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ABSTRACT 34 
 35 

Driving simulation has become popular in the context of assessment of driving ability, as it 36 

provides a safe and economical method of assessing driving behaviors in comparable, controlled 37 

and repeatable driving conditions. The present paper is a review of studies on driving 38 

performance assessment with the use of driving simulators, aiming at: (i) identifying and 39 

summarizing studies investigating driving performance as assessed on simulators in relation to 40 

cognitive impairments, particularly those which are age-related or caused by neurodegenerative 41 

disorders including mild cognitive impairment (MCI), Alzheimer‟s disease, Parkinson‟s disease 42 

and stroke; (ii) identifying issues that should be considered in the design of simulator 43 

experiments. Summaries of the studies are presented, which include information on the research 44 

questions, the characteristics of the subjects, the type of simulators used (level of fidelity), the 45 

driving scenarios and tasks used, simulator outcomes, dependent measures (e.g. behavioral data, 46 

crashes), and the main findings, as well as further research suggestions. Moreover, consideration 47 

is given to the studies‟ limitations and the interpretation of the findings (as noted or discussed by 48 

the authors) in an effort to identify issues which may limit the generalisability of research results 49 

and should be considered in the design of simulator experiments.  50 

 51 

Keywords: Road safety, driving performance assessment, driving simulation, cognitive 52 

impairment, off-road assessment 53 

 54 

INTRODUCTION  55 
 56 

Background 57 
 58 

The ability to drive can be affected by various motor, visual, cognitive and perceptual deficits 59 

which are either age-related or caused by neurologic disorders such as stroke, Parkinson‟s 60 

disease, Alzheimer‟s disease, multiple sclerosis and traumatic brain injury (Akinwuntan, 2012). 61 

Neurodegenerative conditions such as Alzheimer‟s disease, Parkinson‟s disease and stroke 62 

impair perception cognition and motor function, leading to reduced driver fitness and increased 63 

crash risk. On their own, age and medical diagnosis are insufficiently reliable predictors of the 64 

safety of drivers and crash incidence, while effective rehabilitation does not exist for 65 

neurologically impaired drivers (Uc and Rizzo, 2011). Driving performance assessment (Ball 66 

and Ackerman, 2011) is defined as “an in depth examination of driving-related functional 67 

impairment and can be used to determine the extent to which driving ability is impaired”. In a 68 

review of older driver assessment methods, Ball and Ackerman (2011) note that “assessment 69 

provides a basis for identifying options for licensing recommendations and determining the 70 

possibility of remediation”. The gold standard of driving assessment is considered to be on-road 71 

driving evaluations. However, their effectiveness and efficiency is under investigation (Ball and 72 

Ackerman, 2011; Mullen et al., 2008). Driving simulators are considered a promising tool for 73 

reliable and safe evaluation of driving performance, especially in people with loss of driving 74 

skills due to physical or neurological conditions in America and Europe (Singh et al., 2011; 75 

Hakamies and Peters, 2000).  76 
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The use of driving simulators in the context of driving performance assessment is associated with 77 

certain advantages: they provide objective measurements of driving performance in a safe 78 

environment; driving performance is challenged in driving tasks (e.g. crash-likely situations) 79 

which would be impossible on an open road; many confounding variables that occur in on-road 80 

driving can be controlled; events and scenarios can be identically repeated for each participant; 81 

even low-cost, low fidelity simulators have the potential to address interesting research questions 82 

(Uc and Rizzo, 2011; Ball and Ackerman, 2011; Akinwuntan et al., 2012; Caird and Horrey, 83 

2011). However, Caird and Horrey (2011) also note that “driving simulators are good at 84 

assessing driving performance or what a driver can do but are not able to address driver behavior 85 

which is what a driver does in their own vehicle”; and that “driving simulators may create 86 

artificial situations which are not reminiscent of real-world situations”.  87 

Studies have demonstrated that the use of driving simulators as a part of an assessment battery 88 

may be a promising method for assessment of older drivers and also that performance on the 89 

simulator is associated with performance in on-road testing (Ball and Ackerman, 2011). Uc and 90 

Rizzo (2011) points out that driving simulators have the capacity to distinguish between controls 91 

and drivers with Alzheimer‟s disease, Parkinson‟s disease or stroke, and have enabled a better 92 

understanding of driving impairments and driver error. Their view is that driving simulators may 93 

be of assistance in driver assessment and rehabilitation but that further research is required to 94 

validate their predictive ability in real life driving and rehabilitation potential. When criteria such 95 

as at-fault crashes and traffic citations are used for persons with visual or neuropsychological 96 

deficits, there is little or no correlation between drivers‟ performance on the simulator and their 97 

history of driving citations and crashes; this is attributed to the limited sensitivity of these 98 

indicators, which are discrete rare events (Akinwuntan et al., 2012). Akinwuntan et al. (2012) 99 

note that there is no evidence that driving simulators provide test-retest reliability and stress the 100 

need for further research in this area. 101 

Driving simulators vary in their characteristics, that is, motion base vs. fixed base, interactivity, 102 

resolution and field of view, as well as in their validity against actual road driving (Uc and Rizzo 103 

2008). Different simulators pose different limitations to researchers that should be considered 104 

when they design their experiments. For example, simulator limitations in presenting visual 105 

information can have serious effect on driving performance. Limitations in display resolution in 106 

low-cost simulators may affect the ability of drivers to discern momentary changes in distance-107 

velocity of an oncoming vehicle during a passing maneuver on a two-lane highway (Staplin, 108 

2010). Researchers are advised that questions setting specific requirements regarding traffic 109 

environment, features and tasks may not be able to be addressed by a simulator with limited 110 

capabilities (Caird and Horrey 2011).  111 

In order to make comparisons between research studies conducted on different simulators or 112 

explain conflicting findings, it is important that the scenarios are specified in sufficient detail 113 

(Rizzo 2011). Furthermore, comparability across simulation studies can be improved by 114 

assessing and reporting relevant individual characteristics that are associated with driving ability 115 

(Ball and Ackerman 2011). These are related to demographic and health factors which may 116 

impact driving ability, such as age, gender, race, education, abilities, general health, medical 117 

diagnoses, medication use and driving frequency (Ball and Ackerman, 2011; Rizzo, 2011).  118 

A disadvantage of driving simulators, which has implications for simulator research, is simulator 119 

adaptation syndrome (SAS). SAS is characterized by autonomic symptoms including nausea and 120 

sweating. It is more common among older drivers and females and it can be reduced using 121 

appropriate techniques and through scenario design (Rizzo, 2011; Trick and Caird, 2011). Allen 122 
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et al. (2007), Park et al. (2007) and Park et al. (2006) have developed scenarios which were 123 

designed to minimize simulator sickness and to be sensitive to aging driver; they observed that 124 

when the scenarios were presented in order of suspected symptom propensity, participants were 125 

more likely to drop out after completing or when attempting a scenario requiring a higher driving 126 

speed (45mph) within a visually complex background and intersection turning.  127 

The issue of adaptation is a concern in relation to participant exposure and a threat to the validity 128 

of results. Drivers should be given the opportunity to practice and adapt prior to the experimental 129 

phase of the simulation application (Stoner et al. 2011). Screening is often used (simulator 130 

sickness questionnaire) to exclude participants who are susceptible to simulator sickness. 131 

However, it is still possible that people who pass the screening tests will develop SAS. It is 132 

therefore probable that the remaining sample will no longer be representative of the study 133 

population. Therefore, researchers are strongly advised to report the incidence of simulator 134 

adaptation syndrome and the characteristics of dropouts (Trick and Caird 2011). 135 

 136 

Objectives 137 
 138 

The present paper is a review of studies on driving performance assessment with the use of 139 

driving simulators, aiming at: (i) identifying and summarizing studies investigating driving 140 

performance as assessed on simulators in relation to cognitive impairments, particularly those 141 

which are age-related or caused by neurodegenerative disorders including mild cognitive 142 

impairment (MCI), Alzheimer‟s disease, Parkinson‟s disease and stroke; (ii) identifying issues 143 

that should be considered in the design of simulator experiments with potential impact on the 144 

generalizability of the research findings. To this end, emphasis is put on study findings, 145 

experiment design considerations and limitations of studies, as discussed by the authors when 146 

interpreting the findings of their studies.  147 

 148 

Approach  149 

The review, although not exhaustive, includes studies investigating driving performance as 150 

assessed on simulators of drivers with cognitive impairments which are age related or caused by 151 

neurodegenerative disorders including mild cognitive impairment (MCI), Alzheimer‟s disease, 152 

Parkinson‟s disease and stroke. Summaries of the studies are presented, which include 153 

information on the research questions, the characteristics of the subjects, the type of simulators 154 

used (level of fidelity), the driving scenarios and tasks used, simulator outcomes, dependent 155 

measures (e.g. behavioral data, crashes), and the main findings, as well as further research 156 

suggestions. Moreover, consideration is given to the studies‟ limitations and the interpretation of 157 

the findings (as noted or discussed by the authors) in an effort to identify issues which may limit 158 

the generalizability of research results and should be considered in the design of simulator 159 

experiments.  160 

RESEARCH RESULTS 161 

 162 

Driving performance of people with Parkinson disease and stroke 163 
 164 

The study of Stolwyck et al. (2006) examined the impact of a concurrent task on driving 165 

performance among18 current drivers with PD in the mild to moderate stages (mean age 67.62) 166 
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and 18 matched controls (mean age 67.13) using a fixed base simulator. They found that  167 

cognitive difficulties associated with PD compromise driving performance even in the mild to 168 

moderate stages of the disease. The presence of a concurrent task was manipulated between 169 

conditions. The dependent variables which were investigated included several driving behaviors 170 

in respect to traffic signals (approach speed, deceleration point, stopping point) and road curves 171 

(mean speed, speed variability, mean lateral lane position, lateral lane position variability) and 172 

the concurrent task (accuracy and response time). The independent variables were the presence 173 

of a concurrent task and participant status. The study findings indicate that both groups of drivers 174 

with PD in the mild to moderate stages and matched controls (in respect to age, years of 175 

education and years of driving) were similarly affected by the concurrent task (auditory task 176 

requiring driver‟s response) on most driving measures: when the concurrent task was present 177 

both groups applied tactical adaptations to their driving behavior, resulting in a more 178 

conservative driving. The concurrent task had a disproportionate effect in performance at 179 

operational level (PD started deceleration later, closer to the traffic signal. People with PD 180 

tended to trade concurrent task performance to maintain driving performance. In people with PD 181 

measures of cognitive tests were associated with tactical and operational level of performance.  182 

Vaux et al (2010) studied how the ability of participants with neurodegenerative disease (AD and 183 

PD) to detect impending collisions differed from that of neurologically normal participants of 184 

comparable age (mean age 69.67) in a low-fidelity simulator (desktop computer). The groups 185 

consisted of men and women (27% women in the neurodegenerative disease group and 38% in 186 

the neurologically normal group). Performance on a battery of standardized neuropsychological 187 

tests suggested early cognitive decline in the AD/PD group. The dependent variables were the 188 

collision detection sensitivity (indicating the ability to detect collision) and independent variables 189 

were the number of obstacles and time to contact (TTC). Group was a between subjects variable 190 

and number of objects (two levels: one and six objects) and TTC (1second and 3seconds) were 191 

the repeated measures variables.  When a single object is present in the driving scene both 192 

groups performed with some degree of sensitivity at each of the TTC conditions. For the 3-193 

second TTC/6 objects condition, the results indicate that the comparison group has some degree 194 

of sensitivity whereas the neurodegenerative group has no sensitivity to detect a collision. For 195 

the 1-second TTC /6 objects condition, both groups had high sensitivity to detect a collision. The 196 

results suggest that drivers with AD and PD required additional time to detect impending 197 

collisions which likely impairs their ability to avoid collision events measured by the current 198 

simulation task. Impairments on the collision detection tasks in the neurodegenerative disease 199 

group reflected a variety of combined disturbances of visual-sensory processing, motion 200 

processing, attention, visuo spatial skills and executive functions as implied by the association 201 

between poor collision sensitivity and poor performance on tests of cognition and visual 202 

attention. Authors suggest that more data is needed to disclose relationships between 203 

performance on the collision detection task and real-world evidence of driver behavior.  204 

Lee and al.,(2007) explored the validity of using driving simulator technology in assessing 205 

drivers with PD. Fifty PD patients and 150 healthy controls of comparable age participated in the 206 

study. All aged between 60 and 80, they were current drivers with no history of violations. The 207 

criteria for assessing the simulator and on-road tests were combined by principal component 208 

analysis, while an overall simulated driving index and a road assessment index were developed 209 

for the PD group and the control group. The indices were significantly different in the 210 

experimental and control groups. In the simulated driving test, the drivers with PD performed 211 

less safely than the controls. The PD patients did not perform well in both the tactical and the 212 
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operational level. Participants with PD tended to drive slower in response to road hazards, unable 213 

to control speed and movement of the steering wheel, to apply the brakes smoothly, to address 214 

two tasks simultaneously and to make quick decisions and judgments. These problems are 215 

related to decrements in motor skills, visuo-spatial processing, working memory and executive 216 

function planning. They also failed to perform well at either the tactical or the operational level. 217 

Forty percent of the variability in the Road assessment Index of drivers with PD can be explained 218 

by the Simulator Driving Index, after adjusting for age, gender and average miles per year. The    219 

corresponding percentage of the control group was sixty eight percent.  Authors conclude that 220 

according to the findings of the study driving simulators can provide valuable information on PD 221 

driver‟s ability. The study‟s limitations as noted by the authors were the relatively few women 222 

participants, the non-representativeness of the target population, the probable self-selection bias, 223 

the use of medication and the fear of information technology in the older adult population. The 224 

authors suggest further research into which level of behaviors contributes more to the poor 225 

performance of PD patients and validation of the simulator with a randomized control sample. 226 

They also suggest that driving simulators can be developed into a cost-effective screening tool. 227 

Patomella et al. (2006) conducted across-sectional observational study investigating aspects of 228 

validity and stability of Performance Analysis of Driving Ability (P-Drive) for people with 229 

stroke using a technically-advanced driving simulator. One hundred and one participants with 230 

stroke (referrals) were included in the study having met specific inclusion criteria. P-Drive was 231 

used to score driving performance on the basis of observations and specific scoring criteria per 232 

item defined in P-Drive. P-Drive items were classified into tactical and operational according to 233 

Michon‟s levels. The findings indicate that P-Drive is an assessment tool with properties of 234 

internal scale validity and person response validity, which also contains aspects of reliability in 235 

relation to precision of the estimates and separation. Items requiring great attention and rapid 236 

information processing were the most challenging and those concerning maneuvering were the 237 

least challenging. In addition, items requiring tactical decisions were more challenging than 238 

those for which only operational decisions were required. The authors suggest that the over-239 

representation of male participants is probably attributable to the male dominance of referrals.      240 

 241 

Driving performance of people with mild cognitive impairment (MCI) and Alzheimer’s 242 

disease 243 
 244 

Rizzo et al. (2001) studied the response of 18 drivers with AD (with mild to moderate cognitive 245 

impairment) and 12 non-demented drivers of similar age to a vehicle incursion at an intersection 246 

in a high-fidelity simulator (Iowa Driving Simulator). The results showed increased crashes in 247 

the AD group, inappropriate or too slow control responses and inattention 5 sec preceding a 248 

crash event. Measures of lateral control and longitudinal vehicle control on the uneventful 249 

segments before the intersection varied within restricted ranges and did not differ significantly 250 

between AD group and control groups. These findings were combined with those of another 251 

study examining rear-end collision avoidance in drivers with AD. The combined crashes were 252 

predicted by performance scores on cognitive tests sensitive to declines in aging and AD. 253 

Interestingly, the authors suggest in their discussion that by manipulating task demands in a 254 

simulated environment, that is by increasing “exposure” of cognitively impaired drivers and 255 

posing sufficient challenge, it is possible to observe safety errors of different types and infer 256 

crash risk through these observations (Rizzo et al., 2001).     257 
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Devlin et al. (2012) examined how older drivers with and without Mild Cognitive Impairment 258 

(MCI) perform when approaching intersections, testing fourteen male and female older drivers 259 

with MCI and fourteen age-matched healthy drivers using a portable driving simulator with an 260 

established relative validity for some operations. Specific performance measures include were 261 

approach speed, number of brake applications on approach to the intersection, failure to comply 262 

with stop signs and braking response times on approach to critical light change The preliminary 263 

evidence suggested that drivers with MCI performed less well when approaching controlled 264 

intersections and critical light-change intersections. Healthy drivers demonstrated a greater 265 

number of foot hesitations on approach to stop-controlled and critical light change intersection 266 

compared to the MCI group; this behavior was probably adopted as a strategic mechanism. A 267 

large variation in cognitive ability amongst the drivers with MCI was found. Some limitations of 268 

the study, as reported by the authors, include the representativeness of the sample, volunteer bias, 269 

the strict inclusion criteria, the small sample and the use of the MMSE as a screening tool, which 270 

might not detect highly-educated participants with age-related cognitive impairment in the 271 

control group (Devlin et al., 2012). These limitations would affect the possibility of drawing 272 

general conclusions from the results.     273 

A study by Frittelli et al. (2009) examined the impact of Alzheimer‟s disease (AD) and Mild 274 

Cognitive Impairment (MCI) on driving ability using a low-cost, personal-computer-based 275 

interactive driving simulator. The study included twenty patients with mild AD (CDR=1), 20 276 

individuals with MCI (CDR=0.5) and 19 neurologically normal aged controls. The groups were 277 

matched in terms of age, level of education and years of driving experience. There was a slight 278 

imbalance between patients and controls in terms of numbers of men and women and results 279 

were not adjusted for gender. The study detected greater impairment of driving performance in 280 

AD patients than in healthy and MCI subjects. Drivers with AD were rated as significantly worse 281 

than MCI subjects and healthy elderly drivers on three driving behaviors, length of the run (sec), 282 

mean time to collision and number of off-road events (defined as occurring when the centre of 283 

the car‟s bonnet crossed the lateral border of the road).  The only statistically significant 284 

difference between MCI patients and healthy control subjects was in the shorter mean time to 285 

collision of MCI subjects. Although driving performance was significantly related to cognitive 286 

decline, correlations with the MMSE score for overall cognitive function were not significant 287 

(Frittelli et al., 2009). The conclusion of the authors is that driving simulator tests are a valid and 288 

reliable screening tool for determining the competence of drivers with early AD and they suggest 289 

further research on whether the observed impairment translates into increased accident risk.  290 

Uc et al. (2006) tested avoidance of rear-end collisions (REC) in 61 drivers with AD and 115 291 

elderly controls, all holding valid driving licenses, using a high fidelity driving simulator. 292 

Participants were matched for educational level. AD participants were older and in this group 293 

male gender predominated. Indexes of driving performance used were the standard deviations of 294 

mean steering wheel position, mean speed change, mean number of large steering adjustments 295 

(>6) per minute. The response of the AD subjects in collision avoidance situations was less 296 

effective than that of the controls. This was not a result of the older age or lower driving 297 

exposure of the AD participants. Although the likelihood of REC in AD drivers was not 298 

significantly higher, they were less quick to react and were more likely to respond in an unsafe 299 

manner, by suddenly slowing down or stopping before reaching the intersection. 300 

According to this study, multiple factors are predictive of unsafe outcomes in the REC avoidance 301 

task, consistent with its multilevel cognitive sensory and motor demands. AD participants 302 

showed poorer vehicle control than neurologically normal older drivers based on significantly 303 
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increased variability and a tendency for increased speed variability in baseline driving 304 

circumstances under low traffic conditions on an uneventful segment of two-lane highway. 305 

Poorer vehicle control at baseline predicted unsafe outcomes in the complex driving condition at 306 

the intersection, suggesting that basic measures of driving in the simulator can predict outcomes 307 

in high risk situations. The specific simulator experiment revealed that unsafe –“hidden”- driving 308 

behaviors are theoretically related to crashes and occur more frequently. The safe response of 309 

participants with mild dementia in the REC avoidance task implies that some older drivers with 310 

neurological disorders may continue to drive safely. The authors‟ findings suggest that decisions 311 

regarding fitness to drive should take performance-based testing into consideration and should 312 

not be made on the basis of diagnosis alone.  313 

 314 

Age comparisons 315 
 316 

Using a fixed-base simulator with a 40-degree horizontal field of view, Cantin et al. (2009) 317 

examined if the mental workload of young and older active drivers varies with the difficulty of 318 

the driving context. Workload was measured using the probe reaction time (RT) technique. 319 

Twenty male drivers participated in the study, ten aged between 20 and 31, with a mean age of 320 

24, and ten aged between 65 and 75, with a mean age of 69.  During the experimental drive, 321 

participants were exposed to three auditory stimuli in three increasingly complex driving 322 

contexts: at constant speed on straight roads; approaching intersections; and overtaking a slower 323 

vehicle. For both groups, there was an increase in the mental workload at intersections. At more 324 

complex intersections there was a further increase, disproportionately so in the case of the older 325 

drivers. Vehicle control did not decline in response to stimuli. In each group there were few 326 

omissions, although in driving contexts of greater complexity, the older drivers failed to respond 327 

more than twice as often as the younger drivers. Older drivers were observed to use 328 

compensatory driving strategies. Accidents or incidents did not become more frequent for elderly 329 

drivers and there was one serious error at an intersection. The authors suggest examining 330 

whether this failure state is observable in the case of at-risk drivers, such as those who are older 331 

than 85 years of age or those suffering from mild cognitive impairment.  332 

In discussing the limitations of their study the Authors note the participation of volunteers who, 333 

in addition, were active and cognitively fit and nearly ideal driving conditions. Moreover, the 334 

increased number of braking events among the older individuals compared to younger 335 

individuals may be attributed to either increased workload or visual deficits (due to decreased 336 

sensory detection capability) or to an increased motor output variability associated with aging.  337 

The results suggest that driving scenario for simulator studies can be manipulated in such a way 338 

to mimic the mental workload imposed by similar on-road driving contexts. A more systematic 339 

examination of the interactions between aging and driving complexity may provide insight in to 340 

the events leading to driving errors made by older drivers.  341 

The study of Park et al. (2007), Allen et al., (2007), compares the driving simulation 342 

performance of 51 younger drivers (22 male, 29 female) aged 21-50, with 67 older drivers (37 343 

male, 30 female) aged 70-90, with  a minimum of 5 years driving experience. A desktop driving 344 

simulator with wide field of view driving simulator was used. They were subjected to a large 345 

number of physiological, sensory and neuropsychological tests and completed a simulator 346 

sickness questionnaire. There were five sessions in the simulated driving part of the test battery. 347 

Simulation measures used included standard deviation of curvature error, time taken for 348 

completion of a construction zone obstacle course, standard deviation of time-to-collision in 349 
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multiple lane-changing tasks, composite vehicle collision count, number of hard braking (>0.5g) 350 

instances, average time to collision, pedestrian collisions, number of cone collisions in 351 

construction zone scenario, average vehicle speed, standard deviation of vehicle speed and 352 

composite number of excessive steering instances.  353 

The results of this study indicate that older drivers were 4 times more likely to hit pedestrians; 354 

they also had more instances of hard braking and their average was lower and took longer to 355 

complete the scenario. The two age groups differed markedly in terms of TTC. Based on the 356 

results of regression analysis, the authors note that cognitive variables (measures) are related to 357 

no more than two simulation variables, while simulation variables are related to four or five 358 

cognitive variables. Park et al. (2007) showed that simulator performance is age-sensitive but 359 

does not appear to be sensitive to measures of discomfort. The simulator measures showed 360 

significant correspondence with traditional cognitive test instruments and that simulator 361 

measures provide more age discrimination relative to the variability of the measures. The authors 362 

suggest that it might be possible to condense these scenarios, which lasted about an hour over 363 

four sessions, into a single 30-minute long scenario. Procedures need to be developed to improve 364 

screening so as to minimize Type I errors (rejection of an unimpaired subject) and Type II errors 365 

(acceptance of an impaired subject). 366 

Andrews et al. (2012) examined compensatory processes for age-related declines in cognitive 367 

ability in 22 younger (26-40years, nine men) and 22 older drivers (60+, nine men). All the 368 

participants were active drivers with at least six years of driving experience. The two groups 369 

were similar in terms of visual status and general health and although they had different levels of 370 

driving experience, their current driving activity was matched in terms of frequency, annual 371 

mileage and road use (Hakamies et al. 2005). There was no difference in their history of adverse 372 

events. The participants were tested in two separate 75-minute sessions. The first consisted of 373 

cognitive tests and self-report subjective workload questionnaires (NASA TXL), while the 374 

second consisted of a driving experiment conducted on a low-fidelity simulator. Participants 375 

performed a car-following task in one version that required no braking by the lead car and in 376 

another that required braking in each of four driving scenarios representing a variety of urban 377 

demands. The dependent measures were mean time headway, minimum time to collision (TTC), 378 

anticipation of lead vehicle braking events, number of anticipated events, standard deviation of 379 

speed and standard deviation of lane position.  380 

The results show that older drivers adopted a compensatory behavior in terms of longer 381 

headways (by means of altered speed/timing strategy) to off-set the effects of age-related 382 

cognitive slowing. The older group was relatively homogeneous in adopting this strategy which 383 

was not dependent with scores of crystallized abilities or cognitive reserve.  In the older group a 384 

subgroup of cognitively more able participants show a compensatory process, i.e., in that they 385 

anticipated traffic events more frequently than cognitively less able older participants. Authors 386 

refer to selective compensatory process which is applied a older participants with higher 387 

cognitive ability including an index of crystallized ability. This age-related compensation 388 

however is correlated with increased workload experienced by older individuals. Prediction of 389 

age-related compensatory processes may require an index of pre-decline intelligence, i.e. 390 

crystallized ability. Authors suggest the use of cognitive ability tests as a part of screening 391 

process for older drivers. The authors note a sampling bias related to volunteers who may not be 392 

representative of the population of interest. Regarding representativeness of older populations, 393 

the sample consisted of individuals who were healthy, fit and active. They also recognize that 394 
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when examining the effects of aging, cross-sectional studies make it difficult to distinguish age 395 

from cohort effects.  396 

Mullen et al. (2008) investigated whether driver performance on one task was predictive of 397 

performance on another and also investigated the relationship between cognition and driving. 398 

Twenty-six drivers aged 55 to 80 (5 male and 21 female, mean age 63, SD=6.8 years), all 399 

holding valid licenses, volunteered to participate in the study. Cognitive tests were conducted 400 

prior to the experimental drive, a 15-minute orientation drive was completed by subjects in order 401 

for them to acquire familiarity with the driving simulator and controls. A desktop simulator with 402 

a wide field of view was used. In the rural highway course scenario speed maintenance ability 403 

was assessed.  The dependent variables were the percentage of time the participants drove within 404 

+-5mph of 55 mph and the total number of driving errors recorded throughout the drive. In the 405 

parking lot scenario, the situational awareness of participants and their emergency braking ability 406 

were assessed, while number of collisions (with vehicles and pedestrians) and number of driving 407 

errors were the dependent variables. 408 

The construction zone scenario assessed motor control ability with steering wheel and pedals, 409 

while number of collisions (with road cones and workers) and number of driving errors were the 410 

dependent variables. Drivers were asked to perform three driving tasks requiring different skill 411 

sets and expected to involve different areas of cognition which had been shown to be sensitive to 412 

age-related declines in performance (3.0 mile rural highway course; 0.5 mile parking lot course 413 

and 1 mile construction zone course. The lack of correlation in the performance of the three 414 

driving tasks and the correlations found between the cognitive tests and the driving tasks suggest 415 

that the driving tasks involve different driving abilities and cognitive constructs. Interestingly, 416 

the authors note that for the scenarios in question, incidence of errors was not an effective 417 

measure of driving performance. This suggests that further research is required to determine 418 

which components more effectively measure driving performance. In addition, it is vital that 419 

every component of safe driving should be assessed in a standardized fashion that is consistent 420 

across research and evaluation programs. 421 

Using a driving simulator, Benedetto (2008) compared speeds and Pathologic Discomfort 422 

indicator for two age groups (younger and older drivers) in two road stretches of different 423 

complexity. Pathologic Discomfort indicator is the cumulated absolute value of the difference 424 

between the absolute values of theoretical and real lateral acceleration; when the value of 425 

Pathologic Discomfort increases the accident rate increases with a parabolic trend. The two 426 

hypotheses tested were (1) Pathologic Discomfort has the same trend along the roadway for older 427 

and younger people; and (2) Pathologic Discomfort for older people is greater than for younger 428 

drivers. Two homogeneous age groups of drivers participated in the study: the members of the 429 

younger group were 21 to 27 years old with average age 24.4 (s.d. 1.9) and the members of the 430 

older group were over 65 with average age 69 (s.d. 4.2). The investigation was conducted for two 431 

stretches of a two-lane dual carriageway road of different accident rates and geometric 432 

complexity. The stretches were homogeneous in their operational and environmental 433 

characteristics. 434 

After a training session of 10-15 minutes in the simulator, drivers drove the first stretch of road 435 

and the day after the second (less safe) stretch. Simulator measures used in the analysis included 436 

speeds and transverse accelerations. Average speeds, standard deviations of speeds of younger 437 

and older groups in each stretch and in each geometric element of each of the two stretches were 438 

compared. In addition, Pathologic Discomfort at each kilometer of the two stretches were 439 

computed and compared for the two age groups. Results indicate that if the geometry of a 440 
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roadway is more complex and tortuous, the speeds of older subjects are generally much lower 441 

than the speeds of younger subjects. The dispersion of speeds is much greater for older than for 442 

younger drivers. The two hypotheses tested were verified. Specifically, Pathologic Discomfort 443 

has the same trend along the roadway for older and younger people and that Pathologic 444 

Discomfort for older people is greater. This means that the unsafe stretch of road is expected to 445 

be unsafe for both younger and older drivers and that the unsafe stretch is expected to be more 446 

unsafe for older people rather than for younger people.       447 

  448 
 449 
METHODOLOGICAL ISSUES 450 

 451 

Task demand in a simulated environment 452 
 453 

Manipulation of task demands in a simulated environment allows the identification of 454 

performance inadequacies. Cantin et al. (2009) suggest that driving scenarios for simulator 455 

studies can be manipulated in such a way as to mimic the mental workload imposed by similar 456 

on-road driving contexts; when compared to younger drivers, older drivers show performance 457 

decrements in concurrent tasks for more complex driving contexts. When assessing cognitively 458 

impaired drivers, the presentation of driving conditions of increasing complexity posing them 459 

sufficient challenge in a simulator allows performance decrements to be studied in different 460 

cognitive domains (Rizzo et al., 2001; Vaux et al., 2009; Cantin et al., 2009; Dijksterhuis et al., 461 

20011). Stolwyck et al. (2006) found that people with PD tended to trade concurrent task 462 

performance to maintain driving performance. Cantin et al. (2009) suggest that a challenge in 463 

research is to identify the mechanisms that relate to the tasks under investigation and understand 464 

how they evolve with driving complexity. 465 

Moreover, it would be interesting to examine the ability of individuals (with increased mental 466 

workload or cognitively impaired) to properly allocate resources or prioritize particular aspects 467 

of performance (Cantin et al. 2009). When tested in collision avoidance situations, drivers with 468 

AD showed poorer vehicle control of the vehicle than neurologically normal older drivers; in 469 

addition, poorer vehicle control at baseline driving circumstances (under low traffic conditions 470 

on an uneventful segment of two-lane highway) predicted unsafe outcomes in the complex 471 

driving condition at the intersection, suggesting that basic measures of driving in the simulator 472 

can predict outcomes in high-risk situations (Uc et al. 2006). Stolwyck et al. (2006) found that 473 

the concurrent task had a disproportionate effect on performance at operational level and they 474 

note that such operational level behavior being time-pressured may compete with the concurrent 475 

task for controlled processing resources. The study findings indicate that both PD and healthy 476 

control groups were similarly affected by the concurrent task on most driving measures and 477 

when the concurrent task was present, both groups applied tactical adaptations to their driving 478 

behavior, resulting in a more conservative driving style.  479 

According to the findings of a study on older drivers in relation to road geometry (Benedetto 480 

2008), the speeds of older drivers are generally much lower than the speeds of the younger 481 

drivers and as the road complexity increases older subjects drive at slower speeds; in addition, 482 

older drivers experience more difficulties as road complexity increases. The occurrence of 483 

compensatory behavior was also identified in a study of Cantin et al. (2009), who note that 484 

although older drivers exhibited a higher mental workload than younger drivers, their driving 485 

performance was not significantly different from that of younger drivers. In a comparison of 486 

older and younger age groups of active drivers, Andrews et al. (2012) found that older drivers 487 



International Conference Road Safety and Simulation         RSS2013 22-25 October 2013 Rome, Italy 

12 
 

Vardaki S., Yannis G., Papageorgiou S. 

relatively homogeneously adopted a compensatory behavior in terms of longer headways, 488 

applying speed/timing strategy to off-set the effects of age-related cognitive slowing, and that 489 

this strategy was not dependent with scores of crystallized abilities or cognitive reserve.  490 

A subgroup of older drivers with higher cognitive ability – including an index of crystallized 491 

ability – showed a compensatory process, i.e., in that they anticipated traffic events more 492 

frequently than cognitively less able older participants. This age-related compensation requires 493 

investment of greater effort as implied by its correlation with increased workload experienced by 494 

older individuals (Andrews et al. 2009). A strategic mechanism was also observed in healthy 495 

older drivers who, in comparison with MCI age-matched drivers, demonstrated a greater number 496 

of foot hesitations on approach to stop-controlled and critical light change intersections (Devlin 497 

et al. 2012).  498 

 499 

Concerns of the studies  500 

 501 
In the reviewed papers, the authors generally recognize limitations in their studies which 502 

potentially affect the generalizability of their findings. The over-representation of male 503 

participants, which is discussed by Patomella et al. (2006), is probably attributable to the male 504 

dominance of referrals. Andrews et al. (2012) note that their sample may not be representative of 505 

the population of interest since it consisted of volunteers (sampling bias) who were also healthy, 506 

fit and active individuals. They also recognize the difficulty in distinguishing age effects from 507 

cohort effects when examining the effects of aging in cross-sectional studies.  508 

In their discussion on the limitations of their study, Devlin et al. (2012) mention the small sample 509 

as well as the volunteer bias, the strict inclusion criteria and the use of the MMSE as a screening 510 

tool, which might not be adequate to screen out highly educated participants with age-related 511 

cognitive impairment in the control group. The use of MMSE is also discussed in Frittelli et al. 512 

(2009), who compared the driving performance of drivers with MCI and AD patients with 513 

control subjects. They note that although driving performance was significantly related to 514 

cognitive decline, the correlations with MMSE score of overall cognitive function were not 515 

significant. In Dijksterhuis et al. (2011), the occurrence of crashes is attributed to bad lateral 516 

control stemming from both driving simulator characteristics and the steering skills of crash-517 

involved participants. Moreover, dangerous driving over lane markings in a narrow lane on a 518 

two-lane roadway with oncoming traffic might be related to driving simulator characteristics. 519 

An issue of concern in studies on differences in driving performance is whether the differences 520 

in the dependent variables are a result of the independent variables under investigation or other 521 

confounding variables. This is particularly relevant e.g., in comparisons between different age-522 

groups where conclusions should be drawn on whether any differences found are the result of 523 

age per se and not of variables confounded with age; and also when investigating the effects of 524 

age-related disorders. In respect of study design techniques, confounding can be treated by 525 

randomization as well as by matching experimental groups in terms of confounding variables or 526 

adequate screening (Trick and Caird, 2011). Randomization allows equal distribution of all 527 

characteristics – both measured and unmeasured – between experimental groups, thereby 528 

diminishing the potential for confounding. Yet the effectiveness of the technique is largely 529 

dependent on the sample size. Either because of small samples or by chance, imbalances are still 530 

probable. It is therefore advisable to measure confounding variables and their influences be 531 

accounted using analytical techniques (McGwin 2011).  532 
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Trick and Caird (2011) note that in research on older drivers, the increased variability among 533 

participants of the same age compared to younger drivers should be recognized. Furthermore, in 534 

studies of age-group comparisons, within-subject manipulations using complex designs with 535 

multi-session testing, the increased variability within the same individual over time is an issue of 536 

concern regarding the reliability of the measurements. In such designs, larger samples allow the 537 

effects of increased variability across time in the performance of older adults to be counteracted 538 

(Trick and Caird 2011). Common threats to internal and external validity when using driving 539 

simulation, together with advice on how to address relevant issues in the study design and 540 

implementation, can be found in Caird and Horrey (2011).  541 

The variation in cognitive abilities and in driving performance of drivers with impairments has 542 

been discussed in the reviewed studies. For example, Devlin et al. note that the trends found 543 

regarding the performance of older drivers (MCI and controls) when approaching intersections 544 

were not statistically significant and recognize limitations regarding the sample size and 545 

characteristics limiting the generalizability of the findings. Uc et al. (2006) note that drivers with 546 

mild dementia responded safely in the REC avoidance task, implying that some older drivers 547 

with neurological disorders (mild dementia) may continue to drive safely. Researchers suggested 548 

validation of the simulators with randomized samples (Lee et al. 2007) and larger samples 549 

(Shechtman et al. 2009). 550 

 551 

Driving scenarios: relationships between tasks and cognitive domains 552 
 553 

Mullen et al. (2008) investigated whether performance on one driving task was predictive of 554 

performance on other driving tasks. Based on the study results, which show a lack of correlation 555 

in performance between the three driving tasks and correlations between the cognitive tests and 556 

the driving tasks, they suggest that driving tasks involve different driving abilities and cognitive 557 

constructs. They also stress the importance of assessing performance by seniors on a range of 558 

driving tasks. Furthermore, Andrews et al. (2012) note that when considering associations 559 

between cognitive ability and driving performance, if younger and older drivers perform the 560 

driving task in different ways then we can predict that ability-performance associations will 561 

differ between groups. Cantin et al. 2009 note that a more systematic examination of the 562 

interactions between aging and driving complexity may provide insight into the events leading to 563 

driving errors made by older drivers. 564 

Mullen et al. (2008) stress that in the driving assessment, each and every component of safe 565 

driving should be assessed in a standardized fashion that is consistent across research and 566 

evaluation programs and that future research is needed into which components more effectively 567 

measure driving performance. In Rizzo et al. (2001), the combined crashes were predicted by 568 

performance scores on cognitive tests sensitive to declines in aging and AD. In Vaux et al. 569 

(2010), impairments on the detection collision tasks in the neurodegenerative disease group (AD 570 

and PD) reflected a variety of combined disturbances of visual-sensory processing, motion 571 

processing, attention, visuo-spatial skills and executive functions as implied by the association 572 

between poor collision sensitivity and poor performance on tests of cognition and visual 573 

attention. Lee et al. (2007) observed that participants with PD tended to drive more slowly in 574 

response to road hazards and were unable to control speed and movement of the steering wheel, 575 

to apply the brakes smoothly, to address two tasks simultaneously and to make quick decisions 576 

and judgments. These problems are related to decrements in motor skills, visuo-spatial 577 

processing, working memory and executive function planning. Uc et al. (2006) found that 578 
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multiple factors predict unsafe outcomes in the REC avoidance task in drivers with mild AD, 579 

consistent with the multilevel cognitive sensory and motor demands of this task. 580 

 581 

Adaptation syndrome and practice scenarios 582 

 583 
An important precondition for validity of experiments carried out using a driving simulator is 584 

adaptation. Learning how to control a simulated vehicle imposes a mental workload on 585 

participants which can potentially distract them from performing the main task and bias the 586 

results of experiments. Most researchers have a practice session before the main experiment to 587 

ensure participants have adapted (Sahami and Sayed 2013). Assessing the time required by older 588 

and younger experienced drivers to adapt to a fixed-base simulator and steer in a stable manner, 589 

McGehee et al. (2004) note that although drivers seem to adapt their steering control quite 590 

quickly, the adaptation period is likely to depend on a combination of simulator fidelity and the 591 

cognitive tasks involved. In their study, Ronen and Yair (2013) ascertained that roads of different 592 

complexity and demand (curved, urban and straight) require different adaptation times. 593 

The relatively demanding curved road required longer adaptation times and there was a need for 594 

improvement in more performance measures than for urban and straight roads. Subjective 595 

estimations corresponded very closely with most performance measures in all road types, 596 

although underestimation was found for the more sensitive measures that required longer time 597 

for adaptation in each road type. In particular, for the least demanding the straight-road scenario 598 

adaptation (according to the statistically significant road edge excursions measure) was 599 

established after driving about 6.3 min. Similarly, in McGehee et al. (2004) adaptation to a two-600 

way road way was achieved after 6 min, while Sahami and Sayed (2010) found the mean 601 

adaptation time to be more than 7min. According to the results from the urban road (Ronen and 602 

Yair 2013), the RMS of steering wheel deviations showed adaptation after 9.2 min., whereas the 603 

RMS of longitudinal speed showed adaption after 14.8 min, probably due to maneuvering on 604 

narrow and busy roads. The curved road was the most demanding road, requiring more 605 

negotiation of the wheel and pedals, since it is a control task. 606 

RMS of steering wheel deviations and the number of deviations from the driving lane showed 607 

significant patterns of adaptation, which was achieved after about 11.1 min., corresponding to 608 

the subjective assessment of adaptation. RMS of lane position was the other significant 609 

performance measure for the curved road type, adaptation being achieved after 14.4 min. In their 610 

study, Sahami and Sayed (2013) provide recommendations to improve the quality of design for 611 

the practice scenario and to minimize its impact on the experiment scenario, suggesting that 612 

participant adaptation to a driving simulator is task independent as long as the practice scenario 613 

provides them with the chance to repeatedly practice a scenario using pedals and steering. In 614 

their recommendations, they suggest that a practice scenario should provide chances for them to 615 

modify all their driving skills (distance judgment, pedal and steering control). A repetitive 616 

scenario will help the researcher track the learning under identical conditions and make sure 617 

whether adaptation has occurred. Furthermore, the scenario should not be defined for drivers to 618 

focus on one specific aspect of driving. Improper practice design can introduce unwanted bias as 619 

drivers tend to focus on specific sub-skills that they have practiced more. Fourier analysis 620 

(McGehee et al. 2004) showed that different types of variability are differentially sensitive to 621 

adaptation and age, with the higher frequency components discriminating between older and 622 

younger drivers relative to the low frequency components. The authors note that Fourier analysis 623 
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may help identify more subtle differences in driving populations, such as those who are afflicted 624 

with Alzheimer‟s disease or have suffered stroke. 625 

 626 

CONCLUSIONS 627 
 628 

The present paper is a review of studies investigating driving performance as assessed on 629 

simulators in relation to cognitive impairments, particularly those which are age-related or 630 

caused by neurodegenerative disorders including mild cognitive impairment (MCI), Alzheimer‟s 631 

disease, Parkinson‟s disease and stroke. The review aims at summarizing research findings and 632 

identifying issues that are considered to be important as probably affecting the generalizability of 633 

the results.  634 

In the studies reviewed, emphasis was put on simulator test design considerations, which are 635 

outlined herein. Driving simulators are used to identify relationships between driving 636 

impairments and performance in cognitive tests. They also provide the possibility of safe and 637 

controlled observation of driver errors of different risk severity in a range of operational and 638 

tactical driving tasks in populations of various demographic characteristics and driving 639 

impairments due to various diseases or conditions. It should be stressed that demographic and 640 

health factors having an impact on driving ability as well as confounding variables that occur in 641 

driving should be measured and accounted for in comparisons between different age-groups and 642 

in investigations of the effects of age-related disorders. Various techniques can be used to treat 643 

confounding variables; however, their effectiveness largely depends on the sample size.   644 

Scenario design and related driving tasks along with dependent and independent measures are 645 

based on the specific research question(s) which in turn should be transformed into explicit test 646 

hypotheses. Manipulation of driving task complexity and use of concurrent tasks allow the 647 

identification of different types of safety errors and how they relate with impairments in certain 648 

cognitive domains. Challenges that researchers commonly have in performance assessment with 649 

the use of driving simulators relate to limitations of the simulators, scenario validation as well as 650 

participant adaptation. A discussion on these issues follows.  651 

The potential usefulness of the simulator in providing valuable information on driving 652 

performance has been shown in several studies. This is evident particularly when driving 653 

performance assessment on simulators are combined with neuro-psychologic testing. The 654 

reviewed studies provide evidence that driving performance impairments measured in the 655 

simulators relate to decrements in cognitive tests (Rizzo et al., 2001; Uc et al., 2006; Stolwyck et 656 

al., 2006; Mullen et al., 2008; Park et al., 2007; Frittelli et al. 2009; Devlin et al., 2012; 657 

Patomella et al., 2006; Vaux et al. 2010). The studies reviewed have stressed the need: to 658 

develop widely accepted (operational) definitions of safe and unsafe driving; to examine which 659 

components more effectively measure driving performance; to examine in a systematic way the 660 

interactions of driving complexity with age-related cognitive decline and the effects of brain 661 

injuries and neurological and neurodegenerative diseases on cognition (in order to get insight 662 

into the events leading to driving errors); to assess the components of safe driving in a 663 

standardized and consistent way; and to determine sensitivity and specificity of simulation tests 664 

in impaired subjects (including specific neurologically impaired populations) (Akinwatan et al., 665 

2012; Dijksterhuis et al., 2011; Ball and Ackerman, 2011; Rizzo, 2011; Cantin et al., 2009; 666 

Mullen et al., 2008; Park et al., 2007). 667 

The need to develop and use standardized sets of scenarios and scenario components in 668 

performance assessment – including the assessment of individuals with specific impairments – is 669 
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stressed among researchers. In regard to driving assessment in subjects with medical disorders, 670 

Rizzo (2011) notes that the particular scenario to use depends on the specific clinical question 671 

being asked and suggests that “to develop appropriate simulator scenarios a hypothesis-based 672 

deductive approach to behavioral diagnoses (such as unsafe driving) is necessary”. Uc and Rizzo 673 

(2011) point out that “scenario design should aim at discerning the effect of cognitive, visual and 674 

motor deficits on driving in these conditions and should take practical difficulties of 675 

implementation into consideration”. In age-group comparisons, in order to reveal age 676 

differences, it is important that researchers investigate performance in tasks which are neither too 677 

easy nor too difficult (Trick and Caird 2011).  678 

The studies reviewed indicate that basic measures of driving in the simulator predict outcomes in 679 

high-risk situations in drivers with AD (Uc et al., 2000), and disproportionate effect in 680 

performance at operational level when a concurrent task was present (Stolwyck et al 2006). 681 

Operational and tactical levels are more relevant in simulator experimental settings. These levels 682 

influence each other with the operational level characterized by increased primacy when 683 

compared to tactical tasks (Schaap et al. 2008). For an experienced and familiar driver, under 684 

normal conditions, the control tasks are performed automatically and without cognitive control 685 

(skill-based task performance). The simulators provide the possibility to measure (the limits of) 686 

performance in control (operational tasks) which involve time-pressured behaviors in a safe and 687 

controlled way (such as acceleration, lane position, braking and maneuvering to avoid crashes, 688 

ad steering control) that may be challenged in emergency or unexpected situations.  689 

The studies reviewed have shown the need to investigate the abilities of individuals (including 690 

cognitively impaired individuals) to appropriately prioritize particular aspects of performance 691 

and especially whether basic driving abilities are challenged in complex tasks or in concurrent 692 

tasks conditions. Tactical tasks take more time to complete and refer to more complex situations 693 

involving interactions with other road users and relate to risk perception, risk taking, gap 694 

acceptance, choice of lane, choice of speed, space management, visual search behavior, visual 695 

attention and allocation (Staplin et al. 2010). Intersections, yielding right of way, driving with a 696 

secondary task, passing and overtaking, merging and lane changing are included in experiments 697 

designed to assess driving performance. In tactical tasks, the occurrence of safety errors in the 698 

execution of these tasks are more probable (Staplin 2010) and would allow the assessment of the 699 

specific mechanisms in question. Scenarios that have been used in persons with a variety of 700 

medical impairments include run-off-road on curves, car-following and rear-end collisions, 701 

intersection incursion avoidance, interaction with emergency vehicle/pedestrians, and merging 702 

with the potential for side impact collisions (Uc and Rizzo, 2011; Rizzo, 2011).  703 

Compensation is highly relevant to older drivers (Hakamies, 2004; Hakamies and Peters, 2000). 704 

Older drivers largely have extensive driving experience. As experienced drivers they 705 

consequently possess cognitive driving skills (such as anticipation and hazard recognition) that 706 

allow them to compensate for the difficulties they have due to age-related declines. 707 

Compensation, however, is also subject to functional limitations (Knoblaugh et al. 1997) and 708 

available time. Compensation might occur automatically as a reaction to cognitive overload (De 709 

Raedt et al. 2000). When task demand begins to exceed capability, compensation may be related 710 

to performance degradation or where the demand is too high and exceeds capability (overload 711 

conditions) this would result in inappropriate task prioritization or a severe decline in basic 712 

driving skills (Fuller 2005).  713 

The occurrence and the safety potential of tactical adaptations have been observed in reviewed 714 

studies (Andrews et al., 2012; Cantin et al. 2009; Benedetto, 2008; Stolwyck et al., 2006). By 715 
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increasing task complexity, the effectiveness of the compensatory potential still available to the 716 

drivers might be possible to be assessed. It seems that appropriate experiment design (research 717 

question, dependent and independent variables, scenarios) combined with cognitive tests 718 

involving relevant cognitive constructs might allow researchers to identify the occurrence and the 719 

effectiveness of compensatory behavior.  720 

When assessing cognitively impaired drivers, presentation of driving conditions of increasing 721 

complexity posing them sufficient challenge in a simulator allows the identification of 722 

performance inadequacies related to impairments in different cognitive domains and the 723 

examination of their interactions (Rizzo et al., 2001; Benedetto, 2008; Vaux et al., 2009; Cantin 724 

et al., 2009; Dijksterhuis et al., 2011). Such experimental designs are related to within-subject 725 

design which tends to be more powerful since each driver serves as their own control (Dawson et 726 

al., 2011).  727 

Dijksterhuis et al. (2011) recognize the usefulness of the simulator as a research tool when 728 

investigating the effects of independent measures in a relative sense. However, it needs to be 729 

determined whether driving performance as measured in the simulator is predictive of driving 730 

performance on the road. Simulator validity is dependent on the particular simulator and the 731 

specific driving task (Shechtman et al., 2009). Simulator validation studies focus either on how 732 

closely the simulator dynamics and visuals replicate the vehicle that is being simulated or on 733 

external validity which is tested by simulator users (Shechtman et al., 2009; Espie et al., 2005). 734 

The latter refers to the generalizability or predictability of results, which is dependent on a 735 

specific simulator, a specific driving task and/or a specific population (Shechtman et al., 2009).  736 

The issue of driver response validity of simulators particularly in assessing individuals with 737 

cognitive impairments which are either age-related or related to neurodegenerative and other 738 

medical impairments is considered of significant importance. Shechtman et al. (2009) provided 739 

preliminary evidence regarding the generalizability of the results of assessing driving errors 740 

when negotiating turns at intersections in their simulator to the road under the same testing 741 

conditions.  742 

When conducting driving simulation experiments it is essential that adaptation syndrome is taken 743 

into account if they are to be valid. Studies reviewed suggest that the adaptation period is likely 744 

to depend on the combination of simulator fidelity and the cognitive tasks involved; roads with 745 

different characteristics (complexity/demand) require different adaption time; participant‟s 746 

adaptation to a driving simulator is task independent as long as the practice scenario provides 747 

them with the chance to repeatedly practice a scenario using pedals and steering. 748 

When driving simulators are used in driving performance assessment their limitations should be 749 

taken into consideration. Moreover, a major challenge to researchers when designing an 750 

experiment is to choose effective and well defined measures of performance as well as scenarios 751 

that would allow the manifestation of driving behavior problems and the identification of the 752 

specific mechanisms of impairment that underlie them. When they are used either as a 753 

complement to road testing (enabling assessment in emergency situations), or as a tool to 754 

understand mechanisms of driving impairment (in combination with tests evaluating abilities 755 

important to safe driving) in populations with medical disorders, it is imperative to validate the 756 

results before conclusions regarding their generalizability are made.  757 
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