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Introduction: Driving motor vehicles is a complex task that depends heavily on how
visual stimuli are received and subsequently processed by the brain. The potential
impact of distraction on driving performance is well known and poses a safety
concern – especially for individuals with cognitive impairments who may be clinically
unfit to drive. The present study is the first to combine functional magnetic resonance
imaging (fMRI) and eye-tracking during simulated driving with distraction, providing
oculomotor metrics to enhance scientific understanding of the brain activity that
supports driving performance.

Materials and Methods: As initial work, twelve healthy young, right-handed
participants performed turns ranging in complexity, including simple right and left turns
without oncoming traffic, and left turns with oncoming traffic. Distraction was introduced
as an auditory task during straight driving, and during left turns with oncoming traffic.
Eye-tracking data were recorded during fMRI to characterize fixations, saccades, pupil
diameter and blink rate.

Results: Brain activation maps for right turns, left turns without oncoming traffic, left
turns with oncoming traffic, and the distraction conditions were largely consistent with
previous literature reporting the neural correlates of simulated driving. When the effects
of distraction were evaluated for left turns with oncoming traffic, increased activation was
observed in areas involved in executive function (e.g., middle and inferior frontal gyri) as
well as decreased activation in the posterior brain (e.g., middle and superior occipital
gyri). Whereas driving performance remained mostly unchanged (e.g., turn speed, time
to turn, collisions), the oculomotor measures showed that distraction resulted in more
consistent gaze at oncoming traffic in a small area of the visual scene; less time
spent gazing at off-road targets (e.g., speedometer, rear-view mirror); more time spent
performing saccadic eye movements; and decreased blink rate.

Conclusion: Oculomotor behavior modulated with driving task complexity and
distraction in a manner consistent with the brain activation features revealed by fMRI.
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The results suggest that eye-tracking technology should be included in future fMRI
studies of simulated driving behavior in targeted populations, such as the elderly and
individuals with cognitive complaints – ultimately toward developing better technology
to assess and enhance fitness to drive.

Keywords: driving simulation, distraction, neural correlates of driving, fMRI, eye-tracking

INTRODUCTION

Distracted driving poses a danger to drivers, passengers,
pedestrians and cyclists and is a growing threat to road safety
across the world. For example, the United States (US) National
Highway Traffic Safety Administration reported 37,461 fatalities
caused by motor vehicle crashes (MVCs) in 2016, with over 2
million people in the United States injured in MVCs each year
(National Center for Statistics and Analysis, 2018). In many of
these cases, the MVC occurred because drivers were engaged
in dangerous multi-tasking (including activities such as texting,
eating, or talking to a passenger). Such behavior can distract
the driver from performing driving-related tasks safely, such as
maintaining proper lane position (Hamish Jamson and Merat,
2005). The rapid development and widespread use of smart
cellphone technology in particular has increased concerns over
distracted driving - as texting while driving takes a hand away
from the wheel, decreases visual attention to the road (Fitch
et al., 2015), and impairs driving response and reaction time
(Strayer and Drew, 2004; Drews et al., 2009). Studies have shown
that distracted driving with cell phone usage results in failure
to stop completely at stop signs, delayed braking responses
and more rear-end collisions (Strayer and Drew, 2004; Kramer
et al., 2006; Thompson et al., 2012). Cell phone usage alone has
been attributed to approximately 15 – 25% of fatal distracted
driving crashes (National Center for Statistics and Analysis, 2013;
Ortiz et al., 2016).

From the perspective of psychological science, driving is
a complex, demanding task that requires numerous cognitive
abilities, including attention, memory, decision-making, and
alertness to adapt to a rapidly changing environment. A decline
in driving performance can arise due to processes that negatively
affect such abilities, such as distraction (Lee et al., 2003; Cantin
et al., 2009; Rizzo, 2011). Distraction, introduced as a secondary
task that requires executive functions (as opposed to distraction
by sudden, attention capturing events, such as children running
into the street) has the potential to divert attention and resources
from the primary driving task, thereby increasing risk of MVCs
from degraded driving ability (Thompson et al., 2012).

Moreover, cognitive abilities are relevant for processing and
responding to the continuous stream of sensory input that
is received by the driver, requiring them to make informed
and correct decisions, especially during complex road or traffic
scenarios. Examples of these scenarios include driving at busy
intersections, making left turns with oncoming traffic, or merging
into traffic and making lane changes (Thompson et al., 2012;
Noyce et al., 2017). Declines in cognitive abilities also pose a
safety risk and potentially make the driver more prone to the

effects of distracted driving (Fraade-Blanar et al., 2018). Elderly
and middle-aged drivers have been shown to commit significantly
more driving errors and reduced steering wheel control when
distracted (Thompson et al., 2012).

In many cases, physicians lack quantitative and objective tools
to assess fitness to drive in patients, and must make such decisions
based on clinical exam and rapid cognitive assessments that
are often insufficiently informative (Marshall and Gilbert, 1999;
Withaar et al., 2000). The decision to declare an individual unfit
to drive is also complicated by the fact that in the developed
world, driving is very often key to functional dependence
and to employment.

Neuropsychological tests (NPTs) may also have a role in
clinical and scientific settings in the assessment of fitness to drive
and the ability to drive safely. These standardized behavioral
tests are more detailed than clinical assessments and can be
used to assess cognitive functions that underpin driving abilities,
determining whether test performance is impaired in relation
to population norms (Lundberg et al., 1997; Lezak et al., 2004).
Although NPTs are useful to identify cognitive decline, they
have not been established as good predictors of driving ability,
however. For example, one study investigating a range of NPTs
found that the best four-test combination was able to identify at-
risk drivers with 95% specificity, but only 80% sensitivity (Bowers
et al., 2013). Further research is needed to develop complex
cognitive tasks or screening tools to predict driving performance
better. As an initial part of this work, there is a strong need to
understand the underlying brain activity associated with normal
and unimpaired driving performance. From this information,
it may be possible in the future to develop objective, robust
behavioral methods to assess fitness to drive.

Many researchers have followed this line of thinking to study
the task-related brain activity associated with various types
of driving behavior, especially using the method of functional
magnetic resonance imaging (fMRI). By necessity, these studies
involve simulated rather than actual driving behavior, using
various forms of virtual reality or video game technology
to give test participants the simulated experience of driving
while they lie in the magnet bore of an MRI system. The
costs associated with fMRI and other practical considerations
(e.g., access and availability) make it very unlikely that this
imaging method can provide direct utility as a clinical tool
for assessing fitness to drive – however, fMRI is very useful
for providing scientific insight. Simulated driving studies using
fMRI have revealed a broad network of task-related brain
activity, engaging areas in all major lobes of the brain (Calhoun
et al., 2002; Graydon et al., 2004; Callan et al., 2009; Crundall
and Underwood, 2011; Calhoun and Pearlson, 2012; Choi
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et al., 2017). In simple straight driving, increased activations
in the visual-association, parietal and occipital regions were
observed, related to visuomotor integration; additionally, the
precentral gyrus, superior and inferior parietal lobules, and
cerebellum were seen to activate and contribute to motor control
(Calhoun and Pearlson, 2012). In a study investigating driving
while concurrently performing arithmetic tasks, activations of
the motor cortex, parietal and occipital lobes were seen to
decrease in comparison to the driving only task; whereas the
temporal and inferior frontal regions, associated with auditory
processing and additional task performance, showed an increase
in activation when concurrently performing a secondary task
(Choi et al., 2017). Similarly, activation in the motor cortex,
parietal and occipital lobes and superior temporal gyrus was
reported when driving with an auditory task (Uchiyama et al.,
2012). Furthermore, an auditory distraction task was reported to
shift activation from the posterior and visual areas to the frontal
regions, which are responsible for planning, decision-making and
cognition (Schweizer et al., 2013).

Despite the knowledge gained from these studies, the
interpretation of the brain activity associated with simulated
driving behavior remains limited, as many brain areas are active
when performing simulated driving tasks and it is difficult to
link the contribution of specific areas to the various behavioral
subcomponents of driving behavior. One method to overcome
this difficulty involves augmenting the behavioral recording that
is undertaken during fMRI experiments of simulated driving.
In particular, vision and visual attention are extremely crucial
to safe driving. Attention has been described to be involved in
guiding eye movements, including point of gaze spatiotemporal
characteristics, eye blink rate and pupil dilation (Schneider,
1995; Moore and Fallah, 2001). Such parameters can be readily
measured using modern eye-tracking devices (Land, 2006). The
introduction of a secondary task to driving has been shown
to decrease the percentage of gaze points in peripheral regions
(e.g., speedometer, rearview mirror), and to cause spatial gaze
concentration due to the increased mental workload (Recarte and
Nunes, 2003; Tsai et al., 2007). In addition, eye blink rate and
duration have been shown to have associations with cognitive
load in a range of behavior including word-naming tasks (Ohira,
1996), visuospatial memory tasks (Van Orden et al., 2001) and
driving in various environments (Brookings et al., 1996; Tsai
et al., 2007; Haak et al., 2009; McIntire et al., 2014; Faure
et al., 2016). It has been suggested that the blink rate decreases
to minimize the loss of incoming information, or to prevent
disruption to cognitive processes involved in the mental task
(Holland and Tarlow, 1972; McIntire et al., 2014; Maffei and
Angrilli, 2018). One study that investigated changes in driving
behavior in the presence of a secondary cognitive task found
that when the driving environment was more demanding, blink
rate decreased (Faure et al., 2016). Pupil dilation has also been
observed to modulate cognitive processing. Greater dilation has
been correlated with greater cognitive load across various mental
tasks (Recarte and Nunes, 2003; Tsai et al., 2007; Palinko et al.,
2010; Gable et al., 2015; Niezgoda et al., 2015) and individuals
with better task performance have been shown to undergo a larger
percent change in pupil size (Tsai et al., 2007; Palinko et al., 2010).

Because eye-tracking technology can be used to measure
cognitive load, combining eye-tracking with fMRI is likely to
support and inform the interpretations of the ensuing activation
maps associated with simulated driving behavior by providing
additional information about the participant behaviors during
each task. At present, no studies have been conducted using both
fMRI and eye-tracking simultaneously in the context of simulated
driving.

To fill this gap in the scientific literature, the present study
adopts simultaneous eye-tracking and fMRI. It is hypothesized
that complex driving conditions will engage greater brain activity
in areas involved in visual and motor processing, and that the
addition of a distracting cognitive task will engage medial and
lateral frontal areas, while decreasing the extent of occipital
activation. It is also hypothesized that an increase in driving task
demand and distraction during simulated driving will result in
decreased gaze distribution and blink rate, and increased pupil
diameter, and that these effects will correlate with similar changes
in fMRI signals.

MATERIALS AND METHODS

Ethics Statement
This study was carried out in accordance with the
recommendations of the Research Ethics Board at Sunnybrook
Health Sciences Centre, Canada. All participants were given a
full explanation of the experimental procedures and provided
written informed consent prior to participating in the study.

Participants
Nineteen healthy adults between the ages of 20 and 30 were
recruited for this study. Seven participants were excluded due
to unusable eye-tracker data quality (arising from factors such
as blue eye color, and obstruction of the view between the eye
and the eye-tracking video camera due to long eyelashes). Twelve
participants remained for subsequent analysis (4 females and 8
males, mean age = 23.4 years, SD = 1.1 years) with mean driving
experience of 5.3 years (SD = 2.1 years, range = 1.5 – 9.0 years). All
participants had a valid driver’s license in the Canadian province
of Ontario, no history of psychological or neurological illness,
and were able to be imaged in a 3 T MRI system (i.e., they
were free from MRI exclusion criteria, such as claustrophobia or
ferromagnetic implants). All participants were right-handed with
normal or corrected vision. Ten of the participants were right-
eye dominant (4 females, 6 males), whereas two were left-eye
dominant (2 males).

Driving Simulation
Simulated driving tasks were administered using STISIM
Drive Software (Systems Technology, Inc., Hawthorne, CA,
United States), controlled by custom fMRI-compatible driving
simulator hardware (with foot pedals and steering wheel) (Kan
et al., 2012). The steering wheel included response buttons
embedded on the wheel that enabled participants to answer
questions while driving, similar to modern steering wheels in
real life that include buttons to adjust volume or answer cell
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phone calls. The simulation environment was shown on a screen
using an fMRI-compatible projector (Avotec SV-6011 LCD
Projection System, Stuart, FL). The environment was observed
by the participants through a mirror mounted on the head coil,
and auditory stimuli were delivered through fMRI-compatible
headphones (Avotec SS-3100, Stuart, FL).

Prior to the fMRI experiment, participants underwent training
in an fMRI simulator for approximately one hour to familiarize
them with the driving hardware and software. The training
scenario included the same tasks to be performed during fMRI,
in pseudo-randomized order. Participants were told to follow
traffic laws and maintain the posted speed limit of 60 km/h
during the session.

Driving Tasks
When in the magnet, participants were again instructed to adhere
to traffic lights and road rules while maintaining the posted
speed of 60 km/h. The environment of the driving scenario was
mainly rural, with minimal scenery, trees and buildings. Driving
tasks included straight driving (“Straight,” “S,” Figure 1A) and
turns at intersections with and without oncoming traffic, with
or without having to perform an auditory task simultaneously.
At task onset, participants were presented with an auditory
recording of a male voice to mimic instructions from a modern
navigation device (e.g., “At the intersection, turn right”). The
recording occurred one hundred virtual meters in advance of
the intersection (a time duration of approximately 6 s when
driving at the speed limit). For all turning tasks, the intersection
included a set of traffic lights with the appropriate light in the
green “go” condition. Each participant performed eight trials
of right-hand turns (“Right Turn,” “R,” not shown) and seven
trials of left-hand turns (“Left Turn,” “L,” Figure 1B) without
any traffic or distraction. To increase complexity of the driving
task, oncoming traffic was introduced to left turns (without
distraction), which required participants to decide when it was
safe to turn (“Left Turn+ Traffic,” “LT”; seven trials, Figure 1C).
To simulate distraction, an auditory task was presented to the
participant as a general knowledge true or false question (e.g.,
“a hammer is lighter than a feather”) during straight driving
(“Straight + Audio,” “SA”; six trials) and in left turns with
oncoming traffic (“Left Turn + Traffic + Audio,” “LTA”; seven
trials), immediately after the turn instruction was presented.
Questions were answered by pressing buttons corresponding
to true and false on the steering wheel. During LTA and
SA conditions, participants were not told to prioritize either
the driving or the auditory task; and no error feedback was
provided throughout all the task conditions, other than what each
participant detected using their senses. The simulated driving
scenarios were administered in pseudo-randomized order and
were split into two runs to enable participants to remain
vigilant without becoming fatigued. Each trial duration was
approximately 20 s long, and each run had a duration of
approximately 12 min (depending on the driving speed of the
participant), for a total driving time of approximately 25 min.
Straight driving after each turn task served as the baseline
condition and was the same for all participants. Driving task
trials were separated by at least 10 s of baseline straight driving

to minimize overlapping of fMRI and eye movement response
signals between the various driving task conditions.

Functional MRI Protocol
Once each participant completed the fMRI simulator session,
they were asked to complete a screening form to ensure that
they were able to undergo fMRI. The form was reviewed by
the MRI technologist and after clearance was granted to enter
the magnet room, the participant was positioned on the patient
table of the MRI system. To increase participant comfort and
to minimize body and head motion, pillows were placed under
the knees for leg support, and pads were placed under the arms
and elbows and beside the head. The foot pedals (accelerator
and brake) were placed appropriately such that when they were
fully depressed, there was no bulk body movement that could
translate into unwanted head motion. The steering wheel was
then placed over the torso. The fMRI-compatible headset was
fitted on the participant over noise-reducing ear plugs, and the
sound system was tested to ensure that the participant was able
to hear instructions clearly during the driving scenarios. Because
both hands were used to steer, the peripheral pulse monitor
was placed on the toe to record heart beat information, rather
than the standard placement on the finger. Respiration was
monitored, and an emergency call squeeze bulb was placed on
the participant so that they could discontinue the study for any
reason, if they wished.

Two fMRI runs with simulated driving were performed to
enable the participant to maintain vigilance throughout task
performance and to reduce fatigue. Anatomical imaging was
acquired at high spatial resolution in between the runs to
allow the participant to rest their eyes. The fMRI session
took approximately one hour to complete, involving 30 min
of setup and calibration and 30 minutes of imaging. The
driving scenarios were triggered synchronously with the start
of fMRI data collection. Images were acquired using a 3.0
Tesla MRI system (Prisma, Siemens, Erlangen, Germany).
Functional MRI during simulated driving was performed
using T2∗-weighted echo planar imaging (EPI; repetition
time (TR) = 1.75 s, echo time (TE) = 30 ms, flip angle
(FA) = 40◦, field of view (FOV) = 256 × 256 mm2, 60
slices, voxel size = 2.5 × 2.5 × 2.5 mm3, 377 time points).
Anatomical imaging was performed using T1-weighted, three-
dimensional magnetization prepared rapid acquisition gradient
echo imaging (3D MPRAGE; TR = 1.8 s, TE = 2.21 ms,
FA = 10◦, FOV = 256 × 256 mm2, 176 slices, voxel
size = 1.0× 1.0× 1.0 mm3).

Eye-Tracking Setup
An fMRI-compatible high-speed eye-tracker was used to record
movements of the right eye for consistency of methodology, at
1000 Hz using a monocular system with a 50 mm lens (EyeLink
1000 Plus, SR Research Ltd., Mississauga, Canada) and infrared
illumination (910 nm wavelength). The eye was tracked using
corneal reflection, and the pupil was detected using a centroid
fitting algorithm, using the standard hardware and software of
the system. Metrics that were measured included brief pauses
(ocular fixations) as well as rapid shifts (saccades) in the point of
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FIGURE 1 | Screenshots of STISIM driving scenarios. (A) S, straight driving; (B) L, left turn at an intersection without traffic; and (C) LT, left turn with traffic.

gaze, fixations and blinks. Each sample included the time latency
(measured from the time the tracker software was started),
eye position on the display screen (measured as coordinates
on the calibrated display screen), and pupil size (measured in
arbitrary units).

If vision correction was required, the appropriate prescription
MRI-compatible lens was selected and prepared. When the lens
was placed in MRI-compatible frames, it created reflection onto
the eye-tracker camera, preventing the eye to be tracked. To
avoid this, the lens was gently placed on the participant’s face,
supported with tape and cotton pads (five participants). To
calibrate the eye-tracking system, the participant was instructed
to fixate on each of thirteen target locations on the display
screen, appearing consecutively after a fixation on the target
was detected. Following calibration, a validation procedure was
undertaken to measure gaze position accuracy on the screen
using the prior calibration parameters. Calibration and validation
were performed before each simulated driving run. Eye-
tracking measurements were started manually, then subsequent
initialization of the fMRI acquisition sent a synchronous trigger
to the eye-tracker to denote the time that the fMRI and driving
scenario were started.

Data Extraction and Analysis
Driving Simulator Data
Driving simulator data were automatically generated and saved
at the end of each driving scenario as an STISIM Drive data file.
This output was parsed to extract the time series data of driving
metrics that were measured. Driving metrics extracted included
length of run, longitudinal position, lane position (deviation of
lateral lane position of the vehicle referenced in relation to the
center of the driver vehicle with respect to the roadway center
dividing line), driving speed, vehicle heading angle, and number
of collisions. These metrics, which have been used to characterize
impaired driving performance in various patient populations
with neurological impairment (e.g., Mansur et al., 2018; Hird
et al., 2017), were converted into a matrix of size N × M (with
N variables and M time points) and read into MATLAB (The
MathWorks Inc., Natick, MA, United States). Metrics that were
calculated in MATLAB included event onset time (longitudinal
position of event onset converted into time), time to turn (time
between event onset and when the vehicle heading angle was

at 25◦, considered to be start of the turn position), turn speed
(mean speed between turn start time and turn end time, after the
vehicle heading angle returned to 0◦), and question response time
(time a response button was pressed minus the time the question
was administered). Metrics of interest were concatenated for
both driving runs. Statistical analyses of behavioral data were
completed using Statistical Product and Service Solutions (SPSS)
software (IBM SPSS Statistics Version 25, IBM, Armonk, NY,
United States). Repeated Measures ANOVA tests were used to
determine if there were significant differences between the time
to turn and turn speed across R, L, LT, and LTA conditions, with
subsequent Bonferroni-corrected post hoc contrasts to determine
which factors were significantly different. Paired samples t-tests
were used to assess significance of driving speed and lane position
between S and SA conditions, and question response time and
accuracy between SA and LTA conditions.

MRI Data
The fMRI time series data were preprocessed using Analysis of
Functional NeuroImages (AFNI) freeware (Cox, 1996) to remove
large spikes in the time series, to correct for the physiological
effects of the cardiac and respiratory cycles, to suppress artifacts
from head motion correction (and ensuring no excessive head
motion), and to correct for the slight differences in time that
each image slice was collected in each multi-slice acquisition of
the brain volume (i.e., “slice-time correction”). The data were
spatially smoothed using a 5 mm full width at half maximum
Gaussian kernel, then normalized by the mean of each voxel.
From the driving simulator data, the times of each event onset
for all trials of all tasks (L, R, LT, LTA, S and SA conditions
as defined in section “Driving Tasks”) were extracted for both
driving runs and saved as individual text files for each task. These
event onset times, reflecting the time the auditory instructions
were presented, were used to enter a stimulus timing file into
a general linear model (GLM) using straight driving (the S
condition) as the control, to estimate task-related brain activity
at each voxel location. The stimulus-timing file, which included
the full 20 s duration of each driving task, was convolved with
a canonical hemodynamic response function with six regressors
(head motion parameters in six degrees of freedom). The maps
were then averaged in Talairach and Tournoux (TT) atlas space
(Talairach and Tournoux, 1988) and thresholded using a false
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discovery rate (Genovese et al., 2002) of q = 0.05 to correct
for multiple statistical comparisons. Maps for all 12 participants
were entered into a within-participants, random effects analysis
of variance (ANOVA) to create final group activation maps,
which were overlaid on an anatomical average in Talairach atlas
space for interpretation. Activation maps were generated for the
following task contrasts of interest: R - S, L - S, (L – S) – (R – S),
LT - S, LT – L, LT – R, (LT – L) – (LT – R), SA - S, LTA - S, LTA -
SA and LTA - LT.

Eye-Tracker Data
The eye-tracker output data were converted from the native
Eyelink Data File (.EDF) to ASCII text format and were then
read into MATLAB. These data consisted of the raw pupil size
time series, blink start and end times, saccade start and end times,
fixation start and end times and the associated gaze locations on
the display screen. The first data pre-processing step involved
removing invalid pupil size samples (non-positive values, created
by loss of eye target, eyelid occlusion or blinks). The remaining
pupil size samples were subjected to additional criteria for
removal, including dilation speed outliers and edge artifacts,
trend-line deviation outliers, and samples that were temporally
isolated (Kret and Sjak-Shie, 2019). Dilation speed outliers are
samples that have a disproportionately large absolute pupil size
change relative to adjacent samples, likely due to artifacts. These
were detected based on the median absolute deviation calculated
from the dilation speed. Trend-line deviation outliers are samples
that deviate greatly from the signal trend line, which was
generated through interpolation and data smoothing. Temporally
isolated samples are likely the result of noise or system error
(e.g., pupil detection when eyes are shut or not properly tracked)
(Kret and Sjak-Shie, 2019).

A temporal threshold of 100 ms was subsequently used
in the eye-tracking data to distinguish between fixations and
saccades. This threshold is suitable for tasks that involve
visual processing of complex geometric stimuli, whereas highly
automatic processing (e.g., of the human face) typically involves
longer fixations (Manor and Gordon, 2003). Fixations were
grouped by tasks, then further grouped by areas of interest
(road, non-road) within each task. Percentage of time spent in
fixation (i.e., percent fixation duration) was measured as the
total duration of fixations from the time of trial onset to the
time the participant turned, divided by this time duration and
multiplied by 100%. The spatial distribution of percent fixation
duration was determined for each participant by the additive
superposition of Gaussians, centered at each fixation location and
weighted by the fixation duration. The distribution maps for each
of the L, LT and LTA conditions were then averaged over all
participants, and depicted as colored contour lines overlaid on
the driving simulation screen. A Gaussian function was also fit
to the distributions for each participant, resulting in estimated
values for the percent fixation duration peak and width for
each task condition. The sampling distributions of the peaks
and widths were tested for normality using the Kolmogorov-
Smirnov test using SPSS, then tested for differences using
paired samples t-tests and 95% Confidence Interval (CI) testing
by bootstrapping.

Saccades that did not meet the minimal saccadic duration
of 10 ms were removed, and the percent saccade duration was
measured as the total duration of saccades over the length
of the trial (Nij Bijvank et al., 2018). The saccade amplitude,
peak velocity, and number of performed saccades were also
compared for each task.

The average percentage duration of each eye behavior,
including saccades, blinks and fixations, was also plotted on a
stacked bar graph for each left turn condition from the time of
trial onset to the time of turning. Fixations were categorized as
“road” (including motor vehicles), and non-road (including the
horizon and interior locations of the driven car, such as the rear-
view mirror and speedometer). In separate analyses, the effect of
blink rate and pupil size was investigated over the trial duration,
measured as the time of trial onset to offset. Blink rate was
calculated for each task as the number of recorded blinks for each
participant divided by the total trial duration (reported as blinks
per minute). Similarly, the mean pupil dilation size was calculated
as the temporally averaged pupil size for each task condition.

Relationships Between BOLD Signal and
Eye-Tracking Metrics
To investigate the relationships between the BOLD signal and
eye-tracking metrics, the mean BOLD signal intensity was first
calculated in key brain regions that have been associated with
eye movements, attention and cognitive processing (inferior
frontal, inferior occipital, medial frontal, middle frontal, middle
occipital, orbitofrontal, superior frontal, superior occipital,
superior temporal and thalamic regions). The brain regions of
interest were masked and the time series were averaged over all
voxels in a given mask region. The mean BOLD signal intensity
was then calculated for each left turn task (L, LT, and LTA). The
differences in BOLD signal from the LT condition were then
calculated as a change score for each region of interest (i.e.,
mean BOLD signal intensity of L – mean BOLD signal intensity
of LT, and mean BOLD signal intensity of LTA – mean BOLD
signal intensity of LT). Change scores for blink rate and pupil
dilation were calculated in the analogous manner. Scatter plots
were then generated to compare the change scores for the BOLD
signal intensity and each eye-tracking metric to investigate the
relationships based on the Pearson correlation value.

RESULTS

Driving Behavior
Descriptive statistics for the behavioral metrics of simulated
driving performance, as obtained from the STISIM software and
further calculated in MATLAB, are shown in Table 1 for the
S, SA, R, L, LT, and LTA conditions. Participants followed the
rules of the road and were able to complete all the driving
conditions “safely”: a total of 2 collisions was observed across
all participants for each of R, LT and LTA conditions, whereas
only 1 collision was observed for the L condition (The metric
was not relevant for the S and SA conditions). Moreover, a
number of the behavioral metrics were not significantly different
across the driving conditions. This included the time to turn
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TABLE 1 | Descriptive statistics of behavioral metrics of simulated driving performance: turn speed, time to turn and number of collisions in the turning tasks (R, L, LT,
and LTA), driving speed and lane position in straight driving tasks (S, SA), and response time and response accuracy in audio tasks (SA, LTA).

Condition Turn speed Time to turn Collisions

Mean (km/hr) SD (km/hr) 95% CI Mean (s) SD (s) 95% CI total count

LB UB LB UB

R 30.5 5.9 26.8 34.3 10.4 1.3 9.6 11.3 2

L 37.9 4.8 34.9 40.9 10.2 1.2 9.4 11.0 1

LT 35.6 3.4 33.4 37.7 9.9 2.5 8.3 11.5 2

LTA 34.3 3.0 32.4 36.3 10.5 1.7 9.4 11.6 2

Driving speed Lane position

Mean (km/hr) SD (km/hr) 95% CI Mean (m) SD (m) 95% CI

LB UB LB UB

S 62.5 2.0 61.2 63.8 2.2 0.4 1.9 2.5

SA 60.4 0.8 59.9 60.9 2.3 0.3 2.1 2.5

Response time Response accuracy

Mean (s) SD (s) 95% CI Mean (%) SD (%) 95% CI

LB UB LB UB

SA 4.1 0.7 3.6 4.6 83.3 20.1 70.6 96.1

LTA 4.1 1.3 3.3 5.0 77.4 14.2 68.3 86.4

SD, standard deviation; CI, Confidence Interval; LB, Lower Bound; UB, Upper Bound. R, right turns; L, left turns; LT, left turns with oncoming traffic; LTA, left turns with
oncoming traffic and auditory distraction; S, straight driving; SA, straight driving with auditory distraction.

(Repeated Measures ANOVA; p > 0.05), and lane position for the
S and SA conditions (paired samples t-test; p > 0.05). However,
a paired samples t-test showed that driving speed (reported as
the mean (SD), where SD is the standard deviation) for the
SA condition (60.4 (0.8) km/hr) was significantly slower than
that of S condition (62.5 (2.0) km/hr). In addition, there was a
significant effect of turning condition on turn speed (Repeated
Measures ANOVA; p < 0.05; Figure 2B). Bonferroni-corrected
post hoc contrasts showed no significant differences in the turn
speed between L and LT conditions, and between R and LTA
conditions. The turn speed was significantly slower for the R
condition (30.5 (5.9) km/hr) than for the L condition (37.9
(4.8) km/hr), and similar contrast was found between the R
and LT condition (35.6 (3.4) km/hr) (corrected p < 0.05). In
addition, the turn speed for the LTA condition (34.3 (3.1) km/hr)
was significantly slower than for the L condition (corrected
p < 0.05).

Regarding the auditory task performance during distracted
simulated driving, paired samples t-tests did not reveal significant
differences between the SA and the LTA conditions, neither
for question response time, nor response accuracy (p > 0.05).
Notably, the mean (SD) of the response time was 4.1 (1.0) s over
both conditions, whereas the time to turn in the LTA task was 10.5
(1.7) s. Because the time to turn was not significantly elevated for
the LTA condition in comparison to the other turn conditions
and the turn speed was slower for the LTA condition than for
the L condition, this suggests that participants were dual-tasking
rather than performing the two tasks sequentially during the LTA

condition. If the tasks were performed sequentially, then a time
to turn of approximately 10.5 + 4.1 = 14.6 s would have been
expected for the LTA task. As this was not observed, it can be
inferred that the tasks were performed in parallel.

Brain Activity
Regular Driving
Brain activations are reported relative to the S control condition.
The R (Figure 2A) and L (Figure 2B) turning conditions without
traffic showed similar activation maps (p < 0.001), and contrast
maps between the two conditions were not significantly different.
Both R and L conditions showed significant positive bilateral
activation in the occipital (lingual gyrus, middle occipital),
inferior parietal, primary motor, primary somatosensory and
premotor cortices. Activation was also observed in the precuneus,
cerebellum and basal ganglia.

The addition of oncoming traffic to left turns (LT, Figure 2C)
produced activation maps (p < 0.001) that were very similar to
those for the R and L conditions. Although negative activations
were slightly more extensive in the frontal (left inferior, left and
right medial, left middle, left superior) cortex and the anterior
cingulate cortex, the contrast maps between the regular driving
conditions (LT – L, LT – R) did not show statistically significant
differences (p > 0.01).

Distracted Driving
When evaluating the differences in brain activation between
distracted straight driving and straight driving conditions, the
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FIGURE 2 | Brain activations of participants when performing regular driving tasks: (A) R, right turns; (B) L, left turns; (C) LT, left turns with oncoming traffic.
Activations are shown as t contrasts in comparison with straight driving, and are reported with a statistical significance threshold of p < 0.001. “Right” indicates the
right cerebral hemisphere.

(SA – S) contrast showed significant positive activations in the
temporal (left and right superior, right middle) and frontal (left
and right inferior) cortices and the anterior cingulate cortex
(p < 0.001, Figure 3A). No significant activation was observed
in the occipital, parietal and somatosensory areas. The (LTA –
S) contrast was evaluated in analogous fashion. In addition
to activations in occipital, parietal, motor, somatosensory and
cerebellar regions observed for the L and LT conditions, the LTA
condition showed greater positive activations in relation to the
S condition in frontal (right middle, left and right inferior) and
temporal (left and right middle and superior) cortices, anterior
cingulate cortex and insula (p < 0.001, Figure 3B).

Next, the difference maps between LTA – SA and LTA – LT
are shown in Figure 4. These two contrasts are of interest as
they serve to illustrate the differing effects of distraction response
for different driving demands. Compared to SA, LTA showed
significantly greater activation in the left and right superior
temporal gyrus (p < 0.001, Figure 4A). Significant increases in
activation were also seen in the occipital (middle, superior); the
primary motor, somatosensory and premotor cortices; as well as
the precuneus and cerebellum. Significant decreases in activation
were seen in the left inferior frontal gyrus. Compared to LT, LTA
showed significantly greater activation in the frontal (left and
right inferior, left superior, left medial, left middle), temporal (left
and right middle, left and right superior) cortices and precuneus
(p < 0.001, Figure 4B). Significant decreases were observed in
the right occipital (middle, superior), right inferior parietal, and
cerebellar areas.

The activations shown in Figures 2–4 are subsequently listed
in Table 2, which provides the t-value of peak activation, the

location of each peak in Talairach and Tourneaux (TT) atlas
coordinates and the associated brain region in the TT atlas.

Oculomotor Measures
Contour lines representing the spatial distribution of percent
fixation duration for the L, LT and LTA conditions are shown in
Figure 5, overlaid on the driving simulation environment. The
distribution map for the L condition showed the widest span of
fixation across the screen, including peripheral areas (mirror and
speedometer) and the left side of the screen. The LT condition
showed less fixation on the left side of the screen, as participants
directed their gaze more to the oncoming traffic. The addition of
auditory distraction in the LTA condition further narrowed the
percent fixation duration onto the road immediately ahead.

Statistical analyses were subsequently conducted to test for
the effects of driving condition on the spatial distribution of
percent fixation duration. The sampling distributions of the
peak amplitudes and widths of the percent fixation duration
were normal for the L, LT, and LTA conditions (Kolmogorov-
Smirnov Test, p < 0.05). No significant differences were found in
the percent fixation duration distribution widths between these
conditions, and no significant differences were found in the
peak amplitudes of the fixation distribution between LT and L.
However, the 95% CI testing of the mean difference of estimated
peak amplitudes between “LTA – L” and “LTA – LT” rejected the
null hypothesis. The peak amplitude for the LTA condition (56.8
(7.8)%) was found to be significantly greater than the values for
both the LT condition (27.4 (4.5)%) and the L condition (25.4
(3.4)%) (95% CI Testing, Paired Samples T-Test, p < 0.05). The
interpretation of this effect is that during the LTA condition,
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FIGURE 3 | Brain activations of participants when performing driving tasks while distracted. (A) SA, straight driving with audio task; (B) LTA, left turns with oncoming
traffic and audio. Activations are shown as t contrasts in comparison with straight driving, and are reported with a statistical significance threshold of p < 0.001.
“Right” indicates the right cerebral hemisphere.

FIGURE 4 | Brain activation maps of contrast between task factors: (A) LTA – SA, Left turns with oncoming traffic and audio vs. straight driving with audio; and
(B) LTA – L, left turns with oncoming traffic and audio vs. left turns with oncoming traffic without audio. Activations are shown with a statistical significance threshold
of p < 0.001. “Right” indicates the right cerebral hemisphere.

the spatial distribution of percent fixation duration for each
participant was more consistent across the group than during the
other two conditions.

Next, the average percentage of time spent performing each
different eye behavior (fixations, saccades, blinks) was plotted
in a stacked bar graph for each left turn task condition
(Figure 6). No significant differences were found for the
time spent fixating on the road (including motor vehicles)
between LTA and LT conditions (Repeated Measures ANOVA;
p > 0.05), whereas a significant elevation was found for LT
compared to L (mean difference = 7.2%, Repeated Measures
ANOVA; p < 0.05). Time spent fixating on non-road locations
showed decreases with increasing task complexity, with mean
differences of −7.3% and −3.3% for LTA compared to L and
LTA compared to LT, respectively (Repeated Measures ANOVA;
p < 0.05). The percentage of time performing saccades was
significantly increased for LTA compared to LT and compared to
L (mean difference = 5.4%, 5.0% respectively, Repeated Measures

ANOVA; p < 0.05). No significant differences were observed
between the peak velocity and number of saccades performed
across the three tasks, however the mean saccade amplitude for
the LTA condition (2.6 (0.28) units) was significantly less than
that for the L condition (3.3 (0.35) units) (Repeated Measures
ANOVA; p < 0.05).

In a separate analysis of eye-blink behavior (i.e., not reported
in Figure 6), the mean blink rate over the total trial duration for
the LTA condition [34.8 blinks/min (3.8)] was significantly lower
than that for the L condition (37.0 blinks/min (5.3), Repeated
Measures ANOVA; p < 0.05). No significant differences were
found for the mean pupil dilation size for L, LT and LTA, although
an increasing trend was observed across the conditions.

Relationships Between Eye-Tracking
Metrics and BOLD Signals
No significant relationships were found between the mean
BOLD signal intensity and pupil dilation size. However,
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TABLE 2 | Peak activation (t-value), spatial coordinates (Left, Posterior, Inferior)
and brain region of statistically significant brain activity with respect to the
Talairach and Tournoux (TT) brain atlas.

Peak activation
intensity (t-value)

Atlas coordinates TT Atlas region

L P I

R - S

16.45 9 59 64 Left Precuneus, BA 7
14.20 11 34 71 Left Postcentral Gyrus, BA 3
9.89 −26 61 −14 Right Declive

7.48 39 64 −14 Left Fusiform Gyrus, BA 19
7.06 29 66 −14 Left Declive
7.03 −1 1 49 Right Medial Frontal Gyrus, BA

6
6.39 −11 69 6 Right Cuneus, BA 18
6.04 −11 76 4 Right Lingual Gyrus, BA 18
5.93 −21 6 61 Right Middle Frontal Gyrus, BA

6
5.03 9 69 11 Left Cuneus, BA 30

5.02 9 94 -9 Left Lingual Gyrus, BA 17

L - S

12.67 −14 79 41 Right Precuneus, BA 7
10.10 26 74 −16 Left Declive

9.72 −16 81 36 Right Cuneus, BA 19

9.51 −24 66 −14 Right Declive

8.14 −1 14 54 Right Medial Frontal Gyrus, BA
6

7.86 1 26 56 Left Medial Frontal Gyrus, BA 6

6.21 26 49 −11 Left Culmen, BA 37

6.11 29 84 6 Left Middle Occipital Gyrus, BA
18

5.94 −19 59 16 Right Posterior Cingulate, BA
30

5.85 −24 49 −11 Right Culmen, BA 37

5.75 −1 41 −9 Right Cerebellar Lingual

LT - S

11.38 −14 79 41 Right Precuneus, BA 7
9.51 −26 66 −16 Right Declive
8.60 26 76 −16 Left Declive
6.62 −4 1 46 Right Cingulate Gyrus, BA 24

6.34 −1 11 49 Right Medial Frontal Gyrus

6.08 1 76 −1 Left Lingual Gyrus, BA 18

6.06 6 44 49 Left Precuneus, BA 7

5.82 16 36 −39 Left Cerebellar Tonsil

5.66 −24 46 −11 Right Culmen, BA 37

5.38 44 26 11 Left Transverse Temporal
Gyrus, BA 41

5.07 −11 46 −46 Right Cerebellar Tonsil

5.02 −19 59 19 Right Posterior Cingulate

SA - S

4.48 1 −9 51 Left Superior Frontal Gyrus, BA
6

4.33 −49 31 1 Right Middle Temporal Gyrus,
BA 21

3.71 −49 39 6 Right Superior Temporal Gyrus,
BA 22

(Continued)

TABLE 2 | Continued

Peak activation
intensity (t-value)

Atlas coordinates TT Atlas region

L P I

LTA - S

9.39 −29 66 −16 Right Declive

8.28 −1 56 49 Right Precuneus, BA 7

7.13 16 79 36 Left Precuneus, BA 7

7.05 29 66 −14 Left Declive

6.92 −51 21 11 Right Transverse Temporal
Gyrus, BA 41

6.47 −1 6 44 Right Cingulate Gyrus, BA 24

6.32 −1 11 51 Right Medial Frontal Gyrus, BA
6

5.36 1 -11 39 Left Cingulate Gyrus, BA 24, 32

LTA - SA

10.18 −1 56 49 Right Precuneus, BA 7

7.67 −29 69 −14 Right Declive

6.60 −19 56 19 Right Posterior Cingulate

6.46 −21 26 −21 Right Culmen

5.91 −1 11 51 Right Medial Frontal Gyrus, BA
6

5.53 46 24 11 Left Transverse Temporal
Gyrus, BA 41

5.42 11 44 −44 Left Cerebellar Tonsil

LTA - LT

9.23 51 −19 −1 Left Inferior Frontal Gyrus, BA
47

6.61 64 29 6 Left Superior Temporal Gyrus,
BA 42

4.12 44 −4 44 Left Middle Frontal Gyrus, BA 6

3.83 54 51 9 Left Middle Temporal Gyrus, BA
22

3.67 14 −46 41 Left Superior Frontal Gyrus, BA
8

3.25 −46 36 4 Right Superior Temporal Gyrus,
BA 22

1.71 −36 56 24 Right Middle Temporal Gyrus,
BA 39

BA, Brodmann Area; S, straight driving; SA, straight driving with auditory
distraction; L, left turns; R, right turns; LT, left turns with oncoming traffic; LTA,
left turns with oncoming traffic and auditory distraction. Atlas coordinates L, left;
P, posterior; I, inferior. Not all regions of significant activation are reported, with a
cutoff value of t = 5 (unless there were less than 3 regions greater than this cutoff).
Each peak within a given activation zone is only reported once.

scatter plots showing the change scores for the mean BOLD
signal intensity and blink rate (L – LT, LTA – LT) showed
negative, statistically significant Pearson correlations in
the insula [mean slope of −0.13 (0.05)], middle frontal
[−0.01 (0.04)] and superior temporal [−0.03 (0.07)] regions,
as shown in Figure 7. A positive, statistically significant
Pearson correlation was found in the middle occipital
gyrus [0.02 (0.02)].
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DISCUSSION

The present study investigated simulated driving using the
novel combination of fMRI and eye-tracking. As the study was
intended to investigate whether it was possible to replicate the
fMRI findings of Schweizer et al. (2013) using the same task
design, comparisons to this prior work are made throughout.
In addition, given that driving requires considerable visual
processing demands, the study extends beyond Schweizer et al.
(2013) to include eye-tracking for an initial evaluation of
oculomotor measures for each task, and their relationship with
simulated driving task-related behavior and brain activity. The
results of the study are in good agreement with the stated
hypotheses, and are discussed below for the behavioral metrics of
the driving simulator performance, brain activity and oculomotor
measures. The inter-relationships between these measures are
then discussed, followed by the limitations of the study.

Behavioral Metrics of Simulated Driving
The behavioral metrics of simulated driving performance
(Table 1) indicated that the R, L, LT, and LTA conditions were
performed well by participants for the most part, while they
obeyed the “rules of the road.” Over all participants and fMRI
runs, only two collisions were observed for both the LT and
LTA conditions, whereas only one collision was observed for
the L condition. Only one participant was involved in multiple
collisions (one in each of the R, LT, and LTA conditions). The
left turn conditions were performed similarly by all participants
on the time to turn metric, and the turn speed was similar in the
L and LT conditions. In addition, the S and SA conditions were
performed without differences in lane position. These results
suggest that each of the simulated driving conditions, while
containing variations in the complexity of task, were well within
the skill level for efficient execution by the participants without
large changes in the behavioral metrics studied. It is important to
emphasize that these results are specific to young healthy drivers,
and analogous results for other populations of interest, such as
elderly drivers or individuals with cognitive impairments, are
likely to be different.

Two noteworthy differences in simulated driving performance
were found between certain conditions. First, the turn speed
was significantly slower for the R condition than for the L, LT
and LTA conditions. This may have resulted from the smaller
turning radius of the road when turning right, resulting in slower
turn speeds to drive safely and maintain lane position. However,
the R and L conditions showed similar brain activation maps
(see below), suggesting that both turns require similar behavioral
elements. Second, there were slight but significant reductions
in driving speed associated with distracted driving. The effect
was slightly more pronounced when comparing the SA and
S conditions, whereas the slowing in the LTA condition was
only significant in comparison to the L condition, not the LT
condition. These results suggest that the primary task (driving)
was slightly impacted by the additional cognitive demand
associated with responding to the secondary task (auditory
questions) in both cases. From the auditory task performance,
there was no evidence that participants were making trade-offs

between how well to perform the driving tasks in comparison to
the auditory task – as the question response time and response
accuracy was not statistically significant between the LTA and
SA conditions. This may be due to the age of the participants,
or the auditory tasks that were administered (general knowledge
true or false questions), as they were not very demanding. This
effect on driving speed could be investigated in more detail in the
future by conducting a behavioral study with more participants,
and by manipulating the strength of the auditory distraction.
Certain behavioral data related to the LTA condition were
also noteworthy: the question response time was substantially
shorter than the time to turn, and the time to turn was not
significantly different from that of the LT condition. As described
in the Results, these findings suggest that participants engaged in
driving-auditory dual-tasking in the LTA condition rather than
performing the two tasks sequentially.

The results observed in this study were similar to those
previously reported by Schweizer et al. (2013), however some
slight discrepancies were also observed. In both studies, no
significant differences were found between the lane position
in straight driving and distracted straight driving. The average
response accuracy to the audio distraction task was also similar,
and the observed turn speed of right turns was slower than
all left turns (L, LT and LTA). In this study, the turn speed
of the L condition was faster than both LT and LTA, whereas
Schweizer et al. (2013) reported the turn speed of the L condition
was slower than both LT and LTA. Additionally, no significant
differences were previously observed in the average speed during
straight driving and distracted straight driving. It is reasonable
to speculate that these discrepancies were observed due to the
different cohorts investigated in the two studies, the relatively
low sample size and the variability in human behavior. None
of the participants volunteered in both studies. Although the
two studies were conducted using slightly different versions of
fMRI-compatible driving simulator, one-hour simulator training
periods were part of the experimental design in both cases to
control for systematic bias. Irrespective of the discrepancies, the
simulated driving behavior in the present study helps to inform
the interpretation of the task-related brain activation maps, as
discussed below.

Brain Activity
Previous simulated driving studies have shown a network of
brain regions activated during straight driving, including the
occipital and parietal lobes, cerebellum, and areas involved in
motor control and somatosensory integration (Calhoun et al.,
2002; Uchiyama et al., 2003; Graydon et al., 2004; Spiers and
Maguire, 2007; Just et al., 2008; Callan et al., 2009; Crundall and
Underwood, 2011; Calhoun and Pearlson, 2012; Li et al., 2012;
Schweizer et al., 2013; Hyung-Sik et al., 2014; Choi et al., 2017;
Ware et al., 2020). Straight driving involves visual vigilance and
small adjustments in driving control to maintain speed and lane
position. To isolate the visual, motor and cognitive functions
activated in more demanding driving tasks (e.g., performing
turns), straight driving was chosen as the baseline condition. As
such, all the subsequent activation maps of the task conditions
must be thought of as referenced to this baseline behavior, and
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FIGURE 5 | Distribution of gaze in the various tasks, averaged over all participants. Maps of percent fixation duration were computed as described in the text, and
are shown as contour lines overlaid on the driving simulation screen. (A) L, left turn condition; (B) LT, left turn with traffic condition; and (C) LTA, left turns with traffic
and auditory distraction.

FIGURE 6 | Percentage of time spent on eye movements for L, left turns; LT, left turns with oncoming traffic; and LTA, left turns with oncoming traffic and auditory
distraction. Fixations on the road are shown in blue, fixations away from the road are shown in green, saccades are shown in yellow and blinks are shown in orange.
Horizontal bars and asterisks represent statistically significant differences at p < 0.05.

represent an augmentation of this supposedly least-taxing state
of driving and associated brain activity.

In this study, occipital, parietal, cerebellar and motor areas
were recruited in both the R and L conditions, and also the LT
condition (Figure 2). The brain regions that were found to be
activated (occipital, parietal, cerebellar and motor areas) were

consistent with previous studies investigating simple driving as
noted above (Calhoun et al., 2002; Uchiyama et al., 2003; Graydon
et al., 2004; Spiers and Maguire, 2007; Callan et al., 2009; Crundall
and Underwood, 2011; Calhoun and Pearlson, 2012; Li et al.,
2012; Hyung-Sik et al., 2014; Choi et al., 2017; Ware et al., 2020).
Some additional aspects are noteworthy. First, the driving
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FIGURE 7 | Mean change in BOLD fMRI signal vs. mean change in blink rate for “L – LT” (green) and “LTA – LT” (blue) task contrasts for the insula, and regions of
interest in the middle frontal, middle occipital and superior temporal gyri. The dotted line connects the data points for each participant. The linear regression line is
shown in black, with the 95% confidence interval for the regression line shown in red. BOLD, blood oxygenation level dependent; L, left turns; LT, left turns with
oncoming traffic; LTA, left turns with oncoming traffic and auditory distraction.

conditions showed decreased activity in the medial frontal cortex
and anterior cingulate cortex (ACC). Both regions are part of
the default mode network (DMN), which decreases in activity
when performing tasks (Raichle, 2015). Thus, it is speculated
that the more engaging R, L, and LT conditions produced
more suppression of the DMN than occurred during straight
driving. Second, minimal activity was observed in the rest of the
prefrontal cortex, suggesting that the R, L, and LT conditions
were performed by the participants as a consequence of extensive
training and practice in driving maneuvers, leading to efficient
mental processing controlled primarily by the posterior brain,
largely in the absence of executive control. Third, no significant
differences were found in the brain activation between R, L and
LT conditions. The lack of difference in brain activation between
R and L conditions is expected because the task requirements are
largely the same, except that the direction of simulated movement
is different. Additionally, the lack of difference in brain activation
between the LT and L or R conditions is consistent with the
behavioral metrics, which showed that each condition produced a
similar time of turning. This suggests that the inclusion of traffic
to left turns was not very challenging for this cohort of young but
experienced drivers.

The present results are similar to but slightly different from
those reported by Schweizer et al. (2013), in which the R
condition produced minimal significant activations, including
the somatosensory association, parietal and visual cortices,
whereas the L condition showed greater activation in the
posterior regions (occipital, parietal, motor, cerebellar), and
the LT condition showed a progressive increase in the extent
of activation in the posterior network and cingulate cortex.
Two methodological elements are noteworthy in discussing the
findings of this prior study in relation to the present work.
First, the differences in brain activation between conditions
were assessed visually and qualitatively in the prior study,
whereas the present study used a quantitative assessment of
statistical contrasts. Thus, it is possible that effects interpreted
between conditions in the previous study were not statistically
significant. Second, as previously discussed in section 4.1
above, the two studies consist of different samples of young
healthy adults. Although the two studies were conducted
using slightly different versions of 3T Siemens MRI system,
systematic differences arising from this effect are anticipated
to be minor when comparing task-related brain activity at
the group level.
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Shifting to the effects of distraction on brain activity, brain
activations were observed in the middle and superior temporal
gyrus (MTG, STG) when the SA – S contrast was evaluated
(Figure 3A). These regions have previously been associated with
cognitive processes including language and semantic processing,
spatial awareness, and attentional processing from the dorsal
and ventral streams (Chao et al., 1999; Tranel et al., 1997;
Onitsuka et al., 2004). Similar effects were observed for the LTA –
S contrast (Figure 3B). Furthermore, the LTA – SA contrast
showed activation of the STG, occipital, primary motor and
premotor cortices, whereas significant decreases in activations
were observed in the left inferior frontal gyrus (IFG) (Figure 4A).
The activations in the occipital, primary motor and premotor
cortices are consistent with the increased visuomotor demands
associated with performing left turns with oncoming traffic in
the LTA condition in relation to the straight driving required
in the SA condition. Greater activation in the STG suggests a
higher demand for cognitive processing in the LTA condition
in relation to the SA condition. In addition, the LTA condition
showed less activation of the left IFG compared to the SA
condition. The left IFG has been linked to language processing
and working memory, and has been found to be activated
during semantic tasks (Petersen et al., 1989; Démonet et al.,
1992; Moss et al., 2005; Liakakis et al., 2011). Two possible
mechanisms may be speculated for the observed decrease in
activation, although future work with a larger sample size will
be required to determine which is correct. From Table 1, there
was a trend for lower response accuracy for the auditory task in
the LTA condition compared to the SA condition, but without
statistical significance. Considering this trend as a “false positive,”
then the difference in IFG activity (and inferred resources for
language processing) should disappear with larger sample size.
Alternatively, if the trend is thought of as a “false negative,”
then both the difference in response accuracy and IFG activity
should persist in a study with larger sample size. As the task
instructions were not specific about prioritizing the auditory task,
it is conceivable that participants performed as they would in
the real world, to trade off auditory task performance to ensure
safe driving behavior in the more cognitively demanding task
(LTA compared to SA). The observed trend in response accuracy
is consistent with this interpretation, although no more definite
statements can be made at present.

Distraction poses a great risk to drivers especially when
they perform left turns. Of the MVCs that occur while drivers
turn or cross an intersection, 61% involve turning in the left
direction (U.S. Department of Transportation National Highway
Traffic Safety Administration, 2008). Compared to L or LT
conditions, the LTA condition showed significantly greater
bilateral activation in the middle frontal gyrus (MFG), IFG, SFG,
MTG, STG and ACC (Figure 4B). In particular, the increase in
frontal activity is characteristic of dual-tasking (Dux et al., 2006)
and is consistent with the hypotheses of the study. The right
MFG and IFG have been associated with the ventral attention
network, activated in response to unexpected stimuli and to
attend to relevant task information and distractors (Friedman-
Hill et al., 2003; Hahn et al., 2006; Buschman and Miller, 2007;
Fan et al., 2008; Neufang et al., 2011; Weissman and Prado,

2012; Japee et al., 2015). The IFG has also been suggested to be
play a role in sustained attention, attentional control, working
memory and motor response inhibition (Swick et al., 2008;
Hampshire et al., 2010; Tops and Boksem, 2011). The activation
of this region suggests the involvement of attentional control and
reorientation when a secondary task was introduced. The left
SFG is known to play a role in working memory and executive
processing, suggesting that recruitment of this region is necessary
for performance of the auditory task (Boisgueheneuc et al.,
2006). Recruitment of the MTG and STG suggests involvement
of spatial awareness and attentional processing to undertake
executive functions and additional task processing, consistent
with previous findings (Schweizer et al., 2013). The ACC has been
linked to cognitive modulation and error processing (Bush et al.,
2000; Paus, 2001; Fan et al., 2008; Orr and Hester, 2012). Greater
activation in the ACC suggests that the secondary auditory task
increased the overall cognitive load, and thus the need to monitor
and correct for errors.

In addition to the regions of increased activation in the LTA
condition compared to the LT or L conditions, significantly
decreased activation was observed in the right middle occipital
gyrus (MOG), superior occipital gyrus (SOG), right inferior
parietal lobe (IPL), cerebellum and precuneus. This observation is
also in line with the study hypotheses. The right MOG and SOG
are considered to be part of the visual dorsal stream, associated
with spatial and visuomotor processing (Dumoulin et al., 2000;
Wandell et al., 2007; Matthys et al., 2009; Renier et al., 2010), and
the right IPL is involved in sustained visual and somatosensory
attention (Wilkins et al., 1987; Pardo et al., 1991; Rueckert
and Grafman, 1996, 1998). These results are in agreement with
those of previous studies that investigated brain activity in
simulated driving with a relatively simple secondary behavioral
task, showing a shift in activation from the posterior, visual
areas to the frontal areas responsible for planning, decision-
making and cognition (Just et al., 2008; Schweizer et al., 2013;
Choi et al., 2017).

Oculomotor Measures
Investigating the same driving tasks as in the present work,
Schweizer et al. (2013) stated that “the distracted brain sacrificed
areas in the posterior brain important for visual attention
and alertness to recruit enough brain resources to perform a
secondary cognitive task.” However, the inclusion of oculomotor
measures in the present study, as subsequently described below,
suggest an additional, alternative interpretation. Given the
task instructions, participants modified their gaze behavior to
maintain the ability to make left turns in the presence of
oncoming traffic. As the task was performed in a simulator
under very simple conditions, there were no significant task
penalties associated with not gazing at off-road areas such as
the dash-board and rear-view mirror. Instead, in the presence
of distraction there were performance advantages to directing
gaze much more consistently at the oncoming traffic to simplify
the visual processing demands (and the resulting brain activity).
Additional experimental methodology involving augmented
simulated driving tasks will be required to evaluate these two
interpretations further.
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There is a correlation between distraction and increased risk
of crashes and near-crashes (2006). The implication of interest
here is that one of the effects of distraction, contributing to its
role in dangerous driving, is an associated modification in visual
processing that can potentially stop drivers from reacting to
possible threats. Supporting the modulation of visual processing
in the present study, and as hypothesized, it was found that the
less demanding left turn task (i.e., L condition) resulted in a wide
distribution of gaze points across the scene as quantified using
the percent fixation duration map, including peripheral areas
(mirror and speedometer) and the left side of the road (Figure 5);
as the task became more demanding, (i.e., LT condition), the
distribution remained similar, although there was an increase
in the fraction of time spent fixating on the road at oncoming
traffic, as appropriate for the specific task (Figure 6). With the
introduction of distraction (i.e., the LTA condition), the fixation
distribution narrowed: the fixation duration onto the immediate
road and oncoming vehicles was increased further, as participants
concentrated on the essential features of the visual scene to
maintain driving performance. Although differences in the
widths of the fixation distribution were not significantly different
(LTA – LT, LTA – L), the effect was nevertheless detected as an
increase in the mean peak amplitude of the fixation distribution
for these contrasts. This suggests that as a group, the participants
were gazing more consistently at the oncoming traffic during
the LTA condition. Although not specifically studied in these
driving tasks, it would be useful in future studies to investigate
whether these changes in gaze behavior result in decreased ability
to react appropriately to other dynamic changes in the visual
scene that would constitute a threat to safe driving - such as cross-
traffic failing to obey traffic lights – requiring aversive maneuvers.
Furthermore, the current methodology and study findings are not
definitive regarding how to quantify attention (and modulations
thereof) across the driving task conditions, and this should be
addressed in future studies.

Irrespective of the two interpretations discussed above, the
oculomotor results are consistent with the brain activation maps
showing a decrease in activation in the visual cortex for the
LTA – LT contrast (Figure 4B). Figures 5, 6 confirm that this
reduction is accompanied by a narrowed field of view, involving
an increasing trend in the percentage of on-road fixations and a
significant decrease in the percentage of off-road fixations when
comparing LTA to LT. Furthermore, compared to the LT and
L conditions, the LTA condition showed less percentage time
of overall fixations (i.e., road and non-road) with significantly
greater percentage of time spent performing saccades. This
observation is consistent with recent eye-tracking research
showing that the percentage of time spent in fixation can decrease
when visual processing tasks are performed in the presence of
auditory distraction tasks (Wu et al., 2019). Control of saccades
has been associated with the frontal eye fields (Brodmann Area
8), the dorsolateral prefrontal cortex (DLPFC) and the cingulate
eye field within the ACC (Künzle et al., 1976; Vernet et al.,
2014). In Figure 4B, increased activation was observed in these
regions when comparing the LTA condition to the LT condition,
consistent with increased saccades in the former. Together with
the decrease in fixation on the periphery in the LTA condition,

these results further support the interpretations that for the
simulated driving tasks investigated, distraction resulted in less
visual processing resources (a) made available or (b) required to
support driving performance.

No significant differences were found in blink rate for the
LT – L contrast. This is consistent with the brain activation maps
and behavioral results, which did not show significant differences
between the two tasks. As hypothesized, however, distraction
resulted in a statistically significant decrease in blink rate for the
LTA – L contrast. This finding is consistent with consensus in the
literature that blink rate decreases with increased cognitive load
(Brookings et al., 1996; Ohira, 1996; Van Orden et al., 2001; Haak
et al., 2009; McIntire et al., 2014; Faure et al., 2016; Maffei and
Angrilli, 2018). However, one study found an increase in blink
rate when a straight driving task was combined with an auditory
arithmetic task - suggesting that other factors may influence the
effect, such as disinhibition of blink rate effects under certain
task conditions and ranges of workload (Tsai et al., 2007). The
experimental design of the present study cannot refute this claim.

A trend of increasing pupil diameter was observed across the
left turn conditions (L, LT, LTA) suggesting that greater cognitive
processing may have occurred across this progression of tasks.
Although this effect was small and not statistically significant,
the direction of the effect is consistent with the brain activation
data, and with the study hypotheses. Pupil dilation in cognitive
processing has been linked to activation of the MFG and ACC,
measuring attention and effort (Siegle et al., 2003; Alnaes et al.,
2014; Murphy et al., 2014; Zekveld et al., 2014; Joshi et al., 2016).
This is consistent with the increase in activation of the MFG and
ACC observed in the brain activation maps for the LTA - LT
contrast (Figure 4B).

Relationships Between Eye-Tracking
Measures and Bold Signals
The change score relationships for BOLD signals and eye-
tracking metrics were invested as r2 values, representing the
proportion of variance of the change in BOLD signal that
can be attributed to the change in each eye-tracking metric.
As hypothesized, significant Pearson correlations were found
between the BOLD signal change score and blink rate change
score for several regions. Negative correlations were found for
the insula, the STG and the MFG, whereas a positive correlation
was found for the MOG. The insula and STG have been described
to play a role in the suppression of eye blinking (Lerner et al.,
2009; Berman et al., 2012). The MFG, which has been associated
with the reorientation of attention, has also been correlated with
blink inhibition (Andersson et al., 2009; Mazzone et al., 2010;
Neufang et al., 2011; Japee et al., 2015). The increased activation
in the insula, STG and MFG is consistent with the suppression
of the blink mechanism as the cognitive load is increased. The
MOG has been related to visual attention, spatial and visuomotor
processing, suggesting a decrease in one, two, or all of these
components across the driving tasks in step with the associated
decrease in blink rate (Mangun et al., 1998; LaBerge, 2000; Hahn
et al., 2006; Wandell et al., 2007; Renier et al., 2010). However,
it must be noted that the observed r2 values were modest for
all four brain regions. In addition to the natural variations
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in human performance and brain function, the BOLD signal
is influenced by numerous confounding factors, including age,
sex and caffeine levels (D’Esposito et al., 2003; Chang et al.,
2018). This can result in high inter-subject variability, reducing
the power of the fMRI data. More work will be required to
determine the main factor underlying the change in BOLD signal
related to oculomotor behavior in the present context, involving
a larger sample size and/or different analysis tools. Despite this,
the observed relationships are important to note nevertheless.
They support the interpretation that an increase in cognitive load
across L, LT and LTA tasks increases certain brain activity to
suppress blink rate; and also results in decreasing activity related
to aspects of visual processing – suggesting a strategy of using
neural resources efficiently to maintain task performance.

Limitations
The results of the present study must be considered in relation
to a number of limitations in the experimental design and
execution. Technical issues associated with fMRI-compatible
eye-tracking caused the sample size to be somewhat lower
than originally intended. One disadvantage of eye-tracking is
that participant factors (e.g., glasses, contacts, eye color) can
negatively impact how the pupil or the eye are tracked from the
video recordings (Jacob and Karn, 2003; Nyström et al., 2013; Kok
and Jarodzka, 2017). Additionally, cognitive processes cannot be
inferred directly and conclusively from eye-movements. Visual
attention can also be guided by peripheral vision, which cannot
be captured through eye-tracking (Kok and Jarodzka, 2017).
Just as it is possible to attend to something without directly
fixating on it, it is also possible to fixate on something without
attending to it - an effect known as attentional blindness (Mack,
2003). As a result, it can be challenging to develop a complete
understanding of the relationships between eye movements
and cognition. Thus, the eye-tracking results in the present
study must be viewed as supporting (rather than defining) the
interpretation of brain/behavior relationships across the various
driving conditions.

Although the results largely replicate (while also extending
from) a previous fMRI study with a very similar experimental
design (Schweizer et al., 2013), additional work involving a larger
sample size would be beneficial to better characterize human
variability and potentially to detect important new findings with
potentially smaller effect sizes in the driving conditions studied.
The current study also examines the effect of distraction in a
young adult population, which is like to differ when conducting
analogous work involving the elderly. When distracted, older
drivers have been found to drive slower with increased steering
variability, and to commit more driving errors (Thompson et al.,
2012). Although MVCs more frequently involve younger drivers
(possibly due to lack of sufficient driving skills and incomplete
maturation), older drivers have been attributed to an increased
risk of MVCs in highly complex situations (e.g., intersections)
due to age-associated changes in attention and cognitive decline
(Stinchcombe and Gagnon, 2013). In addition, deficits in visual
functioning, perception and information processing have been
observed in the elderly (Kline et al., 1992; Stinchcombe and
Gagnon, 2013). However, the present study of young adults

is useful, as distracted driving is a prominent issue in this
demographic with the rise in cell phone technology and social
media (Klauer et al., 2014). This study also provides a normative
data set to be used as a baseline for future studies.

The eye-tracking data obtained in this study were useful, but
did not exhibit sufficient detection power to reveal statistically
significant effects in all cases. In this study cohort, an increasing
trend was seen in the pupil dilation size with the increase
in cognitive load, although the effect was not significant. If
this work were to be extended to an older adult or clinical
population with cognitive deficits, this eye-tracking metric
will remain important to investigate, as eye-tracking has been
suggested for assessment of cognitive impairment and diagnosis
of neurodegenerative conditions. Patients with dementia and
Alzheimer’s disease have been shown to demonstrate altered
pupillary responses and oculomotor impairments, which can be
associated to brain function and neural mechanisms to assess
cognitive dysfunction (Pavisic et al., 2017; Marandi and Gazerani,
2019; Tao et al., 2020). Aging has also been associated with
an increased latency of saccades and increased blink frequency
in addition to neurocognitive decline (Marandi and Gazerani,
2019). Thus, the inclusion of eye-tracking methodology to future
simulated driving studies may provide critical insight to the
understanding of brain activity and behavior.

Another limitation of this study is that the simulation used did
not replicate potential anxiety experienced in real driving due to
the lack of stressing factors (e.g., other drivers, no real crash risk
or danger). A subsequent experiment may expand on this area by
incorporating more factors into the simulation such as vehicles
to maintain a safe following distance, multiple lanes on the road
with other vehicles, increased traffic or construction; as well as
narratives, rewards and penalties related to driving performance.

Lastly, the simulated driving apparatus used inside the MRI
system inevitably produced an experience that was different from
real world driving, as the participants viewed the simulation
through a projector screen while lying on a patient table, driving
with minimal head and body motion. Usage of driving simulator
hardware is suggested to provide a sufficient level of realism for
evaluating demanding driving scenarios that would be dangerous
to assess in on-road testing (Kan et al., 2012). However, the setup
may create activation maps for simulated driving that imperfectly
reflect the mental processes that occur when individuals drive
motor vehicles in the real world (Kan et al., 2012). To mitigate this
possibility, each participant underwent a training session with
the driving simulator prior to fMRI. The training session was
intended to familiarize participants with the simulator controls
and thus ensure that their driving skills encompassed use of the
experimental apparatus.

CONCLUSION

The present study uses a unique multi-measurement approach,
combining fMRI with eye-tracking to measure brain and
oculomotor behavior during simulated driving. It was observed
that simple driving primarily involved the visual and motor
systems, whereas the introduction of auditory distraction
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shifted resources to the frontal and temporal systems for
greater cognitive processing. Neural resources were modulated
as task complexity increased, with re-allocation of resources
when there were competing task demands in driving with
auditory distraction. The inclusion of eye-tracking data furthered
understanding of the effect of distraction on driving behavior and
brain activity. Decreased brain activation in the visual system
for distracted driving was supported by a more peaked mean
distribution of gaze points as quantified by the percent fixation
duration metric, concentrated on the road at the expense of the
periphery, as well as a decrease in blink rate. Providing a baseline
for comparison, these findings may be applied to future research
involving an elderly or clinical population to determine the effect
of aging or brain damage on the ability to multitask while driving.
Because distraction promotes dangerous driving behavior and
has been shown to display significant changes in brain activation
and eye movements, assessing fitness to drive should consider
including varying driving demands (e.g., with a secondary task
introduced as distraction) to mimic real world scenarios where
distraction is prevalent. Automotive companies may also wish
to consider implementing strategies to mitigate visual tunneling
when distracted, or to minimize the effect of distracting activities
and communication devices.
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