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Background: Driving is the preferred mode of transportation for adults across the 
healthy age span. However, motor vehicle crashes are among the leading causes of 
injury and death, especially for older adults, and under distracted driving conditions. 
Understanding the neuroanatomical basis of driving may inform interventions that 
minimize crashes. This exploratory study examined the neuroanatomical correlates 
of undistracted and distracted simulated straight driving.

Methods: One-hundred-and-thirty-eight participants (40.6% female) aged 17–
85 years old (mean and SD = 58.1 ± 19.9 years) performed a simulated driving task 
involving straight driving and turns at intersections in a city environment using a 
steering wheel and foot pedals. During some straight driving segments, participants 
responded to auditory questions to simulate distracted driving. Anatomical T1-
weighted MRI was used to quantify grey matter volume and cortical thickness 
for five brain regions: the middle frontal gyrus (MFG), precentral gyrus (PG), 
superior temporal cortex (STC), posterior parietal cortex (PPC), and cerebellum. 
Partial correlations controlling for age and sex were used to explore relationships 
between neuroanatomical measures and straight driving behavior, including speed, 
acceleration, lane position, heading angle, and time speeding or off-center. Effects 
of interest were noted at an unadjusted p-value threshold of 0.05.

Results: Distracted driving was associated with changes in most measures of 
straight driving performance. Greater volume and cortical thickness in the PPC 
and cerebellum were associated with reduced variability in lane position and 
heading angle during distracted straight driving. Cortical thickness of the MFG, 
PG, PPC, and STC were associated with speed and acceleration, often in an age-
dependent manner.

Conclusion: Posterior regions were correlated with lane maintenance whereas 
anterior and posterior regions were correlated with speed and acceleration, 
especially during distracted driving. The regions involved and their role in 
straight driving may change with age, particularly during distracted driving as 
observed in older adults. Further studies should investigate the relationship 
between distracted driving and the aging brain to inform driving interventions.
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1 Introduction

Driving is a common everyday task for many individuals and the 
most frequently used mode of transportation in North America (Kim 
and Ulfarsson, 2004; Páez et al., 2007; Scott et al., 2009; Sleightholm 
et al., 2010). Despite this, motor vehicle crashes (MVCs) are among 
the leading causes of death in the United States. Driving is particularly 
dangerous for drivers at both ends of the adult age span, relative to 
middle-aged adults (Murphy et al., 2013; Cicchino and Mccartt, 2014). 
Young adults are more likely to be involved in fatal MVCs than any 
other age group (National Center for Statistics and Analysis, 2021), 
potentially due to inexperience and still-developing frontal brain 
regions that may promote risky driving behaviors (Williams, 2003). 
Older adults similarly face elevated risk of MVC-related injury and 
death (Meuleners et al., 2006; Cicchino and Mccartt, 2014), due to 
age-and health-related declines in the psychomotor skill and cognitive 
domains that support safe driving (Leversen et al., 2013; Robertsen 
et al., 2022). Physicians and governments should aim to minimize the 
risk of MVCs for adults across the age span (Carr et al., 2006), which 
requires the identification of high-risk drivers and driving behaviors. 
However, it remains an ongoing challenge to develop accurate and 
reliable tools for assessing fitness to drive, even within a single age 
cohort (Eby and Molnar, 2009; Eby and Molnar, 2010).

One of the difficulties in assessing driving fitness is the complexity 
of the driving task, which requires dynamic coordination of 
perceptual-motor skills and several cognitive domains, including 
executive function, attention, and decision-making, over time and 
across a wide array of situations (Anstey et al., 2005; Ranchet et al., 
2012). Therefore, a simple assessment of key driving skills is useful, 
but insufficient in many cases. One important instance whereby 
cognitive capabilities can profoundly impact driving performance is 
during distracted driving, which requires a driver to engage 
simultaneously in a secondary task that competes for limited cognitive 
resources. Up to half of drivers across North America and Europe 
self-report having engaged in distracted driving (Woods-Fry et al., 
2018; Lyon et al., 2021), yet distracted driving has been linked to 
delayed hazard detection (Harbluk et al., 2007), poorer visual scanning 
of the periphery (Engström et al., 2005), and an increased risk of 
MVCs for both novice and experienced drivers (Klauer et al., 2014). 
Such distraction-related driving impediments may pose a significant 
risk during simple maneuvers, such as straight driving - due to the 
difficulties in remaining vigilant during low cognitive demand, and 
the potential for “mind-wandering.” Furthermore, MVCs may 
be more severe during distracted straight driving, as straight driving 
permits higher speeds that considerably increase the risk of serious 
injuries and casualties (Elvik et al., 2004). These issues are expected to 
be exacerbated with age, as studies of seniors show greater compromise 
of cognitive capacity during motor tasks, when in the presence of 
auditory distraction (Da et al., 2015; Nieborowska et al., 2018; Bruce 
et  al., 2019). Achieving a better understanding of the cognitive 
processes that underlie straight driving behaviors, and how they may 
be  impaired by distracted driving across the healthy age span, is 
necessary to inform new methods for assessing driving fitness and to 
inform new strategies (e.g., cognitive interventions, assistive driving 
technology) to reduce the risk of severe MVCs.

The use of driving simulators combined with neuroimaging 
technology has emerged as an ecologically valid, reliable, and practical 
method to gain insight into the neural substrates of driving behavior 

(Walter et  al., 2001; Calhoun et  al., 2002; Uchiyama et  al., 2003; 
Shechtman et al., 2009; Mayhew et al., 2011). This is bolstered by a 
substantial body of work assessing behavioral performance in driving 
simulations (Guo et al., 2019), including a growing number of studies 
showing that simulator tasks can provide valid representations of real-
world driving across the age span (Wynne et al., 2019). In contrast to 
standardized on-road assessments, driving simulators allow for 
assessments of driving capacity under simple as well as more 
challenging scenarios that would otherwise put drivers, passengers, 
and other nearby road users at risk. For example, driving simulators 
have been used to evaluate driving fitness in individuals with 
neurological disorders, as well as healthy individuals under the 
influence of alcohol or engaged in distracted driving (Lew et al., 2005; 
Meda et al., 2009; Schweizer et al., 2013). Despite their utility, however, 
most neuroimaging studies of simulated driving possess several 
limitations. Study samples have generally consisted of adults from a 
single age group, most commonly young adults (Walter et al., 2001; 
Graydon et  al., 2004) and rarely older adults (Hirth et  al., 2007), 
despite observed differences in driving behavior across the lifespan 
(De Waard et al., 2009; Romoser et al., 2013). Sample sizes have tended 
to be small (<30 participants) and, in some cases, the driving simulator 
apparatus has had less ecological validity than desirable (Uchiyama 
et al., 2003; Hirth et al., 2007; Ohata et al., 2022). Most relevant to the 
present work, neuroimaging studies of simulated driving have focused 
predominantly on the patterns of brain activity evoked by different 
aspects of driving – leaving a large knowledge gap in understanding 
of how many other aspects of brain structure and physiological 
function may affect driving performance. Given that aging is tightly 
linked to neuroanatomical brain changes that may impact driving 
(Schultheis and Manning, 2011; Leversen et al., 2013; Bae et al., 2017) 
and that neuroanatomy forms the scaffold necessary to support the 
complexities of networked brain function, studies that relate brain 
structure to measures of simulated driving performance are 
strongly needed.

Consequently, the present study combined anatomical magnetic 
resonance imaging (MRI) with a virtual reality (VR) driving simulator 
to explore how two measures of grey matter tissue  - volume and 
cortical thickness – were associated with various measures of 
distracted and undistracted driving performance in licensed drivers 
across the full adult age span. This setup was previously used by our 
group, in combination with functional MRI, to identify brain regions 
activated during different driving maneuvers in a cohort of young 
adults (Schweizer et al., 2013). They identified a broad network of 
driving-related areas; this included prefrontal, temporal, parietal and 
cerebellar regions. The present study extends this work by examining 
correlations of straight driving performance with neuroanatomy in a 
larger cohort that extends across the aging span of 17 to 85 years.

For this study, five brain regions of interest (ROIs) were selected 
a priori based on functional neuroimaging studies. These included the 
middle frontal gyrus (MFG), precentral gyrus (PG), posterior parietal 
cortex (PPC), superior temporal cortex (STC), and cerebellum. 
Activity in these regions was reliably identified in fMRI analyses using 
the same simulator apparatus (Schweizer et  al., 2013). Moreover, 
activity in the MFG, PG, PPC, and cerebellum have been previously 
associated with driving speed (Calhoun et al., 2002). Driving under 
higher cognitive workloads and distracted driving have also been 
linked to activity in the MFG (Chung et al., 2014; Geissler et al., 2021) 
and in the STC (Choi et al., 2017). The relationship between grey 
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matter volume/thickness and driving behaviors was assessed during 
straight driving segments, with and without auditory distraction. The 
moderating effect of age on brain-behavior relationships was also 
assessed. It was hypothesized that the ROIs would show a positive 
relationship between grey matter and measures of driving 
performance, based on literature evidence of a generally positive 
relationship between grey matter and cognitive function in adults 
(Westlye et al., 2011; Burzynska et al., 2012; Vonk et al., 2019). These 
relationships were also expected to be more pronounced in older 
adults, based on literature evidence of a stronger positive relationship 
between grey matter and cognitive function in older cohorts (De 
Chastelaine et al., 2019), potentially driven by heterogeneous declines 
in volume/thickness with age (Macdonald and Pike, 2021). Given the 
novelty of this study design, the above hypotheses were assessed 
within an exploratory analysis framework.

2 Materials and methods

2.1 Participant recruitment

A total of 138 participants, aged 17–85 years old, were recruited 
using advertisements and emails from the local community and 
university networks. Participants were required to be right-handed 
with normal or corrected vision and to self-identify as currently active 
drivers, i.e., holding a valid driver’s license and able to drive as needed. 
Participants were excluded if they had a history of psychiatric illness 
(e.g., bipolar disorder, major depressive disorder, post-traumatic stress 
disorder) or neurological illness (e.g., stroke, Alzheimer’s disease, 
Parkinson’s disease), were unable to undergo MRI (e.g., due to 
claustrophobia or ferromagnetic medical implants), had a history of 
alcohol of alcohol or drug abuse, or other diseases that may have 
altered blood flow significantly (e.g., cardiovascular diseases, kidney 
diseases, diabetes). Written informed consent was obtained from all 
participants prior to their inclusion in the study. Ethics approval was 
obtained by the Research Ethics Board at St. Michael’s Hospital and 
Baycrest Hospital in Toronto, Canada.

2.2 Driving simulator task

The simulated driving task was implemented in virtual reality 
(VR) using standard simulator software (STISIM Drive®). Participants 
lay supine in the MRI scanner and performed simulated driving using 
a steering wheel integrated with two additional response buttons, and 
using foot pedals for the accelerator and brake. All VR peripheral 
devices were MRI-compatible (Kan et al., 2013). Participants viewed 
the simulation through a mirror attached to the MRI head coil, which 
was oriented to reflect a projection screen. The screen was illuminated 
by an LCD system projecting through a waveguide in the 
radiofrequency shield of the MRI room. Participants also wore 
MRI-compatible headphones to hear the audio tasks.

Participants were asked to complete an hour-long training 
session outside of the MRI system before performing two runs of the 
driving task during MRI, when the image and driving performance 
data were recorded for data analysis. The training session reduced the 
effects of task acclimation, and mitigated risk of simulator sickness. 
Participants were briefed about possible issues and instructed to halt 

the experiment if they were in discomfort; a post-MRI debriefing 
session also assessed for issues. None of the participants experienced 
significant symptoms. The driving task was designed to simulate the 
standard licensing road test in the province of Ontario, Canada, 
requiring and required participants to perform straight driving 
segments interleaved with left and right turns at controlled 
intersections, all within a city environment. The posted speed limit 
throughout the entire task was 60 km/h. Straight driving segments 
included all time intervals (after initial acceleration at the start of the 
driving simulator run) that did not include turning or stopping 
maneuvers. During several straight driving sub-intervals, participants 
were presented with true-or-false questions, which they were 
required to answer using the response buttons. This served as an 
auditory distraction, similar to what would be expected from use of 
hands-free mobile devices (Lyon et al., 2021). The task runs consisted 
of 15 (run 1) and 14 (run 2) straight driving segments, broken up by 
the turn events. Only three straight driving segments per run 
included auditory distraction, to minimize habituation effects. 
Distracting events were also spread non-uniformly across runs to 
avoid anticipation. Ordering was fixed across participants, 
prioritizing the mitigation of variance over true randomization, with 
events in straight driving segments 3, 8, 13 (run 1) and 2, 8, 10 
(run 2).

Measures of driving performance (see Table 1) were obtained 
using the STISIM Drive® software, including time elapsed (min), 
distance travelled (m), driving speed (km/h), lateral lane position (m), 
vehicle heading angle (°), crash events, and button press responses. 
Crash events were defined as participants colliding with cars or other 
objects during the driving task. Additional measures of driving 
performance were also generated from these data, including 
instantaneous acceleration, time spent speeding, time spent off-center, 
and the net number of correct responses to auditory distraction 
questions. Summary measures, including means, standard deviations 
(SDs), minimums, maximums, and sums were generated for each of 
these driving measures, as appropriate. All straight driving measures 
excluded segments that contained errors, collisions, and early task 
termination. The total number of driving errors and collisions across 
the entire task was also recorded and analyzed separately.

2.3 MR image acquisition and processing

All participants were imaged at St. Michael’s Hospital in Toronto, 
Canada using a 3.0 Tesla MRI system (Magnetom Skyra, Siemens, 
Erlangen, Germany) with a standard 20-channel head receiver coil. 
T1-weighted anatomical images were obtained using a Magnetization 
Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence: 
field-of-view (FOV) = 24 × 24 cm, 240 × 240 × 192 matrix, 0.9 mm 
isotropic voxels, bandwidth (BW) = 250 Hz/Pixel, inversion time (TI)/
echo time (TE)/repetition time (TR) = 850/2.63/2000 ms, flip angle 
(FA) = 8°. All images were manually inspected for anatomical 
abnormalities and imaging artifacts before being run through an 
anatomical preprocessing pipeline using FreeSurfer version 6.0.1 This 
pipeline performed image registration into Talairach space, skull 

1  https://surfer.nmr.mgh.harvard.edu/
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stripping, volumetric labeling, intensity normalization, white matter 
segmentation, surface atlas registration, surface extraction, gyral 
labeling, and subcortical segmentation (Fischl et  al., 2002; Fischl, 
2012). The FreeSurfer pipeline was executed on the Canadian Brain 
Imaging Research Platform (CBRAIN), a collaborative web-based 
research platform that provides access to High Performance 
Computing centers for computational analyses (Sherif et al., 2014). 
After preprocessing, each imaging dataset underwent a second round 
of quality control assessments for segmentation and grey and white 
matter surface labeling errors. Images with errors were manually 
edited to correct the error and then reprocessed locally. Using this 
approach, measures of grey matter volume and cortical thickness were 
generated for 34 cortical regions according to the Desikan-Killiany 
cortical atlas (Desikan et al., 2006), and measures of only grey matter 
volume were generated for 18 subcortical structures including the 
cerebellum according to the Automatic Segmentation of Subcortical 
Structures (Fischl et al., 2002) in each hemisphere.

2.4 Statistical analysis

For this study, five brain regions of interest (ROIs) were selected 
a priori based on previous functional neuroimaging studies that 
identified correlations between brain activity and different aspects of 
driving behavior. These ROIs included the middle frontal gyrus 
(MFG), precentral gyrus (PG), posterior parietal cortex (PPC), 
superior temporal cortex (STC), and cerebellum. Bilateral ROI values 
were generated by summing measures of grey matter volume or 
cortical thickness for the ROI in each hemisphere. To account for 
individual differences in head size, volumetric measures were divided 
by the total estimated intracranial volume, whereas thickness 

measures were not adjusted. Relevant outcome measures of driving 
performance included speed, acceleration, lane position, heading 
angle, number of crash events, time spent speeding, time off-center, 
and the number of correct responses to auditory distraction questions 
(Table  2). These measures were averaged across the two driving 
simulator runs for each participant to improve measurement 
reliability, during times of undistracted or distracted straight driving 
as indicated above.

To control for the effects of baseline straight driving performance, 
we generated a distracted-undistracted contrast (DC) condition by 
subtracting the undistracted straight driving variable from the 
corresponding distracted straight driving variable. Prior to analysis, 
the distributions of each variable were visually assessed using 
histograms and boxplots for continuous variables and bar plots for 
categorical variables. Where appropriate, outliers were controlled for 
a given variable using 90% winsorization (i.e., 5th and 95th percentile 
thresholds). Measures of driving performance were then compared 
across undistracted and distracted straight driving conditions using 
paired samples t-tests or paired samples Wilcoxon tests, using the 
latter test when the paired differences were not normally distributed 
according to a Shapiro–Wilk normality test (p<0.05). Partial 
correlations were used to determine the association between the grey 
matter volume or cortical thickness of selected ROIs and measures of 
driving performance, while controlling for the effects of age and sex. 
Finally, age-dependent effects were evaluated by conducting partial 
correlations between ROI neuroanatomical measures and age-by-
driving interaction terms. For interaction effects, the evolution of 
brain-behavior relationships across the aging span was illustrated by 
calculating the simple slopes correlation between the ROI measure 
and driving performance measure for three representative age values: 
low age (mean-1SD; 38 yrs.), middle age (mean; 58 yrs.) and high age 
(mean + 1SD; 78 yrs.); this visualization approach is commonly used 
in moderation analyses (Hayes and Rockwood, 2017). Regression 
diagnostics were conducted to ensure correlations were valid, 
including tests of linearity, normality of residuals, homogeneity of 

TABLE 1  Behavioral driving performance measures generated from 
driving simulator.

Variable Description

Time elapsed Time spent in driving condition in minutes (min)

Distance travelled Distance covered in driving condition in meters (m)

Speed Instantaneous speed in kilometers per hour (km/h)

Lateral lane 

position

Displacement from the lane center in meters (m)

Heading angle Direction in which the vehicle is pointing in degrees (o)

Crashes Number of collisions throughout entire task

Acceleration Finite differences in instantaneous speed in kilometers per 

hour per second (km/h/s)

Time speeding Percentage of total time in a driving condition in which the 

vehicle speed is >60 km/h (%)

Time off-center Percentage of total time spent in a straight driving condition 

in which the vehicle is off-center >0.5 meters (%)

Net correct 

responses

Net sum of correct button presses during an auditory 

distraction condition with a score of +1 for correct 

responses, 0 for no responses, and − 1 for incorrect 

responses

Time elapsed, distance travelled, speed, lateral lane position, heading angle, and crashes were 
collected directly from the driving simulator software. Acceleration, time speeding, time 
off-center, and the net number of correct responses to auditory distraction questions were 
derived from the driving simulator outputs.

TABLE 2  Driving simulator performance measures in undistracted vs 
distracted straight driving.

Variable Straight 
driving

Distracted 
straight 
driving

p-
value

Mean Speed (km/h) 48.1 ± 7.5 (26.2–61.2) 52.5 ± 9.1 (27.8–79.2) <0.001a

SD Speed (km/h) 11.6 ± 3.3 (4.9–25.9) 7.7 ± 4.5 (0.5–23.6) <0.001a

Mean Acceleration  

(km/h/s)

0.8 ± 0.3 (0–1.7) -0.1 ± 0.6 (−1.5–1.4) <0.001b

SD Acceleration (km/h/s) 2.7 ± 0.9 (1.2–6.6) 1.6 ± 1.2 (0.2–8.0) <0.001a

Mean Lane Position (m) 2.6 ± 0.3 (1.8–3.5) 2.7 ± 0.5 (1.5–4.0) <0.001a

SD Lane Position (m) 0.9 ± 0.6 (0.4–4.6) 0.6 ± 0.5 (0.1–3.4) <0.001a

Mean Heading Angle (o) 0 ± 0.4 (−2.4–1.6) 0.1 ± 0.7 (−1.5–5.4) 0.0051a

SD Heading Angle (o) 2.4 ± 2.9 (0.6–22.1) 1.4 ± 2.2 (0.1–15.3) <0.001a

Time Speeding (%) 11.7 ± 10.9 (0–54.1) 22.9 ± 34.6 (0–100) 0.334a

Time Off-Center (%) 67.4 ± 17.5 (11.7–93.1) 55.5 ± 32.2 (0–100) 0.002a

All variables are shown in mean ± standard deviation (range). Values were rounded to one 
decimal place except for p-values which were rounded to three decimal places.
aPaired samples Wilcoxon test.
bPaired samples t-test.
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variances and tests of influence. Given the novelty of the data and the 
complex nature of the driving behavior, this study employed an 
exploratory approach in which all associations of potential interest 
were identified using an uncorrected statistical significance threshold 
of p < 0.05. All analyses were conducted on R version 4.0.2 (R Core 
Team, 2020). The raw data supporting the conclusions of this article will 
be made available by the authors upon request to interested researchers. 
The datasets analyzed for this study can be found in the figshare data 
repository at: https://doi.org/10.6084/m9.figshare.25546807.

3 Results

3.1 Participant characteristics and driving 
behavior

Participants (40.6% female) had a mean and standard deviation 
(SD) age of 58.1 ± 19.8 years (range = 17–85 years). Each driving 
simulator run lasted a total of 11.2 ± 1.6 min (range = 5.1–15.4 min). 
Participants spent 52.7 ± 5.2% (range = 34.0–64.2%) of their simulator 
run time performing undistracted straight driving and 3.8 ± 3.2% 
(range = 1.0–25.6%) performing distracted straight driving. The 
remainder of the simulator run time was spent preparing for or 
executing various turns at controlled intersections. Crash events were 
rare, occurring an average of 0.4 ± 0.9 (range = 0–6) times for each 
participant across both simulator runs, with 27.5% (N = 38) 
participants having at least one crash event over both runs.

A summary of driving performance measures obtained for 
undistracted and distracted straight driving conditions is listed in 
Table 2. During the distracted condition, participants tended to drive 
faster and maintain a lane position farther from the center line, 
relative to the undistracted condition. However, during the distracted 
condition, participants also showed lower speed variability, lower 
average acceleration, more time off-center, and less variability in lane 
position, heading angle, and acceleration relative to the distracted 
condition. Although participants spent twice as much time, on 
average, speeding during distracted driving compared to undistracted 
driving, this difference was not significant due to high inter-individual 
variability, particularly during the distracted condition.

3.2 Brain-driving correlations

All associations between straight driving performance measures 
and ROI grey matter volume and cortical thickness that reached the 
nominal threshold of p < 0.05 are summarized in Figure  1; see 
Appendix-1 for the complete report of all analyses conducted in this 
study. Partial correlation coefficients, 95% confidence intervals, and 
p-values can be  found in Table 3 for main effects and Table 4 for 
age-dependent effects, along with simple slopes correlations at 
representative low, middle, and high levels of age. Grey matter volumes 
in only the PPC and cerebellum were associated with driving measures 
at an uncorrected p<0.05. Participants with greater PPC volume 
tended to spend less time off-center during undistracted straight 
driving, and demonstrated reduced variability in lane position and 
heading angle in the DC (i.e., distracted-undistracted contrast) 
condition. Similarly, greater cerebellum volume was associated with 
reduced variability in lane position and heading angle during 

distracted straight driving. Cortical thickness measures in the MFG, 
PCG, PPC, and STC were all associated with at least one driving 
measure at an uncorrected p < 0.05. Across all four ROIs, greater 
cortical thickness was associated with a greater number of correct 
responses to the auditory distraction questions. For the PG and STC, 
these associations with the number of correct responses were 
age-dependent, such that the associations became more positive and 
stronger with age. Participants with greater MFG thickness tended to 
show lower variability in acceleration during distracted straight 
driving, whereas greater PG and STC thicknesses were associated with 
lower variability in acceleration during undistracted straight driving. 
Those with greater STC thickness also tended to spend less time 
off-center.

Some correlations between ROI neuroanatomical measures and 
straight driving behaviors only emerged in the context of aging. For 
instance, grey matter volume in the PG was negatively correlated with 
lane position variability in the DC condition for young adults, but this 
association weakened with age. In contrast, PG cortical thickness was 
weakly correlated with the number of correct responses to auditory 
questions during distracted straight driving in young adults, but this 
association became more positive and strengthened with age. Both 
associations failed to attain a threshold of p < 0.05 when modelled as 
a main effect alone (i.e., without its interaction with age). The cortical 
thicknesses of the PPC and STC also exhibited age-dependent effects 
on measures of straight driving performance pertaining to speed. 
Specifically, greater cortical thickness in the PPC was correlated with 
greater speed variability in young adults but lower speed variability in 
older adults during both undistracted and distracted straight driving. 
In contrast, younger adults with greater STC cortical thicknesses 
tended to drive at lower speeds whereas older adults with greater STC 
thicknesses tended to drive at higher speeds. Finally, cortical thickness 
in the PPC was also correlated with greater heading angle variability 
during distracted straight driving, but this association became 
increasingly more negative with age.

4 Discussion

This exploratory study measured the neuroanatomical neural 
correlates of straight driving behaviors, with and without auditory 
distraction. This was assessed in a sample of 138 participants across 
the full adult age span, by employing both MRI and a VR driving 
simulator. Multiple associations were identified between driving 
behaviors and neuroanatomical ROIs at an uncorrected p-value 
threshold of 0.05, including associations that were consistent across 
age and those that varied in an age-dependent manner. The study 
findings were broadly consistent with our initial hypotheses. Grey 
matter volume/thickness was correlated with position and speed 
maintenance (i.e., reduced SD of lane position, heading angle and 
acceleration), along with correct responses to auditory questions. This 
aligns with literature indicating a positive relationship between grey 
matter and cognitive task performance in adults (Westlye et al., 2011; 
Burzynska et al., 2012; Vonk et al., 2019). In addition, grey matter 
correlations with position and speed maintenance (i.e., reduced SD for 
speed and heading angle – but not for lane position), along with 
correct responses to auditory questions, were increased with age. 
These results are aligned with literature reporting a stronger positive 
relationship between grey matter and cognitive function in older 
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cohorts (De Chastelaine et al., 2019). Collectively, the results of this 
study provide encouraging preliminary evidence of a neuroanatomical 
basis for individual differences in driving performance across the age 
span that is broadly congruent with prior studies of aging 
and cognition.

In this study, auditory distraction was linked to changes in 
nearly all behavioral measures of straight driving performance. 
Importantly, distracted driving was associated with higher driving 
speeds when compared to undistracted driving, which is known to 
increase the risk of severe injury and death during MVCs (Elvik 
et  al., 2004). Such a change may result from the reallocation of 
cognitive or attentional resources away from driving and towards 
the secondary task, making it more difficult for participants to 
maintain a speed just below the speed limit (as they did during 
undistracted straight driving intervals). Consistent with this 
assertion, prior studies that combined simulated driving with 
functional neuroimaging found that the introduction of secondary 
tasks generally changed patterns of brain activity in participants, 
with increased frontal activity and decreased parietal activity (Just 
et al., 2008; Lin et al., 2011; Chung et al., 2014; Choi et al., 2017; 
Unni et al., 2017). In addition, the brain-driving associations that 
were relatively consistent across distracted and undistracted 
conditions in our study suggest a common neuroanatomical 
substrate for certain driving behaviors, irrespective of the presence 
or absence of distraction. This is discussed more below.

An earlier study employing the same driving simulator apparatus 
and experimental paradigm, but examining an independent sample of 
young adults, observed activation in several regions in the frontal, 
temporal, and parietal lobes during distracted straight driving 
(Schweizer et al., 2013). Similar results have been identified in other 
functional neuroimaging studies using driving simulators for 
undistracted straight driving (Walter et al., 2001; Calhoun et al., 2002; 
Uchiyama et  al., 2003; Graydon et  al., 2004; Fort et  al., 2010). 
Collectively, these studies suggest that the dynamic coordination and 
recruitment of a wide and distributed network of brain regions is 
crucial for successful driving. However, because of the intrinsic 
methodology adopted, such studies have yet to provide a clear 
determination of which brain regions are functionally implicated, and 
which are merely “along for the ride.” The results of the present work 
help to address this question through another lens, showing that the 
PPC and cerebellum were correlated with measures of lane 
maintenance, such as lane position and heading angle variability, 
whereas nearly all ROIs including the MFG, PG, STC, and PPC were 
associated with measures of speed and acceleration. The PPC and 
cerebellum play critical roles in visuospatial perception and 
visuomotor and bimanual coordination, respectively (Thach et al., 
1992; Andersen et  al., 1997; Boisgontier et  al., 2018), which may 
explain their role in lane maintenance. Greater neural resources in 
these regions may enable participants to perceive when they are failing 
to maintain lane position, and to subsequently make the appropriate 

FIGURE 1

Structural neural correlates of driving performance. The five regions of interest selected for analysis are color-coded and include the posterior parietal 
cortex (PPC; green), superior temporal cortex (STC; yellow), middle frontal gyrus (MFG; light orange), precentral gyrus (PG; pink), and cerebellum 
(orange). Brain regions are plotted showing Age-Independent (top row) and Age-dependent (bottom row) associations with driving, with effects 
plotted separately for Undistracted (left) and Distracted (right) behaviors. For each category, brain regions showing at least one effect at p  <  0.05 
(unadjusted) are coloured in. The associated behavioral indices are also labelled for these regions. The color of the labels indicate the direction and 
strength of a correlation between a driving behavioral measure (for age-independent effects) or driving behavioral measure*age interaction term (for 
age-dependent effects) and the volume or thickness of a region of interest according to a color bar. Specifically, a red or blue age-dependent effect 
indicates that the relationship becomes more positive or more negative, respectively, with age. The orientation for all brain figures run from posterior 
(left) to anterior (right). Although only the right brain hemispheres are shown, grey matter volume or cortical thickness measures of bilateral regions of 
interests were analyzed.
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steering wheel movements to correct lane position based on visual 
feedback. In contrast, driving speed and acceleration may involve a 
wider array of neural structures, including more anterior regions, 
because these areas are often engaged in the context of goals, 
integrating both endogenous and exogenous cues. The MFG is 
thought to reorient attentional resources from endogenous attentional 
networks to exogenous cues (Corbetta et al., 2008). Greater cortical 
thickness in the MFG may thus provide more resources for efficiently 
reorienting attention after attending to auditory instructions (which 
implicates the STC) and pressing the brake pedal to decelerate and 
prepare for the turn (which implicates the PG). This conceptual 
framework is supported by a few early functional neuroimaging 
studies of simulated driving that correlated brain activity to aspects of 
driving performance in smaller samples. Carvalho et al. (2006) found 
that speed control (braking) activated frontal motor areas while 
steering maintenance activated the cerebellum, and Calhoun et al. 
(2002) found that MFG activity was associated with driving speed. 
Altogether, the present study provides important independent 
evidence from anatomical neuroimaging that volume and cortical 
thickness of different brain regions are correlated with distinct 
measures of driving performance.

By testing the moderating effect of age on brain-behavior 
correlations, it was found that many of the observed associations 
between brain structure and driving behavior were age-dependent; 
and also that certain associations were not a main effect of behavior, 
but nevertheless emerged when analyzed as an age-by-behavior 
interaction. Increasing age tended to make the correlations between 
PPC thickness and speed variability more negative and the correlations 
between STC thickness and average speed more positive. In other 
cases, aging served to weaken the correlation, such between PG 
volume and lane position maintenance. These findings suggest that 
older adults may be recruiting brain regions in different ways to drive 
compared to their younger counterparts, with the impact of local 
neural resources on driving performance varying across the age span. 
This is likely due in part to changes in behavioral driving strategies as 
individuals grow older to compensate for the decline in certain skills 
or abilities that used to support earlier driving behaviors (Rabbitt 
et al., 1996; Hansen et al., 2020; Robertsen et al., 2022). For example, 
older drivers tend to merge into heavy traffic more slowly than 
younger drivers (De Waard et  al., 2009), show differences in the 
number of eye movements and visual search strategies at intersections 
(Maltz and Shinar, 1999; Bao and Boyle, 2007; Romoser et al., 2013), 
and have slower driving-related reaction time (Leversen et al., 2013). 
Furthermore, these findings provide an indication of how 
neuroanatomical measures may relate to better or poorer driving 
performance across the adult lifespan. For example, larger 
neuroanatomical measurements of the PPC and cerebellum were 
linked to better speed and lane maintenance, and therefore better 
driving performance, across the entire cohort.

By including over 100 participants across the adult age span, the 
present study was able to explore brain-behavior associations with 
sufficient statistical power and in the context of age. The VR driving 
simulator employed in our study possessed relatively high ecological 
validity, as participants completed a driving task that was based on a 
provincial driving licensing exam, using a steering wheel and 
accelerator and brake foot pedals. The simulated distracted driving 
was also designed to approximate the most ecological and common 
form of distraction: using a mobile device for verbal communication 
(Lyon et  al., 2021). Although requiring replication, these aspects 
support the generalizability of the present study findings across 
different age groups and to other settings, hopefully to inform real-
world driving intervention and policy research. Our exploratory 
approach also helped to identify trends that may have otherwise been 
overlooked using a focused hypothesis-driven approach. Finally, the 
driving simulator software employed in this study, STISIM Drive®, 
provided a wealth of behavioral data that include both typical 
measures of driving behavior in the existing literature, such as speed, 
lane maintenance, and collisions (Calhoun et al., 2002; Carvalho et al., 
2006; Just et al., 2008; Lin et al., 2011; Liu et al., 2012), as well as more 
comprehensive intra-task behavior such as acceleration and time 
spent speeding or off-center. Given the complexity of driving tasks, 
incorporating more comprehensive measures of driving behavior into 
future studies may generate novel and important insight into strategies 
to lower MVC risk.

The present study also had several experimental limitations. 
Strictly, the distracted and undistracted straight driving conditions 
were not perfectly controlled, so that their comparison purely isolated 
the effect of distraction. For example, undistracted straight driving 
could have occurred at the beginning of a simulator run or 

TABLE 3  Partial correlations between driving performance measures and 
brain region volume and thickness.

ROI r 95% CI p-value

Volume

Posterior Parietal Cortex

 � Mean Lane Position (US) −0.20 −0.36 – −0.03 0.026

 � Time Off-Center (US) −0.21 −0.38 – −0.05 0.016

 � SD Lane Position (DC) −0.17 −0.34 – −0.01 0.049

 � SD Heading Angle (DC) −0.17 −0.34 – −0.01 0.048

Cerebellum

 � SD Lane Position (DS) −0.27 −0.42 – −0.11 0.003

 � SD Heading Angle (DS) −0.28 −0.44 – −0.12 0.002

Thickness

Middle Frontal Gyrus

 � SD Acceleration (DS) −0.18 −0.35 – −0.02 0.040

  Net Correct Responses 0.19 0.02–0.35 0.032

Precentral Gyrus

 � SD Acceleration (US) −0.18 −0.35 – −0.02 0.039

 � Net Correct Responses 0.21 0.05–0.37 0.015

Posterior Parietal Cortex

 � Net Correct Responses 0.21 0.05–0.37 0.016

Superior Temporal Cortex

 � SD Acceleration (US) −0.21 −0.37 – −0.05 0.017

 � Time Off-Center (US) −0.21 −0.37 – −0.05 0.018

 � Net Correct Responses 0.23 0.07–0.40 0.007

Partial correlations controlled for age and sex. Net correct responses were determined by 
subtracting the number of incorrect responses from the sum of correct responses across an 
entire driving simulator run and then averaged across both driving simulator runs per 
participant. All values have been rounded to two decimal places except for p-values which 
were rounded to 3 decimal places. ROI, region of interest; 95% CI, 95% confidence interval; 
DC, distraction-undistracted contrast; US, undistracted straight driving; DS, distracted 
straight driving; SD, standard deviation.
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immediately after a turn, whereas distracted driving conditions 
generally commenced after the preferred speed had been reached. In 
each of these cases, carry-over effects from previous performance (or 
lack thereof) could have introduced confounds. Furthermore, the 
above conditions likely contributed to the observation that the average 
acceleration was lower during distracted driving than during 
undistracted driving, despite the opposite pattern occurring for 
average speed. The participant sample in this study was also skewed 
towards older and middle-aged adults; while the greater sample of 
upper ages helps to mitigate variance caused by heterogeneous aging, 
and reductions in the contrast-to-noise ratio (CNR) of T1-weighted 
images (Knight et al., 2016), this increases the leverage exerted by 
young adults and may lead to their greater influence in the regression 
models. Our regression diagnostics found no evidence that this was 
an issue, nevertheless, it may benefit future studies to obtain balanced 
samples across the aging span. In addition, the present exploratory 
approach reported effects at an unadjusted p-value threshold of 0.05. 
This relaxed thresholding approach was chosen in the present study 
given the paucity of research in this area, to avoid discarding potential 
effects of future interest but at the expense of an increased risk of false 
positives. We recommend using our findings to generate hypotheses 
for future simulated driving neuroimaging studies to test using 
confirmatory hypothesis-driven approaches.

Numerous questions about the relationship between the brain, 
driving, age, and distraction remain, raising interesting possibilities for 
future research. For example, the present study raises the question of how 
brain-behavior relationships change under different forms of distracted 
driving. Although our study focused on auditory distractions, other 
forms of distracted driving exist, such as texting while driving, and 
particularly in the context of social media. Distractions that involve a 

visual component may be of particular concern, given that dual-task 
literature shows greater interference for secondary tasks that engage 
similar neural circuitry as the primary one (Li et al., 2018). Such forms 
of distracted driving may require greater reallocation of cognitive 
resources (including social cognition), induce stronger changes in 
driving performance, and may increase the risk of causing MVCs even 
further. As the prevalence of distracted driving rises (Lyon et al., 2021), 
neuroimaging driving simulator studies investigating the impact of 
distracted driving are increasingly warranted. Participants in this study 
were not explicitly instructed in how to handle the auditory distraction 
task, to mimic real-world conditions in which distracted drivers must 
choose to prioritize driving or a secondary task. This raises further 
questions as to whether better performers can be divided into those who 
sacrifice performance on the auditory task in favour of driving and those 
who divide their attention successfully between tasks (Young et al., 2007), 
and whether these groups have distinct neural correlates. To address this 
question, future work should include a “baseline” assessment of auditory 
task performance, in order to assess subsequent decline during driving 
(or lack thereof). Finally, the present study focused on grey matter tissue, 
rather than white matter. This approach was chosen because grey matter 
regions can be  linked to specific domains of function, and can be 
compared to prior functional neuroimaging analyses. Nevertheless, 
future work should consider white matter as well, since morphometric 
changes have been correlated with both aging and declines in cognitive 
function (Gunning-Dixon et al., 2009).

It also remains speculative how the measures of driving behavior 
used in present study relate to real-world driving outcomes. Although 
higher driving speeds and less consistent lane maintenance may 
reasonably be  inferred to increase the risk of MVCs, studies are 
needed to show that an individual’s performance in a driving simulator 

TABLE 4  Age-dependent relationships between driving performance and brain volume and thickness.

Low age Middle age High age

ROI r 95% CI r 95% CI r 95% CI p-value

Volume

Precentral Gyrus

 � SD Lane Position (DC) −0.23 −0.39 – −0.07 −0.19 −0.36 – −0.03 -0.03 −0.20 – 0.14 0.047

 � Net Correct Responses −0.09 −0.25 – 0.08 0.04 −0.13 – 0.21 0.18 0.01–0.34 0.043

Thickness

Precentral Gyrus

 � Net Correct Responses −0.06 −0.23 – 0.11 0.14 −0.03 – 0.30 0.31 0.15–0.46 0.008

Posterior Parietal Cortex

 � SD Speed (US) 0.08 −0.09 – 0.25 −0.05 −0.22 – 0.12 −0.18 −0.35 – −0.02 0.035

 � SD Speed (DS) 0.14 −0.03 – 0.31 0 −0.17 – 0.17 −0.17 −0.34 – −0.01 0.011

 � SD Heading Angle 

(DS) 0.09 −0.08 – 0.26 −0.05 −0.22 – 0.12 −0.22 −0.38 – −0.05 0.041

Superior Temporal Cortex

 � Mean Speed (US) −0.09 −0.26 – 0.07 0.01 −0.16 – 0.18 0.19 0.03–0.35 0.041

 � Mean Speed (DS) −0.11 −0.28 – 0.06 0 −0.17 – 0.17 0.18 0.02–0.35 0.027

 � Net Correct Responses −0.03 −0.20 – 0.14 0.16 −0.01 – 0.33 0.32 0.17–0.47 0.011

All coefficients represent simple slopes correlation coefficients for the association between an ROI and driving measure, calculated for a set of fixed ages for illustrative purposes. They include 
low age (mean-1 SD; 38 yrs.), middle age (mean; 58 yrs.), and high age (mean + 1 SD; 78 yrs.). Net correct responses were determined by subtracting the number of incorrect responses from the 
sum of correct responses across an entire driving simulator run and then averaged across both driving simulator runs per participant. All p-values indicate the statistical significance of the 
age-by-driving interaction. All partial correlations controlled for age and sex. Values have been rounded to two decimal places except for p-values which have been rounded to three decimal 
places. ROI, region of interest; 95% CI, 95% confidence interval; DC, distraction-undistracted contrast; US, undistracted straight driving; DS, distracted straight driving; SD, standard 
deviation.
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predicts their real-world driving performance and outcomes. Further 
research is also needed to better understand how age-related changes 
in the brain affect driving fitness, and what interventions may 
be appropriate. Simply restricting the ability of older adults to drive is 
not a feasible solution to address these age-related changes in driving. 
Driving is an important source of autonomy and is often necessary to 
meet the daily transport needs of older adults (Oxley and Whelan, 
2008; Hansen et al., 2020). Furthermore, revoking one’s driving license 
and ability to drive has been linked to several worse general health, 
psychological, and social outcomes (Chihuri et al., 2016; Litwin and 
Levinson, 2018; Nyberg et  al., 2021). A better understanding of 
age-related changes in driving behavior and the neural substrates 
underlying those behaviors is necessary to support the ability of older 
adults to drive while simultaneously lowering the risk of MVCs. For 
instance, knowing that atrophy in certain brain regions in older adults 
is linked to deficits in specific aspects of driving may inform 
interventions, such as restricted or conditional licenses, that allow 
older drivers to continue driving but only within geographical areas 
or under conditions that are appropriate for their individual driving 
capacities. Such work may also help in the development of assistive 
“safe mode” driving tools and controls to enhance driving performance 
in certain individuals. To this end, future neuroimaging studies of 
driving should include participants in various age groups across the 
lifespan and should provide analyses in the context of aging.
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