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1. Introduction

Driving has become an essential part of modern life. For many individuals, it provides
independence and serves as an asset for social integration, access to healthcare, shopping,
and commuting to work.! At the same time, it has become a symbol of freedom, success,
and personal competence. For these reasons, reliance on motor vehicles remains strong,
even among risk groups such as older adults and stroke patients with significant cognitive

symptoms that might interfere with safe driving.2®

Every year, more than 1.3 million individuals die and 50 million are severly injured
worldwide as a result of road traffic crashes.* Consequently, traffic accidents are the
leading cause of death among those aged 5-29 years. More than half of the victims are
vulnerable road users, such as pedestrians or cyclists. Hungarian statistics reflect a similar
pattern. Police reports from 2024 document 14,687 road collisions, including 446 fatal
cases and 4,143 serious injuries.®> In response to such figures, the World Health
Organization introduced the Global Plan for the Decade of Action for Road Safety (2021
2030), aiming to reduce road traffic deaths by half.® This initiative later received political
endorsement when the United Nations General Assembly proclaimed the “Second
Decade of Action for Road Safety”. As part of this complex intervention plan, the WHO
strives for strengthening safe road user behaviour in order to reduce future fatalities and
injuries. As more than two thirds of car accidents are caused by human error, it is crucial

to understand the fundamental factors influencing driver behaviour.’

1.1. Models of driving behaviour

In the previous decades, several theoretical models made attempts to explain driving
behaviour, but none has offered a complete solution. Early work focused on relatively
stable individual traits, such as the idea of “accident proneness,” the rather vague notion
that some people are more likely to cause crashes regardless of circumstances.® To
determine accident proneness, researchers examined vision, reaction times, and even
personality factors, yet the correlations with crash involvement remained weak. These
approaches were also limited by the fact that accidents are relatively rare and strongly
influenced by situational factors. Later, motivational models suggested that drivers

regulate their behaviour according to perceived risk. For example, Wilde’s risk



homeostasis theory states that drivers try to keep their level of perceived risk at a constant
level.® In contrast, Ndtinen and Summala’s zero-risk model suggested that most of the
time drivers have a false sense of safety while driving, until a threshold is suddenly
crossed.'® These ideas broadened the scope of driving research, but they proved difficult
to confirm in real-world settings, and the line between individual traits and environmental

conditions often became hard to draw.

A more enduring contribution arose from cognitive psychology, through its integration
with hierarchical control theory. Michon’s hierarchical control model, introduced in
1985, remains one of the most influential and most cited models to this day.! It describes
driving as a complex and partly overlearned everyday task organised hierarchically across
three levels. At the strategic level, the driver makes broad decisions such as planning the
trip, selecting specific routes, and avoiding night-time driving and known hazardous
routes. The tactical level involves short-term manoeuvres, including overtaking, crossing
hazardous intersections, or making subtle adjustments while driving in poor weather or
low visibility. Finally, the operational level is usually automatic and refers to the
immediate control of the vehicle, such as steering, braking, or gear shifting. According to
Michon, these levels operate simultaneously and flexibly: when unexpected events occur,
control may shift upward from automatic skills to more deliberate, problem-solving
processes, making actions which are normally unconscious at the operational level
become conscious. This makes the model particularly useful for understanding vulnerable
groups: while ageing drivers often compensate by adapting their behaviour at all three
levels, stroke patients may experience more specific deficits ranging from impaired
spatial attention during manoeuvres to reduced executive control when making route

choices.

Michon’s framework integrates earlier theories by combining long-term goals, situational
choices, and momentary control into a single structure. It also aligns well with core ideas
from cognitive psychology, including attention and automatic, overlearned processes.
Because of this, the model has become a practical basis not only for research but also for

applied assessments, and it remains relevant today.*°



1.2. Driving and ageing

Driving abilities of the elderly is an increasingly significant issue in modern societies.*2
With the growing number of older drivers on the road, many express concerns regarding
their safety. As Gyorgy Nemes points out, traffic accidents involving older drivers often
receive excessive media attention, and the general public often demands strict regulations
on older drivers.®® However, such decisions have a significant impact on the affected
person's life. According to a recent meta-analysis of Chihuri, losing driver's license is an
independent risk factor for social isolation and cognitive decline, while the risk of
depression is almost two-fold in this group.** Conclusively, decisions regarding driving

fitness should always be based on evidence-based assessments.

1.2.1. Driving skills in physiological ageing and in neurocognitive disorders

In light of the worsening traffic safety statistics among drivers over the age of 70, it is

important to emphasize that older adults do not constitute a homogeneous group.

1.2.1.1. Physiological ageing and driving
A certain degree of cognitive decline is a natural consequence of physiological ageing:
selective and divided attention, visuospatial skills, and executive functions tend to

deteriorate over time.1>16

As a result, both the quality and the speed of information processing may be affected.
Resistance to distracting stimuli decreases, and due to psychomotor slowing, performance

under time pressure may lead to slower and less optimal decisions.

The underlying cause of these changes is typically age-related gradual cortical atrophy.’
Alongside physiological ageing, the volume of white matter decreases over time. This
process takes place earlier and to a greater extent compared to grey matter loss.'® These
white matter changes are not evenly distributed across brain regions, with the most
pronounced decline observed in the prefrontal areas.!® With advancing age, signal
transmission between brain regions may slow down in milder cases, or cease altogether
in more severe instances - a phenomenon known as cortical disconnection. As a
consequence, cognitive functions that rely on communication between distributed brain
regions may become functionally impaired, and in some cases, psychiatric symptoms may

emerge.



The progression of the neurobiological processes described above shows considerable
individual variability. These changes are not necessarily pathological. Therefore, it is
recommended to distinguish the driving performance of older adults who follow the

physiological course of ageing from those with mild cognitive impairment or dementia.

According to a summary by Sieren and Haustein, chronological age alone is a poor
predictor of driving fitness.?° One explanation for this is that older individuals are
generally aware of their changing cognitive abilities and tend to compensate for them.
Compensation strategies may include avoiding situations that exceed their capabilities or
maintaining a slower driving pace. The latter approach is successfully adopted by a
significant proportion of older drivers, as it effectively increases the time available for
information processing and the execution of appropriate actions. However, it is important
to note that maintaining a low driving speed may make other road users do risky
manoeuvres, thereby indirectly contributing to accidents.

In everyday situations, drivers are often forced to engage in complex situations where
compensatory strategies cannot be applied. Dobbs, Heller, and Schopflocher specifically
assessed driving performance in scenarios that place a high demand on older adults'
reduced information-processing capacity, such as navigating intersections, changing
lanes, or making unprotected left turns.?* In their study, 3% of younger drivers, 25% of
healthy individuals over the age of 65, and approximately 68% of those showing early
clinical signs of cognitive decline were found to be unfit to manage such complex
situations. Among the serious, safety-critical errors observed during test drives, 50%
occurred during lane changes and another 21% during left turns. These findings were
supported by a study by Lombardi, Horrey, and Courtney, who analyzed data from
120,000 fatal car crashes.?? They found that while drivers under the age of 65 were
responsible for 38% of fatal intersection-related accidents, this proportion was

significantly higher (56%) among drivers aged 65 and older.

1.2.1.2. Age related neurocognitive disorders and driving
The practice of age-dependent screening in the entire population is not strongly supported
by scientific evidence. However, there is broader consensus regarding the driving abilities

of individuals with mild or major neurocognitive disorders.?



In the case of Mild Cognitive Impairment (MCI), standardized neuropsychological tests
show significant cognitive deficits, but the individual can still live an independent life, as
symptoms are not interfering with everyday activities.?* The symptoms may progress to
dementia at a rate of 5-10% per year, however, it is important to note that in most cases,

the symptoms do not worsen even over a 10-year period.?

Current recommendations suggest that people with MCI should generally be considered
fit to drive.?>?® However, regular neuropsychological monitoring is highly recommended,
and if symptoms worsen, the affected individual should be prepared to give up driving.
If symptoms exceed the level of MCI and a major neurocognitive disorder is diagnosed,
permanent license revocation may become necessary. Even mild dementia, based on the
Clinical Dementia Rating scale, is linked to significantly reduced driving ability and
increased risk of traffic accidents.?” People with dementia are about ten times more likely
to fail a driving test compared to healthy older adults.

More than 60% of individuals with neurocognitive disorders still drive, but the proportion
decreases as cognitive impairment progresses.? Among those with very mild dementia
(CDR-0.5), 46% are still active drivers, while in the case of mild dementia (CDR-1), it
drops to 22%.

A major difficulty is that about 80% of people with dementia lack sufficient insight into
their condition and therefore often disagree with being restricted from driving.?° In more
severe cases, they may not even remember being informed about the restriction. In one
study, 172 out of 198 participants with dementia were still actively driving.> According
to self-reports, 51% considered their driving abilities adequate, while only 29% of their
relatives agreed with that assessment.

1.3. Driving after stroke

Every year almost 12 million new stroke cases are registered, and one in four people
above the age of 25 years is expected to suffer a stroke.® With the survival rate improving,
a growing number of patients are expressing their wish to return to driving. However,
only one out of ten patients receives formal assessment after stroke.? According to a study

conducted in Saudi Arabia, out of 94 stroke survivors, none received driving evaluation.®!



Physical impairments such as hemiparesis are common after stroke. Since they are more
visible and evidently interfere with everyday activities, their assessment is generally
easier.? In many cases, physical impairments can also be managed with vehicle
adaptations.®® On the other hand, almost 40% of stroke patients present significant
cognitive deficits, such as problems in attention, executive function, memory,
metacognition, and visuoperceptual skills.** Even subtle deficits in any of these domains
can render a patient unfit to drive, and their assessment is challenging for clinicians due

to the lack of evidence-based cut-off scores.
1.3.1. Post-stroke cognitive deficits and driving abilities

Mild cognitive changes after stroke are often difficult to judge in standard
neuropsychological tasks.® The same impairment becomes more noticeable when
decisions must be made quickly, without the pauses and step-by-step processing that
clinical tests usually allow. The stroke literature comparing patients with age-matched
healthy drivers consistently shows that the key difference is not in accuracy or knowledge,
but in speed of integration and allocation of attention under simultaneous demands.
Patients often perform the same tasks as healthy drivers do, only too slowly for those

actions to remain safe once translated to a moving vehicle.*

Attentional disturbances illustrate this mismatch. In research comparing stroke survivors
with healthy peers, performance on visual attention tasks was not necessarily incorrect,
but delayed, and relevant cues were more likely to lose priority when the visual field
became crowded.® In real driving, gradual changes in speed or peripheral movement
require sustained engagement; if the driver perceives the change only after a delay, the
decision that follows may already be out of sync with the situation. These lapses differ
from visual neglect or sensory loss, as they do not concern absence of perception, but loss

of temporal adequacy.

Divided attention exposes an additional difficulty.3” Laboratory comparisons show that
stroke survivors can handle individual subtasks, but the moment two or more cognitive
operations compete - such as planning a turn while monitoring oncoming traffic - the
coordination becomes sequential rather than parallel. Driving, however, offers no
sequential mode: perception, selection, and action must occur together. This temporal

stacking error explains why drivers after stroke may exhibit technically correct



manoeuvres at inappropriate moments, producing risk despite possessing adequate

procedural knowledge.

Executive abilities influence how drivers balance speed and caution.®®3° Studies using
both on-road evaluation and cognitive measures demonstrate that poor inhibitory control
or inflexible planning may lead to disproportionate hesitation or premature decisions,
neither of which stems from misunderstanding the rules of driving. A hesitant driver may
obstruct the flow of traffic and provoke unpredictable responses from others; a hasty
driver may fail to inhibit an earlier intention once conditions change. The behavioural
variability itself becomes a hazard, since driving requires not merely correct decisions,

but timely and stable decision-making patterns.*°

Visuospatial deficits further complicate safety, not necessarily through object recognition
problems, but through impaired estimation of spatial relations.*! Stroke cohorts perform
comparably to healthy drivers on object identification, yet they struggle to interpret where
those objects are in relation to his own vehicle. On-road studies show that drivers
compensate through reduced speed and increased caution. The necessity of these
compensatory behaviours indicates that the constantly changing environment is harder

for the patient to interpret.

Memory and metacognition influence not only keeping track of instructions, but how
driving plans remain active and inform new actions.*?** Short-term memory deficits can
leave recent events “unavailable” when needed, while impaired procedural memory
forces drivers to consciously manage tasks that normally run automatically. Conscious
control of simple manoeuvres consumes attentional resources normally used for hazard
perception, and poor insight prevents drivers from compensating by altering habits,

accepting restrictions, or seeking evaluation.

Stroke survivors do not necessarily fail because of a single cognitive deficit. The
difficulty more often lies in how separate operations work together when decisions need
to be made quickly.*>% A person may perform adequately in simple or predictable
situations but struggle as soon as several tasks have to be coordinated at once. This is also
why fixed cut-off points from isolated cognitive tests often tell us little about driving
ability: they describe performance under controlled conditions, not how cognition

behaves when it has to act rapidly and continuously.



1.3.2. Hemispatial neglect syndrome and driving abilities

Another striking example of post-stroke cognitive impairments is hemispatial neglect, a
common consequence of right hemisphere stroke. It is characterised by a failure to attend
to or respond to stimuli on the contralesional side of space, most often the left.*4*> Unlike
visual field loss, neglect is not a sensory problem but a disorder of spatial attention and
representation: patients are able to see, yet part of their environment is not processed or
acted upon. The syndrome is heterogeneous, and its clinical expression varies

substantially across patients.

Within the visual domain, two patterns are typically distinguished.*® Egocentric neglect
involves a spatial bias defined with respect to the patient's own midline; information on
one side of the environment is systematically overlooked. In a driving context, this may
lead to failing to notice traffic, pedestrians or road markings on the neglected side.
Allocentric neglect, by contrast, affects the perception of individual objects: one side of
an object is consistently omitted or misinterpreted. For drivers, this can interfere with
reading traffic signs, interpreting dashboard information or recognising hazards in time.
Other forms are also documented, including personal neglect,*” which affects perception
of one side of the body, and motor neglect,*® characterised by reduced intentional
movement toward the contralesional side despite preserved strength. These variations are
clinically important, as they influence steering control, lane maintenance and the effective

use of mirrors.

Neglect is frequently multimodal, extending beyond vision to proprioceptive and tactile
domains.*® As a result, some patients misjudge limb position or vehicle trajectory, even
if standard cancellation tests appear normal. Reduced insight is also common, meaning
that affected individuals may underestimate their difficulties. Together, these features
make hemispatial neglect one of the most important risk factors in the assessment of
driving after stroke. Although there are nearly 300 different assessment tools around,

most of them fall short in their validity and reliability.**>°



1.3.2.1. Computer-based assessment of hemispatial neglect

Given how strongly neglect can interfere with safe driving, there is a clear need for more
sensitive ways of detecting it. In recent years, computer-based, dynamic methods have
increasingly been recognised as a promising solution.®! Initial evidence already suggested
that these tasks are capable of revealing residual neglect that remains undetected by
conventional paper-and-pencil tools, especially in patients who have reached the subacute
or chronic stage and appear “recovered” on standard tests. They achieve this by
minimising compensatory strategies, providing unpredictable stimulus presentation and
capturing subtle delays in lateralised reaction times. Over the past decade, this approach
has developed considerably.® Large-scale reviews demonstrate that modern computer-
based tests outperform traditional assessment in terms of sensitivity, particularly for mild
or chronic neglect presentations. Instead of reducing performance to a single score, these
tools follow how the person responds throughout the task, measuring precision, reaction
time, and fluctuations in attention. Looking at performance in this way offers a clearer
picture of spatial attention and can highlight specific patterns of neglect, which may have
obvious implications for everyday behaviour, including driving.5® Moreover, systematic
evidence indicates that these tests limit learning and compensation effects that frequently
normalise paper-and-pencil scores despite persistent real-world impairment. By
deploying brief, lateralised stimuli under high attentional load, computer-based
paradigms can expose omissions that only emerge under complex task demands, similarly
to real traffic environments. This methodological feature parallels the multi-tasking and
rapid monitoring drivers require when scanning mirrors, reacting to hazards, or
maintaining lane position in dense traffic.>® While no universally accepted technological
“gold standard” yet exists, recent reviews highlight that dynamic computer-based
assessment provides richer data, higher sensitivity and better ecological validity than the
tests most commonly applied in clinical stroke settings.>! These advances underline the
importance of integrating such methods into driving fitness evaluations, particularly when

neglect is mild, fluctuating, or chronic.
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1.3.3. Limitations of applying ageing research to stroke patients

Research evidence from the broader field of older drivers cannot be directly applied to
stroke survivors. The symptoms of stroke patients vary significantly depending on the
extent and site of the injury, making them a heterogeneous group requiring individual
assessment.> The time course of stroke patients also differs from that of older drivers.
Driving abilities of the elderly, especially in the presence of neurocognitive decline,
deteriorate with age, indicating the need for regular medical and neuropsychological
screening.?? Time plays an inverse role in the case of stroke patients, as there is a linear
correlation between time elapsed since the stroke and a positive outcome on the on-road
test.”® These results indicate that the timing of evaluation is critical in stroke patients, and
premature assessment should be avoided.

1.4. Assessment of fitness to drive

Driving is a hazardous activity since even a healthy person carries a certain level of risk
of causing an accident. Therefore, the purpose of driving assessments for stroke patients
or the elderly is not to eliminate risk entirely, but rather to ensure that their risk level
remains comparable to that of the general population.®® Since psychometric testing is
relatively cheap and accessible, research has long focused on finding and developing the
ideal test to predict fitness to drive.>” However, the field faces serious methodological
problems.

1.4.1. Lack of outcome measures

The first issue is the lack of an objective outcome variable.®® Although long term
participation in real traffic would offer the most reliable evidence of fitness to drive, this
practice is not viable for safety reasons. Even though driving simulators could provide
ecologically valid information without safety concerns, they are not considered a first-
line assessment.®® The reasons include high cost, the common occurrence of simulator
sickness, and the observation that participants often take more risks in a simulator than

they would in real-world driving.%%

At present, on-road tests are considered the gold standard assessment. Long-term follow-
up has shown that patients who pass an on-road test have the same level of accident

involvement as the general population. Despite their widespread use, on-road assessments

11



have many limitations as they are costly, highly situational and dependent on the actual
traffic environment.®* Furthermore, the presence and involvement of the evaluator may
influence driving behaviour. In driving research, psychometric testing is often applied to
predict the outcome of the on-road test.%? Despite these efforts, the accuracy of these tests
or test batteries remain relatively low, and false classifications remain a common

problem.®
1.4.2. The issue of high misclassification rate

Canadian geriatrician Frank Molnar identified two main methodological problems in his
2006 systematic review.®® According to Molnar, the first common issue in driving
research is that studies often analyse the mere correlation between cognitive test results
and the on-road test, but do not provide clinically useful cut-off points and other relevant
psychometric properties, such as specificity and sensitivity. The second problem is the
fact that test results of those who are fit to drive significantly overlap with the group that
is unfit to drive.®® As a consequence, determining one specific cut-off point would always
result in a certain level of misclassification. If the clinician takes a cautious approach, the
cut-off point can be adjusted accordingly. In this case, the model’s sensitivity increases,
but its specificity decreases. As a result, the model identifies unfit drivers with high

confidence, but at the same time misclassifies many safe drivers as unfit (see Figure 1.).%*

Unfit to drive Fit to drive

Cognitive performance

n

»

Figure 1. Classification using dichotomization based on a single cut-off value.®
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To resolve this issue, trichotomization has been proposed. Instead of relying on a single
cut-off point (i.e., dichotomization), two cut-off points are introduced, creating a third
group usually referred to as inconclusive (see Figure 2.).%° This method allows the
clinician to avoid making an unfounded decision. Patients in the inconclusive group are

generally a devised to undergo further evaluation, preferably an on-road test.

Inconclusive

Unfit to drive Fit to drive

v

Figure 2. Trichotomous classification using two cut-off values; cases within the

indeterminate zone require additional evaluation.®

1.4.3. Overfitting

Since Molnar’s proposal, relevant advances have been made in the field of driving
research, as studies have increasingly reported cut-off points, and multiple attempts have
been made to use trichotomization. Results show that the proportion of patients in the
inconclusive group varies between 17—36%.6%%5-67 However, with the emerging field of
machine learning, a new issue was identified: the risk of overfitting.®® Overfitting occurs
when a model aligns perfectly with its training data, but fails to generalize to a new
sample. The case of the Stroke Driver Screening Assessment (SDSA) provides an
illustrative example.®® The SDSA is composed of four cognitive tests and is widely used
to assess post-stroke driving abilities. In the original sample of 40 British patients, the
model classified correctly in over 80% of the cases. In later adaptations, the model was
tested on novel samples. In its Swedish adaptation, the correct classification rate was only
62% in stroke cases and 50% in the elderly group with dementia or cognitive deficits.”

13



To avoid the pitfall of overfitting, rigorous validation techniques should be used, such as
retesting in independent samples. Proper validation can also be achieved by applying
resampling methods, including bootstrapping or leave-one-out cross-validation.” Other
strategies to reduce overfitting include removing intercorrelated variables, increasing the
ratio of participants to variables, or avoiding automatic variable selection. According to
Hoggarth et al., many studies published in driving research either fail to use any technique
to reduce overfitting, or do not provide enough detail to assess the risk of it.”> Since the
use of validation techniques can significantly reduce a model’s accuracy and other
psychometric properties, reported accuracy rates can be inflated. Recent
recommendations emphasize that only classification rates after validation should be
reported, and sufficient information about the method of variable selection should also be

disclosed.
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2. Objectives

Determining fitness to drive is a practical issue affecting many neurological patients

worldwide. In modern societies, driving represents independence and access to daily

activities, but for many patients it may also pose a considerable danger to themselves and

other road users. Physical impairments are often more evident and easier to assess, while

cognitive deficits are less apparent and generally more difficult to assess. For this reason,

there is a need for methods that help clinicians make safer and more well-founded

decisions. This dissertation was designed with that aim in mind.

The specific objectives were as follows:

1.

Introducing a new method of data analysis

Our goal was to build a logistic regression model validated with leave-one-out
cross-validation. A key innovation was the use of trichotomization, by adding a
third, uncertain category. We assumed that this approach could lower the rate of
misclassification and support safer decision-making in clinical practice. While
previous work has demonstrated the conceptual value of trichotomization, our
study aims to extend this approach by evaluating a fully validated model, allowing
its performance to be interpreted with greater methodological confidence.
Investigating the effect of hemispatial neglect on driving performance
Neglect is a common post-stroke syndrome that can have serious consequences in
traffic. Our aim was to examine how neglect influences driving skills and to what
extent it is reflected in the outcome of the on-road test, as neglect is expected to
negatively affect critical aspects of driving such as hazard detection, lane
positioning, and spatial judgement.

Evaluating the predictive value of traditional neglect tests

We analyzed whether clinical diagnoses of neglect (based on the Line Bisection
Test or the Bells Test) are consistently associated with poorer performance during
test drives. This may help clarify how much the field can rely on these classical
tools in practice.

To assess the utility of the Starry Night Test

The Starry Night Test is a dynamic, computer-based task that can detect subtle

signs of neglect. The objective was to determine whether this test adds meaningful
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value to the predictive model and can support decisions on fitness to drive, as the
SNT specifically minimises compensatory strategies and captures lateralised
reaction-time delays that may remain undetected in conventional paper-and-pencil
tests.

Providing recommendations for the Hungarian context

Since there is currently no standardized protocol for cognitive aspects of driving
assessment in Hungary, another aim was to summarize relevant international
findings and translate them into practical guidance for clinicians and decision-
makers.

To explore possibilities for wider implementation

Finally, the dissertation also considered whether the method tested in stroke
patients could be adapted for use in other populations. In particular, a short
trichotomized screening tool at the level of general practitioners could serve as a

first-line filter before referral to specialist evaluation or on-road testing.
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3. Methods

3.1. Narrative review

In order to inform Hungarian clinicians of the current state of the literature, a narrative
review was conducted with the aim of summarizing and critically discussing the literature
in a broad manner.®* Given the heterogeneity of the studies and the lack of standardized
outcome measures, a systematic review was deemed less feasible and less practical for
this purpose. The topic of our review was the driving abilities of the elderly and the

possibilities of their cognitive evaluation.

The literature search was carried out between November 2023 and March 2024 using
PubMed, Scopus, and Web of Science, complemented by searches in Google Scholar for
additional literature. In addition, Hungarian publications were identified through
MATARKA database and using Google Scholar.

The search was performed in both English and Hungarian, using combinations of the
following keywords: ,,Elderly”, ,,Aged”, ,,Automobile Driving”, ,,Fitness to drive”,
,Driving assessment”, ,,Cognitive deficits”, ,,Neuropsychology” (English), and
,ldoskor”, ,,Gépjarmiivezetés”, ,,Vezetésre vald alkalmassag”, ,,Kognitiv zavarok”,
,Neuropszichologia” (Hungarian). Both review articles and original studies were
considered eligible. Publications were included if they addressed driving abilities of
elderly drivers, the cognitive and neuropsychological aspects of elderly drivers, or clinical
and methodological issues related to fitness-to-drive assessments. No restrictions were
applied regarding study design or publication year, although only peer-reviewed sources

were included.

Across all databases, 53 papers were found to be relevant to the topic. Most originated
from international sources, and only two were published in Hungarian. Since the review
focused specifically on studies examining driving in older adults or on cognitive

approaches to driving assessment, no articles meeting these criteria required exclusion.

During the review, two lines of inquiry became especially important. A recurrent issue
was whether chronological age, by itself, shows a demonstrable relation to driving ability,

as opposed to being treated as a proxy for reduced safety. The literature increasingly
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suggests that age alone is a weak predictor and that decisions should rely on a person’s

functional cognitive profile rather than their years.

The second issue concerned international practice: which cognitive tools are used abroad
to evaluate driving, how they are interpreted, and how well their results reflect real driving
behaviour. Placing these results in a common framework served to map international
practice and highlight elements that could later inform evidence-based decision-making

in Hungary, where validated assessment procedures are still limited.
3.1.1. Methodological implications in the Hungarian context

Research on fitness-to-drive assessment in older adults has expanded considerably over
the past decades, particularly in international contexts.”® When the focus is restricted to
the Hungarian scientific literature, however, our narrative review reveals a substantial
gap, as no empirical study was identified that examined the cognitive fitness to drive of
older adults, regardless of the applied methods or outcome measures.®*

Hungarian publications addressing fitness to drive among the elderly typically approach
the topic from related but indirect perspectives, including traffic statistics, legal context,
or general medical fitness for driving. Studies that focus specifically on the assessment
of cognitive fitness to drive, or that connect cognitive test performance to real-world
driving behaviour, are largely absent. As a consequence, cognitive screening practices
currently applied in clinical and primary care settings operate without an empirically
grounded methodology that would allow cognitive test results to be meaningfully linked
to functional driving outcomes.”

The absence of empirical evidence has important methodological consequences.’?
Without validation against functional criteria, the interpretation of cognitive test results
remains uncertain, particularly in cases that fall close to conventional decision
thresholds.%* The narrative review therefore suggests that the primary limitation of the
current Hungarian approach lies not in the availability of cognitive assessments
themselves, but in the lack of empirically supported decision criteria and structured

decision-making frameworks.
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3.2. Original study

This prospective observational study was carried out at the Rehabilitation Clinic of
Semmelweis University, Budapest.” Participant recruitment started in January 2022 after
receiving ethical approval from the Hungarian Medical Research Council (I\VV/649-
1/2022/EKU) and continued until November 2024. The study is registered at
ClinicalTrials.gov under the identifier NCT06111989. Participants were recruited from
the Post-Stroke Rehabilitation Department and the Traumatic Brain Injury Department of
the Rehabilitation Clinic.

3.2.1. Participants

Over the recruitment period, a total of 830 inpatients were screened according to the
predefined inclusion and exclusion criteria. Patients with either ischemic or hemorrhagic
stroke were enrolled, provided that at least six months had elapsed since the event and the
patient held a valid driver’s licence. Exclusion criteria included ophthalmological
conditions, epilepsy, comprehension-affecting aphasia, and severe psychiatric disorders.
Patients were also not eligible if they were physically unable to perform basic driving-
related tasks (such as pressing pedals, steering, or maintaining sitting balance), or if an
independent rehabilitation physician explicitly contraindicated driving because of

physical disability.

From the 830 individuals screened, participation in the study was offered to all inpatients
meeting the criteria. Altogether, 149 patients were invited, and 121 consented to take part,
giving a participation rate of just over 80%. After accounting for six dropouts (three
individuals were found not to hold valid driving licences, two declined to proceed with
the on-road test after completing cognitive assessment, and one experienced an epileptic
seizure before the on-road test), the final sample comprised 115 participants (mean age
52.9 years, SD 7.8; 77% male). Among them, 86 had suffered an ischemic stroke and 29
a hemorrhagic stroke. Written informed consent was obtained from every participant.

3.2.2. Procedure

Patient data were first collected from the medical records, including stroke type and
location, time since onset, as well as age and sex. At study entry, patients also reported

their educational background and previous driving experience.
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Neglect was diagnosed primarily through bedside neurological examination and
confirmed with neuropsychological tests. The latter included the Line Bisection Test,
where an ipsilesional deviation of more than 9.5% from the center was taken as indicative
of neglect,’® and the Bells Test, where an Asymmetry Score of >3 served as the cut-off.’’
Participants were classified as having neglect if at least one of the tests indicated

impairment.

Cognitive assessment was conducted by a neuropsychologist and comprised the Trail
Making Test (parts A and B), the Drive Home Maze Test, the Stroop test, the Starry Night
Test, the Road Law and Road Craft Test, and the simulator-based Sensorimotor
Coordination Test. All neuropsychological tests were administered by the same qualified

clinical neuropsychologist.

3.2.2.1. Trail Making Test

The Trail Making Test (TMT) is a commonly used tool in clinical neuropsychology. It is
applied on its own or as part of a larger test battery, and is considered useful for examining
processing speed, sequencing, visual scanning, and cognitive flexibility.”® Part A of the
test asks the person to draw a line connecting numbers from 1 to 25 in order. Part B is
more demanding: numbers and letters have to be connected in an alternating sequence
(1-A—2-B, and so on). Completion time is the main outcome in both parts.”® While Part
A mostly reflects visual search and general psychomotor speed, Part B also requires
flexible switching between two sequences and is therefore often seen as more sensitive to
executive problems. The TMT has been applied in driving research for decades and is

consistently reported as one of the strongest predictors of driving fitness.

3.2.2.2. Drive Home Maze Test

The Drive Home Maze Test (DHMT) is part of the Occupational Therapy—Driver Off
Road Assessment Battery (OT-DORA), which was designed to screen cognitive and
visuomotor abilities relevant for driving before undertaking an on-road test.2% In this
paper-and-pencil task, the examinee uses a pen to trace a path through the maze as quickly
as possible, with completion time serving as the main outcome measure. The test taps into
planning, decision-making, processing speed, attention, and visuoconstructional skills,

and has been shown to predict on-road performance with good reliability. Because it is

20



easy to administer and does not require special equipment, the DHMT has become a

practical and widely used component of driver assessment.8!

3.2.2.3. The Stroop Color and Word Test

The Stroop Color and Word Test (SCWT) is a widely used tool to measure executive
functions, especially inhibition.8? In the classic version, participants read color words,
name color patches, and then have to say the ink color of incongruent words (for example,
the word “red” printed in blue ink). The main outcomes are reaction time and number of
errors, with the incongruent condition usually being the most difficult.®3 The test not only
reflects interference control but also gives information about processing speed, attention,
and flexibility, and it has often been used in driving-related studies. In our work, the test
was run as a simple Windows desktop application. Participants answered with color-
coded keys on the keyboard, while the software measured both response times and
mistakes. This made it possible to capture performance with good precision in terms of

both speed and accuracy.

3.2.2.4. The Starry Night Test

The Starry Night Test (SNT), developed by Deouell and colleagues, was designed to
overcome limitations of conventional paper-and-pencil neglect tasks by combining
spatial attention and reaction time measurement.>® In this task, visual targets briefly
appear within a virtual 7x7 grid overlaid on a background of flickering distractors.
Participants are asked to respond as quickly as possible when the red target appears.
Across 490 trials, both detection accuracy and reaction times are recorded. In our study,
we used two outcome variables: the mean response time across the whole display (SNT-
mean) and the percentage difference in response time between the left and right sides
(SNT-percentage). We obtained permission from the original developers and

implemented the test in Unity (C#) as a standalone Windows application.

3.2.2.5. Hungarian version of the Road Law and Road Craft Test

Knowledge of traffic regulations was assessed with the Hungarian version of the Road
Law and Road Craft Test (RLRCT-H). The original test consists of 14 items that cover
both road law (including signs) and road craft (practical aspects of driving and factors
influencing it).8* It not only tests factual knowledge but also engages problem-solving,

sustained attention, and visual perceptual skills, as many items require interpreting
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diagrams and pictures. In the Hungarian version, the test was extended with static items
and dynamic video clips taken from the official national driver’s license examination

database, making it directly relevant to national driving conditions.

3.2.2.6. Sensorimotor Coordination Test

The Sensorimotor Coordination Test (SCT), administered via the EM-05.93 Combined
Driving Simulator which is designed to evaluate real-time sensorimotor integration
relevant to driving. During the task, participants are required to respond to one of five
possible visual stimuli presented on a screen, each mapped to a specific motor response
(e.g., turning the steering wheel or pressing one of the foot pedals). The device is
distributed by Struktura Instruments Co. Ltd. It does not have an English manual, and no
standardization study has been published to date, nor has it been reported in international
publications. Its use has mainly been limited to Central Europe. For these reasons, the
SCT was not included in the published paper, but it is described here in the dissertation
together with the results.

Although the EM-05.93 simulator has not been validated in clinical populations, it was
included in this study because it has been routinely used in everyday clinical practice at
the Rehabilitation Clinic of Semmelweis University. Obtaining empirical data was
therefore considered important, as current cut-offs are based on healthy controls rather
than on patients with real driving assessments. According to driving assessment literature,
deriving cut-off values solely from healthy samples can be misleading, since clinical
relevance should be established against on-road outcomes rather than normative
performance alone. By including the simulator, the present research aimed to provide
additional, practice-based information that is currently absent from the published

literature.

3.2.2.7. On-road test

Finally, the on-road test, considered the gold standard in driving research, was carried out
within two weeks of the cognitive assessment. This 40-minute standardized course,
administered by a licensed driving instructor blinded to previous results, included a wide
range of traffic conditions. Performance was rated according to predefined criteria

covering rule compliance, hazard perception, vehicle control, and situational awareness.
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Based on this evaluation, patients were classified as either fit or unfit to drive, in line with

national regulations.

3.2.3. Data analysis

Group-level differences were examined with nonparametric statistics: the Mann—Whitney
U test was applied for continuous variables, while categorical variables were compared
using chi-square (¥?) tests. For reaction time—based measures (i.e., simulator based SCT
results and the Stroop test), inverse efficiency scores (IES). The inverse efficiency score

was applied as a joint measure of reaction speed and accuracy.®

Instead of treating response time and errors separately, IES integrates them into a single
index by dividing the mean reaction time (RT) by the proportion of correct responses
(ACC):

IES = RT
"~ ACC

This calculation yields an estimate of the average time needed for a correct response. In
practice, lower values indicate faster and more accurate performance, while higher values
point to slower or more error-prone responding. The advantage of IES is that it adjusts
for the typical speed-accuracy trade-off: a participant cannot achieve an artificially good

score by responding very quickly at the cost of high error rates.

Originally developed in experimental psychology, IES has increasingly been used in
visual-motor tasks and ageing research. It provides a more balanced picture of cognitive
performance than reaction times or accuracy alone, and is especially useful when subtle
deficits are expected, such as in tasks requiring divided attention, inhibition, or rapid

sensorimotor integration.

IES clearly separates participants who respond both quickly and accurately from those
who are slow and make frequent errors. It is less informative in profiles where responses
are slow but correct, or fast yet inaccurate. In this study, these patterns were not analysed
as distinct groups, as safe driving depends on both timely responses and correct decision-
making. A response that is accurate but delayed, or rapid but erroneous, can carry a

comparable safety risk in real traffic.
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For the SNT mean variable, inverse efficiency scores were not computed. If no response
was given within the available 3000 ms, it was registered as an omission and counted as
a 3000-ms reaction time in the mean calculation, ensuring that missed trials were

represented as prolonged response times.

To explore predictive factors of driving performance, logistic regression models were
employed. This method was selected because it is well suited to relatively small datasets
and offers a high degree of interpretability.® Predictor selection was carried out by testing
every possible combination of variables in an exhaustive search procedure, beginning
with a full model and systematically evaluating all reduced models. General descriptive
variables - including both demographic and clinical characteristics that showed
associations with driving outcome (e.g., age or the time elapsed since the last driving
activity) - were not entered into the model. Preliminary analyses indicated that they would
not meaningfully increase predictive accuracy, while their inclusion would raise the
number of predictors and thereby increase the risk of overfitting in a small clinical dataset.
Model performance was evaluated through leave-one-out cross-validation (LOOCV). In
this approach, the dataset is split in such a way that every single observation is used once
as a test case while the remaining n-1 cases form the training set. The model is repeatedly
trained on n-1 observations and tested on the one that was left out, until all data points
have been used in turn. The final performance estimate is the average across all iterations.
The strength of LOOCYV is that it makes full use of the available data: every observation
contributes to both model training and testing. Because each training set is almost the size
of the full dataset, the bias of the performance estimate is very low. This property makes
LOOCYV particularly valuable when working with relatively small datasets, as is often the

case in clinical research.

In addition, 95% confidence intervals were derived using bootstrap resampling with 2000
iterations.®” Feature selection was based on an exhaustive search strategy, systematically
testing all possible predictor combinations to identify models with the highest cross-
validated ROC-AUC. The final models retained four and five predictors, respectively. To
aid interpretation and highlight the relative contribution of each predictor, SHapley
Additive exPlanations (SHAP) values were computed.®® The method is based on the
Shapley value from cooperative game theory, where each feature of the dataset is treated

as a “player,” and the model’s prediction is divided among them based on their
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contribution. In practice, SHAP assigns each feature a value that reflects how much it
added (positively or negatively) to a given prediction. The main advantage of SHAP is
that it produces consistent and accurate explanations, meaning that the sum of all feature

contributions matches the model’s prediction.

All statistical analyses were performed in Python 3.11.5. Data handling and preprocessing
relied on pandas (v2.2.2), nonparametric tests were conducted with scipy (v1.13.0),
logistic regression and cross-validation procedures were implemented using scikit-learn
(v1.4.2), and SHAP values were derived with the shap package (v0.45.0). Throughout the
analysis, best practices were followed to reduce the risk of overfitting and to ensure
reproducibility.
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4. Results

4.1. Narrative review
4.1.1. Analysis of traffic statistics

The rate of fatal and serious injuries shows a typical U-shaped curve in the age
distribution, as the youngest and the oldest are the most affected (see Figure 3.).8°% These
results often form the basis for the notion that chronological age is in itself a risk factor
in traffic safety.®*
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Figure 3. Number of fatal traffic accidents per 100 million kilometres driven.®*%’

Reproduced with permission of the author

However, if we take all traffic accidents regardless of their outcome, the pattern changes
(see Figure 4.). The crash rate of the oldest shows a modest rise, but in this diagram the
risk of the young drivers is evident.8 A broadly accepted solution to this paradox lies in
the physical vulnerability of the elderly. As this age group is significantly more fragile,

they tend to suffer serious injuries in crashes, thus they are overrepresented in traffic
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accident reports. The age of the in-fault driver significantly influences the severity of the

outcome, as Ichikawa et al.'s review argues.™

Compared to younger drivers, accidents caused by the elderly come with fewer personal
injuries. At the same time, the in-fault elderly driver gets injured more often compared to

young drivers.
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Figure 4. Total number of traffic accidents, independent of outcome severity, per 100

million vehicle kilometres travelled.®*37

4.1.2. The effects of age-dependent medical screening

It is evident that with ageing, sensory, perceptual, cognitive, and physical abilities
decline, resulting in an elevated crash risk.'® In order to reduce this risk, many countries
have implemented age-dependent assessments of driving abilities. In their 2015
systematic review, Siren and Haustein investigated the effect of these screening programs

on traffic statistics.?® The study reached the surprising conclusion that age-dependent
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medical screening does not reduce crash rates and may even have a negative impact on

the elderly.

One striking example is Denmark. In 2006, the country tightened the regulations of ageing
drivers by implementing two common cognitive tests, the Mini-Mental State Examination
(MMSE) and the Clock Drawing Test. In their publication in 2012, Siren and Meng
investigated the effect of this change in the screening protocol in the three years before
and after the implementation.®? The car accident statistics were generally worse after the
tightening, as there was a 7% increase in car accident fatalities among the young and 14%
among the over-70 age group, but the difference between the groups was not significant.
However, there was a 38% increase in fatalities in the elderly as pedestrians, cyclists, or
moped users. Among the young, there was a 9% increase, and the difference between the
groups was significant. The authors concluded that age-dependent medical screening is a
typical example of political decisions that make sense intuitively but fail to reach the

desired goal.

Another compelling example is the comparison between Sweden and its neighbor,
Finland. While Sweden has no mandatory age-dependent medical screening, in Finland,
drivers over the age of 70 are required to attend regular medical check-ups.®® The two
countries' car crash statistics did not differ significantly. However, in Finland, there are
notably more elderly individuals involved in severe or fatal traffic accidents as
pedestrians or cyclists. According to the authors' conclusion, those who lose their driving
licenses without a proper indication or thorough assessment are forced to rely on other
means of transportation. This can leave them less protected on the road, which is why
medical screening might sometimes have a neutral or even negative impact on overall

traffic safety statistics.

An Australian study compared the traffic accident statistics of the six states.®* According
to their results, the lowest rates of fatalities and serious injuries were registered in
Victoria, the only Australian state with no obligatory medical screening. The presumed
explanation for these unfavourable findings is that the methods commonly used to

determine fitness to drive lack sufficient scientific support.

28



4.1.3. Summary of key findings from the review

The literature consistently showed that chronological age by itself is a poor indicator of
driving fitness. Studies agree that driving performance is better explained by a person’s
functional cognitive status, especially in domains such as attention, executive control and
visuospatial processing. Several papers reported that some individuals with mild
cognitive impairment, and even those in the early stages of dementia, can continue to

drive safely for a limited time if properly assessed.

The review also highlighted that age-dependent medical screening programmes offer little
benefit and at times may even be counterproductive. This is largely due to the tendency
to treat older adults as a homogeneous group, despite wide variation in the pace of
physiological ageing. An additional difficulty is that screening often poses the wrong
clinical question: the issue is not whether a person is “medically healthy,” but whether
they can operate a vehicle safely. When this distinction is missed, inappropriate tests are
selected and thresholds are applied based on general cognitive norms rather than driving-

related risk.

Evidence from international studies further indicated that trichotomous decision methods
yield safer classification than binary cut-offs, as they reduce false conclusions in
borderline cases. Widely used screening batteries such as OT-DORA have been shown to

perform inconsistently when interpreted without such a structured decision framework.
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4.2. Original study

4.2.1. Clinical and demographic variables

Of the 115 participants included in the analysis, 80 (70%) were classified as fit to drive

and 35 as unfit, according to the outcomes of the on-road evaluation. A detailed overview

of the demographic and clinical characteristics of the two groups is provided in Table 1.

Interestingly, the fit-to-drive group still included 12 patients with clinically diagnosed

hemispatial neglect at the time of enrolment, out of 26 neglect cases in total. Within this

group, 9 of 22 patients with left-sided neglect passed the on-road assessment, as did 3 of

4 patients with right-sided neglect.

Table 1. Mann-Whitney U tests were used for: age, sex, driving experience, time since last

driven, time since stroke; Chi-square tests were used for affected hemisphere and

hemispatial neglect.”

Variable Siiis  |neer |nide | el
Age, years, mean + SD 53+£8 52+8 567 0.014
Sex, % female 22.6 22.2 23.5 1.0

Affected hemisphere, % left 38.3 40.7 32.4 0.465
Driving experience years, mean + SD 33+9 309+9 31.4+9.3 | 0.675
Time since last driven, days mean + SD 118+£253 | 150+£268 |240+208 | 0.000
:;isrzed;r'yt:ﬁ;gi";eg” stroke and on-road | 53, 1140 | 650+ 1352 |330+278 | 0.189
Patients with the clinical diagnosis of 26 (22.6) 12 (14.8) 14 (41.2) | 0.007

hemispatial neglect (%)

30




True Positive Rate

4.2.2. Logistic regression model

While several individual predictors showed strong associations with driving fitness,
logistic regression provided the best overall predictive performance (see Figure 5.). The
highest cross-validated ROC-AUC values were achieved with the following optimized

feature sets:

Optimal 3 features: Stroop, RLRCT-H, and SNT-mean
Optimal 5 features: DHMT, RLRCT-H, SNT-percentage, SNT-mean, and Stroop

ROC Curves vfor Different Feature Sets

L) =3
- s
0.8} i
0.6 3
0.4 A
o == Optimal 5 features (AUC = (0.96) ‘
0.2 7 == Optimal 3 features (AUC = 0.96)
= All 7 features (AUC = 0.95)
== Top 5 features (AUC = (0.94)
Top 3 features (AUC = 0.94)
0'8.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

Figure 5. Predictive validity of individual features and logistic regression models trained on
various feature sets.”* ROC-AUC (Receiver Operating Characteristic - Area Under the Curve)
measures a model's ability to distinguish between “safe to drive” and “unsafe to drive” patients

across different decision thresholds. A higher ROC-AUC indicates better overall performance,

with a value of 1.0 representing perfect discrimination and 0.5 indicating random guessing.
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4.2.3. Multicollinearity among variables

A correlation analysis was performed to evaluate potential multicollinearity among the
predictor variables. Excessively high collinearity is typically indicated by coefficients
approaching or exceeding r = .80, as such values can distort regression estimates and
diminish the interpretability of individual predictors.”% Although several associations
reached statistical significance in the Pearson analysis, this pattern was expected given
shared cognitive demands across the tasks (see Table 2.). None of the coefficients
approached the r = .80 threshold, indicating that the observed relationships were not large

enough to compromise the predictive model.

Moderate associations were mainly observed among executive and processing-speed
measures: for instance, TMT-B correlated with Stroop performance (r =~ .65), and both
showed negative relationships with Traffic Knowledge (r ~ —.52 to —.68). Reaction time
on the Starry Night Test also correlated with visuomotor speed (TMT-A; r = .43),
suggesting shared processing requirements without redundancy. These findings align
with partially overlapping yet distinct cognitive operations, supporting the inclusion of

all predictors in the multivariate model.

Table 2. Correlation matrix of cognitive and driving-related variables

Pearson correlation coefficients describe associations among the variables included in the
model. Asterisks indicate significance levels (*p < .05, **p <.01). No coefficient exceeded

r = .80, indicating relatively low level of multicollinearity. Moderate relationships were
mainly observed between executive and processing-speed measures (e.g., TMT-B and Stroop).

Variable DHMT | TMT-A | TMT-B | RLRCT-H SNT SNT Stroop
percentage | mean

DHMT -

TMT-A 0.350™ -

TMT-B 0.516™ 0.595™ -

RLRCT-H | -0.435" | -0.518™ | -0.673" -

SNT 0036 | 0203* | 0165 | -0.158 i
percentage

6.5NT 1 §og9~ | 0433~ | 0320~ | -0.400" | 0519" i
mean

7.Stroop | 0.547" 0.573™ | 0.655™ | -0.681" 0.082 0.222" -
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4.2.4. SHapley Additive exPlanations analysis

The repeated inclusion of Stroop, RLRCT-H, and SNT-mean across both models
underlines their particular relevance. SHAP analysis confirmed this pattern, identifying
Stroop as the single most influential factor, followed by RLRCT-H and SNT-mean.
Elevated Stroop and SNT-mean scores, together with lower RLRCT-H performance,

were consistently linked to a higher probability of being classified as unfit to drive (see:
Figure 6.).
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Figure 6. Mean SHAP values and feature contributions.”

The left plot displays the average impact of each feature on model predictions, while the right
plot illustrates how specific feature values contribute to predictions.

In the right plot, each dot represents a patient, with red indicating high feature values and blue
indicating low values. The x-axis shows the effect of each feature on the prediction: dots
positioned further to the right indicate a stronger contribution to predicting 'unsafe to drive,’
while those on the left suggest a contribution toward 'safe to drive.’
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Number of Patients

4.2.5. Trichotomous model

Inspection of the predicted probability distributions suggested that 85% of participants
could be clearly allocated into either the fit or unfit category. For the remaining 15%,
prediction confidence was low, leading to the creation of an intermediate “undecidable”

category (see Figure 7.).

Distribution of Predicted Scores with the Percentage of Patients in each Region

— Safe to drive

‘ ' Unsafe to drive
50+
40;

T Safe , . |

| Region Undecidable Region
30+

0.0 0.2 04 0.6 0.8 1.0
Predicted Score

Figure 7. Trichotomization of predictions.” It can be observed that 85% of patients were clearly
categorized as either safe to drive or unsafe to drive. The remaining 15% fall into an undecidable
region, where further testing is recommended to better assess their driving ability.
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Introducing this trichotomous classification improved model robustness and reduced the

likelihood of misclassification in borderline cases. Although the confidence intervals

remain wide due to the modest sample size, the observed tendencies point toward

meaningful gains in predictive accuracy (see Table 3.).

Table 3. Performance of the model with and without trichotomization. Values in parentheses
represent 95% confidence intervals.”

Percentage of | ROC- Specificity | Sensitivity | Precision | Accuracy
classified AUC
patients
Without 1 0.96 0.95 0.84 0.89 0.92
trichotomization (0.91 - (0.91 - (0.71 - (0.78 - (0.86 -
0.98) 0.99) 0.95) 0.97) 0.98)
With 0.87 0.97 0.98 0.88 0.95 0.95
trichotomization | (0.80-0.98) | (0.92 - (0.95 - (0.77 - (0.88 - (0.91 -
1.00) 1.00) 0.97) 1.00) 0.99)

Notably, in the initial analyses the SCT variable appeared in both the Optimal 3 and

Optimal 5 feature sets, and SHAP identified it as the strongest single contributor to the

model. Since the SCT has not yet been externally validated, it was excluded from the final

models. Paradoxically, removing the best-performing variable did not change the key

performance measures of the model, as the model adapted by adjusting its classification

boundaries. The main effect of this adjustment was that more patients were placed into

the inconclusive category: with the SCT included, definite classifications were made for

90.4% of cases, whereas after its removal this rate dropped to 85.2%.
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5. Discussion

5.1. Older drivers

Accident statistics indicate that older drivers pose a slightly increased safety risk on the
road.?! Nevertheless, chronological age by itself proved to be a weak predictor of driving
ability, indicating that the elderly do not constitute a homogeneous group.?® According to
traffic statistics, more complex traffic situations placing demand on sustained attention
and requiring rapid reactions are particularly problematic even for healthy older adults.
At the same time, a considerable number of individuals with MCI or even dementia may
remain capable of safe driving for a limited period.?® These observations highlight the
fundamental principle in rehabilitation that diagnostic labels are less relevant than the

individual’s actual functional state.

In many countries, periodic health screenings of older drivers are standard practice. Yet
evaluations of their effectiveness often reach a surprising conclusion: such screenings do
not reliably improve accident statistics.?® This does not mean that medical review is
unnecessary, but it does draw attention to the limited value of the current methods in
identifying truly high-risk drivers. In Hungary, as noted by Henézi, Horvath, and Szegedi,
there is no unified protocol for assessing driving fitness in the elderly.®® As a result,
decisions can be subjective, and most of the responsibility falls on the general practitioner.
However, GPs do not have simple and well-validated cognitive tools that could support
these judgments within the limited time and resources of primary care. While they can
refer cases to the official traffic psychology examination (PAV), its capacity would be
overwhelmed if tens of thousands of elderly drivers required annual testing. In practice,

therefore, most decisions must be made at the GP level.

To support this task, the introduction of a brief neuropsychological screening battery has
been proposed. Such a tool should take no longer than 10-15 minutes, rely on validated
measures, and be usable even by trained staff without specialized qualifications. A
combination of the Montreal Cognitive Assessment (MoCA), the Trail Making Test, and
a simple computer-based reaction time task, interpreted within a trichotomous
framework, could provide a reasonable basis for decision-making. The principle can be
illustrated with the Trail Making Test Part B, a five-minute measure of cognitive

flexibility and set-shifting. Gibbons and colleagues, studying 83 participants, showed that
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those completing the test in under 80 seconds were consistently classified as fit on-road,
while those needing more than 178 seconds were uniformly unfit.%® Scores between these
thresholds indicate the need for further evaluation. Models based on this logic offer a
promising framework, but must first be validated in Hungarian samples before
widespread use. Importantly, such screening has an added value, since domains relevant
to driving overlap substantially with traditional dementia screening. Earlier identification
of mild cognitive impairment or dementia could therefore also be facilitated, enabling

earlier treatment.

If screening results are inconclusive, referral to further traffic psychological evaluation
(PAV) is warranted. In cases of neurological disease such as stroke or dementia, more
detailed neuropsychological assessment should be considered. This is because several
cognitive disturbances that strongly affect driving, such as mild or chronic neglect, visual
extinction, or perseveration and shifting deficits, may not be adequately captured by
standard traffic psychology tests.

Finally, on-road assessment under real traffic conditions should be introduced in
Hungary. Unlike in several other countries, such testing is not currently available,
primarily due to high costs. Nevertheless, the literature suggests that even comprehensive,
evidence-based medical and psychological tests leave a group of individuals whose
driving ability can only be judged reliably through on-road evaluation.5897:%
Implementing such procedures would require closer collaboration between health and
traffic professionals and could improve both the objectivity and the safety of decision-

making.
5.2. Novel model for driving after stroke

To our knowledge, this is the first Hungarian study that systematically examined post-
stroke driving fitness with a standardized on-road test as the main outcome.” In our
cohort, around 70% of patients were classified as fit to drive, which is in line with
international results. This finding confirms that the majority of stroke survivors retain
sufficient ability to pass an on-road test, although careful assessment remains essential.
The novel predictive model performed with strong discriminative accuracy. By
incorporating a third, indeterminate outcome category, the risk of misclassification was

reduced and clinical decision-making became more reliable. The ROC-AUC of 0.95 is
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comparable to the results of a recent prospective study applying a neural network
approach in a Japanese cohort of 55 stroke survivors.

5.2.1. Trichotomization

Based on the methodological considerations arising from the narrative review, there is a
clear need for assessment approaches that move beyond strictly dichotomous judgments
and are able to accommodate uncertainty in a transparent and systematic manner.®4% In
this regard, trichotomous decision-making approaches described in the international
literature offer a conceptually coherent alternative, especially when adapted to national
clinical and legal contexts.

The application of a trichotomous decision approach in the present dissertation follows
directly from these methodological considerations. International findings consistently
indicate that binary cut-off-based decisions are ill-suited to reflect the continuous and
overlapping nature of cognitive abilities relevant to driving.19%-101

At the same time, the Hungarian literature provides little empirically grounded guidance
on how diagnostic uncertainty should be handled in fitness-to-drive decisions.*® Within
this context, trichotomization can be understood not merely as a technical modification
of classification, but as a conceptual response to an identified methodological gap. By
explicitly introducing an indeterminate category, the proposed model treats uncertainty
as an inherent element of clinical decision-making rather than as a source of error.
Accordingly, the trichotomous model presented in this dissertation builds on the
theoretical and methodological conclusions of the narrative review and translates them

into a framework that can be a subject of empirical examination.

The interest in trichotomization emerged as a response to the persistent misclassification
problem in binary prediction of driving fitness.>® Traditional cut-off based approaches
force a yes/no decision even in borderline cognitive profiles, which inevitably leads to a
high rate of both false positives and false negatives. To address this issue, several authors
proposed classifying individuals into three categories: safe, unsafe, and indeterminate.
Early applications of trichotomization yielded promising results. Kay et al. reported that
introducing a third category significantly improved specificity and sensitivity compared
to traditional, binary classification.’®® Similarly, Dobbs and Schopflocher demonstrated

that trichotomization enabled more accurate risk stratification among medically at-risk
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drivers, although at the cost of a very large proportion of indeterminate outcomes
(49%).1% To mitigate this limitation, serial trichotomization was introduced by Gibbons
et al. in 2017.%° Instead of relying on a single test with two thresholds, their model
sequentially applied multiple cognitive measures in a decision funnel. This approach
reduced the proportion of inconclusive classifications to 21.7%, demonstrating that
iterative decision-making improves classification efficiency without a full dependence on

a single test score.

However, despite these advances, most serial trichotomization studies share
methodological limitations. First, cut-off values were derived by forcing 100% sensitivity
and 100% specificity within the same dataset, a retrospective optimisation that is highly
prone to overfitting. As noted by Hoggarth et al., models optimised in-sample tend to
overestimate their true predictive accuracy and rarely generalise beyond the development
sample.”? Second, earlier models offered no form of validation, making it impossible to
judge the stability of the reported cut-offs. Third, nearly all trichotomization research so
far has been conducted in heterogeneous geriatric samples or mixed neurological
populations, whereas driving after stroke represents a distinct clinical context with
different cognitive risk patterns. As Molnar also emphasised, the clinical utility of a

screening method heavily depends on the population for which it was developed.5®

Our study differs from classical serial trichotomization in three key methodological
aspects. First, instead of forcing extreme thresholds, cut-off values were derived using
statistical optimisation based on ROC characteristics, which is less sensitive to outliers
and avoids exaggerated classification performance.’® Second, we embedded
trichotomization into a probabilistic modelling framework by using a trichotomous
logistic regression model. Consequently, classification does not result from arbitrary
thresholds but from probability zones that reflect clinically meaningful risk levels. Third,
to address the overfitting problem highlighted by Hoggarth et al. (2015), we used leave-
one-out cross-validation (LOOCYV), a method that provides a realistic estimate of model

performance by repeatedly testing predictions on cases not used for model training.'%

A further methodological consideration concerns the role of test selection in trichotomous
classification. In our initial analyses, the SCT variable emerged as a highly influential
predictor: it appeared in both the Optimal 3 and Optimal 5 feature configurations, and
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SHAP analysis consistently ranked it as the strongest single contributor to model
predictions. However, despite its statistical utility, the SCT was excluded from the final
models because of the lacking external validation. Interestingly, removing its best-
performing predictor did not lower the overall discriminative performance of the model,
but it changed the way our model handled diagnostic uncertainty. Instead of reducing
accuracy, the model adapted by becoming more cautious: it reduced the number of
definitive classifications and assigned more patients to the inconclusive category. With
the SCT included, 90.4% of cases received a clear prediction, whereas after its removal
this proportion decreased to 85%, indicating a deliberate shift toward caution rather than
error. This pattern highlights an important practical insight: model optimization is not
solely a statistical exercise but depends equally on the quality of the cognitive tests used.
High-quality, validated predictors allow classification models to make confident
decisions more often, whereas less informative or inconsistent tests force a larger reliance
on the uncertainty zone. Thus, improving off-road driver assessment is not only a matter

of advanced modelling but also of refining the test battery itself.

In practical terms, our refined trichotomization approach aims to deliver reliable
classification only when the statistical evidence is clear, while patients with intermediate
probability are directed to on-road assessment. This selective referral strategy has been
recommended previously to reduce unnecessary on-road evaluations, lower cost, and
minimise traffic exposure in unsafe drivers.%® Unlike earlier models developed on mixed
samples, our model was trained specifically in a stroke population, where classification
uncertainty is particularly high due to heterogeneous lesion profiles and frequent co-

occurrence of visuospatial deficits.®®

Overall, our results show that trichotomization remains a valuable decision framework,
but its clinical utility depends heavily on how it is implemented. The transition from fixed
thresholding to probability-based classification with built-in validation represents a
methodological advancement that improves both robustness and clinical interpretability.
In the following section, we discuss how the cognitive predictors included in our model

relate to driving performance.
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5.2.2. Cognitive functioning and fitness to drive

Driving is widely recognised as a high-level behavioural activity that relies on the
interplay of several cognitive systems rather than any single function. Earlier reviews
reached similar conclusions, noting that driving draws simultaneously on visual
monitoring, attention, decision-making, and motor planning.>>!% Our findings are
consistent with this multidomain view. Instead of one dominant neuropsychological
predictor, the literature describes driving competence as a cognitive profile, formed by

complementary sources of information.

Within this profile, processing speed emerged as a central component. This result was
expected, given that real traffic demands continuous, real-time reactions to changing
input.’%” Drivers who process information too slowly miss opportunities to correct errors
or avoid hazards - an observation reported repeatedly in ageing and stroke populations.*!
In our study, processing speed was primarily captured by reaction-time components of
the Trail Making Test (TMT) and Stroop performance. Interestingly, the inverse
efficiency index provided more predictive value than raw reaction times, which suggests
that speed alone is insufficient; what matters in driving is how efficiently a person

balances speed and accuracy under cognitive load.

A second strong contributor was executive functioning, particularly the ability to flexibly
shift between tasks and suppress irrelevant responses.’® This aligns with previous reports
linking executive problems to tactical driving errors such as poor lane planning, slow
error correction, or rigid behaviour in traffic.2%81% In our model, this domain was indexed
by both TMT-B and Stroop interference scores. The Drive Home Maze Test (DHMT)
also reflects this domain, likely because it requires rule maintenance and stepwise

planning rather than pure visuoconstructional skill.

The role of attention, especially divided attention, also deserves emphasis. In daily
driving, monitoring mirrors, signage and surrounding vehicles is not a sequential process
but a simultaneous one.!* Prior findings have shown divided attention to be one of the
strongest predictors of on-road difficulties after stroke.®! Our results are consistent
with this but add a nuance: rather than static attention tasks, dynamic performance-based
measures, such as the Sensorimotor Coordination Test (SCT), were more informative.

They more closely approximate the temporal demands of traffic. Although the SCT was
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excluded from the final model for methodological reasons, its early impact reinforces the
idea that motor—cognitive coupling is an integral part of driving ability.

Visuospatial processing also contributed significantly. The literature often links
visuospatial impairment to lane drift, difficulty estimating distance, or misjudging vehicle
position.**112 The SNT appears to capture this dimension effectively, even in patients
without clinically diagnosed neglect.®® Its dynamic format may explain why: unlike static

cancellation tasks, it requires continuous scanning and rapid perceptual judgement.

In addition to these cognitive-perceptual predictors, knowledge of traffic rules and driving
logic also added independent value in our model. This is consistent with evidence from
SDSA-based studies, suggesting that safe driving depends not only on perceptual speed
and attention but also on semantic understanding of traffic conventions.*'®* The RLRCT-
H served as a compact indicator of this decision-rule competence.

An important methodological point is that we deliberately selected predictors with low
redundancy. Hoggarth et al. warned that many cognitive models of driving suffer from
high intercorrelation between variables, which weakens validity and exaggerates apparent
model strength.”? In contrast, each predictor in our final model represented a distinct
cognitive function, reducing collinearity and supporting more stable classification

performance.

Driving-related cognition does not operate in a vacuum. In real traffic, individuals do
not rely on isolated cognitive functions but on habits, routines and strategies developed
over years of practice. This explains why performance in standardised office-based
assessments do not always mirror behaviour in complex, everyday situations. Many
stroke survivors, for instance, find ways to work around subtle deficits: they reduce their
speed, increase head movements, drive only in familiar areas or avoid peak traffic.'!*
These strategies may temporarily compensate for cognitive weaknesses and allow a
person to pass an on-road test, despite measurable deficits in processing speed or spatial
attention. Because of this gap between controlled test performance and behaviour in
naturalistic contexts, it is unlikely that any cognitive model will reach perfect predictive
accuracy.
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A more realistic approach accepts a degree of diagnostic uncertainty. Our results support
this direction by demonstrating that a trichotomous system can manage it productively.
Cases with a clear cognitive risk profile can be identified with high confidence, while
borderline cases are explicitly flagged for further evaluation rather than misclassified. In
that sense, trichotomization is less about statistical elegance and more about responsible

clinical decision-making.

Overall, our findings reinforce a profile-based interpretation of fitness to drive. Different
cognitive domains do not contribute equally, but each adds a piece of information that
forms a coherent risk picture, taken together. This conclusion naturally leads to one
domain that deserves closer attention: visuospatial-attentional control. Hemispatial
neglect, in particular, is widely cited as one of the strongest cognitive predictors of unsafe
driving after stroke. The pattern in our data confirms its importance, but the relationship
Is more layered than simple deficit-risk models suggest.

5.2.3. Hemispatial neglect syndrome and driving

Hemispatial neglect is one of the most frequently cited cognitive risk factors for unsafe
driving after stroke, and in many clinical contexts it is treated almost automatically as a
contraindication for returning to driving.!*>!® However, while the functional
consequences of neglect are well documented, the assumption that it should serve as a
universal exclusion criterion has been based more on theoretical reasoning than on
systematic empirical evidence.'” In contrast, visual field defects such as homonymous
hemianopia have been studied in driving research in significantly more depth: several
studies indicate that a proportion of individuals with hemianopia can drive safely with
compensatory strategies.''#1® Whether a similar compensatory mechanism may operate

in neglect has remained an open question.

A fundamental problem is that neglect is not equivalent to visual field loss. It is not a
sensory deficit but a higher-order attentional disorder that affects spatial awareness across
multiple modalities.*?® Moreover, neglect is a heterogeneous syndrome: it may manifest
in egocentric or allocentric reference frames, may be restricted to personal or
extrapersonal space, and may commonly be accompanied by extinction or anosognosia.*®

No single test captures all these aspects, and bedside diagnosis varies widely depending
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on the tools used.'?! This complexity may explain why earlier studies treated neglect as a
categorical risk without investigating which aspects of neglect matter most for driving.

Our study did not aim to provide an exhaustive assessment of all neglect dimensions.
Instead, we selected measures that are commonly used in clinical diagnosis (Bells Test,
line bisection) and added a dynamic, computer-based measure of lateralised attention, the
Starry Night Test (SNT).5 The SNT was included because traditional paper—pencil tasks
may underestimate neglect in structured environments, whereas time-pressured
computerised tasks can detect subtle spatial bias and extinction that emerge under

attentional load.>!%2

Our findings revealed a more nuanced relationship between neglect and driving than
expected. Patients diagnosed with neglect using conventional tests were not universally
unfit to drive: in our sample, 45% of all neglect patients passed the on-road assessment.
When broken down by laterality, the pass rate was 41% in left neglect (right hemisphere
stroke) and 75% in right neglect. This laterality effect aligns with previous observations
that right hemisphere damage tends to produce more severe and functionally disruptive
neglect, whereas neglect after left hemisphere stroke is often milder and more amenable

to compensation.1?31

These results carry two opposing interpretations, both with important clinical
consequences. One possibility is that some neglect patients are indeed able to compensate
functionally, at least in structured driving situations, and should therefore not be
categorically excluded; instead, individualised on-road assessment would be justified.
The alternative interpretation is that passing an on-road test does not guarantee long-term
driving safety in neglect, as compensation may only be temporarily sustained during a
short evaluation. In that case, our findings would call into question the reliability of
current on-road assessments for this group. Our data alone do not resolve which of these
interpretations is correct; they point instead to the need for longitudinal follow-up studies
with real-world crash risk data.

One of the more unexpected findings in our analysis was related to how the Starry Night
Test contributed to prediction. We originally assumed that the lateralised asymmetry
index - the difference in reaction time between the two hemifields - would capture spatial

bias and therefore be a strong predictor. According to our result, it carried relatively little
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weight in the model, while the overall mean reaction time across the whole screen was a

superior variable.

This result fits increasingly well with current views of chronic neglect. Several authors
have noted that patients can learn to compensate strategically by directing their gaze more
frequently toward the neglected side.1?>% When this happens, the left—right difference
naturally shrinks, even though the underlying attention problem has not resolved. The
compensation, however, has a price: patients become globally slower, because every
target search demands more effort and repeated reorienting. In hindsight, the SNT
reaction time variable captured this phenomenon, which is likely why it separated safe

and unsafe drivers better than raw asymmetry scores.

These observations also explain why standard cancellation tests often underestimate real
functional impact. Paper—pencil tasks are static, predictable and give patients time to self-
correct.'?” They rarely reveal the time pressure or dual-task demands of real-life
behaviour. In contrast, dynamic computer-based tasks such as the SNT can expose subtle
residual neglect and extinction effects that structured tasks fail to detect.> In our sample,
several patients who appeared “normal” on conventional bedside tests still showed
slowed SNT responses - and some of them later failed the on-road assessment. This
supports the argument that reaction-based digital assessment should have a stronger role

in driving evaluation after stroke, especially when neglect is suspected.
5.2.4. Limitations

Our study has some limitations that should be considered when interpreting the findings.
First, data were collected from a single center. Although patients were referred from
multiple regions, this setting may still limit how broadly the results can be applied. To
improve generalizability, future research should involve multicenter cohorts that reflect a
wider range of clinical and demographic backgrounds. Second, while the sample size was
adequate for building and validating a logistic regression model, it was not large enough
to explore more advanced machine learning approaches such as Random Forests. Given
the encouraging performance of our method, future studies should consider larger-scale,
and possibly international, collaborations to enable more complex modeling techniques

and further strengthen the evidence.
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5.3. Implementation to national practice

Fitness-to-drive decisions are demanding in clinical practice because they involve
medical risk and legal responsibility, while at the same time influencing a person’s
autonomy.'* After stroke, as well as in older age, giving up driving often leads to loss of
independence and social withdrawal, which explains why neither overly permissive nor
overly restrictive decisions are acceptable.!?® Cognitive screening can support decision-
making, but only if results are interpreted within a clear and transparent decision

framework.

As in many European countries, there is currently no outcome-based national guideline
in Hungary for evaluating fitness to drive.%® This reflects a methodological limitation
rather than a clinical one: until now, no Hungarian study has linked cognitive test results
to actual on-road performance, which means that commonly used thresholds are derived
from general cognitive norms rather than driving-specific risk levels. The present results
provide an initial empirical step toward outcome-anchored decision-making by showing

that cognitive performance can be translated into probability-based risk estimates.

Instead of relying on fixed cut-offs or categorical classification, the proposed model
introduces trichotomous decision zones. Rather than assuming that every case can be
classified as either fit or unfit based on cognitive data alone, the model distinguishes three
groups: likely safe, likely unsafe, and uncertain cases. The third category is particularly
important, because it redirects ambiguous cases to further assessment instead of forcing
premature decisions. In this sense, the model manages uncertainty explicitly, which

increases both fairness and traffic safety.

Provided that all relevant test results are available, the model can already be used as a
probability-based aid in clinical decision-making. Its utility therefore depends on
administering the full predictor set described in this study, as the model estimates risk
from the joint contribution of these variables, and a missing value would prevent reliable

probability calculation.

Although this model was developed using stroke patients, the decision logic is
transferable to other clinical populations, including older drivers, once predictors are
adapted to the relevant cognitive profile. Our narrative review highlighted that widely
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used tools such as the SDSA or OT-DORA are not inherently flawed but tend to
misclassify drivers when used in isolation.®* The main challenge is therefore not selecting
the “perfect” cognitive test, but developing a consistent way to interpret cognitive

information in context.
A three-stage screening pathway appears realistic for national implementation:

1. Initial cognitive pre-screening in general practice
A brief screening tool would allow general practitioners to identify clear low-risk
and high-risk profiles. The trichotomous approach is well suited to this stage,
since decisions often need to be made with limited time and partial information.

2. Specialist evaluation for inconclusive cognitive profiles
Only patients in the uncertain group would proceed to targeted specialist
assessment. This reduces unnecessary referrals and concentrates resources on
those who most likely need further investigation.

3. On-road assessment limited to unresolved or high-risk cases
Practical driving tests retain their role but would be used more selectively. This
approach not only reduces waiting times but also lowers public cost; in line with
current Hungarian practice, the cost of the on-road test could reasonably remain

patient-funded when further examination is requested.

Such a staged system would require no major structural change in Hungary. Instead, it
would integrate existing medical and administrative elements into a more transparent and
reproducible workflow. Introducing this approach into routine practice would first require
a few essential steps. The model needs confirmation in larger and more mixed patient
groups, and probability thresholds should be tailored to age-related changes if it is to be
used with older drivers. Importantly, cognitive findings should never be treated in
isolation, but combined with medical status and functional capacity when a licensing

decision is made.
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6. Conclusion

The aim of this doctoral work was to address several challenges in the field of post-stroke

driving assessment.

First, we introduced a new method of data analysis. By combining logistic regression with
leave-one-out cross-validation and trichotomization, we demonstrated that it is possible
to reduce the risk of misclassification. This approach provided a cautious and clinically
useful framework, where uncertain cases were not forced into a binary decision but

flagged for further evaluation.

Second, we investigated the role of hemispatial neglect in driving performance. Although
neglect is widely assumed to be incompatible with safe driving, our findings showed a
more complex picture. A considerable proportion of patients with clinically diagnosed
neglect still passed the on-road test, suggesting that compensation is possible in some
cases. At the same time, neglect remained a significant risk factor, underlining the

importance of its careful assessment.

Third, we evaluated the utility of traditional neglect tests. Tools such as the Line Bisection
Test and Bells Test showed only limited ability to predict the outcome of the on-road test.
These results highlight the restricted utility of classical paper-and-pencil tools for
assessing driving fitness, as suggested by previous research.

Fourth, we assessed the potential of the Starry Night Test. This dynamic, computer-based
method captured attentional slowing and asymmetry more sensitively than conventional
paper-and-pencil tools. Although other variables such as the Stroop test or the RLRCT-
H contributed more strongly to our model, the Starry Night Test still provided significant
impact and showed potential as part of a broader assessment battery, even in cases of

subtle or chronic neglect.

Fifth, we considered the Hungarian context. In the absence of standardized cognitive
protocols for driving assessment, this dissertation summarized international findings and
formulated recommendations that could be adapted to national practice. These included
the need for validated, short screening instruments and a stepwise process involving

general practitioners, neuropsychologists, and on-road testing.
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Finally, we explored wider implementation. The principles tested in stroke patients may
be extended to other populations, including older drivers. A short, trichotomous screening
tool could serve as a practical first-line filter in primary care, allowing uncertain cases to

be referred for further detailed evaluation.
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7. Summary

This doctoral work investigated the driving abilities of stroke survivors and the elderly,
focusing on the possibilities of driving assessments. As physical impairments are more
visible and easier to evaluate, more research has focused on cognitive fitness to drive,
since even subtle neurocognitive deficits can render a person unfit to drive. In recent
decades, several studies have attempted to predict driving fitness using
neuropsychological tests measuring processing speed, visuospatial skills, or executive
functioning. Evidence showed a significant correlation between specific cognitive test
scores and the outcome of on-road assessments, which are considered the gold-standard
outcome measure in driving research. Despite these advancements, the rate of false
classifications has remained relatively high, as the field continues to struggle with
methodological issues such as lack of model validation and the use of dichotomous (i.e.,
either fit or unfit to drive) classification instead of trichotomization. In our study, we
integrated recommendations from the literature into a validated logistic regression model

that allows clinicians to abstain from making unfounded decisions when certainty is low.

In a cohort of 115 stroke patients, comprehensive neuropsychological assessment was
conducted, followed by a single-blinded, standardised on-road test. Results showed that
cognitive testing predicted on-road performance with high precision (ROC-AUC: 0.95).
However, this strong psychometric performance was achieved by withholding
classification in 15% of the sample. In these patients, cognitive test results were
borderline and the risk of misclassification was high, meaning that no reliable decision
could be made. This trade-off supports a more cautious clinical practice, based on the idea

that in some cases, no decision is better than a wrong one.

Although our model was validated in a stroke population, it might also be adapted for use
in assessing older drivers on a larger scale. Previous research has shown that using
cognitive tests not specifically designed for driving can actually worsen traffic safety
statistics. Future studies are needed to implement a validated, trichotomized model in the
form of a brief test battery that general practitioners could use as a first-line tool when

evaluating older drivers.
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