorangegangenen Kapiteln wird deutlich, dass eine visuelle Beeinträchtigung
die Fahrleistung in langsamen, motorisierten Fahrzeugen allein nicht vorhersagen
kann. In Kapitel 7 wird der Mehrwert von (neuropsychologischen) Tests bei der
Beurteilung der Fahrtauglichkeit untersucht. Die folgenden Tests wurden in dieser
Studie absolviert: Mini-Mental-Status-Test, Trail Making Test, Komplexe Figur von
Rey, Reaktionstest (Wiener Testsystem), Determinationstest (Wiener Testsystem),
Punkte-Zähl-Test und Vlakveld Gefahrerkennungstest. Die Ergebnisse zeigen, dass
nur der Trail Making Test und der Punkte-Zähl-Test eine moderate Korrelation
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mit der Fahrleistung von sehbehinderten Probanden aufwiesen. Probanden,
die den praktischen Fahreignungstest im Elektromobil nicht bestanden (4 aus 5
Probanden), zeigten eine unterdurchschnittliche Leistung im Trail Making Test A.
Umgekehrt bedeutete allerdings eine unterdurchschnittliche Leistung in diesem
Test nicht unbedingt, dass Probanden durch den praktischen Fahreignungstest
durchgefielen. Vor allem Teil A des Trail Making Tests erwies sich als Hinweis darauf,
ob Probanden den Fahreignungstest bestehen oder nicht. Eine schlechte Leistung
bei diesem Test ist daher nicht notwendigerweise ein Indikator dafür, dass jemand
im Verkehr unsicher ist. Gleiches gilt für den Punkte-Zähl-Test. Entscheidungen
über die Fahreignung sollten daher nicht allein auf der Grundlage dieser Tests
getroffen werden. Ein weiteres Ergebnis war, dass sehbehinderte Probanden in
den meisten Tests schlechter abschnitten als die Kontrollprobanden, obwohl
visuelle Fähigkeiten der Probanden als wichtiges Kriterium bei der Selektion der
neuropsychologischen Tests berücksichtigt wurde. Es ist unwahrscheinlich, dass
diese schlechtere Leistung jedoch das Ergebnis schlechterer kognitiver Fähigkeiten
ist.
Im letzten Kapitel, Kapitel 8, wird eine allgemeine Diskussion und Schlussfolgerung
in Bezug auf alle vorangehenden Kapitel gegeben. Generell lässt sich schlussfolgern,
dass eine Sehbehinderung nicht maßgeblich dafür verantwortlich ist, ob jemand
sicher und verantwortungsvoll am Verkehr in langsamen, motorisierten Fahrzeugen
teilnehmen kann. Die Einführung von legalen Anforderungen an das Sehvermögen
für Fahrer dieser Fahrzeuge wird daher nicht empfohlen. In Bezug auf die Förderung
von unabhängiger Mobilität in dieser Bevölkerungsgruppe kann zwischen den
verschiedenen Arten der Sehbehinderung unterschieden werden. Im Gegensatz
zu Menschen mit geringer Sehschärfe benötigen Menschen mit sehr geringer
Sehschärfe und Gesichtsfeldausfall (mit oder ohne zusätzlicher Sehschwäche) mehr
Aufmerksamkeit. Ein individueller Ansatz zur Bestimmung der Fahrtüchtigkeit wird
daher empfohlen. Außerdem wird diskutiert, welche Schritte unternommen werden
können, um die Fahrleistung sehbehinderter Menschen zu verbessern. Fähigkeiten,
die besondere Aufmerksamkeit erfordern, sind das rechtzeitige Anhalten (gilt
für alle Teilnehmer) und das Rückwärtsfahren (insbesondere für Menschen mit
Sehbehinderung). Obwohl die Ergebnisse vorsichtig interpretiert werden müssen,
könnten der Trail-Making-Test A und der Punkte-Zähl-Test Hinweise auf die
Fahrleistung sehbehinderter Menschen geben. Eine geringe Leistung bei diesen
Tests kann ein Indikator für Schwierigkeiten im Verkehr sein und erfordert weitere
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Aufmerksamkeit im Rahmen der Rehabilitation. Darüber hinaus ist besondere
Aufmerksamkeit für Hindernisse mit geringem Kontrast erforderlich. Dieser Befund
ist nicht nur in der Rehabilitation wichtig, sondern kann auch für die zukünftige
Gestaltung der Infrastruktur wertvoll sein. Abschließend wird auf die Wichtigkeit
der Kompensation eingegangen. Nach Michons Modell kann Kompensation auf
strategischer und taktischer Ebene stattfinden (wie etwa die Fahrroute im Voraus
planen oder die Geschwindigkeit anpassen), um schwierige Situationen im Verkehr
zu vermeiden. Diese Strategien können leicht angelernt werden, sodass Menschen
trotz ihrer Sehbehinderung dabei unterstützt werden können, ihre unabhängige
Mobilität aufrechtzuerhalten.
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