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A challenge in motor control research is to understand the mechanisms underlying
the transformation of sensory information into arm motor commands. Here, we
investigated these transformation mechanisms for movements whose targets were
defined by information issued from body rotations in the dark (i.e., idiothetic information).
Immediately after being rotated, participants reproduced the amplitude of their perceived
rotation using their arm (Experiment 1). The cortical activation during movement
planning was analyzed using electroencephalography and source analyses. Task-related
activities were found in regions of interest (ROIs) located in the prefrontal cortex (PFC),
dorsal premotor cortex, dorsal region of the anterior cingulate cortex (ACC) and the
sensorimotor cortex. Importantly, critical regions for the cognitive encoding of space did
not show significant task-related activities. These results suggest that arm movements
were planned using a sensorimotor-type of spatial representation. However, when a 8 s
delay was introduced between body rotation and the arm movement (Experiment 2),
we found that areas involved in the cognitive encoding of space [e.g., ventral premotor
cortex (vPM), rostral ACC, inferior and superior posterior parietal cortex (PPC)] showed
task-related activities. Overall, our results suggest that the use of a cognitive-type of
representation for planning arm movement after body motion is necessary when relevant
spatial information must be stored before triggering the movement.

Keywords: idiothetic, vestibular, movement planning, frontal lobe, posterior lobe, space updating, body motion,
human

INTRODUCTION

After exposure to passive rotation with the eyes closed, we have a fair idea of our new position
relative to the surrounding objects. It would then be possible to move the arm to point towards
these objects even without visual feedback. These perceptual and motor outcomes are thought
to reflect the brain’s capacity to process idiothetic information generated during self-motion
(e.g., from vestibular receptors) to update the spatial representation of the environment and to plan
the arm motor commands.

Much progress has been made on the neural processes underlying spatial updating
through idiothetic information since the seminal discovery of hippocampal place cells
by O’Keefe and Dostrovsky (1971; for recent advances, see Cullen and Taube, 2017;
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Moser et al., 2017; Laurens and Angelaki, 2018). In contrast,
the neural mechanisms underlying the control of movements
through idiothetic information remain largely unknown. To
help elucidate these mechanisms, we recorded human cortical
activities associated with the planning of arm movements defined
through self-motion sensory cues. We adapted an established
protocol for investigating space updating processes in human
and non-human primates by asking seated participants to move
their arm with the same amplitude, but in the opposite direction,
of the passive body rotation they just experienced (Bloomberg
et al., 1988; Israél et al, 1993; Ivanenko et al., 1997; Blouin
et al.,, 1998; Medendorp et al., 2002; Baker et al., 2003; Bresciani
et al., 2005; Wei et al., 2006; Ventre-Dominey and Vallee, 2007;
Simoneau et al., 2009). Relevant body rotation information for
planning such movements are deemed to be largely mediated by
vestibular inputs, as perception of passive motion in the dark is
largely impaired in patients suffering total bilateral vestibular loss
(Valko et al., 2012).

According to research on space perception, the parameters
of the arm movement produced after body motion would
be defined using a cognitive representation of the body-in-
space position which is updated while being rotated (Loomis
et al, 1996; Klier and Angelaki, 2008; Medendorp, 2011).
As an important hub structure for processing visuospatial
information (Andersen et al., 1997; Medendorp et al., 2003;
Gutteling and Medendorp, 2016), the occipito-parietal cortex
could then provide relevant information for planning the
arm movement. This hypothesis is consistent with the
observation made by Ventre-Dominey and Vallee (2007)
that patients with an occipito-parietal lesion show large
errors when pointing towards memorized targets after passive
body motion.

The cingulate and prefrontal cortices, which both respond
to vestibular inputs (Dieterich et al, 2003; Stephan et al,
2005; Smith et al., 2012), could also contribute to movement
planning processes. The cingulate cortex indeed contains hand
motor areas that connect to spinal motor neurons (Amiez
and Petrides, 2014) and to the arm area of the motor
cortex (Dum and Strick, 1991). The contribution of the
prefrontal cortex (PFC) to vestibular-based motor processes is
supported by the large errors observed in individuals with PFC
lesions when producing vestibular memory-contingent ocular
movements (Israél et al., 1992; Pierrot-Deseilligny et al., 1993;
Pierrot-Deseilligny et al., 1995).

In the present study, we used the electroencephalographic
(EEG) source localization to determine if the pattern of activation
in the fronto-parietal areas would be consistent with the
hypothesis that arm motor commands are built according to a
cognitive representation of visual space that is updated during
body rotations.

MATERIALS AND METHODS

Participants
Nine healthy adults participated in this study (three
women, mean age: 26.6 £ 2.7 years). All participants were

right-handed with normal or corrected-to-normal vision.
The experiment was conducted in accordance with the
Declaration of Helsinki. A written informed consent was
obtained from the participants before the study and the
experiment was approved by the Laval University Biomedical
Ethics Committee.

Experimental Set-Up

We used the same experimental set-up that has been employed
in other investigations of the vestibular functions (Simoneau
et al, 2009; Mackrous and Simoneau, 2011, 2014, 2015).
The participants sat on a chair in a completely dark room.
They were secured to the chair using a four-point belt
and the use of a chin rest limited movements of the head
relative to the trunk during the chair rotations. The chair
could be manually rotated around the vertical axis by an
experimenter using a handle attached behind the chair. Rotating
the chair manually minimized the risk of contaminating
EEG recordings by electric noise that could be generated by
motorized revolving chairs (for a discussion on this issue,
see Nolan et al, 2009). An array of four LEDs placed on
the floor behind the chair indicated to the experimenter the
initial chair position and the angular targets of the rotations
(i.e., 20°, 30° and 40° in the counter-clockwise direction).
A laser fixed on the handle behind the chair and directed
toward the array of LEDs helped the experimenter to produce
the required chair displacements. The experimenter produced
discrete chair motion without making corrections when the
LEDs of the chair and of the angular target did not match.
Note that the variability in the manually-produced rotations
observed for each angular target, which was expected to be
small according to previous studies from different laboratories
using similar set-ups (e.g., Hanson and Goebel, 1998; Blouin
et al, 2010; Mackrous et al, 2019), was not detrimental
in the present experimental context. In fact, it introduced,
together with the use of three different rotation amplitudes,
uncertainty into movement planning and minimized the risk
of participants implementing stereotyped arm motor responses.
Chair angular position was recorded with an optical encoder

FIGURE 1 | Schematic representation of the procedures used in the
Movement condition.
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(1 kHz, US digital, model H5S, Vancouver, WA, USA) fixed
at the center of rotation of the chair (see below for chair
kinematics analyses).

Design of the Experiment

Diagrams depicting the experimental task are provided in
Figure 1. Throughout the trials, participants had to gaze
at a chair-fixed LED located 1 m straight-ahead at eye
level. This prevented participants from determining body
displacements through sensorimotor signals linked to eye
position and motion. Before each trial, the verbal instruction
“ready” was given to the participants while their right hand
was resting on their right thigh. Then, 2-3 s later, one
of the three angular targets behind the chair turned on,
indicating to the experimenter the rotation amplitude that
had to be produced in the counter-clockwise direction. One-
hundred milliseconds after rotation offset (i.e., after the chair
angular velocity dropped below 2.5° s7!), a buzzer emitted
a 50 ms tone. For the participants, this auditory cue served
as an imperative (go) signal to reproduce the amplitude of
perceived body rotations with a rapid horizontal movement
of the right arm in the clockwise direction (i.e., opposite to
the rotation direction). The movement consisted of external
and upper rotations of the shoulder. Note that because
the buzzer was fixed 1.5 m above the participants’ head, the
tone could not be used as a spatial reference to determine
body orientation after rotation. After the arm movement, the
participants were rotated back to the starting position and got

ready for the next trial which started only after a minimum
delay of 15 s.

The EEG recordings after body rotations (i.e., during
the planning of the arm movement) could contain noise
and task-irrelevant activities induced for instance by the
imperative auditory stimulus, residual rotation-induced ocular
movements or artifacts arising from motion of the electrode
cables. To identify the cortical activities related to arm
movement planning, we compared the EEG recordings with
those obtained in a control condition (referred to as no-
movement condition) wherein no instruction other than keeping
quiet during the rotation and after the tone (ie., after
rotation offset) were given to the participants. Our reasoning
was that any differential activities after the tone between
conditions with and without arm movement would reflect
cognitive or sensorimotor processes relevant to movement
planning. Participants performed 75 trials in both the movement
and no-movement conditions (25 trials for each pseudo-
randomly selected angular target) for a total of 150 trials.
Five participants started the experimental session with the
movement condition.

Figure 2 shows the mean amplitudes (left column) and
velocities (right column) of the chair angular displacement
(with and without arm movements). The figure illustrates that,
in both conditions, the body rotations had amplitudes close
to the angular targets of the rotation (ie., 20°, 30°, 40°)
and had similar bell-shaped velocity profiles. Chair kinematics
similarity between conditions was confirmed by the results of

A Chair rotation kinematics, Movement condition
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FIGURE 2 | Mean amplitudes (left column) and velocities (right column) of the chair rotations for the 20°, 30° and 40° chair rotation conditions. Shaded areas
represent the between-participant standard deviation of the means. (A) Movement condition. (B) No-movement condition.
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the ANOVAs 2 (Condition) x 3 (Angular rotation) which
did not show significant effect (p > 0.05) of Condition on
rotation amplitudes (F(1,16) = 0.23, p = 0.64) or on peaks angular
velocity (F(,16y = 0.85, p = 0.37) and neither an interaction
of Condition x Angular rotation (F 32 = 0.75, p = 0.48 and
F(2,32) = 1.96, p = 0.16, respectively). Overall, these results suggest
that participants experienced similar idiothetic information
when they produced or did not produce arm movements after
the rotations.

EEG Activity

EEG activity was recorded continuously at 1,000 Hz with a
Geodesic 64-channel EEG sensor net (Electrical Geodesics
Inc., Eugene, OR, USA). Data pre-processing was performed
with BrainVision Analyzer 2 (Brain Products, Germany). The
raw recordings were referenced to the averaged activity of
the 64 electrodes before being synchronized with respect to
the time of the auditory cue (i.e., the imperative signal in the
movement conditions). Then, ocular artifacts (e.g., blinks,
saccades) were subtracted from the EEG recordings by
removing the corresponding component as revealed by
the independent component analyses (ICA). In both
conditions, we averaged the data for each participant and
electrode. The EEG activities associated with the planning
of the arm movement were therefore analyzed without
considering the amplitude of the rotations that preceded
the arm movements.

We estimated the neural sources of the late SEPs using the
dynamical Statistical Parametric Mapping (dSPM, Dale et al,
2000) implemented in the Brainstorm software (Tadel etal., 2011,
freely available at: http://neuroimage.usc.edu/brainstorm). We
used the data from all processed sensors and averaged for each
participant, condition, and electrode. The forward model was
computed using a three-shell sphere boundary element model
(BEM) on the anatomical MRI brain MNI Colin27 template
(15,000 vertices), a predominant volume conductor model
(Mosher et al., 1999; Huang et al., 2016). The baseline used to
compute the co-variance matrices was set between —1.5 s and
—1 s prior to the auditory cue, i.e., before the rotations as the
longest recorded rotation duration was 1,490 ms.

Based on classical topographical maps of the cortex, we
manually defined several region of interests (ROIs) in the frontal,
parietal and occipital lobes. The location of these ROIs allowed us
to assess the activation of regions that are deemed to be important
for spatial representation and motor processes (see Figure 3).
The number of vertices was similar for corresponding ROIs of
the right and left hemispheres. In the movement condition, the
mean absolute current amplitude (which reflects brain activation
Tadel et al., 2011, 2019) was computed for each ROI between the
auditory tone and the arm electromyography (EMG) onset (see
below for EMG recordings). We operationally defined this time
window as corresponding to the movement planning phase. Note
however that processes related to motor planning might have
occurred before the tone, for instance during body rotation, and
that the activity recorded close to the movement onset could also
be related to the commands triggering the arm movements.

Prefrontal Premotorventral Premotor dorsal

Rostral ACC DorsalACC Sensorimotor

Inf. PPC

Occipital

FIGURE 3 | Location of the regions of interest (ROIs) on the anatomical MRI
Colin 27 brain template that was used to compute cortical activations. The
names of the ROIs were selected on the basis of the areas identified in
classical cortical topographical maps that better represent the location of the
ROls used in the present study. Note that similar ROls were defined for the
left and right hemispheres, but only ROIs in the left hemisphere are illustrated
when using side views. ACC, anterior cingulate cortex; Inf. PPC, inferior
posterior parietal cortex; Sup. PPC, superior posterior parietal cortex.

The dynamics of the ongoing EEG activities was investigated
by computing the mean absolute current amplitude during the
planning phase for each ROI, for each quintile (see below
“Muscle activity” section for quintile computation). The analysis
of the ongoing cortical activity was made possible by the EEG’s
excellent temporal resolution (Nunez and Srinivasan, 2006).
It enabled us to determine if the activities computed in the
different ROIs were more related to the generation of the motor
commands (e.g., in case of a late increase of current amplitude) or
rather to non-motoric processes (e.g., spatial or working memory
processes, in case of an early or more sustained current flow).

Behavioral Recordings

Hand movements were recorded at 100 Hz using a small
(2.0 mm X 9.9 mm) 6-degree-of-freedom electromagnetic sensor
(trackSTAR model 180, Ascension Technology Corporation,
Shelburne, VT, USA) attached to the right fingertip. The norm
of the vector between the initial and final hand position
was respectively 32.55 + 6.85 cm, 39.83 £ 6.92 cm and
48.19 % 8.32 cm for the 20°, 30° and 40° body rotations. These
observations indicate that participants scaled the amplitude of
their movements according to the magnitude of their passive
rotations as specified in the instructions.

Muscle Activity

We recorded the EMG activity of the right posterior deltoid and
of the triceps brachial muscles, which were the prime mover
muscles for the required arm movements. After cleaning the
skin with alcohol, we affixed self-adhesive bipolar Ag-AgCl
electrodes (2 cm center-to-center inter-electrodes spacing) near
the middle third of these muscles, along a line parallel to their
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FIGURE 4 | Duration of the movement planning phase and of the quintiles
for each participant.

fiber orientation (Brindle et al., 2006; Cram and Kasman, 2011).
The EMG signals were pre-amplified (1,000x) at the skin site
and then digitally sampled at 1 kHz using a Bortec AMT-8
system (Bortec Biomedical, Calgary, AB, Canada). The time
elapsed between the imperative signal and the EMG onset was
operationally defined as the planning phase. EMG onset was
determined visually after summing the rectified EMG signals
from both agonist muscles and squaring the results.

The movement planning phase was divided in quintiles, for
each participant (i.e., the EMG reaction times were divided in five
bins of equal duration). The duration of the quintiles depended
on each participant’s average EMG reaction time (average EMG
reaction times = 391 & 127 ms, average quintile duration = 78 ms,
see Figure 4). Quintiles of the same durations served to analyze
the dynamics of the cortical activation for the Movement and
No-movement conditions.

Statistical Analyses

ANOVAs were used to contrast the mean current computed
for each ROI between conditions with and without arm
movements. All analyses employed a 2 (Condition: movement,
no-movement) x 5 (Quintile: 1-5) design with repeated
measures on both factors. As noted above, in all conditions, the
EEG recording after the auditory signal (i.e., imperative signal in
the movement condition) could contain noise or task-irrelevant
activities that could decline with post-rotation duration. We thus
reasoned that any differential activity between the movement
and no-movement conditions would be specifically associated
with task-relevant cognitive or sensorimotor processes. In this
light, we will only consider here the significant main effects of
Condition and the significant Condition x Quintile interactions
as they were deemed to strictly reflect task-related processes.
Significant Condition x Quintile interactions were further
analyzed using Newman-Keul’s tests. Note that when main
effects could be solely explained by a higher-order interaction,
only the break-down of the interaction will be reported. Alpha
level was set to 0.05 for all analyses. Table 1 reports all statistical
results of the ANOVAs. Figure 5 depicts the results of the post
hoc tests and the differences in activity between the Movement
and No-movement conditions for all participants for ROIs
showing significant effects.

RESULTS AND DISCUSSION

The ROIs showing significant movement-related activations
were mainly circumscribed in the frontal lobe (Figure 5).
The PFC contralateral to the reaching arm showed greater
activation in the movement condition in all quintiles. The PFC
is an important cortical region for stocking egocentric spatial
information in working memory (Ma et al,, 2012). The fact

TABLE 1 | Results of the statistical analyses of Experiment 1 (No delay) and of Experiment 2 (Delay).

ROIs No delay (Experiment 1) Delay (Experiment 2)

Condition Condition x Quintile Task Task x Quintile
Left PFC F,8 =6.29; p =0.03* Fse) =0.67;p=0.61 F,8 =12.56; p = 0.008* Fase) =2.25;p=0.08
Right PFC Fa.8 =4.30;p=0.07 Fage =1.42,p=0.25 Fag =9.45;p=0.01* Fs2) =0.87;p=0.48
Left SMC Fag =2.65p=0.14 F 432 =3.95; 0.01* Fag =7.34;p=0.02" F430) =3.23; p = 0.02*
Right SMC Fa.8 =0.002; p=0.96 Fase =1.88p=0.14 F,8 =3.68; p=0.09 Fa30) =3.26; p = 0.02*
Left vPM Fa8 =0.09; p=0.67 Faz0 =0.59; p=0.67 Fag =5.36; p=0.04* Fa30) =2.68; p =0.04*
Right vPM F,8 =0.01;p=0.92 Fase =0.24;p=0.91 Fai =0.21;p=0.61 F 4,32 =0.30; p = 0.87
Left dPM F,8 =0.001; p=0.97 Fage) =4.77; p = 0.004** F,8 =13.06; p = 0.007* Fa30) =6.44; p = 0.001**
Right dPM Fa8 =0.10; p=0.755 F432 =0.31;0.87 Fag =8.22;p=0.02* Fa30) =2.63; p=0.05
Left rACC Fag =3.44;,p=0.10 Fas2) =1.62;p=0.93 F,8 =18.26; p = 0.003** Fa30) = 2.84; p = 0.04*
Right rACC Fag =1.90;p=0.21 Fase =1.28;,p=0.30 Fa,8 =17.13; p = 0.003* Fas0) =2.20; p =0.09
Left dJACC Fa.8 =3.55;p=0.09 F 4302 =5.16; p = 0.003** Fag =11.58; p = 0.009** Fse) =3.62; p=0.01*
Right dACC Fae =211;p=0.18 Fa30) = 4.04; p = 0.009** Fa8 =9.99;p=0.01* Fa32 =2.76; p = 0.04*
Left iPPC F(tg) = 1.47; p= 0.26 F(4,32) = 198, p= 0.12 F(118) = 13.7; p= 0.004** F(4,32) = 239, p= 0.07
Right iPPC Fag =015 p=0.71 Fge) =1.02; p=0.41 Fag =0.23;,p=0.64 Fage) =7.77; p = 0.0001***
Left sSPPC Fag =2.28,p=0.16 Fg2) =0.49;p=0.74 F,8 =5.44; p=0.04* F 432 =3.96; p =0.01*
Right sPPC Fag =0.51;p=0.49 Fse) =2.06;p=0.11 Fa,8 =3.90; p=0.08 Fa30) = 4.69; p = 0.004**
Left Occip. F.8 =0.0003; p =0.98 Fasgey=1.77,p=0.16 Fag =3.46;p=0.10 Fas0) =3.49; p =0.01*
nght OCCip. F(mg) =2.08;p=0.19 F(4,32) =2.04;p=0.11 F(118) =1.38;p=0.27 F(4,32) =0.75;p =0.56

0 < 0.05; **p < 0.01; **p < 0.001.
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FIGURE 5 | Mean activities recorded in the ROIs of the left and right hemispheres (left and middle columns, respectively) showing significant main effects of
movement and significant interactions between Movement x Quintile in Experiment 1 [i.e., prefrontal cortex, (A); dorsal premotor cortex, (B); dorsal anterior
cingulate cortex, (C) and sensorimotor cortex, (D)]. Error bars represent standard error of the mean. Dotted lines link consecutive quintiles showing significantly
different activities (*p < 0.05, **p < 0.01, **p < 0.001). Graphs of the right column depict the differences in activity between the Movement and No-movement
conditions for all participants. Dots of the same color represent data from the same participant. Values greater than O (i.e., above the X-axis) indicate that the activity
in the Movement condition was greater than the activity in the No-movement conditions. LH and RH indicate left and right hemispheres, respectively.

that the activity of the PFC was greater in movement condition
from quintile 1 might suggest that information storage started
during body rotations. The sustained activation found in the
left PFC thus provides an electrophysiological support for the
hypothesis issued from lesion studies that the PFC is involved
in the storage of task-relevant vestibular signals (Berthoz et al.,
1987; Pierrot-Deseilligny et al., 1993, 1995). On the other hand,
the left dorsal premotor (dPMC) and sensorimotor (SMC)
cortices, and the dorsal anterior cingulate cortices (dACC) of

both hemispheres showed significantly greater activation in the
movement condition only in the last quintile. The dPMC is
known to contribute to the selection of motor responses that
are based on spatial cues irrespective of the sensory modality
of the cues (Weinrich and Wise, 1982; Wise, 1985). Thus, the
increased activation of the dPMC during movement planning
could be linked to the sensorimotor processes associated with the
processing of vestibular spatial cues. Furthermore, the increased
activation of both the dACC and SMC were expected near
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the end of movement planning, as these regions are important
sources of descending motor commands. The bilateral increased
activation of the dACC is also consistent with the existence of
direct bilateral connections of this motor area of the medial wall
with the spinal cord and the primary motor cortex (He et al.,
1995; Dum et al., 2016). The motor commands issued from
the dACC may have benefited from relevant spatial information
stored in the PFC which has dense interconnections with the
dACC (Yeterian et al., 2012). Note that the activations of
the SMC and dACC could also be linked to the anticipatory
postural adjustments observed before rapid arm movements
(e.g., Massion, 1994; Kurtzer et al., 2005).

Remarkably, critical regions for the cognitive encoding of
space, such as the ventral premotor cortex (vPM) or the posterior
parietal cortex (PPC), did not show significantly different
activities between conditions with and without arm movements.
This result is not consistent with the scheme that movement
planning was based on a cognitive representation of space
updated during body rotations. Rather, the observation that
task-related activities were exclusively found in PFC, dPM, dACC
and SMC points to a dominant role of sensorimotor-type of
spatial representations for converting self-motion sensory cues
into arm motor commands. The short time elapsed between the
end of the rotation and the onset of the arm muscular activity
(i.e., 391 ms, see “Materials and Methods” section) is in line with
the use of such sensorimotor representations wherein encoded
information is short-lived.

Indeed, the motor representations of space rapidly decay
when sensory stimuli relevant for triggering motor action
becomes unavailable (Bridgeman, 1991; Goodale et al., 1994;
Rossetti, 1998; Burgess, 2008; Ball et al, 2010). Therefore,
the contribution of cortical regions involved in the cognitive
encoding of space, including those tightly linked to spatio-motor
integration, could increase for planning movements when there
is a delay between body motion and the goal-directed arm
movement. We tested this hypothesis in Experiment 2.

EXPERIMENT 2

Nine new participants participated in Experiment 2 (three
women, mean age: 25.5 £ 3.4). A written informed consent
was obtained from the participants before the study and the
experiment was approved by the Laval University Biomedical
Ethics Committee.

Design of the Experiment

This experiment reproduced the movement condition of
Experiment 1 with the only exception being that the imperative
signal prompting the participants to produce the arm movement
occurred 8 s after the end of the chair rotation. This delay
was chosen based on previous studies showing that most motor
actions rely on a cognitive representation after a 8 s delay
(Bridgeman, 1991; Gentilucci et al., 1996). As in Experiment
1, participants performed 25 trials for each of the three
pseudo-randomly presented angular rotations (i.e., 20°, 30°
and 40°, total of 75 trials). The kinematics of the chair
rotations were like those of Experiment 1. On average, the

rotation amplitudes were 20.16 £ 0.46°, 29.96 + 0.34° and
40.43 £ 0.35° and their respective peak angular velocities were
58.10 % 6.34°/s, 75.31 & 7.49°/s and 92.59 =+ 5.98°/s. Similarities
of the chair rotation kinematics between both experiments were
confirmed by the results of the mixed-design ANOVAs [3
(Condition: movement Experiment 1, no-movement Experiment
2) x 3 (Amplitude: 20°, 30°, 40°)] that did not reveal
significant effect of Condition on the amplitude of the rotations
(F(2,24y = 1.79, p = 0.19) or on the chair peak angular velocities
(F(2’24) =0.48, p= 0.62).

The norms of the vectors between the initial and final
hand positions were also scaled in Experiment 2 to the
amplitude of the chair rotations (i.e., 31.26 £+ 6.56 cm,
3742 + 6.83 cm and 45.23 £ 5.88 cm, for the 20°, 30° and
40° body rotations, respectively). Moreover, the results of a 2
(Experiment) x 3 (Angular amplitude) mixed-design ANOVA
showed that the norms of the movement vectors were not
significantly different between both experiments (no significant
main effect of Experiment (F(1,14) = 0.43, p = 0.52).

The fact that participants remained motionless while waiting
for the imperative signal which occurred 8 s after rotation
offsets, minimized the possibility of contamination of the EEG
recordings from residual eye movements or cable motion as in
Experiment 1. However, the response to the auditory stimulation
and the non-motoric activity related to anticipation (Simons
et al, 1979) and expectancy (Ruchkin et al, 1986) of this
stimulation could affect the post imperative signal cortical
activity. To control for this possibility, we contrasted the
recorded EEG activity with the EEG activity recorded after the
second of two tones interspaced by 3 s that were presented in
a control condition without body rotation and arm movement.
Note that the first tone in this control condition and the end of
the rotation in the delayed movement condition both served as a
preparatory pre-cue signal as they were both followed by a tone
that occurred after a fixed interval. In this control condition, each
participant also performed 75 trials. Five participants started the
experimental session with the delayed movement condition.

EEG processing was performed as in Experiment 1. The
baseline used to compute the co-variance matrices in the delayed
arm movement condition was set between —9.5 s to —10 s with
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FIGURE 6 | Duration of the movement planning phase and of the quintiles
for each participant in Experiment 2.
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respect to the auditory cue (i.e., before body rotation for all trials
of all participants). In the control condition, the baseline was set
—1.5 s to —2 s prior to the first of the two tones. Albeit spatial
and sensorimotor processes most likely took place before the
imperative signal, for each ROI, we compared the mean current
amplitude computed in each quintile of movement reaction time
with the mean current amplitude computed during similar five

time-windows in the control condition. EMG reaction time and
quintile durations are provided for all participants in Figure 6.
On average, the EMG reaction times and quintile duration
were 294 + 59 ms and 59 ms, respectively. Statistical results of
the 2 (Condition: delayed movement, control) x 5 (Quintile:
1-5) repeated measures ANOVAs and of the post hoc tests are
presented in Figures 7-9 and Table 1, respectively.
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FIGURE 7 | Mean activities recorded in the ROIs of the left and right frontal lobes (left and middle columns, respectively) showing a significant main effect of
movement and a significant interaction between movement x quintile in Experiment 2 (delayed movements): i.e., prefrontal cortex, (A); dorsal premotor cortex, (B);
Dorsal anterior cingulate cortex, (C); sensorimotor cortex, (D). The figure depicts only the results of the cortical regions that also showed significant effects in
Experiment 1 (no delay) in either hemisphere (identified by red boxes). Error bars represent standard error of the mean. Dotted lines link consecutive quintiles showing
significantly different activities (*p < 0.05, **p < 0.01, **p < 0.001). Graphs of the right column depict the differences in activity between the Movement and
No-movement conditions for all participants. Dots of the same color represent data from the same participant. Values greater than O (i.e., above X-axis) indicate that
the participants showed greater activity in the Movement condition than in the No-movement conditions.
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RESULTS AND DISCUSSION

Extended Task-Related Activities in the
Frontal Lobe With Delayed Arm

Movements

All frontal ROIs that showed greater activation during movement
planning in Experiment 1 also showed additional activation
during movement planning in the delayed movement condition
(i.e., PFC, dPMC, SMC, dACC; see Figure 7). However, in
contrast to Experiment 1, the increased activations of the PFC,
dPMC and SMC in the arm movement condition were bilateral
rather than being restricted to the hemisphere contralateral to the
moving arm (i.e., left hemisphere). In the light of the temporal
constraints imposed in the delayed movement condition, the
sustained task-related activation of the right PFC might have
been associated with both the maintenance of body rotation and
spatial information in working memory (Courtney et al., 1998;
Romo et al., 1999; Katsuki et al., 2014), and the shift from cue
monitoring (i.e., self-motion cues) to cued arm response (Howe
et al,, 2013). The greater activation of the right dPMC observed
throughout movement planning could have also contributed to
the storage of spatial information during the imposed delay

(Smith and Jonides, 1999). Supplementary activation was also
found in the right SMC in the last quintile of the movement
condition. This ipsilateral activity could reflect motor processes
related to postural adjustments associated to the execution of the
rapid upper limb movement (Massion, 1994; Kurtzer et al., 2005).

Other ROIs from the frontal lobe showed significant
task-related activations during the delayed arm movement that
were not observed in Experiment 1 (i.e., without an imposed
delay; see Figure 8). This was the case of the rostral ACC
(rACC) where current amplitude was found to be bilaterally
greater throughout movement planning. This observation could
be linked to visuo-spatial attention and exploratory processes
that have been identified in the rACC (Corbetta et al., 1993; Kim
et al., 1999; Amiez et al., 2012). Besides, the current amplitude
of the rACC contralateral to the reaching hand progressively
increased during movement planning, reaching its maximum
value in the last quintile. This increased activation is consistent
with studies demonstrating that the rACC plays an important
role in the control of arm movements (Picard and Strick,
1996; Paus, 2001), notably those relying on working memory
(Paus et al., 1998).

Task-related activations were also found in the left
ventral premotor cortex (VPMC) when arm movements
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FIGURE 8 | ROlIs of the frontal lobe showing significant effects only when a 8 s delay was imposed between body motion and the arm movement: i.e., rostral
anterior cingulate cortex, (A); ventral premotor cortex, (B). More specifically, the graphs show the mean activities recorded in the ROls of the left and right
hemispheres (left and middle columns, respectively) showing a significant main effect of movement and a significant interaction between movement x quintile in
Experiment 2 (delayed movements). Error bars represent standard error of the mean. Dotted lines link consecutive quintiles showing significantly different activities
(*p < 0.05, *p < 0.01, **p < 0.001). Graphs of the right column depict the differences in activity between the Movement and No-movement conditions for all
participants. Dots of the same color represent data from the same participant. Values greater than O (i.e., above the X-axis) indicate that the participants showed
greater activity in the Movement condition than in the No-movement conditions. LH and RH indicate left and right hemispheres, respectively.
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were delayed. More specifically, the vPMC showed greater
activation in the movement condition than in the no-
movement condition in the last two quintiles. The vPMC
is an important area for space perception and activity
in this area has been associated with the encoding of
hand movements in extrinsic coordinates (Kakei et al.,
2001; Rizzolatti et al., 2002). Thus, the increased vPMC
activation observed towards the end of movement planning
could reflect processes related to the transformation of the
extrinsically encoded spatial goal of the movement into arm
motor commands.

Large Task-Related Activations in the
Posterior Cortex During Delayed Arm

Movements
Several ROIs from the posterior cortex showed larger activation
during movement planning when arm movements were delayed

after body rotations (see Figure 9). This was the case of the
left occipital cortex which showed greater activation in the
movement condition in the last three quintiles (i.e., last 60%
of the movement planning). This observation is important
when considering the frame of reference used for motor
planning. Indeed, it suggests that despite the absence of
visual information, a visual-type of spatial representation
might have been used to plan the arm movement. This
finding is consistent with studies showing that even in the
absence of visual feedback, the occipital cortex can provide
relevant information to the motor system (Singhal et al., 2013;
Manson et al., 2019).

Both superior PPC showed greater current amplitudes
in the last two quintiles of movement planning. Previous
studies have found that in this area of the parietal lobe,
movement planning is based on visual space representations
(e.g., Andersen et al., 1997). Specifically, it has been shown that
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FIGURE 9 | Mean activities recorded in the ROIs of the left and right hemispheres (left and middle columns, respectively) of the posterior cortex showing a
significant main effect of movement and a significant interaction between movement x quintile in Experiment 2 (delayed movements): i.e., occipital cortex, (A);
superior posterior parietal cortex, (B); inferior posterior parietal cortex, (C). Error bars represent standard error of the mean. Dotted lines link consecutive quintiles
showing significantly different activities (*p < 0.05, **p < 0.01, ***p < 0.001). Graphs of the right column depict the differences in activity between the Movement
and No-movement conditions for all participants. Dots of the same color represent data from the same participant. Values greater than O (i.e., above the X-axis)
indicate that the participants showed greater activity in the Movement condition than in the No-movement conditions. LH and RH indicate left and right
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activity in superior PPC is associated with the computation
of motor errors in extrinsic coordinates, even for movements
produced in darkness (Darling et al, 2007; Medendorp
et al, 2008; Filimon et al, 2009). Note that because the
activation of the superior PPC did not significantly differ
between the movement and no-movement conditions in the
first three quintiles, the results obtained with the present
protocol cannot provide support for the hypothesis that this
region contributes to hold motor plans during delayed actions
(e.g., Gnadt and Andersen, 1988).

The left and right inferior PPC showed greater activation
throughout movement planning and in the last two quintiles,
respectively. These activities could be associated to space
encoding which is known to be performed relative to the arm
and hand in the inferior PPC (Rozzi et al., 2008). The additional
activation found in this area during movement planning could,
therefore, be relevant for computing the motor vector in the
superior PPC.

GENERAL DISCUSSION AND
CONCLUSION

The pattern of cortical activations found in the present
study when the arm movements were triggered 8 s after the
passive body rotations (Experiment 2) is consistent with the
scheme that goal-directed arm movements produced after body
motion was derived from a visually-based updated internal
representation of the environment. These results are therefore
coherent with the most widely adopted view that cognitive
maps intervene in the organization of spatially-oriented behavior
based on body motion information (Loomis et al., 1996;
Klier and Angelaki, 2008; Mackrous and Simoneau, 2011,
2014; Medendorp, 2011). These cognitive representations would
be particularly suited for storing relevant spatial information
when the motor response is postponed after body motion
(Bridgeman, 1991; Burgess, 2008). To our knowledge, these
observations provide the first human electrophysiological
evidence for the contribution of such cognitive processes for
planning motor actions based on idiothetic information. These
results, therefore, build on recent studies describing cortical
activities evoked by body rotations (e.g., Gale et al, 2016)
or activities strictly linked to spatial, non-motor updating
processes (Gutteling and Medendorp, 2016; Gutteling et al., 2017;
de Winkel et al., 2017).

Importantly, however, the spatio-temporal patterns of
cortical activation revealed in the present study confer greater
contribution of higher-order cognitive processes in movement
planning when a delay is introduced between body motion
and the arm motor response. Indeed, the results of Experiment
1 suggest that a more sensorimotor type of representation is

REFERENCES

Amiez, C., Hadj-Bouziane, F., and Petrides, M. (2012). Response selection
versus feedback analysis in conditional visuo-motor learning. Neuroimage 59,
3723-3735. doi: 10.1016/j.neuroimage.2011.10.058

responsible for organizing arm movements that are promptly
triggered after body motion. Observations made in Experiment
1 are therefore consistent with studies suggesting that, despite
being context-dependent (Keyser et al, 2017; Smith and
Reynolds, 2017), the control of arm movements based on
vestibular input can be largely independent of cognitive
processes (Bresciani et al., 2005; Blouin et al., 2010; Guillaud
et al.,, 2011; for review, see Blouin et al., 2015). Nonetheless,
our observation that task-related activities were found in
similar frontal areas in conditions with and without delay
(e.g., dACC and dPM) suggests that the cognitive processes
occurring in occipito-parietal regions did not supersede the
frontal sensorimotor processes. Rather, our findings provide
evidence that cognitive and sensorimotor processes contribute
together for triggering delayed arm motor actions based on
idiothetic information.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Laval University Biomedical Ethics Committee. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

JB, MS and LM designed the experiments, interpreted the
data and wrote the manuscript. JB and MS performed
the experiments. AS and GM analyzed the data. GM revised the
manuscript. J-PP programmed the experiment.

FUNDING

This research was undertaken thanks to funding of the French
Agence Nationale de la Recherche (ANR) to JB and LM
(ANR-14-CE30-007-02) and Natural Sciences and Engineering
Research Council of Canada (NSERC) discovery grants program
(RGPIN-2015-04068) to MS.

ACKNOWLEDGMENTS

We thank Shannon Cyr-Kirk for his help with processing the
chair and arm kinematics and EMG data. We thank to Marcel
Kaszap for computing expertise.

Amiez, C., and Petrides, M. (2014). Neuroimaging evidence of the anatomo-
functional organization of the human cingulate motor areas. Cereb. Cortex 24,
563-578. doi: 10.1093/cercor/bhs329

Andersen, R. A., Snyder, L. H., Bradley, D. C., and Xing, J. (1997). Multimodal
representation of space in the posterior parietal cortex and its use in planning

Frontiers in Neural Circuits | www.frontiersin.org

11

October 2019 | Volume 13 | Article 70


https://doi.org/10.1016/j.neuroimage.2011.10.058
https://doi.org/10.1093/cercor/bhs329
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles

Blouin et al.

Vestibular-Based Planning of Arm Movement

movements. Annu. Rev. Neurosci. 20, 303-330. doi: 10.1146/annurev.neuro.
20.1.303

Baker, J. T., Harper, T. M., and Snyder, L. H. (2003). Spatial memory
following shifts of gaze. I
gaze-fixed targets. J. Neurophysiol. 89, 2564-2576. doi:
610.2002

Ball, K., Smith, D., Ellison, A., and Schenk, T. (2010). A body-centred frame of
reference drives spatial priming in visual search. Exp. Brain Res. 204, 585-594.
doi: 10.1007/500221-010-2327-y

Berthoz, A., Israél, I, Viéville, T., and Zee, D. (1987). Linear head displacement
measured by the otoliths can be reproduced through the saccadic system.
Neurosci. Lett. 82, 285-290. doi: 10.1016/0304-3940(87)90270-9

Bloomberg, J., Jones, G. M., Segal, B., Mcfarlane, S., and Soul, J. (1988).
Vestibular-contingent voluntary saccades based on cognitive estimates of
remembered vestibular information. Adv. Otorhinolaryngol. 41, 71-75.
doi: 10.1159/000416034

Blouin, J., Bresciani, J. P., Guillaud, E., and Simoneau, M. (2015). Prediction
in the vestibular control of arm movements. Multisens. Res. 28, 487-505.
doi: 10.1163/22134808-00002501

Blouin, J., Guillaud, E., Bresciani, J. P., Guerraz, M., and Simoneau, M. (2010).
Insights into the control of arm movement during body motion as revealed
by EMG analyses. Brain Res. 1309, 40-52. doi: 10.1016/j.brainres.2009.
10.063

Blouin, J., Labrousse, L., Simoneau, M., Vercher, J. L., and Gauthier, G. M. (1998).
Updating visual space during passive and voluntary head-in-space movements.
Exp. Brain Res. 122, 93-100. doi: 10.1007/s002210050495

Bresciani, J. P., Gauthier, G. M., Vercher, J. L., and Blouin, J. (2005). On
the nature of the vestibular control of arm-reaching movements during
whole-body rotations. Exp. Brain Res. 164, 431-441. doi: 10.1007/s00221-005-
2263-4

Bridgeman, B. (1991). “Complementary cognitive and motor image
processing,” in Presbyopia Research, From Molecular Biology to Visual
Adaptation, eds G. Obrecht and L. W. Stark (New York, NY: Plemun),
189-198.

Brindle, T.J., Nitz, A.]., Uhl, T. L., Kifer, E., and Shapiro, R. (2006). Kinematic and
EMG characteristics of simple shoulder movements with proprioception and
visual feedback. J. Electromyogr. Kinesiol. 16, 236-249. doi: 10.1016/j.jelekin.
2005.06.012

Burgess, N. (2008). Spatial cognition and the brain. Ann. N Y Acad. Sci. 1124,
77-97. doi: 10.1196/annals.1440.002

Corbetta, M., Miezin, F. M., Shulman, G. L., and Petersen, S. E. (1993).
A PET study of visuospatial attention. J. Neurosci. 13, 1202-1226.
doi: 10.1523/jneurosci.13-03-01202.1993

Courtney, S. M., Petit, L., Maisog, J. M., Ungerleider, L. G., and Haxby, J. V.
(1998). An area specialized for spatial working memory in human
frontal cortex. Science 279, 1347-1351. doi: 10.1126/science.279.
5355.1347

Cram, J. R, and Kasman, G. S. (2011). Cram’s Introductin to Surface
Electromyography—Second Edition. Boston, MA: Jones and Bartlett publishers.

Cullen, K. E., and Taube, J. S. (2017). Our sense of direction: progress,
controversies and challenges. Nat. Neurosci. 20, 1465-1473. doi: 10.1038/nn.
4658

Dale, A. M., Liu, A. K., Fischl, B. R., Buckner, R. L., Belliveau, J. W., Lewine, J. D.,
et al. (2000). Dynamic statistical parametric mapping: combining fMRI and
MEG for high-resolution imaging of cortical activity. Neuron 26, 55-67.
doi: 10.1016/s0896-6273(00)81138-1

Darling, W. G., Seitz, R. ], Peltier, S., Tellmann, L., and Butler, A. J. (2007).
Visual cortex activation in kinesthetic guidance of reaching. Exp. Brain Res.
179, 607-619. doi: 10.1007/s00221-006-0815-x

de Winkel, K. N., Nesti, A., Ayaz, H., and Bulthoff, H. H. (2017). Neural correlates
of decision making on whole body yaw rotation: an fNIRS study. Neurosci. Lett.
654, 56-62. doi: 10.1016/j.neulet.2017.04.053

Dieterich, M., Bense, S., Lutz, S., Drzezga, A., Stephan, T., Bartenstein, P., et al.
(2003). Dominance for vestibular cortical function in the non-dominant
hemisphere.  Cereb. Cortex 13, 994-1007. doi: 10.1093/cercor/13.
9.994

Dum, R. P., Levinthal, D. J., and Strick, P. L. (2016). Motor, cognitive, and
affective areas of the cerebral cortex influence the adrenal medulla.

Saccades to memorized world-fixed and
10.1152/jn.00

Proc. Natl.
1605044113

Dum, R. P., and Strick, P. L. (1991). The origin of corticospinal projections
from the premotor areas in the frontal lobe. J. Neurosci. 11, 667-689.
doi: 10.1523/jneurosci.11-03-00667.1991

Filimon, F., Nelson, J. D., Huang, R. S., and Sereno, M. L. (2009). Multiple
parietal reach regions in humans: cortical representations for visual and
proprioceptive feedback during on-line reaching. J. Neurosci. 29, 2961-2971.
doi: 10.1523/jneurosci.3211-08.2009

Gale, S., Prsa, M., Schurger, A., Gay, A., Paillard, A., Herbelin, B., et al. (2016).
Oscillatory neural responses evoked by natural vestibular stimuli in humans.
J. Neurophysiol. 115, 1228-1242. doi: 10.1152/jn.00153.2015

Gentilucci, M., Chieffi, S., Deprati, E., Saetti, M. C., and Toni, 1. (1996).
Visual illusion and action. Neuropsychologia 34, 369-376. doi: 10.1016/0028-
3932(95)00128-x

Gnadt, J. W., and Andersen, R. A. (1988). Memory related motor planning
activity in posterior parietal cortex of macaque. Exp. Brain Res. 70, 216-220.
doi: 10.1007/bf00271862

Goodale, M. A., Jakobson, L. S., and Keillor, J. M. (1994). Differences in the visual
control of pantomimed and natural grasping movements. Neuropsychologia 32,
1159-1178. doi: 10.1016/0028-3932(94)90100-7

Guillaud, E., Simoneau, M., and Blouin, J. (2011). Prediction of the body
rotation-induced torques on the arm during reaching movements: evidence
from a proprioceptively deafferented subject. Neuropsychologia 49, 2055-2059.
doi: 10.1016/j.neuropsychologia.2011.03.035

Gutteling, T. P., and Medendorp, W. P. (2016). Role of alpha-band oscillations
in spatial updating across whole body motion. Front. Psychol. 7:671.
doi: 10.3389/fpsyg.2016.00671

Gutteling, T. P., Schutter, D., and Medendorp, W. P. (2017). Alpha-band
transcranial alternating current stimulation modulates precision, but not
gain during whole-body spatial updating. Neuropsychologia 106, 52-59.
doi: 10.1016/j.neuropsychologia.2017.09.005

Hanson, J. M., and Goebel, J. A. (1998). Comparison of manual whole-body
and passive and active head-on-body rotational testing with conventional
rotary chair testing. J. Vestib. Res. 8, 273-282. doi: 10.1016/S0957-4271(97)
00071-2

He, S. Q,, Dum, R. P, and Strick, P. L. (1995). Topographic organization of
corticospinal projections from the frontal lobe: motor areas on the medial
surface of the hemisphere. J. Neurosci. 15, 3284-3306. doi: 10.1523/jneurosci.
15-05-03284.1995

Howe, W. M., Berry, A. S., Francois, J., Gilmour, G., Carp, J. M., Tricklebank, M.,
et al. (2013). Prefrontal cholinergic mechanisms instigating shifts from
monitoring for cues to cue-guided performance: converging electrochemical
and fMRI evidence from rats and humans. J. Neurosci. 33, 8742-8752.
doi: 10.1523/jneurosci.5809-12.2013

Huang, Y., Parra, L. C,, and Haufe, S. (2016). The NewYork head-a precise
standardized volume conductormodel for EEG source localization and tES
targeting. Neuroimage 140, 150-162. doi: 10.1016/j.neuroimage.2015.12.019

Israél, I, Fetter, M., and Koenig, E. (1993). Vestibular perception of
passive whole-body rotation about horizontal and vertical axes in humans:
goal-directed vestibulo-ocular reflex and vestibular memory-contingent
saccades. Exp. Brain Res. 96, 335-346. doi: 10.1007/bf00227113

Israél, I, Rivaud, S., Berthoz, A., and Pierrot-Deseilligny, C. (1992). Cortical
control of vestibular memory-guided saccades. Ann. N Y Acad. Sci. 656,
472-484. doi: 10.1111/j.1749-6632.1992.tb25229.x

Ivanenko, Y. P., Grasso, R., Israel, I., and Berthoz, A. (1997). The contribution of
otoliths and semicircular canals to the perception of two-dimensional passive
whole-body motion in humans. J. Physiol. 502, 223-233. doi: 10.1111/j.1469-
7793.1997.223bl.x

Kakei, S., Hoffman, D. S., and Strick, P. L. (2001). Direction of action is represented
in the ventral premotor cortex. Nat. Neurosci. 4, 1020-1025. doi: 10.1038/nn726

Katsuki, F., Qi, X. L., Meyer, T., Kostelic, P. M., Salinas, E., and Constantinidis, C.
(2014). Differences in intrinsic functional organization between dorsolateral
prefrontal and posterior parietal cortex. Cereb. Cortex 24, 2334-2349.
doi: 10.1093/cercor/bht087

Keyser, J., Medendorp, W. P., and Selen, L. P. J. (2017). Task-dependent vestibular
feedback responses in reaching. J. Neurophysiol. 118, 84-92. doi: 10.1152/jn.
00112.2017

Acad. Sci. U S A 113, 9922-9927. doi: 10.1073/pnas.

Frontiers in Neural Circuits | www.frontiersin.org

October 2019 | Volume 13 | Article 70


https://doi.org/10.1146/annurev.neuro.20.1.303
https://doi.org/10.1146/annurev.neuro.20.1.303
https://doi.org/10.1152/jn.00610.2002
https://doi.org/10.1152/jn.00610.2002
https://doi.org/10.1007/s00221-010-2327-y
https://doi.org/10.1016/0304-3940(87)90270-9
https://doi.org/10.1159/000416034
https://doi.org/10.1163/22134808-00002501
https://doi.org/10.1016/j.brainres.2009.10.063
https://doi.org/10.1016/j.brainres.2009.10.063
https://doi.org/10.1007/s002210050495
https://doi.org/10.1007/s00221-005-2263-4
https://doi.org/10.1007/s00221-005-2263-4
https://doi.org/10.1016/j.jelekin.2005.06.012
https://doi.org/10.1016/j.jelekin.2005.06.012
https://doi.org/10.1196/annals.1440.002
https://doi.org/10.1523/jneurosci.13-03-01202.1993
https://doi.org/10.1126/science.279.5355.1347
https://doi.org/10.1126/science.279.5355.1347
https://doi.org/10.1038/nn.4658
https://doi.org/10.1038/nn.4658
https://doi.org/10.1016/s0896-6273(00)81138-1
https://doi.org/10.1007/s00221-006-0815-x
https://doi.org/10.1016/j.neulet.2017.04.053
https://doi.org/10.1093/cercor/13.9.994
https://doi.org/10.1093/cercor/13.9.994
https://doi.org/10.1073/pnas.1605044113
https://doi.org/10.1073/pnas.1605044113
https://doi.org/10.1523/jneurosci.11-03-00667.1991
https://doi.org/10.1523/jneurosci.3211-08.2009
https://doi.org/10.1152/jn.00153.2015
https://doi.org/10.1016/0028-3932(95)00128-x
https://doi.org/10.1016/0028-3932(95)00128-x
https://doi.org/10.1007/bf00271862
https://doi.org/10.1016/0028-3932(94)90100-7
https://doi.org/10.1016/j.neuropsychologia.2011.03.035
https://doi.org/10.3389/fpsyg.2016.00671
https://doi.org/10.1016/j.neuropsychologia.2017.09.005
https://doi.org/10.1016/S0957-4271(97)00071-2
https://doi.org/10.1016/S0957-4271(97)00071-2
https://doi.org/10.1523/jneurosci.15-05-03284.1995
https://doi.org/10.1523/jneurosci.15-05-03284.1995
https://doi.org/10.1523/jneurosci.5809-12.2013
https://doi.org/10.1016/j.neuroimage.2015.12.019
https://doi.org/10.1007/bf00227113
https://doi.org/10.1111/j.1749-6632.1992.tb25229.x
https://doi.org/10.1111/j.1469-7793.1997.223bl.x
https://doi.org/10.1111/j.1469-7793.1997.223bl.x
https://doi.org/10.1038/nn726
https://doi.org/10.1093/cercor/bht087
https://doi.org/10.1152/jn.00112.2017
https://doi.org/10.1152/jn.00112.2017
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles

Blouin et al.

Vestibular-Based Planning of Arm Movement

Kim, Y. H., Gitelman, D. R., Nobre, A. C,, Parrish, T. B, Labar, K. S., and
Mesulam, M. M. (1999). The large-scale neural network for spatial attention
displays multifunctional overlap but differential asymmetry. Neuroimage 9,
269-277. doi: 10.1006/nimg.1999.0408

Klier, E. M., and Angelaki, D. E. (2008). Spatial updating and the maintenance of
visual constancy. Neuroscience 156, 801-818. doi: 10.1016/j.neuroscience.2008.
07.079

Kurtzer, I, Herter, T. M., and Scott, S. H. (2005). Random change in cortical
load representation suggests distinct control of posture and movement. Nat.
Neurosci. 8, 498-504. doi: 10.1038/nn1420

Laurens, J., and Angelaki, D. E. (2018). The brain compass: a perspective on
how self-motion updates the head direction cell attractor. Neuron 97, 275-289.
doi: 10.1016/j.neuron.2017.12.020

Loomis, J. M., Da Silva, J. A., Philbeck, J. W., and Fukusima, S. S. (1996).
Visual perception of location and distance. Curr. Dir. Psychol. Sci. 5, 72-77.
doi: 10.1111/1467-8721.ep10772783

Ma, Y., Hu, X,, and Wilson, F. A. (2012). The egocentric spatial reference
frame used in dorsal-lateral prefrontal working memory in primates.
Neurosci.  Biobehav. Rev. 36, 26-33. doi: 10.1016/j.neubiorev.2011.
03.011

Mackrous, L, Carriot, J., and Simoneau, M. (2019). Learning to use vestibular
sense for spatial updating is context dependent. Sci. Rep. 9:11154.
doi: 10.1038/s41598-019-47675-7

Mackrous, I., and Simoneau, M. (2011). Visuo-vestibular interaction: predicting
the position of a visual target during passive body rotation. Neuroscience 195,
45-53. doi: 10.1016/j.neuroscience.2011.07.032

Mackrous, I, and Simoneau, M. (2014). Generalization of vestibular learning
to earth-fixed targets is possible but limited when the polarity of afferent
vestibular information is changed. Neuroscience 260, 12-22. doi: 10.1016/j.
neuroscience.2013.12.002

Mackrous, I, and Simoneau, M. (2015). Improving spatial updating accuracy
in absence of external feedback. Neuroscience 300, 155-162. doi: 10.1016/j.
neuroscience.2015.05.024

Manson, G. A., Tremblay, L., Lebar, N., De Grosbois, J., Mouchnino, L., and
Blouin, J. (2019). Auditory cues for somatosensory targets invoke visuomotor
transformations: behavioral and electrophysiological evidence. PLoS One
14:¢0215518. doi: 10.1371/journal.pone.0215518

Massion, J. (1994). Postural control system. Curr. Opin. Neurobiol. 4, 877-887.
doi: 10.1016/0959-4388(94)90137-6

Medendorp, W. P. (2011). Spatial constancy mechanisms in motor control.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 366, 476-491. doi: 10.1098/rstb.
2010.0089

Medendorp, W. P, Beurze, S. M., Van Pelt, S., and Van Der Werf, J. (2008).
Behavioral and cortical mechanisms for spatial coding and action planning.
Cortex 44, 587-597. doi: 10.1016/j.cortex.2007.06.001

Medendorp, W. P., Goltz, H. C., Vilis, T., and Crawford, J. D. (2003). Gaze-
centered updating of visual space in human parietal cortex. J. Neurosci. 23,
6209-6214. doi: 10.1523/jneurosci.23-15-06209.2003

Medendorp, W. P., Smith, M. A,, Tweed, D. B., and Crawford, J. D. (2002).
Rotational remapping in human spatial memory during eye and head motion.
J. Neurosci. 22:RC196. doi: 10.1523/jneurosci.22-01-j0006.2002

Moser, E. I, Moser, M. B., and Mcnaughton, B. L. (2017). Spatial representation
in the hippocampal formation: a history. Nat. Neurosci. 20, 1448-1464.
doi: 10.1038/nn.4653

Mosher, J. C., Leahy, R. M., and Lewis, P. S. (1999). EEG and MEG: forward
solutions for inverse methods. IEEE Trans. Biomed. Eng. 46, 245-259.
doi: 10.1109/10.748978

Nolan, H., Whelan, R., Reilly, R., Bulthoff, H. H., and Butler, J. S. (2009).
“Acquisition of human EEG data during linear self motion on a Stewart
platform,” in IEEE EMBS Conference Neural Engineering, (Antalya: IEEE), 1-4.

Nunez, P. L, and Srinivasan, R. (2006). Electric Fields of the Brain: The
Neurophysics of EEG, 2nd Edition. New York, NY: Oxford University Press, Inc.

O’Keefe, J., and Dostrovsky, J. (1971). The hippocampus as a spatial map.
Preliminary evidence from unit activity in the freely-moving rat. Brain Res. 34,
171-175. doi: 10.1016/0006-8993(71)90358-1

Paus, T. (2001). Primate anterior cingulate cortex: where motor control, drive
and cognition interface. Nat. Rev. Neurosci. 2, 417-424. doi: 10.1038/350
77500

Paus, T., Koski, L., Caramanos, Z. and Westbury, C. (1998). Regional
differences in the effects of task difficulty and motor output on blood flow
response in the human anterior cingulate cortex: a review of 107 PET
activation studies. Neuroreport 9, R37-R47. doi: 10.1097/00001756-199806220-
00001

Picard, N., and Strick, P. L. (1996). Motor areas of the medial wall: a
review of their location and functional activation. Cereb. Cortex 6, 342-353.
doi: 10.1093/cercor/6.3.342

Pierrot-Deseilligny, C., Israél, L, Berthoz, A., Rivaud, S., and Gaymard, B. (1993).
Role of the different frontal lobe areas in the control of the horizontal
component of memory-guided saccades in man. Exp. Brain Res. 95, 166-171.
doi: 10.1007/b£00229665

Pierrot-Deseilligny, C., Rivaud, S., Gaymard, B., Muri, R., and Vermersch, A. 1.
(1995). Cortical control of Ann. Neurol. 37, 557-567.
doi: 10.1002/ana.410370504

Rizzolatti, G., Fogassi, L., and Gallese, V. (2002). Motor and cognitive
functions of the ventral premotor cortex. Curr. Opin. Neurobiol. 12, 149-154.
doi: 10.1016/50959-4388(02)00308-2

Romo, R, Brody, C. D., Hernandez, A., and Lemus, L. (1999). Neuronal correlates
of parametric working memory in the prefrontal cortex. Nature 399, 470-473.
doi: 10.1038/20939

Rossetti, Y. (1998). Implicit short-lived motor representations of space in brain
damaged and healthy subjects. Conscious. Cogn. 7, 520-558. doi: 10.1006/ccog.
1998.0370

Rozzi, S., Ferrari, P. F., Bonini, L., Rizzolatti, G., and Fogassi, L. (2008).
Functional organization of inferior parietal lobule convexity in the macaque
monkey: electrophysiological characterization of motor, sensory and mirror
responses and their correlation with cytoarchitectonic areas. Eur. J. Neurosci.
28, 1569-1588. doi: 10.1111/§.1460-9568.2008.06395.x

Ruchkin, D. S., Sutton, S., Mahaffey, D., and Glaser, J. (1986). Terminal CNV
in the absence of motor response. Electroencephalogr. Clin. Neurophysiol. 63,
445-463. doi: 10.1016/0013-4694(86)90127-6

Simoneau, M., Lamothe, V., Hutin, E, Mercier, P., Teasdale, N., and
Blouin, J. (2009). Evidence for cognitive vestibular integration impairment in
idiopathic scoliosis patients. BMC Neurosci. 10:102. doi: 10.1186/1471-2202-
10-102

Simons, R. F., Ohman, A., and Lang, P. J. (1979). Anticipation and response set:
cortical, cardiac and electrodermal correlates. Psychophysiology 16, 222-233.
doi: 10.1111/.1469-8986.1979.tb02982.x

Singhal, A., Monaco, S., Kaufman, L. D., and Culham, J. C. (2013). Human fMRI
reveals that delayed action re-recruits visual perception. PLoS One 8:€73629.
doi: 10.1371/journal.pone.0073629

Smith, E. E., and Jonides, J. (1999). Storage and executive processes in the frontal
lobes. Science 283, 1657-1661. doi: 10.1126/science.283.5408.1657

Smith, C. P., and Reynolds, R. F. (2017). Vestibular feedback maintains
reaching accuracy during body movement. J. Physiol. 595, 1339-1349.
doi: 10.1113/jp273125

Smith, A. T., Wall, M. B, and Thilo, K. V. (2012). Vestibular inputs
to human motion-sensitive visual cortex. Cereb. Cortex 22, 1068-1077.
doi: 10.1093/cercor/bhr179

Stephan, T., Deutschlander, A., Nolte, A., Schneider, E., Wiesmann, M., Brandt, T,
etal. (2005). Functional MRI of galvanic vestibular stimulation with alternating
currents at different frequencies. Neuroimage 26, 721-732. doi: 10.1016/j.
neuroimage.2005.02.049

Tadel, F., Baillet, S., Mosher, J. C., Pantazis, D., and Leahy, R. M. (2011).
Brainstorm: a user-friendly application for MEG/EEG analysis. Comput. Intell.
Neurosci. 2011:879716. doi: 10.1155/2011/879716

Tadel, F., Bock, E., Niso, G., Mosher, J. C., Cousineau, M., Pantazis, D., et al.
(2019). MEG/EEG group analysis with brainstorm. Front. Neurosci. 13:76.
doi: 10.3389/fnins.2019.00076

Valko, Y., Lewis, R. F., Priesol, A. J., and Merfeld, D. M. (2012). Vestibular
labyrinth contributions to human whole-body motion discrimination.
J. Neurosci. 32, 13537-13542. doi: 10.1523/jneurosci.2157-12.2012

Ventre-Dominey, J., and Vallee, B. (2007). Vestibular integration in human
cerebral cortex contributes to spatial remapping. Neuropsychologia 45,
435-439. doi: 10.1016/j.neuropsychologia.2006.06.031

Wei, M., Li, N.,, Newlands, S. D., Dickman, J. D., and Angelaki, D. E. (2006).
Deficits and recovery in visuospatial memory during head motion after

saccades.

Frontiers in Neural Circuits | www.frontiersin.org

October 2019 | Volume 13 | Article 70


https://doi.org/10.1006/nimg.1999.0408
https://doi.org/10.1016/j.neuroscience.2008.07.079
https://doi.org/10.1016/j.neuroscience.2008.07.079
https://doi.org/10.1038/nn1420
https://doi.org/10.1016/j.neuron.2017.12.020
https://doi.org/10.1111/1467-8721.ep10772783
https://doi.org/10.1016/j.neubiorev.2011.03.011
https://doi.org/10.1016/j.neubiorev.2011.03.011
https://doi.org/10.1038/s41598-019-47675-7
https://doi.org/10.1016/j.neuroscience.2011.07.032
https://doi.org/10.1016/j.neuroscience.2013.12.002
https://doi.org/10.1016/j.neuroscience.2013.12.002
https://doi.org/10.1016/j.neuroscience.2015.05.024
https://doi.org/10.1016/j.neuroscience.2015.05.024
https://doi.org/10.1371/journal.pone.0215518
https://doi.org/10.1016/0959-4388(94)90137-6
https://doi.org/10.1098/rstb.2010.0089
https://doi.org/10.1098/rstb.2010.0089
https://doi.org/10.1016/j.cortex.2007.06.001
https://doi.org/10.1523/jneurosci.23-15-06209.2003
https://doi.org/10.1523/jneurosci.22-01-j0006.2002
https://doi.org/10.1038/nn.4653
https://doi.org/10.1109/10.748978
https://doi.org/10.1016/0006-8993(71)90358-1
https://doi.org/10.1038/35077500
https://doi.org/10.1038/35077500
https://doi.org/10.1097/00001756-199806220-00001
https://doi.org/10.1097/00001756-199806220-00001
https://doi.org/10.1093/cercor/6.3.342
https://doi.org/10.1007/bf00229665
https://doi.org/10.1002/ana.410370504
https://doi.org/10.1016/s0959-4388(02)00308-2
https://doi.org/10.1038/20939
https://doi.org/10.1006/ccog.1998.0370
https://doi.org/10.1006/ccog.1998.0370
https://doi.org/10.1111/j.1460-9568.2008.06395.x
https://doi.org/10.1016/0013-4694(86)90127-6
https://doi.org/10.1186/1471-2202-10-102
https://doi.org/10.1186/1471-2202-10-102
https://doi.org/10.1111/j.1469-8986.1979.tb02982.x
https://doi.org/10.1371/journal.pone.0073629
https://doi.org/10.1126/science.283.5408.1657
https://doi.org/10.1113/jp273125
https://doi.org/10.1093/cercor/bhr179
https://doi.org/10.1016/j.neuroimage.2005.02.049
https://doi.org/10.1016/j.neuroimage.2005.02.049
https://doi.org/10.1155/2011/879716
https://doi.org/10.3389/fnins.2019.00076
https://doi.org/10.1523/jneurosci.2157-12.2012
https://doi.org/10.1016/j.neuropsychologia.2006.06.031
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles

Blouin et al.

Vestibular-Based Planning of Arm Movement

bilateral labyrinthine lesion. J. Neurophysiol. 96, 1676-1682. doi: 10.1152/jn.
00012.2006

Weinrich, M., and Wise, S. P. (1982). The premotor cortex of the
monkey. J. Neurosci. 2, 1329-1345. doi: 10.1523/J]NEUROSCI.02-09-013
29.1982

Wise, S. P. (1985). The primate premotor cortex: past, present, and
preparatory. Annu. Rev. Neurosci. 8, 1-19. doi: 10.1146/annurev.ne.08.030185.
000245

Yeterian, E. H., Pandya, D. N, Tomaiuolo, F., and Petrides, M. (2012). The cortical
connectivity of the prefrontal cortex in the monkey brain. Cortex 48, 58-81.
doi: 10.1016/j.cortex.2011.03.004

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Blouin, Saradjian, Pialasse, Manson, Mouchnino and Simoneau.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neural Circuits | www.frontiersin.org

14

October 2019 | Volume 13 | Article 70


https://doi.org/10.1152/jn.00012.2006
https://doi.org/10.1152/jn.00012.2006
https://doi.org/10.1523/JNEUROSCI.02-09-01329.1982
https://doi.org/10.1523/JNEUROSCI.02-09-01329.1982
https://doi.org/10.1146/annurev.ne.08.030185.000245
https://doi.org/10.1146/annurev.ne.08.030185.000245
https://doi.org/10.1016/j.cortex.2011.03.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles

	Two Neural Circuits to Point Towards Home Position After Passive Body Displacements
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Experimental Set-Up
	Design of the Experiment
	EEG Activity
	Behavioral Recordings
	Muscle Activity
	Statistical Analyses

	RESULTS AND DISCUSSION
	EXPERIMENT 2
	Design of the Experiment

	RESULTS AND DISCUSSION
	Extended Task-Related Activities in the Frontal Lobe With Delayed Arm Movements
	Large Task-Related Activations in the Posterior Cortex During Delayed Arm Movements

	GENERAL DISCUSSION AND CONCLUSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


