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Effects of motor pacing on frontal-hemodynamic responses
during continuous upper-limb and whole-body movements

Ségoléne M. R. Guérin® | Marion A. Vincent® | Yvonne N. Delevoye-Turrell

Université de, UMR 9193 - SCALab

- Sciences Cognitives et Sciences Abstract

Affectives, France Advances in timing research advocate for the existence of two timing mecha-
nisms (automatic vs. controlled) that are related to the level of cognitive control
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trol in the production of slow whole-body movements. In addition, our findings
confirm that upper-limb (laboratory-based) tasks might not be representative of
those engaged during everyday-life motor behaviors. The fNIRS technique may
be a valuable tool to decipher the neurocognitive mechanisms underlying natu-
ralistic, adaptive motor behaviors.
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1 | INTRODUCTION locomotion behavior at ~2 Hz, which corresponds to two

steps per second (MacDougall & Moore, 2005). This par-
Locomotion is a fundamental behavior that consists in a ticular motor frequency has been referred to as the spon-
robust motor pattern repeated over time. Experimental ev- taneous motor tempo (i.e., the most natural and easiest
idence has indicated that human beings perform routine pace to move; Fraisse, 1982; Moelants, 2002). Nonetheless,
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individuals periodically need to accelerate or slow down
the spontaneous pace of their actions in order to accom-
modate environmental constraints. For illustrative pur-
poses, this is the case when trying not to miss a train or
holding the hand of a toddler while walking down the
street. The general aim of this article was to investigate
the brain mechanisms underlying the temporal control of
motor behaviors.

The way temporal control is applied over motor be-
haviors is still largely unknown. In the scientific lit-
erature, motor timing abilities have been commonly
investigated using laboratory tasks that consist in arti-
ficial upper-limb movements (e.g., finger tapping; for a
review, see Repp, 2005). Using upper-limb motor tasks,
the production of fast motor behaviors (i.e., >2 Hz)
was found to entail an automatic process in which
the temporal regularities emerge from body dynamics
(Lemoine, 2007; Lewis & Miall, 2003b). More precisely,
Repp and Steinman (2010) stated that such emergent
timing “arises from the dynamic control of nontemporal
movement parameters such as stiffness” (p. 11). Thus,
fast movements would be generated solely through
motor dynamics without the need to internally control
the timing of movements.

In contrast, the production of slow movements (i.e.,
<2 Hz) would originate from an explicit, cognitive rep-
resentation of time. Such predictive timing is triggered by
an “internal clock” that provides a sequence of periodic
timing events independent of the effector(s) involved in
motor production (Delignieres & Torre, 2011). Thus, the
ability to perform slow movements requires cognitive
control in order to apply voluntary control over motor
behaviors (Bobin-Bégue & Provasi, 2008). More specifi-
cally, Bobin-Begue et al. (2006) advocated that newborns
and babies are unable to perform movements slower
than their spontaneous pace because their motor inhi-
bition function is not yet matured. We reached similar
conclusions in a recent study in which we found that
cognitive control is required for movements performed
slower than the spontaneous motor pace. More pre-
cisely, using a sensorimotor-synchronization task in a
dual-task paradigm, we reported that motor production
at slow pace required more attentional resources than
voluntary actions executed at close-to-spontaneous and
fast paces in an adult population (Guérin, Boitout, &
Delevoye-Turrell, 2021).

If emergent and predictive timing refer to two dif-
ferent timing mechanisms (emergent-automatic vs.
predictive-controlled), they should involve two different
patterns of neural activity. More specifically, emergent
timing should be underpinned by cerebral structures
that are characteristic of automatic, noncontrolled pro-
cesses (e.g., motor areas; Saling & Phillips, 2007; Sumner

& Husain, 2007). By contrast, predictive timing should
involve brain areas representative of effortful, high-
level cognitive processes (e.g., prefrontal cortex; Frith &
Dolan, 1996; Koechlin et al., 2003). Following this train
of thought, a couple of meta-analysis have indicated
that motor tasks associated with emergent timing acti-
vate the motor system (e.g., supplementary motor area,
basal ganglia) while those associated with predictive
timing activate predominantly the frontal and parietal
cortices (e.g., dorsolateral and ventrolateral prefrontal
cortex, inferior parietal cortex; Lewis & Miall, 2003a,
2003b). It is noteworthy, however, that neuroimaging
studies examining brain correlates of predictive timing
used perceptual tasks (e.g., time estimation) while those
investigating the neural substrate of emergent timing
used upper-limb motor tasks (e.g., finger tapping). In
the present study, we employed a unique motor task
performed at various paces to test the hypothesis that
prefrontal and motor regions will be differently engaged
when moving fast and slow.

Brain imaging has been efficiently used to highlight
the involvement of motor inhibition during go/no-go
tasks (see e.g., Albares et al., 2014; Levin et al., 2014;
Rubia et al., 2001). These studies found that the dorsolat-
eral prefrontal and orbitofrontal cortices play a key role
in inhibiting motor actions by modulating the strength
of communication between prefrontal and motor re-
gions (Rae et al., 2015). The go/no-go paradigm is easily
implemented during brain recordings as it requires sim-
ple finger responses. Yet, it remains unclear whether the
obtained results can be generalized to the temporal con-
trol of whole-body movements (e.g., walking) that mimic
everyday-life behaviors and have a high ecological validity
(see Sonkusare et al., 2019). Because they are so naturally
and habitually performed, higher level of motor inhibi-
tion should be needed to apply a temporal control over
naturalistic, whole-body movements. Nevertheless, popu-
lar neuroimaging methods (e.g., electroencephalography
[EEG], functional magnetic resonance imaging [fMRI])
are highly sensitive to motion artifacts, which renders
challenging the recording of cerebral activation during
whole-body motor tasks (Herold et al., 2017, 2018).

SNIRS is a neuroimaging technique that enables the
monitoring of brain activity in ecological whole-body
movement paradigms (Herold et al., 2018; Perrey, 2014).
This technique has several advantages over other imag-
ing modalities that include low acquisition costs, con-
tinuous long-time monitoring, short installation time,
portability, and higher robustness to motion artifacts
(Leff et al., 2011). fNIRS makes use of the neurovas-
cular coupling (i.e., the relationship between neuronal
activation and subsequent changes in cerebral blood
flow; Pasley & Freeman, 2008) to infer the magnitude
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and spatial location of brain-cortical activity in response
to experimental manipulations. In a previous study, we
successfully used fNIRS to dissociate the involvement
of different cognitive mechanisms as a function of task
demands using a finger-tapping task (Guérin, Vincent,
et al., 2021). More precisely, we found that actions pro-
duced at fast pace depended on motor activation while
close-to-spontaneous movements led to higher poste-
rior prefrontal activity. In addition, the hemodynamic
responses recorded with fNIRS over the motor cortex
were shown to be consistent with those reported using
the same sensorimotor-synchronization tasks in fMRI
(Rahimpour et al., 2020). Thus, fNIRS is a suitable tool
to have a vista on the neurophysiological mechanisms
involved in the pacing of whole-body movements.

The aim of the present study was to examine prefron-
tal and motor activity during the execution of continuous
motor tasks at various tempi. Two tasks were used: a clas-
sic laboratory-based, upper-limb task (i.e., circle drawing)
and a naturalistic, whole-body stepping-on-the-spot task
(i.e., steady-state walking). Despite being characterized
by contrasting ecological value, the drawing and walking
tasks both belong to the category of continuous move-
ments, defined as having “no recognizable beginning
and end” (Schmidt et al., 1988, p. 46). These two motor
tasks were executed in sensorimotor synchronization at
fast (i.e., 300 ms), close-to-spontaneous (i.e., 600 ms), and
slow paces (i.e., 1200 ms). Brain activity (i.e., oxygenated
[HbO,] and deoxygenated hemoglobin [HHb]) were re-
corded using the fNIRS technique over the bilateral pri-
mary motor and prefrontal cortices (i.e., orbitofrontal and
dorsolateral regions) because of their involvement in in-
hibitory control.

It was hypothesized that steady-state walking will
lead to a larger increase in HbO, over the primary motor
cortex when compared to drawing due to the necessity
to control whole-body musculature (H;). Due to the
involvement of high-level cognitive control and motor
inhibition peculiar to predictive timing, performing
movements at slow pace will lead to more prefrontal ac-
tivation when compared with actions executed at close-
to-spontaneous and fast paces (H,). This effect will be
magnified for movements that are deeply ingrained in
human brain circuitry (i.e., steady-state walking), which
will necessitate higher level of prefrontal control to be
modulated (H;). In addition, during both tasks, the slow
tempi trials will lead to lower HbO, concentration in the
motor areas than close-to-spontaneous and fast tempi
trials (H,), whose production depend on automatic,
emergent timing (i.e., body dynamics). Exploratory
analyses were also conducted to investigate (a) the
possible relation between behavioral performance and
HbO, concentration in the prefrontal cortex, and (b) the

IPSYGHOPHYSIUI.OGY s

connection between HbO, in the prefrontal and motor
regions.

2 | MATERIALS AND METHOD

2.1 | Participants

Healthy adults between 18 and 35years (M = 26, SD = 4.2)
were recruited for the present study among the staff and
student corpus of the University of Lille. Inclusion cri-
teria were normal to corrected-to-normal vision and the
absence of motor dysfunctions, cardiovascular or endo-
crinological diseases, and neurological/psychiatric dis-
orders. Participants were informed of the tasks that they
would need to perform at least 48 h prior to inclusion. In
addition, participants were asked not to consume caffeine
on the day of the experimental session. After reading the
information sheet, each participant was invited to pro-
vide written informed consent. At this point, participants
were considered to be included in the experiment and de-
mographic data were collected (i.e., sex, age). The ethics
committee of the University of Lille (France) approved the
study (reference 2017-8-S52).

The sample size required for the present study was
calculated using G*Power (3.1.9.2). The fNIRS results of
Guérin, Vincent, et al. (2021) were used as group parame-
ters. The power analysis indicated that a total of 12 partic-
ipants was required for the prefrontal activation (f = .52; a
=.05;1 — p =.80) and 9 participants for the motor activa-
tion (f = .62; a = .05; 1 — p = .80). Accordingly, a sample
size of 12 participants was recruited. Three additional par-
ticipants were included to guard against deletions due to
experimental outliers.

The small telescopes approach was applied to de-
termine the smallest effect size of interest (SESOI;
Simonsohn, 2015) for each hypothesis. Accordingly, the
SESOI was set to the effect size that an earlier study would
have had 33% power to detect (Lakens et al., 2018). Once
again, the fNIRS results of Guérin, Vincent, et al. (2021)
were used. The sensitivity analysis indicated that an effect
size of at least f = .27 (i.e., ;1}2) = .07) was required to yield
meaningful results.

2.2 | Tasks description and materials

2.2.1 | Experimental procedure

Participants were administered two motor tasks: (a) a
drawing task on a touchscreen and (b) a steady-state
walking task. The experimental session took place in a
quiet, windowless room that was dimly lit. Lighting is of
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particular concern given that bright light can affect fNIRS
signals (Shadgan et al., 2010).

For the drawing task, the touchscreen (1915L Elo
IntelliTouch 19”; Elo Touch Solutions Inc; Milpitas,
California, CA) was placed on a table in front of the par-
ticipant with the screen oriented at 45°. The participant
was seated on a stool to minimize lower-limb muscular
fatigue and avoid any extraneous movements during task
performance. For the steady-walking task, the participant
was asked to stand in the center of the room.

The fNIRS system (FOIRE-3000/16; Shimadzu, Kyoto,
Japan) was placed behind the participant to limit distrac-
tion and facilitate the management of the cables. The ca-
bles were supported by an adjustable mechanical stand to
carry the weight of the optical fibers (Coyle et al., 2007).
This setup provided a means by which to ensure rigid
JNIRS cable positioning, but also to minimize participant's
strain and discomfort. A self-rated pain scale was also ad-
ministered at the beginning and end of the experimental
session. The scale was attached to a 9-point Likert pain
scale, ranging from 1 (no pain) to 9 (unbearable pain). The
participant was required to indicate the degree of pain
that was experiencing in regard to the weight of the op-
todes on the head and neck.

2.2.2 | Task description

The two motor tasks were administered in a counter-
balanced order across participants. In the drawing task,
six targets (dots of 10-mm diameter) positioned around
a 100-mm circle were display on the screen. The par-
ticipant was required to trace the circle clockwise using
the index finger with a closed fist. The participant was
instructed to maintain accuracy in both temporal and
spatial facets of the skill, but to favor temporal accuracy
in case the task became too challenging for both to be
maintained. In the walking task, the participant was
asked to step on the spot.

The participant performed the drawing and steady-
state walking tasks in synchrony with an auditory
metronome set at three predefined tempi. The beeps
of the metronome (duration = 80ms, sound fre-
quency = 294 Hz) were generated using Matlab 7.11.0
R2010 software (Mathworks Inc; Natick, Massachusetts).
When the beep sounded, the participant was required to
have: (a) their index finger of the dominant hand placed
on the relevant target for the drawing task; (b) one foot
on the ground for the walking task. For the latter, the
participant was instructed to synchronize their right
and left legs alternately.

The three tempi used in the study were 300 (i.e., fast
tempo), 600 (i.e., close to spontaneous motor tempo), and

1200 ms (i.e., slow tempo). The fast- and slow-tempo trials
enabled the participant to depart from their spontaneous
motor tempo but remain within the possible sensorimotor-
synchronization zone (between 180 ms and 1800 ms; Keele
et al., 1985; Mates et al., 1994). Two Creative SBS 250 desk
speakers (Creative Technology; Singapore) were used to
play the metronome beeps.

2.2.3 | Experimental design

A block design procedure (i.e., alternating periods of ac-
tivity and respite) was used in the present study. Each
trial lasted 40 s and was preceded by a rest period varying
between 25 and 35 s to allow the hemodynamic indices
to return to baseline levels. The participant was pre-
sented with six blocks of three trials and was instructed
to perform the drawing and steady-state walking tasks
while synchronizing their movements to the metro-
nome. Three blocks of trials were recorded for each task,
with the slower, close-to-spontaneous, and faster condi-
tions administered in a random order. Throughout the
session, participants were encouraged not to speak and
to avoid extraneous movements during each fNIRS trial.
The total duration of the experimental test period was
~90 min.

2.3 | Data acquisition and
preprocessing analyses

2.3.1 | Behavioral data

Drawing task

Data were collected using the touchscreen (sampling
frequency = 100Hz). Radii from the center of the circle
to each target were computed. Points of interest were
defined as the locus that intersects the participant's fin-
ger and each radius. Inter-response intervals (IRIs) were

measured as the time interval between the onset of succes-
sive points of interest.

Walking task

Data were collected using six Oqus 5+ cameras (Qualisys
MocCap, Goteborg, Sweden; sampling frequency = 50 Hz).
A spherical passive marker was taped to the right partici-
pant's shoe to follow the movement of the foot. The re-
corded data were Cartesian coordinates (i.e., x, ¥, and z)
and the points of interest were defined as the local maxi-
mum of z coordinates. IRIs were measured as the time in-
terval between the onset of successive points of interest.
Each IRI value was divided by two because only the right
foot position was recorded.
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Timing accuracy

Before conducting the main analyses, the time series was
checked in order to detect and remove IRIs greater than
twice the inter-stimuli interval (IST) of a given block of tri-
als (drawing = 12.63% of the IRIs, walking = 12.66% of the
IRIs). These trials were referred to as temporal omissions
and were not included in further analyses. An IR, was
computed as the percentage of absolute difference be-
tween an IRT and its reference ISI for a given time interval
i (see Equation 1).

|IRY, - IST|
———x1

error(i) — ISI 00 ®

IRI

The mean IRI,, ., measurement within a trial indicated
the accuracy of time interval production (Repp, 2005).

2.3.2 | Headset position tracker

The position of the NIRS headset was recorded using six
Oqus 5+ cameras (Qualisys MoCap, Goteborg, Sweden) in
the course of the entire experimental session. Specifically,
one spherical passive marker was taped to the participant's
right temple and two markers to the headset. The position
for each marker was given in Cartesian coordinates (i.e., X,
¥, and z). The spatial accuracy of the system was 0.02mm
for each dimension of 3D space.

To verify the occurrence of an fNIRS headset shift, the
surface of the planar triangle connecting the 3D markers
was computed over a 30-s timing window (a) 30s after the
beginning of the experimental session and (b) 30s before
the end, following Equation 2:

X () —xo(1)
MM, (8) - MM, (t) = | y1(£)=yo(0)

21 (1) —2o(1)

X, (8) = xo(1)
Y2(0) =yo(®) )
21 (1) — 2o (1)

where 0 = temple marker, 1 = first headset marker, 2 = sec-
ond headset marker, and ¢ = time point.

The percentage of variation between the two values was
then calculated. An fNIRS headset shift was detected if this
value exceeded 15% (for a similar procedure, see Guérin,
Vincent, et al., 2021). If an fNIRS headset shift was detected,
the behavioral and fNIRS data from the corresponding par-
ticipant were removed prior to further analyses.

2.3.3 | Cardiorespiratory monitoring

Heart rate (HR) and respiration frequency were re-
corded to check the quality of the raw fNIRS signal (Pinti

IPSYGHOPHYSIUI.OGY spr)’

et al., 2019). Cardiorespiratory monitoring was conducted
using an MP150 Biopac system (Biopac Systems, Goleta,
CA), complemented with two dedicated add-on wear-
able devices. To facilitate acquisition, data were captured
using a dual wireless respiration-electrocardiogram
BioNomadix module. HR was captured by means of BN-
EL45-LEAD3 lead set and two disposable patch elec-
trodes placed on the participant's right and left clavicles.
Respiration rate was recorded using a BN-RESP-XDCR
respiration transducer. This respiratory belt was placed
around the chest wall, below the sternum. The sampling
frequency was set to 1000 Hz for both indices. Data acqui-
sition was managed with the AcqKnowledge software.

2.4 | fNIRSdata

2.4.1 | Data acquisition

Data were collected using a continuous-wave fNIRS
system operating at three near-infrared wavelenghts
(780, 805, and 830nm) and monitored by the associated
LabNIRS software. The sampling frequency was set at
2.27Hz (i.e., temporal resolution of 440ms). HbO, and
HHb (mMol/L*cm) were computed in real time using
Equations 3 and 4 (generated by LabNIRS from the modi-
fied Beer-Lambert law; Baker et al., 2014).

HbO, = (—1.4887) x Abs[780 nm] +0.5970 X Abs[805 nm]
+1.4847 x Abs[830 nm] 3)

HHb=1.8545x Abs[780 nm]+ (—0.2394) X Abs[805 nm]
+(—1.0947) x Abs[830 nm] 4)

The fOLD toolbox (fNIRS Optodes’ Location Decider;
Morais et al., 2018) was used to guide the selection of op-
timal optode positioning with respect to the brain regions
of interest, which were the bilateral orbitofrontal cortex
(Brodmann's area 10, corresponding to the frontopolar
area), dorsolateral prefrontal cortex (Brodmann's area 9),
premotor cortex and supplementary motor area (SMA;
Brodmann's area 6), and primary motor cortex (Brodmann's
area 4). Thus, a 18-channel (11 light sources [multicompo-
nent glass bundle fibers], 11 detectors [multi-alkali photo-
multipliers detectors]) configuration was designed in order
to ensure an anatomical specificity of at least 30% for each
region of interest (see Table 1 and Figure 1).

The optodes were attached to an fNIRS headset with a
3-cm source-detector distance, giving a depth of analysis
between 0.5 and 2.0 cm. The headset was placed on each
participant's head in accordance with the International
10-20 system guidelines for standard electrode positions
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TABLE 1 Anatomical specificity for each channel B source Detector (O Channel
Source-
Orbitofrontal DLPFC Premotor and SMA Motor
Channel detector Specificity O ronens Q O Q
1 Fpz-Fpl Frontopolar area (54.5%),
orbitofrontal area (44.9%) Fp1 @ ﬂ @ Fp2
2 Fpz-Fp2 Frontopolar area (54.5%),
orbitofrontal area (44.8%)
3 AF3-F1 DLPFC (80.4%), frontopolar area ﬁ AFz m
e ® ® ©
4 Fz-Afz DLPFC (61.8%), frontopolar area
(20.3%), FEF (12.1%) B @ F1 @ [+ | F2 @ s
5 AF4-F2 DLPFC (77.9%), frontopolar area @
(18.4%)
6 F3-F1 DLPFC (91.4%) i @ @ e @ e
7 Fz-F1 DLPFC (63.2%), FEF (34.7%)
8 Fz-F2 DLPFC (68.9%), FEF (28.9%
: (870, FEF (285 B@« B =@
9 F4-F2 DLPFC (90.8%), FEF (5.6%)
10 F3-FC3 DLPFC (49.1%), Broca's area
(41.2%), premotor cortex and o
SMA (6.8%)
= Fa4-FC4 DLPFC (47.1%), Broca's area FIGURE 1 Diagrammatic representation of the sources,
(42.1%), premotor cortex and detectors, and channel layout. DLPFC, dorsolateral prefrontal
SMA (7.6%)
cortex; SMA, supplementary motor area
12 FC1-FC3 Premotor cortex and SMA (37.5%),
DLPFC (35.1%), FEF (23.5%)
13 FC1-FCz Premotor cortex and SMA (73.2%), light ObStI‘UCtIOI’.l <'1ue to the presence of hair between the
FEF (25.9%) optode and participant's scalp.
14 FC2-FCz Premotor cortex and SMA (63.0%), System Cahbl‘atIOI.l was performed through a.n auto-
FEF (35.3%) matic adjustment using LabNIRS to adapt the internal
15 FC2-FC4 Premotor cortex and SMA (38.2%), parameters of the fNIRS device (e.g., gain, amount of
DLPFC (35.8%), FEF (21.5%) light to emit) to the head morphology and the hair-type
16 C3-Cl T characteristics of ejac}'l participant. Cahpratlon was Per-
premotor cortex and formed at the beginning of each experimental session.
SMA (34.6%), primary In case the amount of light detected was not sufficient,
somatosensory cortex (24.6%) the hair was pushed back from beneath each prob-
17 C4-C2 Primary motor cortex (36.8%), lematic source-detector couple until the values were
premotor cortex and satisfactory.
SMA (29.5%), primary
somatosensory cortex (25.6%)
18 Cz-CPz Primary motor cortex (47.1%), 2.4.2 | Data processing

somatosensory association
cortex (29.1%), premotor cortex
and SMA (10.5%)

Note: Information obtained from the fOLD toolbox (Morais et al., 2018).

Only brain areas with >5% of specificity are reported.

Abbreviations: DLPFC, dorsolateral prefrontal cortex; FEF, frontal eye fields;
SMA, supplementary motor area.

(Jasper, 1958). As a result, the Cz optode was located at the
midway point between the nasion and inion. A stylus with
a LED light was used to remove hair from each optode
hole before the corresponding optode was wired to the
J/NIRS headset. This is of particular importance to avoid

To control for the quality of the acquired fNIRS data, the
power-spectrum density was computed using the raw
/NIRS intensities for each participant, trial, and chan-
nel. The frequency corresponding to maximal peak in
the 50-160 beat-per-minute (bpm) range was detected
visually. The identified frequencies were compared to
the HR measurements provided by the Biopac system. A
participant was removed from further analyses if HR fre-
quency was not visible in the fNIRS signals. Nine partici-
pants were rejected on this basis. Note that any excluded
participants were replaced to have a final sample size of
N=15.
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The presence of the heart pulse is a necessary, but not
sufficient condition to ensure the quality of fNIRS data.
Thus, the QT-NIRS toolbox (Quality Testing of Near-
Infrared Scans; Hernandez & Pollonini, 2020) was used to
identify channels with poor optical coupling. More spe-
cifically, the scalp-coupling index was computed by use
of the following parameters: cardiac filter = 0.5-2.27 Hz;
time window = 5 s; A = 805 and 830 nm.

The scalp-coupling index quantified the cross-correlation
between the cardiac waveform of two wavelengths (i.e., 805
and 830nm) for each channel over the entire trial (Pollonini
et al.,, 2016). For a given participant and channel, trials with
a scalp-coupling index <0.8 were removed prior to further
analyses (trial = 5-s baseline + 40-s task). Overall, 1.72% of
the trials was removed in accord with this criterion. For each
participant and task, the entire channel was removed if <70%
of the trials were ineligible; 1.88% of the channels pertaining
to the brain region of interest was removed on this basis.

Correction for motion artifacts was performed using
wavelet filtering (interquartile range = 1.5) in Homer 3 (par-
tial pathlength factor = 1; v1.31.2; Massachusetts General
Hospital, Boston, MA, USA). The motion-corrected data
were visually inspected to ensure that the selected inter-
quartile range value was well suited to the fNIRS data. A
fourth-order Butterworth filter with a band pass of [0.001-
0.2] Hz was applied to correct for physiological noise. The
lowpass was set at 0.2 Hz to preserve the stimulation proto-
col frequency (1 / [task + mean rest] = 0.01 Hz) and the 2nd
and 3rd harmonics without attenuation. HbO, and HHb
data coming from trials characterized by <70% level of be-
havioral accuracy were removed from further calculations.
The hemodynamic response function was then computed
as the mean HbO, and HHD for each experimental condi-
tion using Matlab personal code.

For each hemodynamic response function, a baseline B
and plateau P were defined for HbO, and HHb. More specif-
ically, the mean values of the fNIRS signal were computed
starting 5 s before the task onset and 5 s before its end for
B and P, respectively. Both indices were computed upon a
5-s time window. Then, the HbO, and HHDb variations A
= B — P of an hemodynamic response function were com-
puted (for similar calculations, see Derosiére et al., 2014;
Manirick et al., 2013). Finally, the mean variations ZHbOZ
and Ay, were given for each regions of interest (i.e., bi-
lateral orbitofrontal, dorsolateral prefrontal, primary motor
cortices; see Table 1 and Figure 1 for more detailed informa-
tion on the spatial registration and regions of interest).

2.5 | Statistical analyses

Because HbO, benefits from a better signal-to-noise ratio
(see Gervain et al., 2011), only Ay, was used to support

IPSYGHOPHYSIULOGY -

or refute hypotheses. Nonetheless, Ay, Was also ana-
lyzed and the findings are reported in Supplementary File
S1. The fNIRS-dependent variable ZHbOZ was analyzed in-
dependently for each region of interest since the hemody-
namic response function was found to differ among brain
regions (see Kamran et al., 2015). IRI,,,,, were analyzed
only for the participants and trials with eligible fNIRS
data.

To examine H, - H,, a two-way repeated-measure anal-
ysis of variance (RM ANOVA; Motor Tempo [300, 600,
1200 ms] x Task [drawing, walking]) was applied to Ay,
A similar RM ANOVA was employed to analyze the tim-
ing accuracy (i.e., IRl ). Normality was checked using
visual inspection of the quantile-quantile plots and the
Shapiro-Wilk test. Where Mauchly's tests indicated vio-
lations of the sphericity assumption, Greenhouse—Geisser
corrections were applied. Paired ¢ tests with Bonferroni ad-
justements were used as post hoc tests where necessary. As
exploratory analyses, the correlations between (a) IR,
and _ZHbOZ,pre o CONCENtration, and (b) ZHbOZ,pre ontal
and Appo, ., Were computed using Pearson’s product-
moment correlation. Pearson's correlation coefficients (r)
were interpreted as follows: r < .2 was considered as an ab-
sence of correlation, r<.4 was considered low, r<.6 was
considered moderate, r<.8 was considered moderately
high, and r > .8 was considered high (Zhu, 2012). RStudio
(v.1.2.5019) was used for the statistical analyses, with
alpha set at p<.05.

3 | RESULTS
3.1 | fNIRS-headset shift

An fNIRS-headset shift was detected for one participant
(see Figure 2). Data from this participant were removed
prior to further analyses. For the remaining 24 partici-
pants,' the average variation of the fNIRS-headset posi-
tioning was 2.00% (SD = 1.74).

3.2 | Behavioral data

The RM ANOVA showed a significant main effect of
motor tempo, F(2, 22) = 6.93, p = .005, rzf, = .39, with more
IRI,,,,, in the 300 ms ISI (M = 17.14, SD = 7.88) than in the
600 (p = .013, M = 13.45, SD = 5.93) and 1200 ms ISI con-
ditions (p = .005, M = 11.92, SD = 3.25). The main effect
of task was also significant, F(1, 11) = 12.09, p = .005, ;1}2)
= .52, with greater IR, during the drawing (M = 16.45,

'In total, 25 participants were included in the study, but nine
participants were excluded due to poor fNIRS optical coupling.
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FIGURE 2 fNIRS-headset shift. Variation of the fNIRS-head
positioning for each experimental condition and participant. The
red line indicates the fNIRS headset shift threshold at which a
given participant's data were removed prior to further analyses.
Data from all participants included in the study are displayed (i.e.,
before exclusion due to poor optical coupling)

Motor Tempo (ms) B 300 B3 600 B 1200
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20 I
T ]
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Task

IRIerror (%)

o

FIGURE 3 Timing accuracy for each experimental
condition. Box plots and density distributions are displayed for
each designated motor tempo and task. Each dot represents an
individual participant. * p <.050, *** p <.001

SD = 5.64) than during the walking task (p<.001,
M =11.84, SD = 5.98).

The Motor Tempo X Task interaction was significant,
F(1.35, 14.85) = 8.02, p = .008, n; = .42. This indicated
that IRI,,,., was greater in the 300 vs. 600 ms (p = .033),
300 vs. 1200 ms (p <.001), and 600 vs. 1200 ms ISI condi-
tions (p = .014) during the drawing task but not during
the walking task. Overall, the results indicated that par-
ticipants made more timing errors in the fast externally-
paced tempo condition in the drawing task only (see
Figure 3).

3.3 | fNIRS data
Orbitofrontal cortex

3.3.1 |

The RM ANOVA did not show a significant main ef-
fect of task, F(1, 11) = 2.28, p = .159, 1112) = .17, or motor

(a) Orbitofrontal Cortex
Motor Tempo (ms) & 300 8 600 B 1200

£ . ’
S 2604 Elﬂﬁ é
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L -de-04 .
a .
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(b) Dorsolateral Prefrontal Cortex
Motor Tempo (ms) B8 300 B 600 & 1200
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o . :
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Circle Walking

Task

FIGURE 4 fNIRS results for the prefrontal cortex. Box plots
and density distributions are displayed for each designated motor
tempo and task. Each dot represents an individual participant.
Panel A: Data for the orbitofrontal cortex. Panel B: Data for the
dorsolateral prefrontal cortex. * p <.050, ** p <.010

tempo, F(1.26,13.91) = 2.84, p = .108, n; =.20. The Task x
Motor Tempo interaction was significant, F(2, 22) = 5.78,
p = .010, n; = .34, indicating that orbitofrontal cortex
oxygenation was greater in the 1200 (M = 2.09 x107%;
SD = 1.50 x10*) vs. 300 ms ISI conditions (M = —1.19
x107% SD = 1.61 x10™*; p = .012, Cohen's d = 0.98) only
during the walking task (see Figure 4). Note that the ef-
fect size was larger than the required SESOI, indicating
that the effect was sufficiently strong to yield meaningful
results.

3.3.2 | Dorsolateral prefrontal cortex

The RM ANOVA did not show a significant main ef-
fect of task, F(1, 11) = 1.16, p = .305, ;1; = .09, or motor
tempo, F(1.28,14.04) = 0.85, p = .400, ;112) =.07. The Task x
Motor Tempo interaction was significant, F(2, 22) = 4.14,
p = .030, n; = .27, indicating that the oxygenation of the
dorsolateral prefrontal cortex was greater in the 1200
(M =1.03x107% SD = 1.18 x10™*) vs. 300 ms ISI condi-
tions (M = —7.1x107% SD =1.19 x10™* p = .002, Cohen's
d = 1.22) only during the walking task (see Figure 4). Note
that the effect size was larger than the required SESOI,
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indicating that the effect was sufficiently strong to yield
meaningful results.

3.3.3 | Premotor cortex and SMA

The RM ANOVA showed a significant main effect of task,
F(1, 11) = 7.55, p = .019, ’7; = .41, with higher premo-
tor cortex and supplementary motor area oxygenation
in the walking (M = 1.58 x10™*, SD = 1.85 x10™*) than
in the circle drawing task (M = 4.43 x107>, SD = 1.87
x10™* Cohen's d = 0.48; see Figure 5). The main effect
of motor tempo was nonsignificant, F(1.26, 13.9) = 0.66,
p = 464, 11}2) = .06. The Task x Motor Tempo interaction
was also nonsignificant, F(2, 22) = 1.96, p = .164, ’712, =.15.

3.3.4 | Primary motor cortex

The RM ANOVA showed a significant main effect of task,
F(1,11) = 10.52, p = .008, ;1}2) = .49, with greater primary
motor cortex oxygenation during the walking (M = 1.93
x107%, SD = 2.27 x10™*) than during the drawing task
(M = 5.01 x10™°, SD = 2.38 x10™*, Cohen's d = 0.51;
see Figure 5). The main effect of motor tempo was non-
significant, F(2, 22) = 0.70, p = .506, ;1}2) = .06. The Task
X Motor Tempo interaction was also nonsignificant, F(2,
22) =1.48, p = .250, ;112) =.12. Note that the effect size was
larger than the required SESOI, indicating that the effect
was sufficiently strong to yield meaningful results.

3.4 | Exploratory analyses

3.4.1 | Correlations
To investigate the possible relation between behavioral
performance and HbO, concentration, the linear corre-
lation between the IRI.,, and prefrontal activation in
the slow walking trials was computed. Pearson's corre-
lation coefficient was used (a = .05) and the normality
of the distributions was checked through visual inspec-
tion of the quantile-quantile plots. The correlation was
nonsignificant for the bilateral orbitofrontal (r = .27,
t(13) = 1.02, p = .163, r* = .07) and left dorsolateral pre-
frontal cortex (r = .21, t(13) = .77, p = .227, r* = .04).
Additional Pearson's correlation coefficients were com-
puted to further examine the connection between the pre-
frontal and motor regions as a function of motor tempo
during the walking task (Bonferroni corrected o = .05 /
3 =.017). The correlation between the primary motor cor-
tices and bilateral orbitofrontal oxygenation was signifi-
cant in the close-to-spontaneous pace condition (r = .68,
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FIGURE 5 {NIRS results for the motor cortex. Mean
oxyhemoglobin data for each designated task. 95% confidence
intervals are represented by the shaded area that surrounds each
trace. Panel A: Data for the premotor cortex and supplementary
motor area (SMA). Panel: B Data for the primary motor cortex

t(13) = 3.36, p = .005, r* = .46), but not in the slow (r = .28,
1(13) = 1.03, p = .320, r* = .08) and fast pace conditions
(r=-.16,1(13) = —0.57, p = .575, P = .02; see Figure 6).
In addition, the correlation between the oxygenation lev-
els of the bilateral primary motor cortices and left dor-
solateral prefrontal was significant in the slow (r = .72,
t(13) = 3.79, p = .002, r* = .52) and close-to-spontaneous
pace conditions (r = .72, #(13) = 3.70, p = .003, r* = .51),
but not in the fast pace condition (r = .55, #(13) = 2.38,
p = .033, ¥* = .30; see Figure 6).

The correlation between the premotor cortex and SMA,
and bilateral orbitofrontal oxygenation was significant
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in the close-to-spontaneous pace condition (r = .66,
1(13) = 3.13, p = .008, 1* = .43), but not in the slow (r = .42,
(13) = 1.67, p = .118, r* = .18) and fast pace conditions
(r=—.29, (13) = —1.11, p = .288, * = .09). In addition,
the correlation between the oxygenation levels of the the
premotor cortex and SMA, and left dorsolateral prefrontal
cortices was significant in the slow (r = .76, #(13) = 4.21,
p =.001, ¥ = .58) and close-to-spontaneous pace condition
(r = .72, {(13) = 3.73, p = .002, r* = .52), but not in the fast
pace condition (r = .45, #(13) = 1.83, p = .090, * = .20).

3.4.2 | Lateralization of prefrontal activations

To examine the lateralization of the prefrontal activity,
additional two-way RM ANOVAs (Motor Tempo [300,

600, 1200ms] x Task [drawing, walking]) were applied to
ZHbO2 for each brain hemisphere separately (i.e., left and right).

In the orbitofrontal cortex, the RM ANOVA was signif-
icant for both the left, F(2, 22) = 7.88, p = .003, '112, = 42,
and right hemispheres, F(2, 22) = 3.53, p = .047, r]; = .24.
Post hoc tests indicated that the orbitofrontal cortex oxy-
genation was greater in the 1200 vs. 300 ms ISI conditions
only during the walking task (pjeq = .005, diegy =1.08, pyign
= .006, dygp; =1.08).

In the dorsolateral prefrontal cortex, only the RM
ANOVA conducted on the left hemisphere was significant,
F(2,22) = 6.20, p = .007, n; = .36. Post hoc tests indicated
that the left-dorsolateral cortex oxygenation was greater in
the 1200 vs. 300 ms ISI conditions only during the walking
task (p = .012, d = 1.00; see Figure 7). The RM ANOVA
conducted on the right hemisphere was nonsignificant,
F(2,22)=1.84,p = .183, 11; =.143.

Motor tempo (ms) -+ 300 - 600 - 1200

1e-034
r=-16, p=.575 r=.68, p=.005 ° r=.28,p=.320

c
0
® 5e-044 i
2 ¢
s
2 ° °
E o T :’Q I e
2 0
8 0e+00 { o
S
o
2
o
=

-5e-04 1

-4e-04 -2e-04 0e+00 -4e-04 204  0e+00  2e-04 2604 -1e-04 0e+00 1e-04 2e-04 3e-04
Orbitofrontal Cortex Activation
1e-031 r=-.55p=.033 r=.72, p=.003 r=.72, p=.002
L ]
c
0
B
©
2
5 5e-04
<
X
(]
£
Q b — P
(8} s -
5 Oet00{ — % .
A [ ]
]
=
L)
-5e-04 {

2604 -1e-04 0e+00 1e-04

2e:04 -5.0e-04 -2.5e-04 0.0e+00 2.56-04 5.0e-04 0e+00 1e-04 2604 3e04

IDLPFC Cortex Activation

FIGURE 6 Correlation between prefrontal and motor oxygenation. Linear regression lines and associated 95% confidence intervals are

displayed for each designated motor tempo. Panel A: Data for the obitofrontal cortex. Panel B: Data for the left dorsolateral prefrontal cortex

(IDLPFC)
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FIGURE 7 fNIRS results for the left and right dorsolateral prefrontal cortex. Mean oxyhemoglobin data for each designated tempo and
task. 95% confidence intervals are represented by the error bars attached to each mean point. **p <.010

3.4.3 | Beginning vs. end of trials

To examine the HbO, dynamics over the course of a trial,
additional two-way RM ANOVAs (Motor Tempo [300,
600, 1200 ms] x Period [beginning, end]) were applied to
ZHbOZ for each task separately. The value for the end of a
trial was computed as the mean Aypg, value over the last
5 s, as previously computed. The value for the beginning
of a trial was calculated as the mean KHbOZ over the first
10-15s.” In the interest of conciseness, only the significant
main effect and interaction of period are reported.

Prefrontal cortex

For the drawing task, the RM ANOVA showed a signifi-
cant Motor Tempo X Period interaction in the bilateral
orbitofrontal, F(2, 22) = 4.89, p = .017, r]f) = .31, and left
dorsolateral prefrontal cortices, F(2, 22) = 3.58, p = .045,
'7?, = .27. Nonetheless, the post hoc tests were nonsignifi-
cant. For the steady-state walking task, the RM ANOVA
did not show any significant effects of period.

Motor cortex

For the drawing task, the RM ANOVA showed a signifi-
cant Motor Tempo X Period interaction in the primary
motor cortex, F(2,22) =4.14, p = .030, ;1}2) =.27,and premo-
tor cortex and supplementary motor area, F(2, 22) = 4.90,

>This time range was chosen because it coincides with the beginning of
the canonical haemodynamic response.

p = .017, ;112) = .31. Nonetheless, the post hoc tests were
nonsignificant for the two regions of interest.

For the steady-state walking task, the RM ANOVA
showed a significant main effect of period in the pri-
mary motor cortex, F(1, 14) = 8.43, p = .012, ;112) =.38, and
premotor cortex and supplementary motor areas, F(1,
14) = 5.48, p = .035, nf, = .28. This indicated higher HbO,
concentration for the end vs. beginning (dpemotor =0.48,
dmotor =0.56) of trials across the motor areas.

4 | DISCUSSION

The main purpose of the present study was to investigate
prefrontal and motor brain activity during the execution
of voluntary continuous movements at various tempi. Two
motor tasks (i.e., drawing and steady-state walking) were
employed in a sensorimotor-synchronization paradigm
performed at fast (i.e., 300 ms), close-to-spontaneous (i.e.,
600ms), and slow paces (i.e., 1200 ms). The walking task
led to greater motor oxygenation than the circle-drawing
task. Accordingly, H, was verified. Action production at
slow pace yielded more prefrontal activation when com-
pared with action production at close-to-spontaneous
and faster paces but this pattern was observed during the
walking task only. Thus, H, was only partially confirmed
and H; was verified. Finally, the slow tempi trials did
not lead to less motor activity when compared the close-
to-spontaneous and fast tempi trials. Hence, H, was not
confirmed.
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4.1 | Type of motor behaviors

The first major result reported here was the fact that
both types of motor tasks did not yield similar behavioral
and cerebral outcomes. Artificial movements (i.e., draw-
ing) led to higher timing errors and were more affected
by motor tempo than ecological daily motor activities
(i.e., walking), which replicate our previous results (Rose
et al.,, 2021). These findings resonate with the notion
that walking is a phylogenetically old motor activity (i.e.,
found in many organisms and present quite early in the
evolutionary development of humans). Thus, the pattern
of movements peculiar to walking is deep-rooted in the
brain circuitry and its production is completely automatic
(Schaal et al., 2004). Modulating the pace of such usual
patterns of body movements is relatively easy, which is
not the case for less ingrained actions.

The larger timing errors observed in the drawing task
were not associated with increased prefrontal activity.
Thus, it may be presumed that performing and modulat-
ing the pace of upper-limb movements did not require
additional cognitive resources when compared to whole-
body movements. An alternative hypothesis is that whole-
body motor behaviors benefited from higher entrainment
(i.e., temporal locking process in which a signal frequency
entrains the frequency of a system; Thaut, 2013). The en-
trainment process has indeed been shown to optimize
motor planning and execution, possibly through spon-
taneous adjustments of neural dynamics (Nozaradan
etal., 2011; Thaut et al., 2015). This notion is corroborated
in the present study by the findings that greater motor ox-
ygenation was observed during the execution of the walk-
ing when compared with the drawing task.

An interesting observation is that the premotor and
primary motor areas displayed a similar pattern of results.
Previous research has shown that the premotor area plays
a key role in motor timing, while the primary motor re-
gion acts more as a vassal. More specifically, Long and
Fee (2008) found that slowing the rate of the premotor
nucleus affected the song speed of songbird, which was
not the case of the motor nucleus. Thus, an explanation
to the similar pattern of brain activity we obtained across
the motor regions is that activity in the primary motor cor-
tex mimic that of the premotor area during the timing of
movements.

4.2 | HbO, concentration dynamics

An original contribution of the present study concerns the
investigation of the hemodynamic response dynamics by
contrasting brain activity at the beginning vs. end of the
stimulation period. The primary motor cortex oxygenation

was found to increase from the beginning to the end of the
walking trials. These results are consistent with the find-
ings reported in sport sciences and confirm that gradual
increases in oxyhemoglobin level are observed during
the execution of a motor task (e.g., Fumoto et al., 2010).
Such cerebral phenomenon can be attributed to the fill-
ing of nutritional requirements in the motor regions of the
brain. Notably, the progressive increased in nutritional
requirements would be induced by the sustained activity
of the motor neurons supporting muscular activity. This
would explain the absence of a gradual rise in motor ac-
tivity during the time course of the circle-drawing trials,
which did not require a lot of muscular effort.

In the present study, the length of the experimental
trials (i.e., 40s) enabled the researchers to contrast HbO,
concentration at the beginning vs. end of the motor task
execution. Nonetheless, most of the studies using motor
paradigms employed shorter trials (~15s; e.g., Batula
et al., 2017; Cagola et al., 2018; Curzel et al., 2021) that
do not permit the investigation of hemodynamic activity
over time. It is noteworthy that a time-locked dip is vis-
ible in the fNIRS signal across all the regions of interest
~10 s after the beginning of a trial (see Figure 5). As fNIRS
knowledge stands, the source of such fluctuation is still
unclear. Researchers usually take the first 5-205s of the sig-
nal to infer brain activation (see e.g., Delorme et al., 2019;
Iso et al., 2016), which is exactly where the fluctuation oc-
curred. Thus, future researchers need to carefully consider
the trial length that is most suitable in addressing their
research hypotheses. Lengthy trials (e.g., > 30s) might be
useful to increase chances of reaching a plateau in the he-
modynamic response and examine subtle variations in the
pattern of cerebral activation observed over the course of
a cognitive process.

4.3 | Dorsolateral prefrontal
cortex supports the production of
synchronized movements

It is notable that the prefrontal cortex (i.e., orbitofrontal
and dorsolateral regions) was activated to a greater extent
during the production of slow vs. fast movement, specifi-
cally during the whole-body walking task. Supplementary
analyses showed that only the left part of the dorsolateral
cortex was activated during the slow walking trials. It is
the case that the dorsolateral prefrontal cortex plays a
critical role in inhibition, planning, and working mem-
ory (Curtis & D'Esposito, 2003; Oldrati et al., 2016; Tanji
& Hoshi, 2001). Nevertheless, the right and left part of
these areas have been reported to provide specific func-
tional contributions. The right dorsolateral prefrontal
cortex was shown to be related to sustained attention and
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learning processes (Mannarelli et al., 2015; Tomasino &
Fabbro, 2016). The right dorsolateral prefrontal cortex was
also found to be involved in time production especially in
tasks for which decisions regarding the timing of move-
ments were to be made (Jenkins et al., 2000). Nonetheless,
the findings of the present study provide first evidence
suggesting that the right dorsolateral prefrontal cortex
does not play a sensitive role in the pacing of movements.

Activity in the left part of the dorsolateral prefrontal
cortex has been related to inhibition of response plan-
ning rather than response execution (Kadota et al., 2010).
Therefore, the left dorsolateral prefrontal cortex could
support movement planning instead of motor inhibition
per se. Notably, the left dorsolateral cortex has been also
reported to be involved in goal prioritization and decision
making (Kaller et al., 2011; Turnbull et al., 2019). For ex-
ample, Heekeren et al. (2006) proposed that the left part of
the dorsolateral prefrontal cortex acts as a “comparator”
by integrating information from the motor and sensory
areas to make decisions and guide subsequent behaviors.
This notion is corroborated by the positive moderately-
high correlations found in the present study between ac-
tivation in the left dorsolateral prefrontal cortex and the
primary motor cortex, regardless of motor pace.

When producing a movement at a slow pace, the inte-
gration of multidimensional information has time to be
implemented, which is not the case when moving at fast
tempi (see Guérin, Boitout, & Delevoye-Turrell, 2021). This
could provide a plausible explanation for the enhanced
left dorsolateral prefrontal activity observed in the pres-
ent study during the slow walking trials. Consequently, we
propose that the dorsolateral prefrontal cortex may be in-
volved in the production of timed behaviors, but not neces-
sarily in decreasing the pace of spontaneous movements.
Future research would need to compare the involvement
of the dorsolateral prefrontal cortex in synchronization vs.
self-paced movements.

It should be emphasized that the increase in left dor-
solateral prefrontal cortex during slow trials was observed
only in the walking task. Research has shown that left-
lateralized prefrontal activity is involved in fixed expecta-
tions (Coull et al., 2011; Friedman & Robbins, 2022), as it
is the case during the sensorimotor synchronization task
used in the present study. In perceptual timing studies,
more left-sided activity was also reported in implicit tasks
(e.g., temporal expectation) when compared with explicit
tasks (e.g., duration estimation; Coull & Nobre, 2008).
Because walking is a highly automatized behavior in
healthy adults, the timing of such pattern of movements
is assumed to be more implicit than in less automa-
tized behaviors (e.g., upper-limb movements; see Rose
et al., 2021), which would lead to higher left-hemisphere
activation. Additional motor timing studies comparing
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different classes of movements are now needed to corrob-
orate this hypothesis.

4.4 | Motor inhibition is underpinned
by orbitofrontal activation

In the present study, the orbitofrontal and dorsolateral
prefrontal cortices showed a similar trend in terms of
brain activity. Nonetheless, it is important to note that
only the left part of the dorsolateral prefrontal cortex
was involved in the modulation of motor timing (see
Figure 7). In particular, the left dorsolateral prefrontal
cortex was found to modulate the dopamine release,
which is of particular importance for timing and to
mediate impulsiveness (Pine et al., 2010), in the orbit-
ofrontal cortex. Thus, the similarity in terms of brain
activation between these two prefrontal anatomically
distinctive brain regions could be due to their strong
functional connections (Cohen et al., 2005, see). More
specifically, the left dorsolateral prefrontal cortex would
be in charge of the decision making of when to move in
order to offer optimal synchronization with the external
cue. Thus, the left dorsolateral prefrontal cortex would
not only send information to the motor cortex to initiate
movement, but also to the orbitofrontal cortex to inhibit
the spontaneous pace of movement.

In a previous study using fMRI, the orbitofrontal
cortex was found to be active when participants per-
formed a cognitive task requiring inhibition (Horn
et al., 2003; Rubia et al., 2001). In addition, patients
with focal lesions to the medial orbitofrontal cortex
were significantly impaired during the inhibition of ir-
relevant responses (Szatkowska et al., 2007). Thus, the
greater orbitofrontal activation found in the present
study during slow walking trials suggests that inhibi-
tion is needed to produce movements slower than the
spontaneous pace. More specifically, inhibitory control
would be a key process in restraining the urge to move
at spontaneous pace. As scientific knowledge stands, the
neurobiological origin of the spontaneous motor tempo
is still unknown to the scientific community (Morillon
et al., 2019). Nonetheless, it could be that prefrontal in-
hibitory signals are sent to the motor neurons in order to
decelerate the speed of neural trajectories in the motor
regions (see Buonomano & Karmarkar, 2002).

The fact that this prefrontal phenomenon was found
only during the walking task suggests that inhibitory control
is particularly salient for locomotion (Mirelman et al., 2012;
Yogev-Seligmann et al., 2008). It has been suggested that the
temporal structure for a given movement is not transferable
to another movement (Buonomano & Karmarkar, 2002).
It is arguable that the walking behavior is so natural and
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habitually performed that its neural trajectories are charac-
terized by stronger synaptic weights when compared with
less stereotyped behaviors. Thus, a larger degree of inhibi-
tory control would be needed to decelerate the speed of the
neural trajectories coding for locomotion.

Results of the present study showed that performing a
task at slow pace did not induce less activity in the motor
areas of the brain when compared with performing the
same task at fast pace. This pattern of results is in contradic-
tion with our previous results (Guérin, Vincent, et al., 2021).
Nonetheless, in this previous study, we did not find similar
effects of motor tempo across the finger-tapping and the
circle-drawing tasks over the motor areas using equivalence
testing. We re-analyzed data from this previous study using
aone-way ANOVA (motor tempo [300ms, 500 ms, 1200 ms])
applied to the two tasks separately, and we found greater
motor activity in the 300 vs. 1200ms trials only during the
finger-tapping task. Thus, it could be that the larger in-
creases in oxyhemoglobin frequently found over the motor
cortex when a movement is executed at a fast pace (see e.g.,
Kuboyama et al., 2004, 2005) are specific to discrete tasks
(e.g., finger tapping) but not found in continuous tasks (e.g.,
circle drawing, walking).

Another plausible hypothesis is that the production
of fast and slow movements is not underlined by two dis-
tinct processes, as suggested in the scientific literature
(e.g., Lewis & Miall, 2003a; Wiener et al., 2010). Rather, a
unique timing mechanism could support the production of
fast and slow movements. In the scope of the population-
clocks model (Buonomano & Karmarkar, 2002), motor
timing could be embedded within the cerebral cortex,
the most likely candidate being the motor regions. Thus,
the pace of motor behaviors would emerge from the dy-
namics of a population of motor neurons (Buonomano
& Laje, 2011). The natural pace of motor behaviors (i.e.,
2 Hz) could originate in an increased brain connectivity
between the prefrontal and motor areas (see Figure 6),
which could explain the motor facilitation effect tradition-
ally observed at this particular rate (e.g., Delevoye-Turrell
et al., 2014). An additional cognitive process—the most
likely candidate being motor inhibition—would be re-
quired for the production of body movements slower than
the spontaneous, natural tempo. This notion is supported
by our recent findings showing that a smooth increase in
the attentional resources needed to perform a motor task
is observed as the movement of the arm is slowed down
(Guérin, Boitout, & Delevoye-Turrell, 2021).

4.5 | Limitations and future directions

A limitation pertaining to the experimental paradigm
used is that participants had to synchronize their motor

responses with an auditory stimulus (i.e., beep). Such sen-
sorimotor synchronization might have entailed distinct
motor-timing processes than those engaged during self-
paced actions. The left dorsolateral activation reported in
the present study could be attributed to a by-product of
the synchronization process rather than to the effect of
motor tempo per se. More research is needed to provide a
fuller picture of the prefrontal pattern of activity involved
in motor timing and dissociate the specific contributions
of the dorsolateral prefrontal and orbitofrontal cortices.
While the the fNIRS data were filtered to eliminate
global systemic physiology (i.e., heart and respiratory
rates), the absence of short channels must also be ac-
knowledged as a limit. A final limitation lies with the
apparent variability of our fNIRS signals (see Figure 5).
Even if three trials are commonly used in fNIRS studies
employing a block-design procedure (Menant et al., 2020),
more trials might have been beneficial to reduce the vari-
ability of individual mean hemodynamic responses.

5 | CONCLUSIONS

When examined collectively, findings of the present study
showed that whole-body movements (i.e., walking) led
to a higher HbO, concentration over the motor regions
when compared with upper-limb activities (i.e., circle
drawing). In addition, more bilateral orbitofrontal and
left dorsolateral activation were observed during the slow
walking trials. We advocate that motor inhibition could
be a key process to restrain the urge to move at spontane-
ous pace when producing automatic, whole-body motor
behaviors. Moreover, the present results serve to evidence
that caution must be taken when generalizing the results
from upper-limb, laboratory-based tasks to daily motor
activities.
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