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ABSTRACT  

OBJECTIVE: Cardiovascular disease has been linked to decreases in driving performance and an 

increased crash risk. Regular exercise has been linked with improved driving performance 

among healthy adults. The aim of the current study was to investigate the relationship between a 

12 week cardiac rehabilitation program and driving performance among individuals with 

cardiovascular disease. METHODS: Twenty-five individuals, including 12 cardiac adults and 13 

healthy adults, took part in this study. Simulated driving performance was assessed with a 

standardized demerit-based scoring system at 0 and 12 weeks. Cardiac participants completed a 

12 week cardiac rehabilitation program between evaluations. RESULTS: At baseline, cardiac 

participants had a higher number of demerit points than healthy adults (120.9 ± 38.1 vs. 94.7 ± 

28.3, p = 0.04). At follow-up, there was an improvement in both groups’ driving evaluations, but 

the improvement was greater among the cardiac group such that there was no longer a difference 

in driving performance between both groups (94.6 ± 30 vs. 86.9 ± 34.8, p = 0.51). 

CONCLUSIONS: Participation in an aerobic exercise-based cardiac rehabilitation program 

appears to lead to improvements in simulated driving performances of individuals with 

cardiovascular disease.  
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INTRODUCTION 

Over 28 million individuals suffer from cardiovascular disease (CVD) in North America (Dai 

and Bancej, 2009; Roger et al., 2011) and its prevalence reaches approximately 20% at the age of 

65 (Prevalence of coronary heart disease--United States, 2006-2010., 2011). Along with physical 

decline, CVD can also alter cognitive functions (Almeida et al. 2008; Pressler 2002). Several 

physiological changes that occur as a result of CVD have been shown to contribute to cognitive 

impairment, including low cardiac output, endothelial function, poor cardiovascular fitness, and 

reduced cerebral blood flow (Dai et al., 2008; Gunstad et al., 2005; Jefferson et al., 2007; Moser 

et al., 2004). Associations between CVD and cognitive impairment have been reported in normal 

cognitive aging (Breteler et al., 1994; Singh-Manoux et al., 2003) and with non-amnesic mild 

cognitive impairment, which represents a decline in attention and executive control functions 

rather than a loss in memory functions, as observed in more typical amnesic cognitive decline 

(Roberts et al., 2010). Decreases in non-amnesic cognitive functions may negatively impact 

complex cognitive tasks (Alosco et al., 2012, 2014; McLennan et al., n.d.; Wadley et al., 2008), 

such as automobile driving, which is recognised as an important activity of daily living 

(American Occupational Therapy Association, 2009). Although a recent study conducted in a 

province using a medical fitness to drive screening program found no increase in crash risk 

associated with CVD (Dow et al., 2013), other research has linked CVD to increases in crash risk 

ranging from 30 to 75% (Charlton et al., 2004; Dobbs, 2005; Vaa, 2005). Further, on road 

(Ahlgren et al., 2003) and simulator-based (Gaudet et al., 2013) evaluations have shown poorer 

driving performance among cardiac populations than among healthy adults. Yet, individuals with 

CVD remain active drivers after their cardiac event (Ahlgren et al., 2002) 

 

Physical exercise is recommended for prevention and management of CVD (Fletcher et al., 

2001). In addition to being associated with improvements in cardiovascular fitness (Ades, 2001; 

Kavanagh et al., 2002; Leon et al., 2005), data suggest that participation in an exercise-centered 

cardiac rehabilitation (CR) may also relate to improvements in cognition performance (Gunstad 

et al., 2005; Stanek et al., 2011). Although physical exercise has been linked to improvements in 

abilities associated with driving performance in healthy adults (Filipe Marmeleira et al., 2011; 
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Marmeleira et al., 2009; Marottoli et al., 2007), it was never explored whether physical exercise-

related enhancements in driving performance could be perceived among persons with CVD. The 

aim of the present study was to investigate the possible relationship between a 12 week CR 

program and changes in simulator-tested driving performance in adults with CVD. We 

hypothesized that CR would lead to an improvement in driving performance.  

 

METHODS 

Participants 

Thirty-four individuals (18 cardiac adults, and 16 healthy adults) were recruited and provided 

written informed consent for this study as approved by the Université de Sherbrooke, Université 

de Moncton, and Vitality Health Network Research Ethics Boards. None of the participants had a 

history of neurological or psychiatric disorder, stroke, epilepsy or drug / alcohol problems. To be 

enrolled in the study, participants had to be over 50 years old, possess a valid driver’s license and 

drive regularly (at least once a week). Additionally, participants in the cardiac group had to have 

suffered a cardiac event including myocardial infarction, coronary artery by-pass graft, 

percutaneous coronary intervention, or angina in the past 6 months and have clearance from their 

physician to resume driving. Cardiac participants were recruited from a local CR program, and 

through advertisement. Healthy adults with no history of CVD were recruited to serve as a 

comparison group.  

Participants’ sociodemographic information, including age, education, presence of diabetes or 

hypertension, and driving experience were obtained through baseline self-report questionnaires. 

Education was categorised as: 1) never completed secondary education, 2) completed secondary 

education and 3) completed post-secondary education. 

 

Study Design 

Participants completed a simulated driving evaluation at baseline and again approximately 12 

weeks later. Between baseline and follow-up evaluations, individuals in the cardiac group 

completed 12 weeks of CR, whereas individuals of the healthy group were not provided with any 

intervention. Changes in measurements observed among the healthy participants therefore 
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provide an estimate of improvements in driving performance that could be expected from 

repeated exposure to the simulated driving task.  

 

Cardiac Rehabilitation 

The CR program was based on the recommendations of the American Heart Association (Leon et 

al., 2005; Pollock et al., 2000). Specifically, the 12-week comprehensive electrocardiogram 

monitored exercise and education program included two exercise sessions per week, and an 

education session bi-weekly. A customized exercise plan was developed for each cardiac 

participant based on their condition and needs. Individual sessions generally consisted of warm-

up, 30-45 minutes of exercise using a variety of aerobic modalities including treadmills, 

stationary cycles, arm ergocycles, NuStep, elliptical trainers, and rowers, followed by cool down 

and stretching (see table 1 for an example of a typical exercise session). Exercise intensity was 

prescribed following the Karvonen method, with heart rate typically ranging between 75 to 85% 

of heart rate reserve. Education classes were given by health professionals of various fields and 

were designed to promote positive lifestyle changes, increase understanding of heart conditions, 

and reduce the risk of future cardiac events. Driving skills related information was not included 

in any of the education classes. 

 

Driving Simulation 

The same certified driving evaluator assessed driving performance for all participants. This was 

done during a simulated drive using the Manitoba Road Test form, a standardized demerit-based 

scoring system based on the Province of Manitoba evaluation procedure that has been used 

successfully in other studies (Bédard et al., 2008, 2010; Gaudet et al., 2013; Weaver et al., 2009). 

Demerit points were assessed for infractions falling in five general categories 

(starting/stopping/backing, signal violations/right of way/inattention, moving on roadway, 

passing/speed, and turning). Either 5 or 10 demerits were assessed for each infraction, depending 

on severity. Total score was obtained by calculating the sum of infractions observed by the 

evaluator (higher score corresponding to lower performance). Adequate intra- and inter-rater 

reliability (intraclass correlation coefficients >0.55 for 13 of 15 comparisons) and a correlation of 

0.74 (p=0.035) between demerit points obtained from simulator (similar to the one used in this 
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study) and on road evaluations support the use of a simulator in conjunction with an evaluation 

grid typical for on-road testing as was done in this study (Bédard et al., 2010). 

 

Participants completed a driving course on the simulator following pre-recorded auditory 

directions. The evaluator evaluated the drive while seated at a workstation behind participants. 

Participants were given explanations on the basic operational functions of the driving simulator, 

and provided a 5 minute practice drive on a standardised course for acclimatization before 

completing a 20 minute test drive on a different standardised course as used in other studies. 

Simulated drives were done on a fixed base driving simulator (STISIM Drive® Model 100) 

consisting of steering wheel with horn, foot pedals (brake and accelerator), and signal indicators, 

with the driver's view presented across a 20 inch monitor. Typical dashboard instruments, 

including speedometer and tachometer, were presented on the monitor screen. The monitor was 

positioned approximately 80 cm in front of the driver's seat. The monitor provided a 45 degree 

field-of-view at any one time. A rear-view mirror was displayed in the central upper portion of 

the monitor, and side-view mirrors were displayed on the lower outer portions of the monitor. 

The simulated courses were designed using STISIM Drive™ software (Systems Technology, 

Inc., California, USA). A 3.1 km orientation drive was used to familiarise participants with the 

simulator. The 5 minute course included highway and residential sections, as well as external 

environmental cues such as traffic signs and signals. The 12.2 km, or approximately 20 minute, 

test drive was a reproduction of a standard road test route for obtaining a driver's licence 

(identical to the route utilised in previous studies (Johnson et al., 2011; Weaver et al., 2009)). In 

addition to attenuating feasibility and safety concerns, the simulator also improves comparability 

of conditions for all participants. 

  

 

Data Analysis 

Mann-Whitney tests were used to compare the mean values of driving performance during the 

pre and post condition in both groups and Wilcoxon signed rank tests were used to compare 

within group differences in pre and post conditions. Unadjusted and adjusted linear regression 

models were used to compare pre-post change in driving performance between groups. Adjusted 
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models accounted for between group differences in sex, education, age, hypertension and 

diabetes. These factors are known to be associated with cognitive function (Duron and Hanon, 

2008; Grady, 2012; Jefferson et al., 2011; Reijmer et al., 2010) and driving (Lyman et al., 2002; 

Marshall, 2008; McGwin et al., 2000). We intended to recruit a minimum of 16 participants per 

group based on estimates that it would provide 80% power of detecting a within group change of 

≥20% (standard deviation 20) (Marottoli et al., 2007) in driving performance with the potential 

for type 1 error set at 5%. 

 

RESULTS 

Of the 34 participants recruited, 25 were retained for the analyses. Among the cardiac 

participants, one had a worsening of his CVD which affected his ability to continue to participate 

in the study, 2 were unable to complete the driving test because of simulator sickness symptoms 

and 3 were lost to follow-up. 3 healthy participants were also lost to follow-up. Comparison of 

baseline scores between those who completed both series of data collection and those who 

withdrew after baseline indicated no meaningful clinical or statistical between group differences. 

There were also no meaningful differences between participants in the cardiac group and control 

group in terms of their age, education and sex distribution, or their driving experience (Table 1). 

Consistent with the definition of groups, the prevalence of hypertension was higher among 

cardiacs. Cardiovascular events of participants in the cardiac group included myocardial 

infarction [9 (75 %)], percutaneous coronary intervention [11 (92 %)], coronary artery by-pass 

graft [1 (8 %)], and angina [1 (8 %)]. 

 

(Insert Table 1) 

 

At baseline, the participants in the cardiac group had a statistically significantly higher number 

of demerit points than those in the healthy adults group during their simulator-based driving 

evaluation (120.9 ± 38.1 vs. 94.7 ± 28.3, p = 0.04). Following the 12 weeks of study, there was 

an improvement in both groups’ driving performance as assessed with the driving simulator (p < 

0.01 for both groups). However, the improvement was greater among the cardiac group (β 

coefficient for between group difference in improvement = -20.4; 95% confidence interval = -
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38.7 to -2.1; p<0.05) such that there were no differences between driving performances of both 

groups at the end of follow-up (94.6 ± 30 vs. 86.9 ± 34.8, p = 0.51). The between group 

difference in improvement continued to be statistically significant after adjustments for potential 

confounding variables (p < 0.05). 

 

(Insert figure 1) 

 

DISCUSSION 

In this study, we found that individuals with CVD had lower simulator-assessed driving 

performances than apparently healthy adults, but that this difference disappeared following 

participation of CVD participants in a 12 week CR program. The exercise-related improvement 

in simulated driving performance appears to be independent of the improvement attributable to 

the repeated exposure to the driving simulator. This is the first study to directly assess the impact 

of an exercise program on driving performance in persons with CVD. Although based on a small 

sample, our results, which show a 22% reduction in driving simulator assessed demerit points 

following an exercise program, are consistent with other research which reported that healthy 

older adults over the age of 70 improved their driving performance by 37% following a 12-week 

exercise program including strength, flexibility, and coordination exercises (Marottoli et al., 

2007). In other studies among older adults, training protocols combining physical and cognitive 

training led to driving related ability improvements, as quantified by on-road (Marmeleira et al. 

2011) and simulator based (Marmeleira et al., 2009) speed of behavior tasks. The improvements 

in driving scores among participants in the CR training in our study occurred despite the absence 

of any emphasis on cognitive or physical tasks specific to driving as included in these other 

studies.   

 

Although mechanisms underlying the relationship between exercise training and driving 

performance have not been studied, it is possible that the relationship observed is mediated by 

cognitive improvements. Exercise related improvements in cognitive functions were reported 

concurrently with driving related improvements by Marmeleira et al. (2009). In addition, it 

appears that participation in CR is associated with improvement in psychomotor speed, complex 
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attention and executive function (Carles et al., 2007; Gunstad et al., 2005; Stanek et al., 2011), 

which are all cognitive abilities with documented links to driving performance and safety among 

older adults (Anstey et al., 2005). It is also possible that the relationship between exercise and 

driving performance stems from improvements in cardiovascular fitness. Although we did not 

have a measure of cardiovascular fitness, a large body of work has documented the positive 

effects of physical exercise on several indices of cardiovascular fitness such as heart function, 

vascular health, oxygen consumption capacity, cerebral blood flow (Bassett and Howley, 2000; 

Farinatti and Soares, 2009; González-Alonso et al., 2004; Subudhi et al., 2007). Better 

cardiovascular fitness has been associated with better cognitive functions relevant to driving in 

both healthy older adults (Angevaren et al., 2008; Colcombe et al., 2004) and adults with CVD 

(Gunstad et al., 2005). For a better understanding of the underlying mechanisms, future studies 

should include appropriate and sensitive measures of cognitive function and physical fitness. 

 

The current study has some limitations, and caution should be taken in generalizing the findings. 

Evaluations were conducted using a driving simulator which may not provide a true measure of 

driving ability. However, although the perceptual and sensory feel of the simulator may not be 

completely realistic, the driving course as well as the evaluation grid used in this study allowed 

us to look at driving performance within the tactical and operational levels that are critical to 

everyday driving (i.e. following the speed limit, stopping, yielding to the right of way, etc.). 

Moreover, the simulator we used is associated with levels of presence measures that are similar 

to those observed with higher end simulators (Johnson et al., 2011). Participants were not 

screened for visual acuity and function, despite vision being highly involved in the task of 

driving (Anstey et al., 2005; Audet et al., 2007). However, motor vehicle branches have 

established strict regulations regarding central and peripheral visual acuity (Canadian Medical 

Association, 2006) and each participant possessed a valid driver’s license, drove regularly and 

was instructed to wear appropriate eyewear for driving. We note the heterogeneity of cardiac 

conditions and the inclusion of individuals with a history of diabetes and hypertension as another 

potential limitation. Despite common potential mechanisms such as impaired cognitive 

functioning, some etiologies may impact driving through other independent pathways like 

hypoglycemia and peripheral neuropathy (Inkster and Frier, 2013). The current study was not 
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able to evaluate potential underlying mechanisms. It is a possibility that improvements in driving 

performance were the result of repeated exposure to the same simulator route, a short practice 

drive for acclimatization, regression to the mean or natural improvement among cardiac patients. 

Although our design enables accounting for the effect of time and training in the simulator, our 

findings need to be replicated in a larger controlled study including a group of cardiac 

individuals not participating in CR in order to account for the limitations listed. This was not 

feasible in our setting given eligible CVD participants wanted to take part in CR.  

 

Although the mechanism remains to be understood, results from this study suggest that 

participation in a CR program can lead to improvements in simulator-assessed driving 

performance. This implies that the higher crash risk associated with CVD could be, at least 

partly, alleviated by participation in CR program. Although our results need to be confirmed, 

they suggest that participation in a CR should be encouraged among individuals with CVD for 

benefits that extend beyond cardiovascular fitness and which can have a positive influence on 

general public safety.   
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