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Hands off, brain off? A meta-analysis of neuroimaging data
during active and passive driving
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Cedex, Lyon, France Background: Car driving is more and more automated, to such an extent that driving
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Institut Universitaire de France, Pars, France without active steering control is becoming a reality. Although active driving requires
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only requires looking at the driving scene without any need to act (i.e., the human is

Materials & Methods: After a careful search of the scientific literature, 11 differ-
ent studies, providing 17 contrasts, were used to run a comprehensive meta-analysis

Funding information contrasting active driving with passive driving.
French National Research Agency (ANR),

Grant/Award Number:
ANR-18-CE22-0002-01 pared to passive driving, the left precentral gyrus (BA3 and BA4) and the left

postcentral gyrus (BA4 and BA3/40), whereas a set of brain regions was recruited more

Results: Two brain regions were recruited more consistently for active driving com-

consistently in passive driving compared to active driving: the left middle frontal gyrus
(BA6), the right anterior lobe and the left posterior lobe of the cerebellum, the right
sub-lobar thalamus, the right anterior prefrontal cortex (BA10), the right inferior occip-
ital gyrus (BA17/18/19), the right inferior temporal gyrus (BA37), and the left cuneus
(BA17).

Discussion: From a theoretical perspective, these findings support the idea that the
output requirement of the visual scanning process engaged for the same activity can
trigger different cerebral pathways, associated with different cognitive processes. A
dorsal stream dominance was found during active driving, whereas a ventral stream
dominance was obtained during passive driving. From a practical perspective, and con-
trary to the dominant position in the Human Factors community, our findings support
the idea that a transition from passive to active driving would remain challenging as

passive and active driving engage distinct neural networks.
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1 | INTRODUCTION

The primary function of scanning visually our environment is to pro-
vide the information required to perform everyday tasks (Land, 2009,
2006). When considering the relationships between vision and action,
mobility is key for our species, from walking on two legs to advanced
technologically mediated mobility solutions. Among those technologi-
cally mediated mobility solutions, car driving is a frequent, well-spread,
and often investigated activity (Lee, 2008). Despite being so com-
mon, driving is a complex activity that has been described to engage
different levels of cognitive control. Based on the combination of
ergonomics knowledge (Michon, 1985, 1979) and available neuroimag-
ing data recorded during simulated car driving, we proposed the Driver
NeuroErgonomical Cascade Model (DNCM).

The DNCM describes the driving activity from the driver’s inten-
tions to vehicle trajectory through three different levels of cognitive
control progressively less and less consciously controlled in a cascade
fashion (Navarro et al., 2018). The most explicit level referred to as
the strategical level (involved, e.g., in route planning and adapting the
driving behavior to contextual elements such as the emergency of the
driving situation, the risks associated with traffic rules violations or the
driver’s awareness) is engaged at first. This level of cognitive control
allows drivers to set driving plans (trip goal and itinerary) and relies on
three main cerebral areas: (i) the right temporoparietal junction in the
right superior temporal gyrus (BA39/22) associated with attentional
processes (Bzdok et al., 2013; Wilterson et al., 2021), especially in the
attentional ventral network (Corbetta et al., 2008; Vossel et al., 2014),
(ii) the left superior frontal gyrus (BA10) associated with the “branch-
ing” activity that consists to keep in mind relevant information for the
primary task while completing another additional task (Koechlin, 2016;
Koechlin et al., 1999; Koechlin & Hyafil, 2007), and (iii) the left inferior
frontal gyrus (BA45) associated with semantic retrieval and working
memory processes (Buckner, 1996; Gabrieli et al., 1998; Wang et al.,
2019; Zhanget al., 2021).

The situation is then processed at the tactical level assumed to
adapt driving behaviors depending on the dynamic driving environ-
ment (overtaking a car, adjusting the vehicle speed before turning,
deciding to stop at a pedestrian crossing). This level of cognitive con-
trol relies on two cerebral areas: (i) the bilateral middle frontal areas,
associated with complex voluntary movement planning (Cordani et al.,
2022; Halsband et al., 1993), and (ii) the right middle temporal gyrus,
associated with the processing of the optic flow resulting from 3D
motion and visual recognition (Greenlee, 2000; Smith, Wall, et al.,
2006; Wurtz, 1998).

At the third and last level of cognitive control, referred to as opera-
tional control, the decisions made at the strategical and tactical levels of
control are implemented in terms of physical actions (such as turning
the steering wheel slightly to the left and accelerating or braking heav-
ily). According to the DNCM (Navarro et al., 2018), operational control
relies on three cerebral areas: (i) the right extrastriate cortex associ-
ated with the analysis of complex visual scenes, (ii) the anterior lobe of
the right cerebellum engaged in motor control (King et al., 2019; Manto
etal.,2012; Schmahmann, 2019), and (iii) the right mediodorsal nucleus
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of the thalamus associated with the integration of various elements of
complex visual scene processing (Griffiths et al., 2022; Sherman, 2007).

Although car driving could be considered an evolved form of
technology-mediated mobility, ironically even an “automobile” can be
automated. There is a current trend to automate as much as possible
the driving activity (Hancock, 2014; Navarro, 2019; Navarro & Han-
cock, 2023; Stanton & Young, 1998). Following a technocentric line, the
main automation design philosophy is to replace humans whenever it
is possible to do so. Driving automation is often sorted using levels of
automation (LOA) (SAE International, 2018), ranging from the simplest
driving assistance—LOA 0—(e.g., lane departure warning) to a com-
pletely autonomous vehicle without pedals and steering wheel (LOA
5). Itis a current reality to ride highly automated driving vehicles (SAE
level 3), able to control the trajectory of the car in both lateral and lon-
gitudinal dimensions, in an unknown environment that includes other
vehicles, automated or not, and road users as pedestrians and cyclists,
without any human action. The human behind the wheel then becomes
a “passive driver” but is still required to monitor the driving environ-
ment and to regain manual control of the vehicle in case automation
cannot (e.g., missing lane marking, foggy conditions, or sensor failure).
It is thus an important practical issue to understand and facilitate the
transition of control between passive and active driving.

To pursue this issue, drivers’ eye movements have been used as an
indicator of the cognitive processes engaged while driving (Lappi &
Mole, 2018), including when driving with automation (Mars & Navarro,
2012; Navarroetal.,, 2021, 2020, 2019) or even during the transition of
control from passive to active driving (see Deniel & Navarro, 2023 for a
review). Although several neuroimaging studies have been carried out
on real and simulated driving, under a variety of experimental condi-
tions (see Ware et al., 2020 for a review), only sparse information about
the brain activity engaged during passive driving compared to active
driving is available (Sakihara et al., 2014).

Beyond the car driving domain, an important neuroscientific finding
relates to the existence of two anatomically distinct visual pathways
in the cortex of mammals and humans. The first functional concep-
tion of these dual visual streams was that the ventral occipitotemporal
stream was devoted to the recognition of objects and referred to as the
“what” pathway, and the other dorsal occipitoparietal stream was sub-
serving the spatial properties of objects and referred to as the “where”
pathway (Ingle, 1973; Mishkin & Ungerleider, 1982; Schneider, 1969).
This initial conception was refined first based on neuropsychological
observations made with patient DF (Goodale et al., 1991). Goodale
and Milner (1992) proposed a fresh look at the functions processed by
the two streams and shifted the emphasis from the visual character-
istics of the object to the goal behavior guiding the vision (Goodale &
Westwood, 2004). This revised model states that the functional seg-
regation of the streams is based on the requirements of the situation,
the dorsal stream being involved in the visuospatial control of actions
(e.g., grasping and reaching targets), not specifically in spatial percep-
tion (Jeannerod, 2011). The ventral stream would be used for “vision to
perception” (i.e., “what”) and the dorsal stream for “vision to action” (i.e.,
“how”). As these seminal contributions, numerous studies and investi-

gations have been conducted, confirming the existence and functions
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of the two visual pathways, and discussions about their level of rela-
tive independence or the unicity of representations inside pathways
arrayed (Milner & Goodale, 2008). In brief, the ventral “what” pathway
projects from the striate cortex to the inferior temporal lobe (posterior
inferotemporal, central inferotemporal, and anterior inferotemporal)
via occipital areas V2 and V4. The dorsal “how” pathway projects
from the striate cortex, V5/MT, through the intraparietal sulcus and
terminates in the superior parietal lobe.

Although active driving requires the use of visual information to
guide actions (i.e., steering the vehicle), passive driving only requires
looking at the driving scene without any need to act (i.e., the human
passively driven is out of the action control loop). Consequently, con-
sidering driving in the light of the dual-visual pathways for perception
or action could be highly informative on the differences between the
neurocognitive processes associated with these two driving modes.
Indeed, it is hypothesized that the same visual input would be pro-
cessed either more on the ventral stream or more on the dorsal stream
depending on the output requirements: In the case of active driving,
where steering is required, drivers are expected to recruit mainly the
dorsal stream to perform the required goal-oriented actions. On the
contrary, in the case of passive driving, drivers are expected to engage
more with the ventral stream to process their environment without the
intention to act. Of course, the distinction between the two visual path-
ways is not expected to be as clear-cut as described by textbooks or by
neuropsychological evidence (Goodale & Milner, 1992). Here, the two
pathways can be engaged in parallel by drivers, especially in the case
of passive driving where drivers can supervise the drive and possibly
ghost the actions required to do so.

2 | METHODS

2.1 | Selection of studies

A search in PubMed, PsycINFO, ScienceDirect, and Web of Science
databases complemented with a search in Google Scholar carried out
on the logical conjunction of keywords (“brain mapping” OR “func-
tional magnetic resonance imaging” OR “fMRI” OR “positron emission
tomography” OR “PET”) AND ((“driving” OR “drive”) AND (“car” OR
“automobile”)) and published in English returned 424 scientific contri-
butions at the date of September 15, 2023. By using this combination
of search terms, we ensured that all published articles in English that
examined the subject of the neural correlates of car driving were
included in our results. The results of the search were then screened by
two reviewers independently (JN and ER). In the case of disagreement,
a consensus discussion solved the conflict. The screening procedure
was first carried out on abstracts, and then, full texts of the remaining
research articles were assessed for eligibility. The selection procedure
followed the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines (Page et al., 2021), and the corre-
sponding PRISMA flow diagram for eligibility of articles is presented
in Figure 1. The selection was guided by a list of exclusion criteria

gathering theoretical, methodological, or analytical pitfalls, namely:

1. Not on the topic of car driving,

2. No actual driving task in the experimental protocol (e.g., visuospa-
tial task),

3. No brain data collection performed with a hemodynamic neu-
roimaging method,

4. No research experiment performed (e.g., theoretical, technical, or
review articles),

5. Not on healthy adults (e.g., mild cognitive impairment population
and elderly),

6. Study ondriving while intoxicated (e.g., alcohol or antihistamines),

7. Noreport of foci or activation peak coordinates,

8. No neuroimaging results on whole-brain scanning were available
(e.g., results only on regions of interest),

9. Only results from conjunction or subtraction between two driv-
ing conditions were available (e.g., contrasts between two driving
tasks),

10. Analyses not conducted with the general linear model-
ing analysis—or equivalent—framework (e.g., independent

component analysis or multivariate pattern analyses).

Based on these criteria, 11 studies and 17 contrasts providing data
on 187 healthy participants were ultimately included in the meta-
analysis (see Table S1 for the details of the studies included). Together,

these studies comprised 285 peaks of activation.

2.2 | Classification of the studies included

All the neuroimaging data available were grouped into two exclusive
categories of simulated driving: (i) active driving (i.e., a situation where
participants had to control both the vehicle position and its speed)
and (ii) passive driving (i.e., a situation where participants were pas-
sively driven by a vehicle without any control on the vehicle position
or its speed). A comprehensive meta-analysis including all available
functional neuroimaging results was carried out (Eickhoff et al., 2012,
2009).

2.3 | Data analysis

A coordinate-based meta-analysis with an activation likelihood estima-
tion (ALE) technique (Chein et al., 2002; Turkeltaub et al., 2002) was
used to identify the anatomical locations consistently observed across
neuroimaging studies (GingerALE 2.3 software (http:/www.brainmap.
org/ale/)).

The underlying principles of the ALE method are as follows: Based
on the coordinates of activation peaks in each study selected for
inclusion, the ALE method estimates the probability that an activa-
tion focus truly exists within a given voxel, with Gaussian assumptions
on spatial uncertainty. An ALE map is then created as the union of
probabilities over all activation foci. Clusters above a significance
threshold reveal convergence across included imaging studies at the

location.
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Studies included in review
(n=11)

FIGURE 1

The computations behind the ALE method can be roughly described
as follows: To perform this meta-analysis, coordinates of every sig-
nificant activation peak for each included condition were collected,
either originally in the MNI reference space or transformed from the
Talairach space. For each study and at each voxel, the reported foci
are considered to be the centers of 3D Gaussian probability density
functions. Full widths at half maximum (FWHM) of 3D Gaussian func-
tions depend on the sample size. Larger samples lead to smaller FWHM,
reducing the uncertainty attached to the related foci, and vice versa.
The probability distributions of all foci in an experiment are combined
in a modeled activation (MA) map. The union of all MA maps for all the
experiments included allows computing an ALE score on a voxel-by-
voxel basis, quantifying the likelihood of convergent activations at each
voxel across all included studies. Significance tests allow to thresh-
old the union of ALE maps based on nonparametric p-values with a
false discovery rate (FDR) of p < .05. For specific contrasts between
two conditions (subtraction analysis), the ALE maps are compared by
subtracting one image from the other, taking into account the differ-
ent sample sizes via the individual MA maps pooled to form the ALE
map for an experimental condition. At the contrast level, ALE individ-

ual maps were thresholded at a level of p < .05 (FDR corrected) as

8
.“:-3 Records identified through Recorstur?irg;[\;erdeggrfgger:ﬁ]rgfgéng :
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Neuroimaging technique used

(n=3)
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Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram used for the literature search.

was the pooled map for both conditions. The results were reported
with a p-value threshold set to p < .05 uncorrected, following the
recommendations issued by the ALE experts against the use of FDR
corrections on contrast images for small sample sizes and favoring
the use of uncorrected thresholds for contrast analyses, and mini-
mum cluster sizes set to 60 mm? (Laird et al., 2005; Turkeltaub et al.,
2012).

Significant clusters were overlaid onto an ICBM152 brain template
in MNI space provided by the open-source Surf Ice software (https://

github.com/neurolabusc/surf-ice).

3 | RESULTS
3.1 | Active driving > passive driving

The results of the active versus passive driving contrast are given in
Figure 2. They show that two brain clusters were recruited more con-
sistently for active driving compared to passive driving, namely, the left
precentral gyrus (BA3 and BA4) and the left postcentral gyrus (BA 4
and BA3/40).
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cluster size X y z pvalue Zscore Hemisphere Region Brodmann Area
1 512 mm3 -32 -33 58 0.024 1.98 Left Parietal / Frontal lobe
-33 -23 57 Precentral gyrus BA4
-33 -31 62 Postcentral gyrus BA3 / BA40O
2 368 mm3 -30 -32 72 0.006 2.51 Left Frontal / Parietal lobe
-28 -23 73 Postcentral gyrus BA3
-33  -16 69 Precentral gyrus BA4
-37  -26 70 Postcentral gyrus BA3

FIGURE 2 Clusters activated more consistently in active driving compared to passive driving. Clusters for the active > passive contrast. The
centers of the clusters are in bold, and the peaks inside clusters are below. Coordinates are in the MNI space.

3.2 | Passive driving > active driving

The results of the passive versus active driving contrast are given
in Figure 3. They show that clusters in a set of brain regions were
recruited more consistently in passive driving compared to active driv-
ing, namely, the left middle frontal gyrus (BA6), the right anterior lobe
and the left posterior lobe of the cerebellum, the right sub-lobar tha-
lamus, the right anterior prefrontal cortex (BA10), the right inferior
occipital gyrus (BA17/18/19), the right inferior temporal gyrus (BA37),
and the left cuneus (BA17).

4 | DISCUSSION

4.1 | Active driving and the dorsal pathway

The consistent activations recorded in the left primary somatosen-
sory cortex (BA3) during active driving compared with passive driving
could be associated with the bodily sensations processing as well as
with coordinated movements. In more detail, these regions have been
repeatedly observed to be engaged by ipsilateral hand-foot combina-
tion of coordinated movements (Debaere et al., 2001; Nakagawa et al.,
2016; Rocca et al., 2007) and in haptic perception (Peltier et al., 2007).
In our case, this consistent area of activation could be associated with
the grip of the steering wheel with the right hand and the touch of the
gas and/or brake pedal with the right foot. Another notable activation
in active driving compared to passive driving was observed in a nearby
region (BA40), an area known to be associated with motor control from
basic hand and finger motor tasks (Li et al., 2020; Smith, Chen, et al.,

2006), to performing everyday motor tasks, such as dressing (Witten-
berg et al., 2014), through grasping (Randerath et al., 2010; Ward &
Frackowiak, 2003), and elbow movements (Estévez et al., 2014; Van
Dokkum et al., 2017).

The left primary motor cortex (BA4) was also found to be acti-
vated more consistently in active driving than in passive driving. This
area is required to execute voluntary movements (Cordani et al.,
2022; Halsband et al., 1993). More precisely, the area activated was
previously observed as part of the network engaged for movement
control through the classic neuroscientific finger tapping tasks (Anwar
et al, 2016; Witt et al., 2008), but also during elbow movements
(Estévez et al., 2014). This region was also reported to be part of the
common car-driving circuit to allow driving at the motor execution
(“operational” level; Navarro et al., 2018).

Active driving showed more consistently activated brain areas close
to the left central gyrus in both anterior and posterior locations. Other
brain regions typically associated with the dorsal stream could have
been expected, especially the superior parietal lobule. An explanation
could be that even in passive driving condition, drivers behaved as if
they were driving. Participants could have used motor imagery (Jean-
nerod, 1994), especially by imagining moving the steering wheel, an
activity known to engage most areas associated with actual sensorimo-
tor control (Ehrsson et al., 2003; Savaki & Raos, 2019). In some of the
experiments included in the meta-analysis, they were even instructed
to do so. The absence of brain areas in the sensorimotor control net-
work (i.e., the supplementary motor area, the cingulate motor areas,
the premotor cortex, and the posterior parietal cortex) might then be
attributed to drivers preparing for steering action even in the passive

driving condition. This hypothesis would also be consistent with the
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cluster size X ¥ z p value Z score  Hemisphere Region Brodmann Area
1 1672 mm3 -27 -8 59 0.018 21 Left Middle Frontal Gyrus BAG
-28 2 53
-31 9 61
-23 4 65
2 1424 mm3 28 -44 -22 0.008 2.41 Right Cerebellum - Anterior lobe
28 -42 -22 Fusiform Gyrus BA37
Pulvinar / Medial dorsal nucleus of
3 1032 mm3 15 -23 6 0.018 21 Right Thalamus
16 -24 3
17 -20 6
23 -24 4
4 776 mm3 -30 56 -18 0.002 2.88 Left Cerebellum - Posterior lobe
-29 -59 -12
-29 -66 -9
5 680 mm3 44 47 -8 0.018 21 Right Inferior Frontal Gyrus BA1D
6 488 mm3 40 =71 -11 0.01 233 Right Inferior Occipital Gyrus BA1S
44 -78 =7 Inferior Occipital Gyrus BA19
48 =71 -3 Inferior Temporal Gyrus BA37
47 =75 1 Inferior Occipital Gyrus BA19
7 480 mm3 37 -89 11 0.006 251 Right Middle Occipital Gyrus BA18/19
41 <91 22
45 -90 16
8 416 mm3 -43 -76 -12 0.03 188 Left Inferior Occipital Gyrus BA18/19
9 288 mm3 -42 -1 54 0.018 21 Left Middle Frontal Gyrus BAG
-42 2 51

FIGURE 3 Clusters activated more consistently in passive driving compared to active driving. Clusters for the active > passive contrast. The
centers of the clusters are in bold, and peaks inside clusters are below. Coordinates are in the MNI space.

observation of increased brain activations in brain areas corresponding
to action planning and action realization observed here.

4.2 | Passive driving and the ventral pathway
Several brain areas were activated more consistently during passive
driving than during active driving. Those areas and associated func-
tions related to passive driving requirements are discussed in the
following lines.

The left middle frontal gyrus (BA6) was found to be activated more
consistently during passive driving. In the literature, this brain region

has been associated with action observation, such as reaching or grasp-

ing at rest (Molinari et al., 2013), gesture recognition (Villarreal et al.,
2008), motor imagery (Wei & Luo, 2010), and anticipatory behav-
iors (Bianco et al., 2021; Simé et al., 2005), especially to anticipate
objects’ location (Schubotz & von Cramon, 2001; Smith, 2016). Dur-
ing passive driving, this region would thus be involved in anticipating
the vehicle’s future location in space based on the observation of cur-
rent motion. This interpretation is reinforced as this brain region is
also engaged for spatial judgments (Kukolja et al., 2006), including
during real-world navigation in simulated driving (Spiers & Maguire,
2006).

The cerebellum (right anterior lobe and left posterior lobe), a struc-
ture associated with motor coordination (Ito, 1984; King et al., 2019;

Manto et al., 2012) and motor error correction (Miall et al., 1993;
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Popaetal.,, 2016), was associated with passive driving. Here, in line with
previous observations, the cerebellum would contribute to support the
visual perception of motion (Jokisch et al., 2005; Paradis et al., 2000)
and monitor visual search (Vallesi, 2014), including establishing a direc-
tional expectation for movement (Hull, 2020; Shulman et al., 1999) in
the driving environment.

The right sub-lobar part of the thalamus was also part of the passive
driving network. Classically considered a relay for sensorimotor infor-
mation to the cortex, the thalamus has numerous connections with
cortical and subcortical areas (Ro et al., 2007; Sherman & Guillery,
2011). Here, the thalamus could support passive drivers’ alertness
(Yanakaet al., 2010).

The right anterior prefrontal cortex (BA10), and the specific region
activated here, is part of the mentalizing network (Lee, 2015), known
to support the ability to assess one’s mental states and to infer the
mental states of others (Hein & Singer, 2008; Kalbe et al., 2010; Thorn-
ton et al.,, 2019). A possible interpretation of these brain activities
would be that while performing passive driving individuals could eval-
uate their own current activity and mental state. Additionally, this
region is associated with the perception of human as well as humanoid
robot actions (Saygin et al., 2012). It could thus be hypothesized that
during passive driving people engage in the supervision of the artifi-
cial agent (i.e., driving automation) actions. This region has also been
specifically associated with stimulus-driven attentional shifts between
objects and locations (Stoppel et al., 2013). In passive driving, the visual
flow of the dynamic driving scene would thus require passive drivers
to switch between different elements of the environment, located at
different places. Altogether, this specific region could be described
as supporting the supervision of the agent actively controlling the
vehicle.

The right inferior occipital gyrus (BA17/18/19) and the left cuneus
(BA17), brain areas implied in visual selective attention (Kastner et al.,
1998; Moran & Desimone, 1985) and visual information processing
and especially perceptual identification of objects (Goodale & Milner,
1992; Grill-Spector et al., 2001; Zeki, 1993) in its ventral part. These
areas in the visual cortex have been associated with visual (Kriegesko-
rte et al., 2003) and audiovisual object recognition (Plank et al., 2012),
3D shape recognition (Georgieva et al., 2008) and visual object pro-
cessing in general (e.g., Rose et al., 2005). The area MT/V5 is activated,
as previously reported in the common car driving network (Navarro
et al., 2018), to support motion perception and tracking (Culham et al.,
1998; Tootell et al., 1995; Watson et al., 1993; Zeki et al., 1991). Right
MT/V5 satellites are also systematically engaged during action obser-
vation including locomotion (Abdollahi et al., 2013). Here if steering
action cannot be directly observed, the outcome of another agent’s
actions is available to participants. The numerous activations recorded
in the extrastriate cortex are consistent with the need for participants
to explore visually the driving scene.

The right inferior temporal gyrus (BA37) is a region of the ventral
pathway (Deng et al., 2016), located very close to the lateral occipital
complex implicated in object perception and recognition (Grill-Spector
et al., 2000; Malach et al., 1995), a region also engaged during action
observation and execution (Abdollahi et al., 2013; Brihmat et al., 2018),

the processing of objects movement (Zacks et al., 2006) with a spe-
cialization for biological (Beauchamp et al., 2002) or biologically com-
patible movement processing (Crescentini et al., 2011). During passive
driving, this region could be engaged to (i) analyze the vehicle trajec-
tory, resulting from human-initiated or human-compatible actions on
steering and speed control and (ii) participate in the identification of
the various objects available on the driving scene.

4.3 | General discussion

In the studies included in the meta-analysis, healthy participants were
invited to perform a complex, skilled, and well-known everyday task:
driving. The data collected showed consistently distinct brain activa-
tions whether that activity was performed actively or passively, thus
providing insight into how the vision for perception and vision for
action pathways are relevant to describe real-life behaviors.

From a theoretical perspective, the findings are in line with the
idea that the output requirement of visual scanning engaged for the
same activity can trigger different neural processes. Dorsal stream
dominance was found during active driving, whereas ventral stream
dominance was obtained during passive driving. Interestingly partici-
pants could have processed visual information during passive driving
as if driving actively, after all, participants were stuck in a driving
cockpit with nothing else to do but visually scan the driving scene.
This was not the case. This suggests that the vision for action path-
way is automatically switched on when actual action performance is
required and switched off when no action performance is needed. Even
if the two visual pathways can communicate (Ayzenberg et al., 2023;
Kriegeskorte et al., 2003), a switching cost may apply at least from ven-
tral dominance to dorsal dominance. This would explain the difficulties
observed to regain active steering after some time spent in passive
steering (Deniel & Navarro, 2023; Navarro et al., 2016; Zhang et al.,
2019).

From a practical perspective, our findings support the rationale
that a transition from passive to active driving (required at SAE level
3) would remain challenging no matter the quality of the monitoring
engaged during the passive driving task. This assertion is at odds with
the well-established and widely accepted idea that physical control of
the vehicle (i.e., steering control) and monitoring (i.e., supervision of
the vehicle trajectory) of the current driving situation are two inde-
pendent concepts (Merat et al., 2019). Indeed, the Trilateral Human
Factors Working Group proposed that “in a situation where physical
vehicle control is taken over by an automated system, the driver may
still be regarded as being on the loop if (s)he is still engaged in sit-
uation monitoring” (Merat et al., 2019). The current findings suggest
the reverse. Delegating physical control of the vehicle to an automated
system (i.e., passive driving) de facto implies situation monitoring dif-
ferent from the one engaged in active driving. The visual processing
of the situation goes hand in hand with action control. If no action is
required, situation monitoring would be carried out differently what-
ever the level of implication of the drivers during passive driving. This

sheds new light on the Human Factors definition and understanding of
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cognitive control in passive driving. One cannot expect that the drivers

who are regaining active control immediately after a period of passive
driving will perform as well as in active driving as the process of visual
information follows different paths in the brain.

The reported findings outline that under passive driving, peo-
ple’s neural activations are different than under active driving. This
observation was made based on several datasets where different
methodologies have been used and different instructions given to par-
ticipants. Still, across studies, the meta-analysis reported that people
consistently exhibit a different neural network in passive driving com-
pared to the one deployed in active driving. This aligns with the idea
that no matter the specific driving situations, conditions, or instruc-
tions, the neural regions engaged in passive driving differ from those
engaged in active driving. This neuroscientific evidence speaks against
the dichotomy made in Human Factors between physical control of
the vehicle on the one hand and monitoring of the current driving
situation on the other hand (Merat et al., 2019). From the neuroer-
gonomics perspective adopted here, physical control of the vehicle
and monitoring of the driving situation are fundamentally linked. Thus,
it is impossible to delegate operational control to automation with-
out impacting the tactical and strategical levels of control (Navarro
et al,, 2018). This new insight suggests that the DNCM needs to be
revised. Indeed, the model described behavioral and neural activi-
ties from the driver’s intentions to vehicle trajectory through three
different levels of cognitive control progressively less and less con-
sciously controlled in a cascade fashion (Navarro et al., 2018). The
reported findings indicate that the cascade nature of the model is
unsatisfying and that feedback from the operational level to the tac-
tical and strategical levels should be added. It can be hypothesized
that passive and active steering operations act as a bottom-up pro-
cess able to counterbalance the cascade top-down process described
in the model.

4.4 | Limitations

Quantitative meta-analyses are often considered the highest level of
scientific proof thanks to the combination of datasets gained through
several experiments. This combination not only offers the possibility
to add the observations made on different participants but also to
consider the common cerebral changes recorded across experiments
despite different experimental setups and other various methodolog-
ical choices. However, no control is possible on the experimental
manipulations made for the data included in the meta-analysis. Here,
the driving activity was systematically engaging a vehicle moving in
an environment, the vehicle trajectory being controlled either actively
or passively. But the driving activity may include a variety of sub-
tasks that are not strictly equivalent (McKnight & Adams, 1970) and
cognitively controlled at different levels (Navarro et al., 2018). It is
thus possible that the reported findings did not cover the complete
range of neural differences between passive and active driving. Rather,
the reported findings should be considered the minimum differences

between passive and active driving. Further investigations are required
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to investigate in more detail the differences between passive and
active driving, possibly depending on the specific driving situations
(e.g., steering along a bendy road, interacting with other drivers at an
intersection, and navigating). Still, the reported minimal differences
between passive and active driving constitute a solid basis observable
consistently across 11 experiments with various original protocols and
unstandardized driving activity.

In the same vein, in all passive driving studies, participants were
expected to monitor the vehicle moves in the driving environment
whereas active driving consisted of a variety of different actions to be
performed (e.g., negotiating an intersection, navigating in an unknown
environment, and follow a given route). The larger passive driving net-
work relative to the active driving network could be attributed to
a more homogenous passive driving situation across studies. Indeed,
monitoring different driving actions might be more similar than per-
forming different actions. Moreover, dorsal pathway activations may
be task-specific and could also be subdivided into distinct neural path-
ways (Rizzolatti & Matelli, 2003). To specifically address the question
of the transition of control between passive and active driving (i.e.,
takeover), such transitions should be investigated directly. Neural acti-
vations before, during, and after transitions of control would provide
insightful data not only about the transition of control during driving
but also shed some light on the processes engaged while switching from
ventral to dorsal pathways. Another possibility to refine our under-
standing of the processes engaged in passive driving is to manipulate
the quality of the human supervision of passive driving (no supervision
required, or tight supervision required with a regular return to active
driving, for instance).

More broadly, meta-analyses also suffer from possible publication
and selection biases. Indeed, only published articles providing raw data
can be included in quantitative meta-analyses. There is thus a pos-
sibility that unpublished and/or unavailable data would impact the
reported findings.

Finally, the question of ecological validity (i.e., transferability of
the experimental findings to real-life driving) can be raised as most
data were collected under simulated driving conditions with physical
constraints due to the neuroimaging recording device. More real-life
investigations would be required to confirm the validity of the reported

findings in real-life conditions.

5 | CONCLUSION

The meta-analysis reported here aimed at addressing the question of
the cerebral bases of passive and active driving. The results showed
that active driving engages more consistently areas of the dorsal path-
way compared to passive driving, as an action needs to be performed.
Onthe contrary, the passive driving mode engages a more ventral set of
cerebral areas, probably associated with the visual analysis of the driv-
ing scene and the supervision of the automation in charge of driving.
It should be very clear that these two dorsal and ventral pathways of
activation supporting driving are not exclusive from one another, but

the switching cost between these two pathways could contribute to
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explaining the difficulties faced by humans when a transition from pas-
sive driving to active driving is required. The same visual information of
the driving environment is processed differently in passive driving than
in active driving. One cannot expect that the drivers who are regaining
active controlimmediately after a period of passive driving will perform
as if the same processes were engaged. Therefore, these results should
be incorporated into future research and development on automated

driving.

AUTHOR CONTRIBUTIONS
Navarro Jordan and Reynaud Emanuelle contributed to the concep-

tion, the analyses, and the writing of the article.

ACKNOWLEDGMENTS
This work was supported by the AUTODRIVE program [ANR-18-CE22-
0002-01] operated by the French National Research Agency (ANR).

CONFLICT OF INTEREST STATEMENT
The authors have no conflicts of interest to disclose.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
authors upon request.

ORCID

Navarro Jordan "= https://orcid.org/0000-0002-1360-9523
Reynaud Emanuelle "= https://orcid.org/0000-0002-5433-0975
PEER REVIEW

The peer review history for this article is available at https://publons.
com/publon/10.1002/brb3.3272.

REFERENCES

Abdollahi, R. O., Jastorff, J., & Orban, G. A. (2013). Common and segregated
processing of observed actions in human SPL. Cerebral Cortex, 23, 2734~
2753. https://doi.org/10.1093/cercor/bhs264

Anwar, A. R., Muthalib, M., Perrey, S., Galka, A., Granert, O., Wolff, S., Heute,
U., Deuschl, G., Raethjen, J., & Muthuraman, M. (2016). Effective connec-
tivity of cortical sensorimotor networks during finger movement tasks:
A simultaneous fNIRS, fMRI, EEG study. Brain Topography, 29, 645-660.

Ayzenberg, V., Simmons, C., & Behrmann, M. (2023). Temporal asymme-
tries and interactions between dorsal and ventral visual pathways during
object recognition. Cerebral Cortex Communications, 4, 1-12. https://doi.
org/10.1093/TEXCOM/TGADO03

Beauchamp, M. S,, Lee, K. E., Haxby, J. V, & Martin, A. (2002). Parallel
visual motion processing streams for manipulable objects and human
movements. Neuron, 34, 149-159.

Bianco, V., Berchicci, M., Mussini, E., Perri, R. L., Quinzi, F., & Di Russo,
F. (2021). Electrophysiological evidence of anticipatory cognitive con-
trol in the Stroop Task. Brain Sciences, 11, 783. https://doi.org/10.3390/
brainsci11060783

Brihmat, N., Tarri, M., Quidé, Y., Anglio, K., Pavard, B., Castel-Lacanal, E.,
Gasq, D., De Boissezon, X., Marque, P, & Loubinoux, I. (2018). Action,
observation or imitation of virtual hand movement affect differently
regions of the mirror neuron system and the default mode network. Brain
Imaging and Behavior, 12, 1363-1378.

WILEY- 22

Buckner, R. L. (1996). Beyond HERA: Contributions of specific prefrontal
brain areas to long-term memory retrieval. Psychonomic Bulletin &
Review, 3, 149-158. https://doi.org/10.3758/BF03212413

Bzdok, D., Langner, R., Schilbach, L., Jakobs, O., Roski, C., Caspers, S., Laird,
A.R., Fox, P. T, Zilles, K., & Eickhoff, S. B. (2013). Characterization of the
temporo-parietal junction by combining data-driven parcellation, com-
plementary connectivity analyses, and functional decoding. Neuroimage,
81,381-392. https://doi.org/10.1016/j.neuroimage.2013.05.046

Chein, J. M,, Fissell, K., Jacobs, S., & Fiez, J. A. (2002). Functional hetero-
geneity within Broca’s area during verbal working memory. Physiology &
Behavior, 77, 635-639.

Corbetta, M., Patel, G., & Shulman, G. L. (2008). The reorienting system of
the human brain: From environment to theory of mind. Neuron, 58, 306-
324.

Cordani, C., Preziosa, P, Gatti, R., Castellani, C., Filippi, M., & Rocca, M. A.
(2022). Mapping brain structure and function in professional fencers:
A model to study training effects on central nervous system plasticity.
Human Brain Mapping, 43, 3375. https://doi.org/10.1002/HBM.25854

Crescentini, C., Mengotti, P, Grecucci, A., & Rumiati, R. I. (2011). The effect
of observed biological and non biological movements on action imitation:
An fMRI study. Brain Research, 1420, 80-92.

Culham, J. C, Brandt, S. A, Cavanagh, P, Kanwisher, N. G., Dale, A. M,
& Tootell, R. B. (1998). Cortical fMRI activation produced by attentive
tracking of moving targets. Journal of Neurophysiology, 80, 2657-2670.
https://doi.org/10.1152/jn.1998.80.5.2657

Debaere, F,, Swinnen, S. P, Béatse, E., Sunaert, S., Van Hecke, P, & Duysens,
J. (2001). Brain areas involved in interlimb coordination: A distributed
network. Neuroimage, 14, 947-958.

Deng, Y., Shi, L., Lei, Y., Liang, P, Li, K., Chu, W. C. W,, Wang, D., & Initiative,
A.D.N.(2016). Mapping the “what” and “where” visual cortices and their
atrophy in Alzheimer’s disease: Combined activation likelihood estima-
tion with voxel-based morphometry. Frontiers in Human Neuroscience, 10,
333.

Deniel, J., & Navarro, J. (2023). Gaze behaviours engaged while taking
over automated driving: A systematic literature review. Theoretical Issues
in Ergonomics Science, 24, 54-87. https://doi.org/10.1080/1463922X.
2022.2036861

Ehrsson, H. H., Geyer, S., & Naito, E. (2003). Imagery of voluntary movement
of fingers, toes, and tongue activates corresponding body-part-specific
motor representations. Journal of Neurophysiology, 90, 3304-3316.

Eickhoff, S. B., Bzdok, D., Laird, A. R., Kurth, F.,, & Fox, P. T. (2012). Acti-
vation likelihood estimation meta-analysis revisited. Neuroimage, 59,
2349-2361.

Eickhoff, S. B., Laird, A. R., Grefkes, C., Wang, L. E., Zilles, K., & Fox, P. T.
(2009). Coordinate-based activation likelihood estimation meta-analysis
of neuroimaging data: A random-effects approach based on empirical
estimates of spatial uncertainty. Human Brain Mapping, 30, 2907-2926.

Estévez, N., Yu, N., Brigger, M., Villiger, M., Hepp-Reymond, M.-C., Riener,
R., &Kollias, S. (2014). A reliability study on brain activation during active
and passive arm movements supported by an MRI-compatible robot.
Brain Topography, 27,731-746.

Gabrieli, J. D., Poldrack, R. A., & Desmond, J. E. (1998). The role of left pre-
frontal cortex in language and memory. PNAS, 95, 906-913. https://doi.
org/10.1073/pnas.95.3.906

Georgieva, S.S., Todd, J. T, Peeters, R., & Orban, G. A. (2008). The extraction
of 3D shape from texture and shading in the human brain. Cerebral Cortex,
18,2416-2438. https://doi.org/10.1093/cercor/bhn002

Goodale, M. A, & Milner, A. D. (1992). Separate visual pathways for
perception and action. Trends in Neuroscience (Tins), 15, 20-25.

Goodale, M. A, Milner, A. D., Jakobson, L. S., & Carey, D. P. (1991). A neu-
rological dissociation between perceiving objects and grasping them.
Nature, 349, 154-156.

Goodale, M. A, & Westwood, D. A. (2004). An evolving view of duplex vision:
Separate but interacting cortical pathways for perception and action.

85UB017 SUOWILIOD BAIER1D B |deot|dde BU Ag pauieA0h 82 S3 ol WO ‘88N JO S3|NJ 10} AR1q1T BUIIUO AB]1/M UO (SUORIPUOD-PUR-SLLLBY WD A8 | IM" ARe.d)1)BUUO//SdNY) SUORIPUOD Pue SWB L 843 835 *[£202/0T/2T] Uo ARIqIT BUIUO AB|IM ‘2 UOAT 1S RAIUN AQ 2/2€"€040/200T OT/I0P/W0D A8 | M ARe.q 1Bu JUO//Sdny WOy papeo|umoq ‘0 ‘2E06.5T2


https://orcid.org/0000-0002-1360-9523
https://orcid.org/0000-0002-1360-9523
https://orcid.org/0000-0002-5433-0975
https://orcid.org/0000-0002-5433-0975
https://publons.com/publon/10.1002/brb3.3272
https://publons.com/publon/10.1002/brb3.3272
https://doi.org/10.1093/cercor/bhs264
https://doi.org/10.1093/TEXCOM/TGAD003
https://doi.org/10.1093/TEXCOM/TGAD003
https://doi.org/10.3390/brainsci11060783
https://doi.org/10.3390/brainsci11060783
https://doi.org/10.3758/BF03212413
https://doi.org/10.1016/j.neuroimage.2013.05.046
https://doi.org/10.1002/HBM.25854
https://doi.org/10.1152/jn.1998.80.5.2657
https://doi.org/10.1080/1463922X.2022.2036861
https://doi.org/10.1080/1463922X.2022.2036861
https://doi.org/10.1073/pnas.95.3.906
https://doi.org/10.1073/pnas.95.3.906
https://doi.org/10.1093/cercor/bhn002

. Brain and Behavior
L2 | WILEY fOpen Access)

Current Opinion in Neurobiology, 14, 203-211. https://doi.org/10.1016/j.
conb.2004.03.002

Greenlee, M. W. (2000). Human cortical areas underlying the perception of
optic flow: Brain imaging studies. International Review of Neurobiology, 44,
269-292. https://doi.org/10.1016/s0074-7742(08)60746-1

Griffiths, B. J.,, Zaehle, T., Repplinger, S., Schmitt, F. C., Voges, J., Hanslmayr,
S., & Staudigl, T. (2022). Rhythmic interactions between the mediodorsal
thalamus and prefrontal cortex precede human visual perception. Nature
Communications, 131(13), 1-11. https://doi.org/10.1038/s41467-022-
31407-z

Grill-Spector, K., Kourtzi, Z., & Kanwisher, N. (2001). The lateral occip-
ital complex and its role in object recognition. Vision Research, 41,
1409-1422. https://doi.org/10.1016/S0042-6989(01)00073-6

Grill-Spector, K., Kushnir, T., Hendler, T., & Malach, R. (2000). The dynamics
of object-selective activation correlate with recognition performance in
humans. Nature Neuroscience, 3, 837-843.

Halsband, U., Ito, N., Tanji, J., & Freund, H.-J. (1993). The role of premo-
tor cortex and the supplementary motor area in the temporal control of
movement in man. Brain, 116, 243-266.

Hancock, P. A. (2014). Automation: How much is too much? Ergonomics, 57,
449-454, https://doi.org/10.1080/00140139.2013.816375

Hein, G., & Singer, T. (2008). | feel how you feel but not always: The empathic
brain and its modulation. Current Opinion in Neurobiology, 18, 153-158.

Hull, C. (2020). Prediction signals in the cerebellum: Beyond supervised
motor learning. Elife, 9, €54073. https://doi.org/10.7554/eLife.54073

Ingle, D. (1973). Two visual systems in the frog. Science (80-.), 181, 1053-
1055.

Ito, M. (1984). The modifiable neuronal network of the cerebellum. Japanese
Journal of Physiology, 34, 781-792. https://doi.org/10.2170/jjphysiol.34.
781

Jeannerod, M. (2011). La fabrique des idées. Odile Jacob.

Jeannerod, M. (1994). The representing brain: Neural correlates of motor
intention and imagery. Behavioral and Brain Sciences, 17, 187-202.

Jokisch, D., Troje, N. F,, Koch, B., Schwarz, M., & Daum, I. (2005). Differential
involvement of the cerebellum in biological and coherent motion percep-
tion. European Journal of Neuroscience, 21, 3439-3446. https://doi.org/
10.1111/).1460-9568.2005.04145.X

Kalbe, E., Schlegel, M., Sack, A. T., Nowak, D. A., Dafotakis, M., Bangard,
C., Brand, M., Shamay-Tsoory, S., Onur, O. A, & Kessler, J. (2010). Dis-
sociating cognitive from affective theory of mind: A TMS study. Cortex;
A Journal Devoted to the Study of the Nervous System and Behavior, 46,
769-780.

Kastner, S., De Weerd, P, Desimone, R., & Ungerleider, L. G. (1998). Mecha-
nisms of directed attention in the human extrastriate cortex as revealed
by functional MRI. Science (80-.), 282, 108-111.

King, M., Hernandez-Castillo, C. R., Poldrack, R. A, Ivry, R. B., & Diedrichsen,
J.(2019). Functional boundaries in the human cerebellum revealed by a
multi-domain task battery. Nature Neuroscience, 22, 1371-1378. https://
doi.org/10.1038/541593-019-0436-X

Koechlin, E. (2016). Prefrontal executive function and adaptive behavior in
complex environments. Current Opinion in Neurobiology, 37, 1-6. https://
doi.org/10.1016/j.conb.2015.11.004

Koechlin, E., Basso, G., Pietrini, P, Panzer, S., & Grafman, J. (1999). The role of
the anterior prefrontal cortex in human cognition. Nature, 399, 148-151.
https://doi.org/10.1038/20178

Koechlin, E., & Hyafil, A. (2007). Anterior prefrontal function and the limits
of human decision-making. Science (80-.), 318, 594-598. https://doi.org/
10.1126/science.1142995

Kriegeskorte, N., Sorger, B., Naumer, M., Schwarzbach, J., Van den Boogert,
E., Hussy, W., & Goebel, R. (2003). Human cortical object recognition
from a visual motion flowfield. Journal of Neuroscience, 23, 1451-1463.
https://doi.org/10.1523/jneurosci.23-04-01451.2003

Kukolja, J., Marshall, J. C., & Fink, G. R. (2006). Neural mechanisms underly-
ing spatial judgements on seen and imagined visual stimuli in the left and
right hemifields in men. Neuropsychologia, 44, 2846-2860.

Open Access

JORDAN anp EMANUELLE

Laird, A. R,, Fox, P. M., Price, C. J., Glahn, D. C., Uecker, A. M., Lancaster,
J. L., Turkeltaub, P. E., Kochunov, P, & Fox, P. T. (2005). ALE meta-
analysis: Controlling the false discovery rate and performing statistical
contrasts. Human Brain Mapping, 25, 155-164. https://doi.org/10.1002/
hbm.20136

Land, M. (2009). Vision, eye movements, and natural behavior. Visual
Neuroscience, 26,51-62.

Land, M. F. (2006). Eye movements and the control of actions in everyday
life. Progress in Retinal and Eye Research, 25, 296-324. https://doi.org/10.
1016/j.preteyeres.2006.01.002

Lappi, O., & Mole, C. (2018). Visuomotor control, eye movements, and steer-
ing: A unified approach for incorporating feedback, feedforward, and
internal models. Psychological Bulletin, 144, 981-1001. https://doi.org/
10.1037/bul0000150

Lee, J. D. (2008). Fifty years of driving safety research (cover story). Human
Factors, 50, 521-528. https://doi.org/10.1518/001872008X288376

Lee, R. F. (2015). Dual logic and cerebral coordinates for reciprocal interac-
tion in eye contact. PLoS ONE, 10,e0121791.

Li, X., Krol, M. A, Jahani, S., Boas, D. A, Tager-Flusberg, H., & Ycel, M.
A. (2020). Brain correlates of motor complexity during observed and
executed actions. Scientific Reports, 10, 10965. https://doi.org/10.1038/
s41598-020-67327-5

Malach, R., Reppas, J. B., Benson, R. R., Kwong, K. K., Jiang, H., Kennedy, W.
A, Ledden, P. J,, Brady, T. J,, Rosen, B. R., & Tootell, R. B. (1995). Object-
related activity revealed by functional magnetic resonance imaging in
human occipital cortex. Proceedings of the National Academy of Sciences of
the United States of America, 92,8135-8139.

Manto, M., Bower, J. M., Conforto, A. B., Delgado-Garcia, J. M., daGuarda,
S.N. F, Gerwig, M., Habas, C., Hagura, N., Ivry, R. B., & Marién, P. (2012).
Consensus paper: Roles of the cerebellum in motor control—The diver-
sity of ideas on cerebellar involvement in movement. The Cerebellum, 11,
457-487.

Mars, F., & Navarro, J. (2012). Where we look when we drive with or without
active steering wheel control. PLoS ONE, 7, e43858. https://doi.org/10.
1371/journal.pone.0043858

McKnight, A. J., & Adams, B. B. (1970). Driver education task analysis. Vol. I:
Task descriptions. Human Resources Research Organization.

Merat, N., Seppelt, B., Louw, T, Engstrém, J., Lee, J. D., Johansson, E.,
Green, C. A, Katazaki, S., Monk, C., Itoh, M., McGehee, D., Sunda, T,,
Unoura, K., Victor, T, Schieben, A., & Keinath, A. (2019). The “out-of-the-
loop” concept in automated driving: Proposed definition, measures and
implications. Cognition, Technology & Work, 21, 87-98. https://doi.org/10.
1007/s10111-018-0525-8

Miall, R.C., Weir, D. J., Wolpert, D. M., & Stein, J.F.(1993). Is the cerebellum a
Smith predictor? Journal of Motor Behavior, 25, 203-216. https://doi.org/
10.1080/00222895.1993.9942050

Michon, J. A. (1985). A critical view of driver behavior models: What
do we know, what should we do? In L. Evans & R. C. Schwing
(Eds.), Human behavior and traffic safety (pp. 485-524). Plenum
Press.

Michon, J. A. (1979). Dealing with danger. Report of the European Com-
mission MRC Workshop on physiological and psychological factors in
performance under hazardous conditions, Gieten, the Netherlands, 23-
25 May, 1978 (Technical Report nr. VK 79-01). University of Groningen,
Traffic Research Center.

Milner, A. D., & Goodale, M. A. (2008). Two visual systems re-viewed. Neu-
ropsychologia, 46, 774-785. https://doi.org/10.1016/j.neuropsychologia.
2007.10.005

Mishkin, M., & Ungerleider, L. G. (1982). Contribution of striate inputs
to the visuospatial functions of parieto-preoccipital cortex in monkeys.
Behavioural Brain Research, 6,57-77.

Molinari, E., Baraldi, P, Campanella, M., Duzzi, D., Nocetti, L., Pagnoni, G.,
& Porro, C. A. (2013). Human parietofrontal networks related to action
observation detected at rest. Cerebral Cortex, 23, 178-186. https://doi.
org/10.1093/cercor/bhr393

85UB017 SUOWILIOD BAIER1D B |deot|dde BU Ag pauieA0h 82 S3 ol WO ‘88N JO S3|NJ 10} AR1q1T BUIIUO AB]1/M UO (SUORIPUOD-PUR-SLLLBY WD A8 | IM" ARe.d)1)BUUO//SdNY) SUORIPUOD Pue SWB L 843 835 *[£202/0T/2T] Uo ARIqIT BUIUO AB|IM ‘2 UOAT 1S RAIUN AQ 2/2€"€040/200T OT/I0P/W0D A8 | M ARe.q 1Bu JUO//Sdny WOy papeo|umoq ‘0 ‘2E06.5T2


https://doi.org/10.1016/j.conb.2004.03.002
https://doi.org/10.1016/j.conb.2004.03.002
https://doi.org/10.1016/s0074-7742(08)60746-1
https://doi.org/10.1038/s41467-022-31407-z
https://doi.org/10.1038/s41467-022-31407-z
https://doi.org/10.1016/S0042-6989(01)00073-6
https://doi.org/10.1080/00140139.2013.816375
https://doi.org/10.7554/eLife.54073
https://doi.org/10.2170/jjphysiol.34.781
https://doi.org/10.2170/jjphysiol.34.781
https://doi.org/10.1111/J.1460-9568.2005.04145.X
https://doi.org/10.1111/J.1460-9568.2005.04145.X
https://doi.org/10.1038/S41593-019-0436-X
https://doi.org/10.1038/S41593-019-0436-X
https://doi.org/10.1016/j.conb.2015.11.004
https://doi.org/10.1016/j.conb.2015.11.004
https://doi.org/10.1038/20178
https://doi.org/10.1126/science.1142995
https://doi.org/10.1126/science.1142995
https://doi.org/10.1523/jneurosci.23-04-01451.2003
https://doi.org/10.1002/hbm.20136
https://doi.org/10.1002/hbm.20136
https://doi.org/10.1016/j.preteyeres.2006.01.002
https://doi.org/10.1016/j.preteyeres.2006.01.002
https://doi.org/10.1037/bul0000150
https://doi.org/10.1037/bul0000150
https://doi.org/10.1518/001872008X288376
https://doi.org/10.1038/s41598-020-67327-5
https://doi.org/10.1038/s41598-020-67327-5
https://doi.org/10.1371/journal.pone.0043858
https://doi.org/10.1371/journal.pone.0043858
https://doi.org/10.1007/s10111-018-0525-8
https://doi.org/10.1007/s10111-018-0525-8
https://doi.org/10.1080/00222895.1993.9942050
https://doi.org/10.1080/00222895.1993.9942050
https://doi.org/10.1016/j.neuropsychologia.2007.10.005
https://doi.org/10.1016/j.neuropsychologia.2007.10.005
https://doi.org/10.1093/cercor/bhr393
https://doi.org/10.1093/cercor/bhr393

JORDAN ano EMANUELLE

Brain and Behavior

Moran, J., & Desimone, R. (1985). Selective attention gates visual processing
in the extrastriate cortex. Frontiers in Cognitive Neuroscience, 229, 342-
345.

Nakagawa, K., Kawashima, S., Mizuguchi, N., & Kanosue, K. (2016). Differ-
ence in activity in the supplementary motor area depending on limb
combination of hand-foot coordinated movements. Frontiers in Human
Neuroscience, 10, 499.

Navarro, J. (2019). A state of science on highly automated driving. Theoret-
ical Issues in Ergonomics Science, 20, 366-396. https://doi.org/10.1080/
1463922X.2018.1439544

Navarro, J., Francois, M., & Mars, F. (2016). Obstacle avoidance under auto-
mated steering: Impact on driving and gaze behaviours. Transportation
Research Part F: Traffic Psychology and Behaviour, 43, 315-324. https://doi.
org/10.1016/j.trf.2016.09.007

Navarro, J., & Hancock, P. A. (2023). Did tools create humans? Theoreti-
cal Issues in Ergonomics Science, 24, 206-232. https://doi.org/10.1080/
1463922X.2022.2076954

Navarro, J., Hernout, E., Osiurak, F., & Reynaud, E. (2020). On the nature
of eye-hand coordination in natural steering behavior. PLoS ONE, 15,
€0242818. https://doi.org/10.1371/journal.pone.0242818

Navarro, J., Lappi, O., Osiurak, F., Hernout, E., Gabaude, C., & Reynaud,
E. (2021). Dynamic scan paths investigations under manual and highly
automated driving. Scientific Reports, 11, 3776. https://doi.org/10.1038/
s41598-021-83336-4

Navarro, J., Osiurak, F., Ovigue, M., Charrier, L., & Reynaud, E. (2019).
Highly automated driving impact on drivers’ gaze behaviors during a car-
following task. International Journal of Human-Computer Interaction, 35,
1008-1017. https://doi.org/10.1080/10447318.2018.1561788

Navarro, J., Reynaud, E., & Osiurak, F. (2018). Neuroergonomics of car driv-
ing: A critical meta-analysis of neuroimaging data on the human brain
behind the wheel. Neuroscience and Biobehavioral Reviews, 95, 464-479.
https://doi.org/10.1016/j.neubiorev.2018.10.016

Page, M. J,, McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C,,
Mulrow, C. D., Shamseer, L., Tetzlaff, J. M., Akl, E. A., Brennan, S. E., Chou,
R., Glanville, J., Grimshaw, J. M., Hrébjartsson, A, Lalu, M. M., Li, T, Loder,
E. W., Mayo-Wilson, E., McDonald, S., ... Moher, D. (2021). The PRISMA
2020 statement: An updated guideline for reporting systematic reviews.
BMJ, 372,n71. https://doi.org/10.1136/bmj.n71

Paradis, A. L., Cornilleau-Peres, V., Droulez, J., Van De Moortele, P. F., Lobel,
E., Berthoz, A, Le Bihan, D., & Poline, J. B. (2000). Visual perception of
motion and 3-D structure from motion: An fMRI study. Cerebral Cortex,
10,772-783.

Peltier, S., Stilla, R., Mariola, E., LaConte, S., Hu, X., & Sathian, K. (2007).
Activity and effective connectivity of parietal and occipital cortical
regions during haptic shape perception. Neuropsychologia, 45, 476-483.

Plank, T., Rosengarth, K., Song, W., Ellermeier, W., & Greenlee, M. W. (2012).
Neural correlates of audio-visual object recognition: Effects of implicit
spatial congruency. Human Brain Mapping, 33, 797-811. https://doi.org/
10.1002/hbm.21254

Popa, L. S., Streng, M. L., Hewitt, A. L., & Ebner, T. J. (2016). The errors of
our ways: Understanding error representations in cerebellar-dependent
motor learning. Cerebellum (London, England), 15, 93-103. https://doi.
org/10.1007/s12311-015-0685-5

Randerath, J., Goldenberg, G., Spijkers, W, Li, Y., & Hermsdorfer, J. (2010).
Different left brain regions are essential for grasping a tool compared
with its subsequent use. Neuroimage, 53, 171-180. https://doi.org/10.
1016/j.neuroimage.2010.06.038

Rizzolatti, G., & Matelli, M. (2003). Two different streams form the dorsal
visual system: Anatomy and functions. Experimental Brain Research, 153,
146-157. https://doi.org/10.1007/s00221-003-1588-0

Ro, T, Farng, A, Johnson, R. M., Wedeen, V., Chu, Z., Wang, Z. J., Hunter, J. V,
& Beauchamp, M. S. (2007). Feeling sounds after a thalamic lesion. Annals
of Neurology, 62,433-441.

Rocca, M. A, Gatti, R, Agosta, F., Tortorella, P, Riboldi, E., Broglia, P, &
Filippi, M. (2007). Influence of body segment position during in-phase

WILEY- 2%

and antiphase hand and foot movements: A kinematic and functional
MRI study. Human Brain Mapping, 28, 218-227.

Rose, M., Schmid, C., Winzen, A., Sommer, T., & Bichel, C. (2005). The
functional and temporal characteristics of top-down modulation in
visual selection. Cerebral Cortex, 15, 1290-1298. https://doi.org/10.
1093/cercor/bhi012

SAE International. (2018). Taxonomy and definitions for terms related to driving
automation systems for on-road motor vehicles J3016. SAE International.
https://doi.org/10.4271/J3016_201806

Sakihara, K., Hirata, M., Ebe, K., Kimura, K., Ryu, S. Y., Kono, Y., Muto,
N., Yoshioka, M., Yoshimine, T., & Yorifuji, S. (2014). Cerebral oscilla-
tory activity during simulated driving using MEG. Frontiers in Human
Neuroscience, 8, 1-9. https://doi.org/10.3389/fnhum.2014.00975

Savaki, H. E., & Raos, V. (2019). Action perception and motor imagery: Men-
tal practice of action. Progress in Neurobiology, 175, 107-125. https://doi.
org/10.1016/j.pneurobio.2019.01.007

Saygin, A. P, Chaminade, T., Ishiguro, H., Driver, J., & Frith, C. (2012). The
thing that should not be: Predictive coding and the uncanny valley in per-
ceiving human and humanoid robot actions. Social Cognitive and Affective
Neuroscience, 7,413-422.

Schmahmann, J. D. (2019). The cerebellum and cognition. Neuroscience
Letters, 688, 62-75. https://doi.org/10.1016/J.NEULET.2018.07.005
Schneider, G. E. (1969). Two visual systems: Brain mechanisms for local-
ization and discrimination are dissociated by tectal and cortical lesions.

Science (80-.), 163,895-902.

Schubotz, R. I, & von Cramon, D. Y. (2001). Functional organization of
the lateral premotor cortex: FMRI reveals different regions activated
by anticipation of object properties, location and speed. Cognitive Brain
Research, 11,97-112.

Sherman, S. M. (2007). The thalamus is more than just a relay. Current Opin-
ion in Neurobiology, 17, 417-422. https://doi.org/10.1016/j.conb.2007.
07.003

Sherman, S. M., & Guillery, R. W. (2011). Distinct functions for direct and
transthalamic corticocortical connections. Journal of Neurophysiology,
106, 1068-1077.

Shulman, G. L., Ollinger, J. M., Akbudak, E., Conturo, T. E., Snyder, A.
Z., Petersen, S. E., & Corbetta, M. (1999). Areas involved in encod-
ing and applying directional expectations to moving objects. Journal of
Neuroscience, 19, 9480-9496.

Simo, L. S, Krisky, C. M., & Sweeney, J. A. (2005). Functional
neuroanatomy of anticipatory behavior: Dissociation between
sensory-driven and memory-driven systems. Cerebral Cortex, 15,
1982-1991.

Smith, A. T., Wall, M. B., Williams, A. L., & Singh, K. D. (2006). Sensitivity
to optic flow in human cortical areas MT and MST. European Journal of
Neuroscience, 23, 561-569. https://doi.org/10.1111/j.1460-9568.2005.
04526.x

Smith, D. M. (2016). Neurophysiology of action anticipation in athletes: A
systematic review. Neuroscience and Biobehavioral Reviews, 60, 115-120.
https://doi.org/10.1016/j.neubiorev.2015.11.007

Smith, J. F,, Chen, K., Johnson, S., Morrone-Strupinsky, J., Reiman, E. M.,
Nelson, A., Moeller, J. R., & Alexander, G. E. (2006). Network analysis
of single-subject fMRI during a finger opposition task. Neuroimage, 32,
325-332.

Spiers, H. J., & Maguire, E. A. (2006). Thoughts, behaviour, and brain dynam-
ics during navigation in the real world. Neuroimage, 31, 1826-1840.
https://doi.org/10.1016/j.neuroimage.2006.01.037

Stanton, N. A, & Young, M. S. (1998). Vehicle automation and driving
performance. Ergonomics, 41, 1014-1028.

Stoppel, C. M., Boehler, C. N., Strumpf, H., Krebs, R. M., Heinze, H.-J., Hopf,
J.-M.,, & Schoenfeld, M. A. (2013). Distinct representations of attentional
control during voluntary and stimulus-driven shifts across objects and
locations. Cerebral Cortex, 23, 1351-1361.

Thornton, M. A,, Weaverdyck, M. E., Mildner, J. N., & Tamir, D. I. (2019).
People represent their own mental states more distinctly than those

85UB017 SUOWILIOD BAIER1D B |deot|dde BU Ag pauieA0h 82 S3 ol WO ‘88N JO S3|NJ 10} AR1q1T BUIIUO AB]1/M UO (SUORIPUOD-PUR-SLLLBY WD A8 | IM" ARe.d)1)BUUO//SdNY) SUORIPUOD Pue SWB L 843 835 *[£202/0T/2T] Uo ARIqIT BUIUO AB|IM ‘2 UOAT 1S RAIUN AQ 2/2€"€040/200T OT/I0P/W0D A8 | M ARe.q 1Bu JUO//Sdny WOy papeo|umoq ‘0 ‘2E06.5T2


https://doi.org/10.1080/1463922X.2018.1439544
https://doi.org/10.1080/1463922X.2018.1439544
https://doi.org/10.1016/j.trf.2016.09.007
https://doi.org/10.1016/j.trf.2016.09.007
https://doi.org/10.1080/1463922X.2022.2076954
https://doi.org/10.1080/1463922X.2022.2076954
https://doi.org/10.1371/journal.pone.0242818
https://doi.org/10.1038/s41598-021-83336-4
https://doi.org/10.1038/s41598-021-83336-4
https://doi.org/10.1080/10447318.2018.1561788
https://doi.org/10.1016/j.neubiorev.2018.10.016
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1002/hbm.21254
https://doi.org/10.1002/hbm.21254
https://doi.org/10.1007/s12311-015-0685-5
https://doi.org/10.1007/s12311-015-0685-5
https://doi.org/10.1016/j.neuroimage.2010.06.038
https://doi.org/10.1016/j.neuroimage.2010.06.038
https://doi.org/10.1007/s00221-003-1588-0
https://doi.org/10.1093/cercor/bhi012
https://doi.org/10.1093/cercor/bhi012
https://doi.org/10.4271/J3016_201806
https://doi.org/10.3389/fnhum.2014.00975
https://doi.org/10.1016/j.pneurobio.2019.01.007
https://doi.org/10.1016/j.pneurobio.2019.01.007
https://doi.org/10.1016/J.NEULET.2018.07.005
https://doi.org/10.1016/j.conb.2007.07.003
https://doi.org/10.1016/j.conb.2007.07.003
https://doi.org/10.1111/j.1460-9568.2005.04526.x
https://doi.org/10.1111/j.1460-9568.2005.04526.x
https://doi.org/10.1016/j.neubiorev.2015.11.007
https://doi.org/10.1016/j.neuroimage.2006.01.037

Brain and Behavior

120f 12 Wl LEY

of others. Nature Communications, 10, 2117. https://doi.org/10.1038/
s41467-019-10083-6

Tootell, R. B., Reppas, J. B., Kwong, K. K., Malach, R,, Born, R. T., Brady, T.
J., Rosen, B. R., & Belliveau, J. W. (1995). Functional analysis of human
MT and related visual cortical areas using magnetic resonance imaging.
Journal of Neuroscience, 15,3215-3230.

Turkeltaub, P. E., Eden, G. F,, Jones, K. M., & Zeffiro, T. A. (2002). Meta-
analysis of the functional neuroanatomy of single-word reading: Method
and validation. Neuroimage, 16,765-780.

Turkeltaub, P. E., Eickhoff, S. B., Laird, A. R., Fox, M., Wiener, M., & Fox, P.
(2012). Minimizing within-experiment and within-group effects in Acti-
vation Likelihood Estimation meta-analyses. Human Brain Mapping, 33,
1-13.

Vallesi, A. (2014). Monitoring mechanisms in visual search: An fMRI study.
Brain Research, 1579, 65-73.

Van Dokkum, L. E. H., Mottet, D., Laffont, I, Bonafé, A.,de Champfleur,N.M.,
Froger, J., & Le Bars, E. (2017). Kinematics in the brain: Unmasking motor
control strategies? Experimental Brain Research, 235,2639-2651.

Villarreal, M., Fridman, E. A., Amengual, A., Falasco, G., Gerscovich, E. R.,
Ulloa, E. R,, & Leiguarda, R. C. (2008). The neural substrate of gesture
recognition. Neuropsychologia, 46,2371-2382.

Vossel, S., Geng, J. J., & Fink, G. R. (2014). Dorsal and ventral attention sys-
tems: Distinct neural circuits but collaborative roles. Neuroscientist, 20,
150-159. https://doi.org/10.1177/1073858413494269

Wang, H.,He, W.,Wu, J., Zhang, J., Jin, Z., & Li, L. (2019). A coordinate-based
meta-analysis of the n-back working memory paradigm using activation
likelihood estimation. Brain and Cognition, 132, 1-12. https://doi.org/10.
1016/J.BANDC.2019.01.002

Ward, N. S., & Frackowiak, R. S. J. (2003). Age-related changes in the neural
correlates of motor performance. Brain, 126, 873-888.

Ware, M, Feng, J., & Nam, C. S. (2020). Neuroergonomics behind the wheel:
Neural correlates of driving. In C. Nam (Ed.), Neuroergonomics. Cognitive
science and technology (pp. 353-388). Springer. https://doi.org/10.1007/
978-3-030-34784-0_18

Watson, J. D. G, Myers, R., Frackowiak, R. S. J., Hajnal, J. V., Woods, R. P,
Mazziotta, J. C., Shipp, S., & Zeki, S. (1993). Area V5 of the human brain:
Evidence from a combined study using positron emission tomography
and magnetic resonance imaging. Cerebral Cortex, 3, 79-94. https://doi.
org/10.1093/cercor/3.2.79

Wei, G., & Luo, J. (2010). Sport expert’s motor imagery: Functional imaging
of professional motor skills and simple motor skills. Brain Research, 1341,
52-62.

Wilterson, A. ., Nastase, S. A, Bio, B. J., Guterstam, A., & Graziano, M. S.
A. (2021). Attention, awareness, and the right temporoparietal junction.
PNAS, 118,2026099118. https://doi.org/10.1073/PNAS.2026099118

Open Access

JORDAN anp EMANUELLE

Witt, S. T, Laird, A. R., & Meyerand, M. E. (2008). Functional neuroimag-
ing correlates of finger-tapping task variations: An ALE meta-analysis.
Neuroimage, 42, 343-356.

Wittenberg, G. F,, Lovelace, C. T,, Foster, D. J., & Maldjian, J. A. (2014). Func-
tional neuroimaging of dressing-related skills. Brain Imaging and Behavior,
8,335-345.

Wurtz, R. H. (1998). Optic flow: A brain region devoted to optic flow anal-
ysis? Current Biology, 8, R554-R556. https://doi.org/10.1016/s0960-
9822(07)00359-4

Yanaka, H. T, Saito, D. N., Uchiyama, Y., & Sadato, N. (2010). Neural
substrates of phasic alertness: A functional magnetic resonance imag-
ing study. Neuroscience Research, 68, 51-58. https://doi.org/10.1016/j.
neures.2010.05.005

Zacks, J. M., Swallow, K. M., Vettel, J. M., & McAvoy, M. P. (2006). Visual
motion and the neural correlates of event perception. Brain Research,
1076, 150-162.

Zeki, S.(1993). The visual association cortex. Current Opinion in Neurobiology,
3,155-159. https://doi.org/10.1016/0959-4388(93)90203-B

Zeki, S.,Watson, J. D, Lueck, C. J.,, Friston, K. J., Kennard, C., & Frackowiak, R.
S. (1991). A direct demonstration of functional specialization in human
visual cortex. Journal of Neuroscience, 11, 641-649. https://doi.org/10.
1523/JNEUROSCI.11-03-00641.1991

Zhang, B.,de Winter, J., Varotto, S., Happee, R., & Martens, M. (2019). Deter-
minants of take-over time from automated driving: A meta-analysis
of 129 studies. Transportation Research Part F: Traffic Psychology and
Behaviour, 64,285-307. https://doi.org/10.1016/].trf.2019.04.020

Zhang, M., Varga, D., Wang, X., Krieger-Redwood, K., Gouws, A., Smallwood,
J., & Jefferies, E. (2021). Knowing what you need to know in advance: The
neural processes underpinning flexible semantic retrieval of thematic
and taxonomic relations. Neuroimage, 224, 117405. https://doi.org/10.
1016/J.NEUROIMAGE.2020.117405

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Jordan, N., & Emanuelle, R. (2023).
Hands off, brain off? A meta-analysis of neuroimaging data
during active and passive driving. Brain and Behavior, e3272.
https://doi.org/10.1002/brb3.3272

85UB017 SUOWILIOD BAIER1D B |deot|dde BU Ag pauieA0h 82 S3 ol WO ‘88N JO S3|NJ 10} AR1q1T BUIIUO AB]1/M UO (SUORIPUOD-PUR-SLLLBY WD A8 | IM" ARe.d)1)BUUO//SdNY) SUORIPUOD Pue SWB L 843 835 *[£202/0T/2T] Uo ARIqIT BUIUO AB|IM ‘2 UOAT 1S RAIUN AQ 2/2€"€040/200T OT/I0P/W0D A8 | M ARe.q 1Bu JUO//Sdny WOy papeo|umoq ‘0 ‘2E06.5T2


https://doi.org/10.1038/s41467-019-10083-6
https://doi.org/10.1038/s41467-019-10083-6
https://doi.org/10.1177/1073858413494269
https://doi.org/10.1016/J.BANDC.2019.01.002
https://doi.org/10.1016/J.BANDC.2019.01.002
https://doi.org/10.1007/978-3-030-34784-0_18
https://doi.org/10.1007/978-3-030-34784-0_18
https://doi.org/10.1093/cercor/3.2.79
https://doi.org/10.1093/cercor/3.2.79
https://doi.org/10.1073/PNAS.2026099118
https://doi.org/10.1016/s0960-9822(07)00359-4
https://doi.org/10.1016/s0960-9822(07)00359-4
https://doi.org/10.1016/j.neures.2010.05.005
https://doi.org/10.1016/j.neures.2010.05.005
https://doi.org/10.1016/0959-4388(93)90203-B
https://doi.org/10.1523/JNEUROSCI.11-03-00641.1991
https://doi.org/10.1523/JNEUROSCI.11-03-00641.1991
https://doi.org/10.1016/j.trf.2019.04.020
https://doi.org/10.1016/J.NEUROIMAGE.2020.117405
https://doi.org/10.1016/J.NEUROIMAGE.2020.117405
https://doi.org/10.1002/brb3.3272

	Hands off, brain off? A meta-analysis of neuroimaging data during active and passive driving
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Selection of studies
	2.2 | Classification of the studies included
	2.3 | Data analysis

	3 | RESULTS
	3.1 | Active driving > passive driving
	3.2 | Passive driving > active driving

	4 | DISCUSSION
	4.1 | Active driving and the dorsal pathway
	4.2 | Passive driving and the ventral pathway
	4.3 | General discussion
	4.4 | Limitations

	5 | CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES
	SUPPORTING INFORMATION


