
fnbeh-14-00158 September 18, 2020 Time: 22:13 # 1

ORIGINAL RESEARCH
published: 23 September 2020

doi: 10.3389/fnbeh.2020.00158

Edited by:
Lars Michels,

University of Zurich, Switzerland

Reviewed by:
Alexander Nikolaevich

Savostyanov,
State Scientific Research Institute

of Physiology and Basic Medicine,
Russia

Kostas Hadjidimitrakis,
University of Bologna, Italy

*Correspondence:
Soon-Cheol Chung
scchung@kku.ac.kr

Specialty section:
This article was submitted to

Individual and Social Behaviors,
a section of the journal

Frontiers in Behavioral Neuroscience

Received: 11 March 2020
Accepted: 10 August 2020

Published: 23 September 2020

Citation:
Choi M-H, Kim H-S and

Chung S-C (2020) Evaluation
of Effective Connectivity Between

Brain Areas Activated During
Simulated Driving Using Dynamic

Causal Modeling.
Front. Behav. Neurosci. 14:158.
doi: 10.3389/fnbeh.2020.00158

Evaluation of Effective Connectivity
Between Brain Areas Activated
During Simulated Driving Using
Dynamic Causal Modeling
Mi-Hyun Choi, Hyung-Sik Kim and Soon-Cheol Chung*

Biomedical Engineering, Research Institute of Biomedical Engineering, School of ICT Convergence Engineering, College
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This study was examined the effective connectivity between brain areas activated during
driving. Using a driving simulator, the subjects controlled a wheel with both of their
hands as well as an accelerator and brake pedal with their right foot. Of the areas
activated during driving, three areas from each hemisphere were analyzed for effective
connectivity using dynamic causal modeling. In the right hemisphere, bidirectional
connectivity was prominent between the inferior temporal gyrus, precuneus, and lingual
gyrus, which provided driving input (driving input refers to the area of input among areas
connected with effective connectivity). In the left hemisphere, the superior temporal
gyrus provided driving input, and bidirectional connectivity was prominent between
the superior temporal gyrus, inferior parietal lobule, and inferior frontal gyrus. The
visual attention pathway was activated in the right hemisphere, whereas the inhibitory
control movement and task-switching pathways, which are responsible for synesthesia,
were activated in the left hemisphere. In both of the hemispheres, the visual attention,
inhibitory control movement, and episodic memory retrieval pathways were prominent.
The activation of these pathways indicates that driving requires multi-domain executive
function in addition to vision. Moreover, pathway activation is influenced by the driving
experience and familiarity of the driver. This study elucidated the overall effective
connectivity between brain areas related to driving.

Keywords: effective connectivity, driving, visual attention pathway, inhibitory control movement pathway,
episodic memory retrieval pathway

INTRODUCTION

The development of functional magnetic resonance imaging (fMRI) has enabled research on the
function and connectivity of brain areas. Previous fMRI studies on driving, which requires complex
cognitive processing, such as attention, learning, memory, and decision making, were conducted
using driving simulators. Michon (1984) reported that driving requires complex cognitive
processing of three interacting hierarchical levels, including the strategic (i.e., trip planning and
route finding), tactical (i.e., planning of relevant actions based on the current driving context), and
operational (i.e., action execution and perception) levels. Drivers should drive appropriately, paying
attention to not making mistakes, which requires complex cognitive processing. Most driving
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accidents are caused by drivers’ mistakes in cognition and
judgment, demonstrating that cognition and judgment are
crucial for driving. More than 90% of the information
required for such cognition and judgment during driving is
acquired through vision.

In particular, many studies on changes in brain activation
related to visual cognition and spatial attention during driving
have been conducted (Arrington et al., 2000; Friston and
Buchel, 2000; Tomasi et al., 2004). The main areas related
to visual cognition are the primary visual (V1) and motion-
sensitive visual regions [V5/area middle temporal (MT)] and
the parietal cortex (Brodmann area 7; Friston and Buchel,
2000). Further, the brain areas related to high-order visual
processing are the posterior cingulate, cerebellum, and occipital
and parietal cortices (Calhoun et al., 2002). Areas related to visual
attention are the occipital, inferotemporal, and parahippocampal
cortices, thalamus, cerebellum, and frontal cortex (Arrington
et al., 2000; Tomasi et al., 2004) and those related to spatial
attention (vigilance) are the frontal and parietal cortical regions
(Graydon et al., 2004). When a video game of cars was
used for subjects to recognize whether the speed was slow
or fast, areas related to the high-order visual, such as the
occipital fusiform, cerebellum, middle and superior occipital
lobes, inferior temporal lobe, and superior parietal lobe, were
activated, and those related to vigilance, such as the medial,
inferior, middle, superior frontal lobes, and precuneus (parietal),
were activated (Calhoun et al., 2002).

Recently, there have been many studies on extraction of
interaction between activated brain regions using “effective
connectivity” for various cognitive performances and on
direction and connection strength between regions. Studies
on effective connectivity for cognitive processing are also
being conducted, but there are not many studies on effective
connectivity between areas that are activated during driving. In
particular, Wang et al. (2015) conducted a driving experiment
with drivers and non-drivers and reported greater functional
connectivity in the left fronto-parietal and primary visual
resting-state networks (RSNs) in people with more driving
experience. The left fronto-parietal network is a connectivity
related to higher-order cognitive functions, and the primary
visual resting-state networks is a network related to functions
of visual cognition. The driving behavior altered the functional
connectivity between the cognitive and sensory intrinsic
connectivity networks (ICNs), and the strength of specific
connections between the left fronto-parietal and primary visual
network significantly correlated with the number of years as a taxi
driver (Wang et al., 2015). Shen et al. (2016) reported that the
strength of connectivity between areas in the vigilance network
decreased with increasing driving experience. The vigilance
network is a network containing areas of anterior cingulate cortex
and anterior insula. The vigilance is the ability to sustain attention
over prolonged periods of time. Among the cognitive types that
may appear when driving, only the results of studies on the
above-mentioned networks have been reported using functional
connectivity analysis.

The aforementioned studies investigated differences in
functional connectivity between brain areas during driving in

certain subject groups and for certain cognitive aspects, and
research on overall brain connectivity during driving has so far
been lacking. Particularly, connectivity among the left, right, and
bilateral hemispheres during driving, their meaning and input
areas, and directivity and correlation between input and other
areas are yet to be investigated; however, such information can
be obtained through an effective connectivity analysis.

Based on other studies and previous studies from our
research team, we expect the following results on brain
effective connectivity when driving. As mentioned above, since
driving requires complex cognitive processing, such as attention,
learning, memory, and decision making, we expect that certain
cognitive areas would appear dominant in the left and right
hemispheres when driving. In the right hemisphere, connectivity
between areas related to the high-order visual and concentration
would be dominant, and in the left hemisphere, connectivity
between areas related to synesthesia and motion control is
expected to be large. In addition, because the steering wheel
is controlled with both hands, the motor cortex areas of the
left and right hemispheres would be activated simultaneously,
and since the right foot is used to operate the pedal, the motor
cortex of the parietal lobe in the left hemisphere would be
predominantly activated.

To investigate the correlation between brain areas activated
during driving, this fMRI study analyzed effective connectivity
between areas in the left, right, and bilateral hemispheres using
dynamic causal modeling (DCM).

MATERIALS AND METHODS

Subjects
Fifteen adult men (mean age: 26.0 ± 1.4 years old), without
any history of mental or neurological disease and with a mean
driving experience of 2.5± 1.6 years, were selected as subjects. All
subjects were right-handed as a result of the revised Edinburgh
Reading Test (Oldfield, 1971). Individuals with metal inside their
bodies (e.g., cardiac pacemaker or medical wiring), which could
interfere with magnetic resonance (MR) imaging, as well as
those with claustrophobia were excluded. External factors, such
as smoking, alcohol consumption, and coffee intake, which can
influence driving and brain activation, were restricted in the
subjects prior to the experiment. The purpose and details of the
experiment were explained to the subjects. Practice driving was
conducted until the subjects became familiar with the driving
simulator environment and could drive without any accidents.

MR-Compatible Driving Simulator
As shown in Figure 1A, an MR-compatible driving simulator
consisting of a wheel and pedals (i.e., accelerator and brake)
was used for this study (Kim et al., 2020). The driving
environment (Figure 1B), which mostly consisted of straight
streets without many visual distractors, was presented using
Lightrock Entertainment software. The subjects controlled the
wheel with both of their hands as well as the accelerator and
brake with their right foot. The subjects were asked to drive
at a constant speed of 80 km/h without changing lanes. Visual
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FIGURE 1 | (A) an MR-compatible driving simulator consisting of a wheel and pedals (accelerator and brake). (B) The driving environment and experimental design.

information for driving was presented to the subjects through the
visual system attached to the head coil. Visual system is 800× 600
pixels, aspect ratio is 4:3, and FOV is 30◦ horizontal/23◦ vertical.

Experimental Design
As shown in Figure 1B, the experiment consisted of three blocks,
with each block consisting of rest (1 min) and driving (2 min)
phases. During the rest phase, the subjects were asked to look at
a fixed screen without driving. During rest phase, subjects placed
both hands on the steering wheel and a right foot on the pedal
without any movement. During the driving phase, the subjects
were asked to drive at a constant speed of 80 km/h. To help
the subjects maintain a speed of 80 km/h, speed information
was presented on the lower left corner of the simulator screen.
During the driving phase, alerts signaling the start (i.e., “please
start driving”) and completion (i.e., “please stop driving”) of the
driving task were orally provided by a researcher through the
headset worn by each subject. Oral driving cues were given to
subjects at each driving phase.

Image Acquisition
Images were acquired with a 3T MRI scanner (Magnetom
TrioTim, Siemens Medical Systems, Erlangen, Germany) using
a standard 32-channel head coil. Single-shot echo planar
fMRI scans were acquired in 29 continuous slices, parallel
to the anterior commissure-posterior commissure line. The
fMRI parameters were as follows: TR/TE = 3000/30 ms,
FOV = 200 mm, flip angle = 90◦, matrix = 128 × 128, slice
thickness = 5 mm, and voxel size = 1.6 × 1.6 × 5.0 mm.
Anatomical images were obtained using a T1-weighted 3D-
MPRAGE sequence with TR/TE = 1900/2.48 ms, FOV = 200 mm,
flip angle = 9◦, matrix = 256 × 256, slice thickness = 1 mm, and
voxel size = 0.8× 0.8× 1.0 mm.

Image Analysis
The fMRI data were analyzed with Statistical Parametric
Mapping (SPM) 8 software (Wellcome Department of Cognitive

Neurology, London, United Kingdom). All functional images
were aligned with anatomic images using affine transformation
routines built into SPM 8. The realigned scans were co-
registered to anatomic images obtained within each session
and normalized to a template image in Montreal Neurologic
Institute (MNI) space. Motion correction was done using a
Sinc interpolation. Time-series data were filtered with a 240
s high-pass filter to remove artifacts due to cardiorespiratory
and other cyclical influences. The functional map was smoothed
with an 8 mm isotropic Gaussian kernel prior to statistical
analysis. Statistical analysis was performed at the group level
using the general linear model and theory of Gaussian random
fields implemented in SPM8. A group analysis was performed
to extend the inference of individual activation to the general
population from which the subjects were drawn. This will
list all clusters above the chosen level of significance as well
as separate (>8 mm apart) maxima within a cluster, with
details of significance thresholds (height threshold T = 4.69
(p < 0.05), extent threshold k = 0 voxels) and search
volume underneath.

Subtraction method was used to obtain the activated area
in the driving phase compared to the rest phase (Driving
phase – Rest phase). This result is a functional map obtained
through group analysis. It may be that, due to this extraction
method, driving-like response from the previous driving phase
was minimized in the rest phase.

Connectivity Analysis
To extract the effective connectivity between brain areas activated
during driving, DCM was used to investigate the correlation
between areas of interest. DCM, which is a model-based analysis
method, can be applied not only to the analysis of brain
activation through general linear modeling (GLM), but also
to the analysis of brain area connectivity. In this analysis,
the relationship between each variable is estimated through
covariate or linear regression analysis, and a model of the
correlation between brain areas is constructed based on this
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information. For DCM analysis, models are defined in SPM8
based on MATLAB, which is followed by variable estimation
and Bayesian model selection (BMS). Operating under the
hypothesis that all activated areas form a network, DCM
analyzes the correlation between areas with blood oxygen level-
dependent (BOLD) signals and establishes optimal dynamic
causality models (Friston et al., 2003).

Of the areas activated during driving, three areas from
each hemisphere with the highest z-scores had their effective
connectivity analyzed. As discussed in the results section,
the three areas from the right hemisphere with the highest
z-scores were the inferior temporal gyrus (ITG), precuneus
(PCu), and lingual gyrus (LiG), whereas those from the left
hemisphere with the highest z-scores were the inferior parietal
lobule (IPL), superior temporal gyrus (STG), and inferior
frontal gyrus (IFG; Figure 2). The effective connectivity was
analyzed for the three areas in the left and right hemispheres
as well as for all six areas in both hemispheres. Effective
connectivity analysis involved the selection of driving input
areas as areas of interest and modeling connectivity based
on the correlation between the BOLD signals of the areas
of interest. For connectivity analysis, the time-series of the
BOLD signal of each area of interest was extracted from 5 mm
diameter spherical regions centered around the voxel with the
greatest z-score.

Specifically, effective connectivity analysis began by selecting
driving inputs to the left and right hemispheres (i.e., three areas
from each) as well as both hemispheres (i.e., six areas). After
selecting areas of interest as fully connected (i.e., full bidirectional
connection between all areas of interest), models hypothesizing
each area as the input were established. For example, the
inferior temporal gyrus, precuneus, and lingual gyrus of the right
hemisphere were selected as fully connected, and three models,
in which each area was set as the driving input, were established.
Subsequently, using BMS, the most significant driving input
model was selected using fixed effect calculations.

After selecting the driving input areas of the right, left, and
both hemispheres, the connectivity between areas of interest was
analyzed. Sixty-four models for each hemisphere were established
to investigate the connectivity between the three areas of the
left and right hemispheres (Figure 3). In Figure 3, the first and
second columns are models of the three areas of the right and left
hemispheres, respectively, and the third column shows models
of the six areas of both hemispheres. As shown in the first and
second columns of Figure 3, Model 1 is a full connection model
indicating intrinsic connection with bidirectional connections
between all areas. Moreover, Models 2–63 differ in the direction
of connections while considering external connections. Model 64
has no connections between areas.

A total of 299 models of the connectivity between the six
areas in both hemispheres were established (see Figure 3, third
column). Similar to the models within the first and second
columns, in the third column, Model 1 is a full connection model,
Models 2–298 differ in the connectivity between areas of interest,
and Model 299 has no connectivity.

This analysis was performed for each subject. The posterior
model probability for each model was extracted for each

subject using BMS fixed effects (FFX) to compare models in
each hemisphere. Based on the data from each subject, group
comparison of models was performed using BMS random fixed
effects (RFX). RFX analysis obtains the optimal probability for
presumed models, and was used to estimate the probability
of each model. Model probability was tested at the group
level, and the model with the highest probability was used to
derive the mean correlation between areas and determine the
effective connectivity.

RESULTS

Of the brain areas activated during driving, the three areas in the
right hemisphere with the highest z-scores were the ITG, PCu,
and LiG (Figures 2A–C), which had z-scores of 9.33, 8.28, and
8.05, respectively. The most significant of the three models, in
which each area was set as the driving input, was that with the LiG
as the driving input (probabilities: 1.00, C-direct effects: 0.1 Hz).
The connectivity between these three areas was bidirectional and
had significant effects (Table 1 and Figure 4A).

The three areas in the left hemisphere with the highest z-scores
were the IPL, STG, and IFG (Figures 2D–F), which had z-scores
of 9.91, 7.14, and 7.66, respectively. The most significant of the
three models analyzed was that with the STG as the driving
input (probabilities: 1.00, C-direct effects: 0.13 Hz). Similar to the
right hemisphere, the connectivity between these three areas was
bidirectional and had high correlations (Table 1 and Figure 4B).

For both of the hemispheres, the effective connectivity was
analyzed between the right ITG (rITG), right PCu (rPCu), right
LiG (rLiG), left IPL (lIPL), left STG (lSTG), and left IFG (lIFG;
Table 2 and Figure 4©). Of the six models with each of the six
areas set as the driving input, the most significant model was that
with the lSTG as the driving input (probabilities: 1.00, C-direct
effects: 0.15 Hz). There was prominent connectivity from the
lSTG to the rITG (A-intrinsic connections: 0.15, correlation
parameters: 100%), rLiG (0.16, 100%), lIPL (0.1, 99%), and
lIFG (0.13, 100%).

DISCUSSION

For driving, various cognitive processes, such as vision,
synesthesia, motion control, judgment, concentration, attention,
and memory, are required. In previous studies, visual network
(Wang et al., 2015), vigilance network (Shen et al., 2016), and
left fronto-parietal network (Wang et al., 2015) among the
brain networks for various cognitive types that may appear
when driving is reported using functional connectivity. The
main difference between this study’s results and previous studies
is to be mentioned in three ways. First, by using effective
connectivity, the meaning of connectivity and the input area
in each connectivity are presented. Second, the results for
directionality and connection strength from the input region to
other regions are presented. Third, these results are reported
as brain networks that predominate in each of the left and
right hemispheres. This study sought to analyze the connectivity
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FIGURE 2 | Functional brain map showing the average of all subjects obtained through group analysis. The three right [(A) ITG, inferior temporal gyrus; (B) PCu,
precuneus; (C) LiG, lingual gyrus] and left [(D) IPL, inferior parietal lobule; (E) STG, superior temporal gyrus; (F) IFG, inferior frontal gyrus] hemispheric areas with the
highest z-scores during driving.

between brain areas responsible for cognitive processing during
driving in the right, left, and both hemispheres.

Effective Connectivity Between Areas
Activated in the Right Hemisphere
In the right hemisphere, the LiG, which processes visual linguistic
information and plays a crucial role in the analysis of encoded
visual memories (Mechelli et al., 2000), PCu, which is related
to recollection and memory as well as the integration of
information relating to environment perception (Lundstrom
et al., 2005; Cavanna and Trimble, 2006), and ITG, which is
related to higher-level visual processing (Kolb and Whishaw,
2014) had significant bidirectional connectivity. Since the right
hemisphere visually perceives the driving environment and
processes information for this purpose, the LiG would have
been selected as the input area. Previous fMRI studies have
reported that the aforementioned three areas form the visual
attention pathway (Milner and Goodale, 1998; Macaluso et al.,
2000; Purves et al., 2008). Visual attention can best be defined
as a family of processing resources or cognitive mechanisms that

can modulate signals at almost every level of the visual system.
Research shows that visual attention can perform this function by
actively suppressing irrelevant stimuli or by selecting potentially
relevant stimuli. The connectivity from the LiG to the PCu is the
dorsal stream pathway, which processes the location of objects
(Milner and Goodale, 1998). Moreover, this pathway has been
reported to analyze motion as well as the spatial relationship
(i.e., “where”) between objects, thus being responsible for visual
synesthesia (Purves et al., 2008). The connectivity from the
LiG to the ITG is the ventral stream pathway, which processes
information on “what” an object is (Milner and Goodale, 1998).
This pathway has been reported to be responsible for high-
resolution vision (Purves et al., 2008). This study, which analyzed
brain connectivity related to driving, also clearly observed
visual attention pathways related to the “where” and “what”
of an object as in previous studies. This study also found
significant bidirectional connectivity between the PCu and the
ITG. Although a pathway between these two areas has not been
previously reported, this finding is reasonable given the functions
of each area. Information processing for driving is mostly
performed through vision, and visual information is processed
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FIGURE 3 | After selecting the driving input areas of the right, left, and both hemispheres, 64 models were established to analyze the connectivity between the areas
of interest.

through simple and higher-order processing. High-resolution
visual processing is necessary for driving, and recollection and
memory as well as the integration of information relating to the
perception of the environment play important roles in driving
tasks. Therefore, the PCu and ITG would have had a significant
correlation. In addition to the aforementioned functions, the PCu

is also associated with episodic memory retrieval (Lundstrom
et al., 2005) and vigilance performance (Shen et al., 2016).
Vigilance, which is a fundamental component of attention, refers
to the ability to maintain attention over a long period of time.
Vigilance is crucial in driving, in which an individual must
continuously monitor and react to rare signals while ignoring
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TABLE 1 | Correlation between three left (IPL, inferior parietal lobule; STG, superior
temporal gyrus; IFG, inferior frontal gyrus; and right (ITG, inferior temporal gyrus;
PCu, precuneus; LiG, lingual gyrus) hemispheric areas activated during driving.

From

ITG PCu LiG

Right hemisphere

To

ITG 0.46 (97%) 0.63 (100%)

PCu 0.3 (93%) 0.25 (90%)

LiG 0.54 (100%) 0.33 (91%)

From

IPL STG IFG

Left Hemisphere

To

IPL 0.4 (99%) 0.43 (97%)

STG 0.46 (98%) 0.44 (98%)

IFG 0.38 (96%) 0.41 (98%)

ITG, Inferior Temporal Gyrus; PCu, Precuneus; LiG, Lingual Gyrus; IPL, Inferior
Parietal Lobule; STG, Superior Temporal Gyrus; IFG, Inferior Frontal Gyrus.

irrelevant stimuli. Therefore, it is possible that the PCu and ITG
had a significant correlation not only because drivers perceive
the driving environment based on higher-order visual processing,
but also because their episodic memories and vigilance influence
driving. Thus, the connectivity between the LiG, PCu, and ITG
during driving, with the LiG as the input area, may serve as the
visual attention-(episodic) memory retrieval pathway.

Effective Connectivity Between Areas
Activated in the Left Hemisphere
In the left hemisphere, the STG, which is primarily involved
in auditory recognition and understanding language meaning
(Howard et al., 2000), IFG, which is associated with information
selection and monitoring as well as cognitive control (Lundstrom
et al., 2005; Grindrod et al., 2008), and IPL, which is associated
with perspective difference cognition,2 spatial cognition, and
visually guided movement (Andersen, 2011; Hadjidimitrakis
et al., 2012, 2019; Yttri et al., 2014; Kaas and Stepniewska,
2016), had significant bidirectional connectivity. In particular, a
study reported that inferior frontal junction area (IFJ) (located
at the junction of the inferior frontal sulcus and the inferior
precentral sulcus), which includes the IFG region, has three
main component processes (task switching, inhibitory control
and working memory) (Brass et al., 2005; Derrfuss et al., 2005,
2009; Levy and Wagner, 2011; Kim et al., 2012).

2With “perspective difference cognition” or, for short, “perspective tracking” we
want to merely grasp the existence of this concept required for registering an actual
or potential conflict between perspectives. The more common term “perspective
taking” suggests the ability to put oneself into another perspective than the
perspective one currently has. This would require the tracking of a particular
perspective not just the tracking of a potential perspective difference. There is
growing evidence that the dorsal part of the left temporo-parietal junction (TPJ),
which overlaps with the left inferior parietal lobe (IPL), is reliably activated by
perspective tasks (Goel et al., 1995; Ruby and Decety, 2003).

Since oral driving alerts (i.e., “Please start driving” and “Please
stop driving”) were provided by a researcher to the subjects
during each phase, the STG, which is associated with language
processing, would have been selected as the input area. The
connectivity between the STG and IFG has previously been
reported as a wide language network (Jeong et al., 2009); however,
these areas may have driving functions as well. The STG and
IFG have been associated with convergent semantic processing,
which controls, suppresses, and modulates various options to
successfully perform multiple related tasks (Friederici et al.,
2003). Since this study required the subjects to maintain their
driving lane and speed, they had to simultaneously control
the wheel and pedals, which required convergent semantic
processing. This task led to significant bidirectional connectivity
between the STG and IFG, in which these areas formed a network
associated with inhibitory control in addition to language
processing. Inhibitory control, also known as response inhibition,
is a cognitive process and more specifically, an executive
function – that permits an individual to inhibit their impulses and
natural, habitual, or dominant behavioral responses to stimuli
(a.k.a. prepotent responses) in order to select a more appropriate
behavior that is consistent with completing their goals (Diamond,
2013; Ilieva et al., 2015). Inhibitory control revealed that frontal,
subcortical, insula (INS), and parietal regions are active.

The connectivity between the STG and IPL can be predicted
according to the following observations. First, the dorsal part
of the left temporo-parietal junction (TPJ) is activated during
perspective tasks (Goel et al., 1995; Ruby and Decety, 2003),
which require tracking of potential, or actual, perspective
differences (Arora et al., 2015). The driving images presented in
this study were similar to actual driving environments, requiring
spatial perception of near and far perspectives. Since oral driving
cues (lSTG) and driving images with perspective differences
(IPL) were used for this driving task, bidirectional connectivity
between these two areas would have been significant. Second,
the driving cues (STG) as well as the spatial cognition and hand
and leg movements needed to control the wheel and pedals for
visually guided driving (lIPL) are predictive of these areas having
significant bidirectional connectivity.

The bidirectional connection between the Inferior Frontal
Gyrus and the Inferior Parietal Lobule may be related to
movement control for controlling the steering wheel and
pedals when driving. By initiating and modulating cognitive
control abilities, the fronto-parietal network (Sundermann and
Pfleiderer, 2012) is involved in a wide variety of tasks. Thus,
cognitive control of driving by the IFG as well as control of the
wheel and pedals to maintain speed by the IPL led to significant
connectivity between these two areas.

Due to the use of oral driving cues, the STG was selected
as the input area. The overall connectivity of the STG with
the IFG and IPL can be interpreted in terms of movement
during driving. First, the connectivity from the STG to the IFG,
and then to the IPL, selects and monitors driving information,
and permits driving (IPL) through inhibitory control (IFG).
Therefore, this pathway could serve as an inhibitory control
movement pathway. With the STG as the input, the IPL performs
driving through spatial recognition and vision. Moreover, the
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FIGURE 4 | Models estimating the effective connectivity between areas activated during driving in the (A) right, (B) left, and (C) both hemispheres.

cognitive control of the IFG switches between different tasks,
such as controlling the wheel and pedals. Consequently, this
pathway could serve as a task-switching pathway. Although these
pathways may be considered identical since they both regulate
movements associated with driving, they still differ in terms of
whether a driving motion is performed.

TABLE 2 | Correlation between six left and right hemispheric areas (rITG, right
inferior temporal gyrus; rPCu, right precuneus; rLiG, right lingual gyrus; lIPL, left
inferior parietal lobule; lSTG, left superior temporal gyrus; lIFG, left inferior frontal
gyrus) activated during driving.

From

rITG rPCu rLiG lIPL lSTG lIFG

To

rITG 0.02 (56%) 0.08 (73%) 0.02 (71%) 0.15 (100%) 0.08 (71%)

rPCu 0 0.13 (87%) 0 0 0.12 (85%)

rLiG 0 0 0 0.16 (100%) 0

lIPL 0.11 (80%) 0.03 (58%) 0.09 (75%) 0.1 (100%) 0.09 (74%)

lSTG 0.05 (64%) 0 0.05 (64%) 0.03 (60%) 0

lIFG 0.04 (63%) 0 0.04 (62%) 0 0.13 (100%)

r, right hemisphere; l, Left hemisphere.

Effective Connectivity Between Areas
Activated in Both Hemispheres
Of the six areas activated in both hemispheres, the lSTG was
selected as the input area since oral driving cues were provided to
the subjects during each phase. The following pathways, with the
input area as the start and correlations above 70%, are explained
below (Figure 4):

1© As described previously, the connectivity between the
lSTG→ lIFG→ lIPL is the inhibitory control movement
pathway. In the left hemisphere, inhibitory control
movement and task-switching pathways were observed,
whereas, in both hemispheres, the inhibitory control
movement pathway was dominant.

2© There was a prominent connectivity between the
lSTG → lIFG → rPCu. Previous studies have reported
that the lIFG and rPCu were activated during episodic
memory retrieval (Lundstrom et al., 2005). This pathway
would likely act to select and monitor information on
certain driving aspects (i.e., maintenance of speed and
lane) acquired prior to driving and apply the subject’s
episodic memory. Therefore, this pathway could act as an
episodic memory retrieval pathway.
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3© The pathway between the lSTG → rITG → lIPL could
have resulted from the subjects using higher-order visual
functions to perceive the driving environment (Kolb and
Whishaw, 2014), spatial cognition (Andersen, 2011), and
perspective differences cognition for driving.

4© The pathways between the lSTG → rLiG → rPCu
and 5© lSTG → rLiG → rITG are visual attention
pathways (see section “Effective Connectivity Between
Areas Activated in the Right Hemisphere”) that were
dominant in the left and right hemispheres.

6© The pathway between the lSTG→ rLiG→ lIPL→ rITG
appeared since the perception of perspective differences
and spatial cognition (lIPL) were added to the visual
attention pathway (i.e., 5©).

CONCLUSION

This study investigated the effective connectivity between
brain areas activated during driving for the left, right, and
both hemispheres.

Since visual cognition and processing are crucial for
driving, the visual attention pathway was prominent in the
right and both hemispheres. Moreover, the inhibitory control
movement and task-switching pathways, which are related
to synesthesia required for driving, were prominent in the
left hemisphere. An interesting finding of this study was the
observation of the inhibitory control movement pathway, which
was prominent in the left and both hemispheres. Although
research on inhibitory control has been largely conducted
using go/no-go tasks (Chikazoe, 2010; Ma et al., 2015), no
reports associated with driving have been made. Inhibitory
control is a multi-domain executive function critical for flexible
responsivity to changing task demands, and, thus, is an essential
component of adaptive behavioral regulation. As expected,
pathways regulating movement through inhibitory control were
prominent during driving.

The episodic memory retrieval pathway observed in the right
and both hemispheres is associated with drivers recalling their
own experiences, indicating that driving is influenced by driving
experience and familiarity.

In accordance with the hypothesis proposed in this study,
connectivity between areas related to specific cognition in the
right and the left hemispheres was predominant, but we could
also observe interesting results that were not consistent with
the hypothesis. Because both hands and right foot were used,
we expected that activation would be dominant in the area

including the premotor cortex and supplementary motor area.
However, lIPL parietal cortex, the area responsible for controlling
the movement by perceiving the situation through spatial and
visual perception (controlling steering wheel with both hands
and pedal with right foot in this study), was predominantly
activated. As such, we suggest that IIPL cortex, which is involved
in complex cognitive processing that controls behavior according
to the surrounding environment, is more activated than motor
cortex such as premotor cortex and supplementary motor area.

Although the driving simulator was similar to actual driving
conditions, it still differed from actual conditions. Moreover,
events that were not directly associated with driving, such as the
oral driving cues, were included in the experiment. However, this
study is still significant by being the first to investigate the overall
effective connectivity between brain areas associated with driving.
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