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Abstract
During bimanual coordination, that is, manipulating with the dominant hand an object held by

the postural hand, anticipatory postural adjustments are required to cancel the perturbations

and ensure postural stabilization. Using magnetoencephalography (MEG), we investigated

changes mediating the acquisition of anticipatory postural adjustments during a bimanual load-

lifting task. Participants lifted a load with their right hand, hence triggering the fall of a second

load fixed to their left (postural) forearm. During ACQUISITION, the onset of load-lifting and the fall

of the second load were experimentally delayed after few trials. During CONTROL, load-lifting trig-

gered the fall of the second load without delay. Upward elbow rotation decreased with trial rep-

etition during ACQUISITION, hence attesting the ongoing acquisition of anticipatory postural

adjustments. Bilateral event-related desynchronisation (ERD) of the alpha rhythm (8–12 Hz)

was recorded. Generators of the mu rhythm were found within central and associative motor

regions. Their spatial distribution within the hemisphere contralateral to the load-lifting arm was

less refined and circumscribed during ACQUISITION compared to CONTROL. Regression analyses

emphasized the specific involvement of the precuneus in the right hemisphere contralateral to

the postural forearm, and a medial prefrontal region in the left hemisphere. Analyses of the time

course power showed that an increase in preunloading activation within the precuneus and a

decrease in postunloading inhibition within the medial prefrontal region were associated with

the acquisition of anticipatory postural adjustments. The study provides original insights into

cortical activations mediating the progressive tuning of anticipatory postural adjustments during

the acquisition stage of motor learning.
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1 | INTRODUCTION

Motor learning classically refers to long-lasting changes in motor

behaviors as a result of experience and/or training practice (Schmidt,

Lee, Winstein, et al., 2018). Historically, experimental research primar-

ily addressed motor learning through the behavioral evaluation of

retention, interference and transfer effects (Adams, 1987; Lee, 1988;

Schmidt et al., 2018). At a neurophysiological level, motor learning is

mediated by experience-based neural plasticity (Dayan & Cohen, 2011;

Doyon & Benali, 2005; Ungerleider, Doyon, & Karni, 2002). In a meta-

analysis, Hardwick, Rottschy, Miall, and Eickhoff (2013) emphasized

the role of cortico-thalamic reorganizations during motor learning of

sequential motor skills, that is, variants of the sequential response time

task. These paradigms classically involve the sequential practice of simple

actions corresponding to pre-established motor programs (e.g., finger

tapping movements). Evaluations of learning effects primarily focus on

quantitative aspects of the motor performance such as the movement

duration and error rates. By contrast, motor learning paradigms requiring

the build-up of new motor programs (e.g., phase coordination paradigms)

appeared to engage to a greater extent subcortical structures such as the

basal ganglia and the cerebellum. While the type of motor learning influ-

ences the nature of experience-based neural plasticity, premotor, and
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primary motor cortex recruitment mediated both types of motor learning

(Hardwick et al., 2013).

Contribution of the primary motor cortex to performance changes

resulting from practice has been evidenced in several experiments

involving bimanual coordination (Donchin, Gribova, Steinberg, et al.,

1998; Ioffe, Massion, Schmitz, Viallet, & Gancheva, 2003; Kazennikov,

Solopova, Talis, Grishin, & Ioffe, 2006; Kazennikov, Solopova, Talis, &

Ioffe, 2007, 2008; Rueda-Delgado et al., 2014). The bimanual load-

lifting task represents a specific case of bimanual coordination:

the lifting hand is involved in the manipulation of the object, whereas

the contralateral hand endorses a postural role (Dufossé, Hugon,

Massion, & Paulignan, 1987). Voluntary actions trigger corollary pos-

tural perturbations which are regulated by the central nervous system

in order to minimize their disturbing effects on balance (Bouisset &

Zattara, 1981; Massion, 1992 for an overview). One of the functions

of anticipatory postural adjustments is to minimize the disturbance of

the postural orientation of the body segment that serve as a reference

frame for the organization of the movement (Massion, Ioffe, Schmitz,

Viallet, & Gantcheva, 1999). The bimanual load-lifting task thus

requires coordinating the load-lifting hand with the postural control

of the forearm supporting the load (Dufossé et al., 1987; Hugon,

Massion, & Wiesendanger, 1982). At first, load-lifting destabilizes the

forearm but, over time, anticipatory postural adjustments enable to

cancel this perturbation. As a result, the upward elbow rotation

decreases with practice. The acquisition of this anticipatory process

thus requires the central integration of postural disturbances, hence

resulting in the progressive tuning of a reactive control into a proac-

tive one (Massion et al., 1999). This anticipatory postural control is

progressively set up during childhood and refined during adolescence

(Barlaam, Fortin, Vaugoyeau, Schmitz, & Assaiante, 2012; Schmitz &

Assaiante, 2002; Schmitz, Martin, & Assaiante, 2002).

The bimanual load-lifting task represents an ecological approach to

the study of anticipatory postural adjustments. Indeed, this posture-

movement coordination is frequently experienced in everyday life, for

instance when washing dishes, opening a can, etc. From its very first

experimental version (Hugon et al., 1982), participants had their postural

forearm equipped with a platform supporting a load, and they were

required to voluntary lift the load with the contralateral hand. Hence,

it has early been referred to as the waiter's task with reference to the

waiter's need to stabilize the forearm posture of the upper limb

supporting the plate while concomitantly manipulating the drink with the

other. This first voluntary experimental condition was compared to an

imposed unloading condition where the load was lifted by the experi-

menter as the participant remained passive (Dufossé et al., 1987;

Dufossé, Hugon, & Massion, 1985; Hugon et al., 1982). Paulignan,

Dufossé, Hugon, and Massion (1989), tested whether a variant of the

waiter's task would elicit learning effects (i.e., improved postunloading

postural stabilization of the forearm). They designed new experimental

conditions were the unloading was triggered by a movement of the

opposite arm occurring in the contralateral space. Learning effects of

greater amplitude were recorded when the voluntary unloading action

involved joints and force levels matching those applied to the forearm

supporting the load (i.e., typically lifting the same load by an elbow-joint

flexion), compared to movements involving other joints and weaker force

levels (e.g., pressing a button with the wrist). In other words, voluntarily

lifting a load with the dominant arm by flexing the elbow, hence trig-

gering the fall of a second load (of identical weight) attached to the

non-dominant arm on the opposite side, represents a relevant experi-

mental adaptation of the waiter’s task. This paradigm enables to study

the progressive build-up of efficient postural regulations. From a fun-

damental standpoint, it provides a spatial and functional segregation

of motor (load-lifting) and postural (forearm stabilization) control asso-

ciated with the posture-movement coordination. Crucially, this biman-

ual load-lifting coordination is artificial, that is, it has reduced

ecological validity compared to the original bimanual load-lifting coor-

dination. This makes it particularly suitable to the study of the acquisi-

tion of new anticipatory postural adjustments.

Past experiments investigated the bimanual load-lifting task from

behavioral and peripheral neurophysiological recordings (for a review,

see Massion et al., 1999). Reports of central nervous system activities

remain sparse with a limited number of functional brain imaging experi-

ments. Using magnetoencephalography (MEG), Ng et al. investigated

the brain networks controlling the prelifting phase (Ng, Sowman,

Brock, & Johnson, 2011, 2013a, 2013b). They underlined the involve-

ment of the premotor, parietal and primary sensorimotor cortices, as

well as basal-ganglia and thalamic structures. However, which modifica-

tions of the brain activity could reflect the acquisition of anticipatory

postural adjustments while learning a new bimanual load-lifting coordi-

nation is still unknown. Motor learning paradigms classically investigate

brain activity before and after an experimental intervention including a

training phase. Classically, motor learning is related to brain activity

associated with the retention, resistance to interferences and transfer of

performance changes recorded at the behavioral level (Doyon et al.,

2002; Rémy, Wenderoth, Lipkens, & Swinnen, 2010; Seidler, 2010).

Very few studies sought to delineate the brain correlates mediating the

acquisition stage of motor learning, that is, trial-to-trial performance

changes occurring at the single-session level. In recent motor learning

frameworks, this acquisition stage corresponds to the “fast” learning

stage preceding the slow, consolidation, automation, and retention

stages of motor learning (Doyon et al., 2011; Doyon & Benali, 2005;

Doyon, Penhune, & Ungerleider, 2003; Luft & Buitrago, 2005). The

bimanual load-lifting task presents with the advantage of enabling the

study of this acquisition stage, while manipulating the possibility to

improve postural stabilization on a trial-to-trial basis. Transcranial mag-

netic stimulation data evidenced the specific contribution of the primary

motor cortex to the acquisition of anticipatory postural adjustments

(Kazennikov et al., 2006, 2007, 2008). The aim of the present study was

to extend, using MEG, current knowledge regarding brain activities

mediating the acquisition of anticipatory postural adjustments.

Previous studies that exploited the bimanual load-lifting task in its

learning version faced the fact that, in adults without neurological

pathologies at least, the performance reaches a plateau quite quickly

(Barlaam, Vaugoyeau, Fortin, Assaiante, & Schmitz, 2016; Paulignan

et al., 1989). A reduced number of trials in which learning processes

are at work thus limit the possibility to characterize changes in the

brain oscillatory activity recorded with MEG, and represents a meth-

odological challenge to the study of anticipatory postural adjustments

acquisition. In a pioneering study, Berrigan and Simoneau (2007)

experimentally delayed the consequences of a voluntary movement

on the body posture. Participants were attached to a cable supporting
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a load that tended to pull them backward. The authors compared an

experimental condition where the forward destabilization of the body

triggered by the voluntary unloading of the cable (using an electronic

switch device) occurred immediately (i.e., 0 ms), after long (i.e., 600 ms)

or short (i.e., 300 ms) delays. Participants adjusted their balance strate-

gies under the immediate and short delay conditions, hence attesting

motor learning, but not after the long delay. In the learning variant of the

bimanual load-lifting task, we hypothesized that after the postural stabili-

zation reaches a plateau, by artificially delaying the timing of the fall of

the load suspended to the postural forearm following the contralateral

load-lifting, we should be able to experimentally increase the length of

the acquisition phase. By contrast, when the load-lifting triggers the fall

of the load with the shortest possible delay and without changes, the

acquisition process would end quickly. Interestingly, in the two condi-

tions the load-lifting movement is the same and triggers in both cases an

upward rotation of the postural elbow. However, depending on the con-

dition, a regular decrease of the maximal amplitude of this perturbation

would sign the presence of an ongoing acquisition process, while this

maximal amplitude should plateau after few trials once the acquisition

phase terminates. We hypothesized that (a) manipulating the delay

would enable to be in an acquisition state along with the repetition of

the trials, and this should be attested by a regular decrease of the elbow

upward rotation, (b) the acquisition of new anticipatory postural adjust-

ments would be associated with specific activation patterns within cen-

tral brain regions, specifically primary sensorimotor structures and that

trial-to-trial postural performance variations should enable to track the

acquisition process within regions pertaining to this network.

2 | METHODS

2.1 | Participants

Sixteen healthy adults volunteered to participate in the experiment

(11 males, 27 ± 3.83 years). All were right-handed according to the

Edinburgh Handedness Inventory (Oldfield, 1971). Written informed

consent was obtained according to the guidelines of the Declaration

of Helsinki. The study was approved by the local ethics committee

(South East IV Committee for the Protection of Persons).

2.2 | Experimental settings

Participants seated under the MEG helmet. A wooden table was

placed above the right knee where their right arm could lie comfort-

ably (Figure 1a). The left arm was positioned adjacent to the trunk, with

the elbow fixed to a mobile support stabilizing a horizontal forearm posi-

tion, with only one degree of freedom in the sagittal plane (Figure 1b).

The participants were instructed to keep their left forearm horizontal in a

semi-prone position to ensure a natural and comfortable posture of ref-

erence. Participants' left arm was then equipped with a wristband

equipped with a vacuuming switch system (30 kN/m2) able to support a

850 g load. The load was released by means of 3.5 kN/m2 air pulses

(Figure 1b).

Participants first kept their gaze fixed during 2 s on a 10 cm diode

placed at the base of the load to avoid eye movements. The load laid

on a force plate sensor at 45% of the maximal arm reach (Figure 1a).

The participants were instructed to lift the load with their right hand

when the light faded out (Figure 1c), hence triggering the release of the

load on the left forearm (Figure 1a). The load was replaced on the wrist-

band by the experimenter 3 s after the load-lifting (Figure 1c). No feed-

back was given to the participants regarding their performance, and

importantly they were not aware of changes in their postural forearm

position related to an acquisition process. We used the Presentation®

(Neurobehavioral Systems) software for stimuli presentation.

2.3 | Experimental conditions

Two experimental conditions were proposed to the participants. Their

order of presentation was counterbalanced (session randomization) to

avoid any order effect. The first experimental condition consisted in

eight blocks of eight successive bimanual load-lifting trials (60 s of

passive rest between blocks) with a block-by-block increase in the

delay separating the onset of load-lifting from the fall of the load

equipped on the postural arm (i.e., Δt = +30 ms by block, hence a

0–240 ms latency range from blocks 1–8). This was expected to place

the participants in the acquisition stage of motor learning, forcing

them to constantly adjust across blocks the timing between the onset

of the load-lifting elbow flexion and the onset of the flexion inhibition

on the postural arm (ACQUISITION, 8 blocks of 8 trials for a total of 64 tri-

als per participant). We voluntarily limited the number of trials to eight

per block. Indeed, past experiments showed that adult participants

reach a motor performance plateau in postural stabilization after 8–12

trials (Barlaam et al., 2016; Schmitz & Assaiante, 2002). The second

experimental condition consisted of six blocks of ten trials (60 s of

passive rest between blocks). Since the load-lifting triggered the fall of

the load suspended below the postural arm with the shortest possible

delay and considering that this timing remained constant for each

block (i.e., Δt = 0 s), we were confident in the fact that a plateau

would be reached by the end of the first block and that the perfor-

mance would be stabilized during the consecutive ones (CONTROL,

6 blocks of 10 trials for a total of 60 trials per participant).

2.4 | Data acquisition

MEG recordings were performed using a CTF-MEG system (CERMEP,

France), with 275 radial gradiometers over the scalp and 33 reference

channels for ambient field correction. MEG signals were digitalized at

a sampling rate of 600 Hz and low-pass filtered (0–150 Hz). Head

position was continuously recorded, using three head coils placed on

the nasion and preauricular points prior to scanning. Brain MRI for co-

registration with MEG data was recorded using a 3 T Siemens Mag-

netom scanner (CERMEP, France—MAGNETOM Prisma, Siemens

HealthCare), which computed 3D anatomical T1-weighted pictures

covering the whole brain with 0.9 mm3 cubic voxels (TR: 3500 ms, TE:

2.24 ms). Extraction and projection of the individual cortical anatomy

in the Montreal Neurologic Institute (MNI) template were respectively

performed using Freesurfer (http://freesurfer.net/) and Brainstorm

(Tadel, Baillet, Mosher, et al., 2011), which is documented and freely

available for download online under the GNU general public license

(http://neuroimage.usc.edu/brainstorm).
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2.5 | Data recordings and analysis

2.5.1 | Force plate measures

The onset of load-lifting was detected for both ACQUISITION and CONTROL

as the first deflection of the force signal transmitted by the force plate

sensor, using a threshold function (CTF® DataEditor software). Move-

ment duration was defined as the time elapsed between the onset of

load-lifting and the first deflection of the force plate indicating the

replacement of the load.

2.5.2 | Elbow-joint upward rotation

Elbow-joint upward rotation after load-lifting was measured for all

trials and conditions using a high-frequency capacitive sensor (20 kHz,

Figure 1b). For both ACQUISITION and CONTROL, the first trial of each block

was excluded to avoid readiness bias consecutive to the rest periods

between the blocks. This yielded to 56 trials analyzed in the ACQUISITION

condition and 54 trials in the CONTROL condition, and enabled to keep a

balanced number of trials between the two experimental conditions.

2.6 | MEG data analysis

2.6.1 | Sensor-level analysis

From previous MEG experiments carried on bimanual load-lifting,

we investigated alpha (8–12 Hz) and beta (13–30 Hz) frequencies

(Ng et al., 2011, 2013a, 2013b). Time-frequency power distributions

(0–40 Hz, Morelet wavelets) were normalized with reference to the

2.5 s baseline preceding load-lifting (Z-score). Normalized time-

frequency power distributions were then averaged across sensors and

trials, for each participant and each experimental condition. This yielded

to (a) by-condition and (b) average (i.e., capturing the data from the two

experimental conditions) time-frequency power distributions. The aver-

age time-frequency power distribution in the sensors-space was used to

collect the time and frequency parameters corresponding to task-related

changes in neural oscillations, that is, event-related desynchronization

(ERD) and event-related synchronization (ERS) patterns (i.e., using a

threshold of |Z| > 2.00, p < 0.05). These first steps prevented bias

toward by-condition differences during the following steps of the MEG

data analysis.

2.6.2 | Source reconstruction

Source reconstruction was obtained by applying a minimum norm

inverse solution to MEG gradiometer signals (Baillet, Mosher, & Leahy,

2001), with constrained dipole orientation. For each trial, minimum

norm estimates yielded time windows from −2.5 to +3 s (relative to the

load-lifting onset) of ongoing cerebral activations, at each of the 5,000

brain location corresponding to the nodes of participants' tessellation.

At each brain location of the individual tessellation, the source power

was calculated in the time-frequency window corresponding to the ERD

and/or ERS patterns revealed by the sensor-level analysis. Using a simi-

lar normalization procedure (i.e., Z-score against the 2.5 s baseline), the

normalized source power was projected in the MNI template. Since we

were specifically interested in brain sites controlling the acquisition

phase of anticipatory postural adjustments, we built a random-coeffi-

cient regression model with a by-subject and by-block random intercept.

The model tested the fixed effects of the EXPERIMENTAL CONDITION

(i.e., ACQUISITION and CONTROL) and TRIAL (i.e., numeric regressor), with an

interaction term, on brain sources power within the specific time-

frequency window revealed by the sensor-level analysis. Brain locations

where the two-way interaction between EXPERIMENTAL CONDITION

and TRIAL reached the statistical significance threshold (see below)

were selected as regions of interests (ROIs). This step of the MEG data

analysis enabled an objective and reproducible approach to the determi-

nation of the ROIs involved with the acquisition of anticipatory postural

adjustments.

2.6.3 | Source analysis

Time course power peak amplitudes (i.e., corresponding to ERD

and/or ERS) and their latencies in each ROI were selected as the

dependent variables of interest for both the ACQUISITION and the CON-

TROL experimental conditions.

FIGURE 1 (a) Bimanual load-lifting coordination involving (i) the unloading (right) arm and (ii) the postural (left) arm. The voluntary lift-up the

850 g load (1) triggered the fall of the load fixed to the postural arm (2). (b) Elbow-joint stabilization and measurement of elbow-joint flexion.
(c) Timing of a bimanual load-lifting trial [Color figure can be viewed at wileyonlinelibrary.com]
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2.6.4 | Statistical analyses

We used Team R (2018) and nlme (Pinheiro, Bates, DebRoy, & Sarkar, et

al., 2018) to run a linear mixed effects analysis of (a) elbow-joint upward

rotation and (b) MEG source parameters in each ROI (i.e., peak ampli-

tudes and latencies relative to the onset of load-lifting). For both ana-

lyses, we built random-coefficient regression models with a by-subject

and by-block random intercept. As fixed effects, we entered EXPERI-

MENTAL CONDITION (i.e., ACQUISITION, CONTROL) and TRIAL (i.e., numeric

regressor), with an interaction term. Inspection of the residual plots did

not reveal any obvious deviation from the hypotheses of homoscedastic-

ity or normality. The statistical significance threshold was set up for a

Type 1 error rate of α = 5%. As effect sizes, we reported coefficients of

determination (R-squared), using the procedure for linear mixed effects

models implemented in the r2glmm package (Edwards, Muller, Wolfinger,

Qaqish, & Schabenberger, 2008; Jaeger, Edwards, Das, & Sen, 2017). We

also reported the statistical power (p(1−β)) for statistically significant

effects and interactions from the functions implemented in the pwr pack-

age (Champely, Ekstrom, Dalgaard, et al., 2018). Posthoc investigations

of main and interaction effects were carried on using general linear

hypotheses testing of planned contrasts from the multcomp package

(Bretz, Hothorn, & Westfall, 2011; Hothorn, Bretz, & Westfall, 2008).

Holm's sequential corrections were applied to control the false discovery

rate (Holm, 1979).

3 | RESULTS

3.1 | Behavioral data

Movement duration (M ± CI95%) was 1.48 s ± 0.17 during ACQUISITION

and 1.53 s ± 0.16 during CONTROL. The linear mixed effect analysis

revealed that elbow-joint upward rotation was affected by the two-

way interaction between EXPERIMENTAL CONDITION and TRIAL

(F(1, 1,706) = 3.54, p < 0.05, R-squared = 0.01, p(1−β) > 0.95). As shown

in Figure 2, the trial-to-trial decrease in elbow-joint upward rotation

was 0.03� ± 0.03 higher during ACQUISITION (−0.07� ± 0.01) compared

to CONTROL (−0.04 ± 0.01; p < 0.05).

The elbow-joint upward rotation was also affected by the main

effect of EXPERIMENTAL CONDITION (F(1, 1,706) = 116.01, p < 0.001,

R-squared = 0.06, p(1−β) > 0.95) and TRIAL (F(1, 1,706) = 45.87, p < 0.001,

R-squared = 0.03, p(1−β) > 0.95). Indeed, the elbow-joint upward

rotation was 0.41� ± 0.08 higher (p < 0.001) during ACQUISITION

(4.07� ± 0.26) compared to CONTROL (3.65� ± 0.26), while the trial-to-trial

decrease in elbow-joint rotation was −0.58� ± 0.02 (p < 0.001).

3.2 | MEG data

3.2.1 | Sensor-level analysis

Visual inspection of the time-frequency maps revealed ERD patterns

in the alpha (8–12 Hz) and beta (15–25 Hz) rhythms (Figure 3a). The

beta ERD did not reach the statistical threshold (|Z| = 1.5). By contrast,

the alpha ERD exhibited a Z-score relative to the baseline of |Z| > 2 from

−0.25 s to 2.00 s relative to the onset of load-lifting (Figure 3a). The

alpha rhythm (8–12 Hz) between 0.25 and 2.00 s was thus considered

the time-frequency window of interest for the forthcoming analyses.

3.2.2 | Source reconstruction

Brain generators of alpha oscillations from 0.25 s to 2.00 s relative to

the load-lifting onset during ACQUISITION and CONTROL (i.e., |Z| > 2)

encompassed the primary motor and sensory cortices (BA1-3, BA4),

as well as the premotor and parietal cortices (BA6) in both the motor

FIGURE 2 EXPERIMENTAL CONDITION by TRIAL effect (fitted estimates) on elbow-joint upward rotation. Regression slopes are represented

with CI95% (dotted lines). During ACQUISITION, each block involved new timing parameters between the voluntary and anticipatory motor command
signals addressed to the right and left upper limbs, respectively. During CONTROL, the timing between the voluntary and anticipatory motor
command signals required to achieve efficient forearm stabilization postunloading remained unchanged. *p < 0.05

DI RIENZO ET AL. 2959



FIGURE 3 (a) Averaged (group level) time-frequency power distributions (−2.5 s–3 s) relative to the onset of load-lifting during ACQUISITION and

CONTROL. (b) Averaged (group level) time-frequency power distributions (−2.5 s–3 s) capturing the data from both experimental conditions
(left panel). The alpha (8–12 Hz, |Z| > 2) and beta (13–35 Hz, |Z| < 2) ERD elicited by the bimanual load-lifting task (red and blue dotted squares,
respectively). Averaged topographical distributions (group level) of alpha power (8–12 Hz, 0.25–2.00 s) in the sensors space capturing the data
from both experimental conditions (right panel) [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 (a) Spatial distributions of generators of alpha power (8–12 Hz, 0.25–2.00 s) in the source space, as revealed by the source

reconstruction step of the MEG data analysis (see Section 2). (b) Regions of interest resulting from the linear mixed-effects analysis of the
two-way interaction between EXPERIMENTAL CONDITION and TRIAL carried on source power within the time-frequency window of interest,
as revealed by the sensor-level analysis (8–12 Hz, 0.25–2.00 s, see sensors-level analysis) [Color figure can be viewed at wileyonlinelibrary.com]

2960 DI RIENZO ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


(i.e., contralateral to the load-lifting arm) and postural (i.e., contralateral to

the arm supporting the load) hemispheres (Figure 4a). Noteworthy, gen-

erators were more widely distributed within BA1-4 in the motor hemi-

sphere during ACQUISITION compared to CONTROL (Figure 4a).

3.2.3 | Source analysis

The linear mixed effects analysis carried on source alpha power between

0.25 s and 2.00 s revealed that generators in the frontal cortex (BA10) of

the motor (left) hemisphere and in the parietal cortex (BA7) of the pos-

tural (right) hemisphere were affected by the EXPERIMENTAL

CONDITION by TRIAL interaction (F(1, 1367) = 11.91, p < 0.001,

R-squared = 0.008, p(1−β) = 0.91; F(1, 1367) = 18.79, p < 0.001,

R-squared = 0.01, p(1−β) = 0.96, respectively). However, there was

no main effect of EXPERIMENTAL CONDITION or TRIAL (i.e., both

p > 0.05). As shown in Figure 5, the alpha power decrease across

trials was 6.98% ± 4.17 higher during ACQUISITION (−5.03% ± 3.82)

compared to CONTROL (1.95% ± 1.57) in BA7 (p < 0.001). Likewise, in

BA10 the alpha power decrease across trials was 7.95% ± 3.61

higher during ACQUISITION (−6.20% ± 3.33) compared to CONTROL

(1.75% ± 1.43; p < 0.001).

In the postural (right) hemisphere, the time course power in BA7

exhibited an ERD from −0.50 s to −0.10 s relative to the load-lifting

onset, immediately followed by an ERS from 0.00 s to 0.35 s (Figure 6).

The linear mixed effects analysis carried on ERD peak amplitudes rev-

ealed a two-way interaction between EXPERIMENTAL CONDITION and

TRIAL (F(1, 1367) = 8.61, p < 0.01, R-squared = 0.007, p(1−β) = 0.87), but

there was no main effect of EXPERIMENTAL CONDITION or TRIAL

(i.e., both p > 0.05). The trial-to-trial decrease in ERD amplitudes was

FIGURE 5 EXPERIMENTAL CONDITION by TRIAL interaction effect (fitted estimates) on source power within the time-frequency window of

interest (8–12 Hz, 0.25–2.00 s) in the two regions of interest. ***p < 0.001 [Color figure can be viewed at wileyonlinelibrary.com]
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17.26% ± 11.89 (relative to the 2.5 s baseline) during ACQUISITION

(−12.90% ± 9.80) compared to CONTROL (4.35% ± 4.71; Figure 6a). How-

ever, EXPERIMENTAL CONDITION and TRIAL did not affect the ERD

peak latencies (all p > 0.05). The two-way interaction between

EXPERIMENTAL CONDITION and TRIAL also affected ERS amplitudes

(F(1, 1367) = 6.14, p = 0.01, R-squared = 0.005, p(1−β) = 0.74) but there

was no main effect of EXPERIMENTAL CONDITION and TRIAL

(i.e., both p > 0.05). The trial-to-trial increase in ERS amplitudes was

reduced by 1.86% ± 1.36 during ACQUISITION (1.63% ± 1.25) compared to

CONTROL (0.22% ± 0.54).

In the motor (left) hemisphere, the time course power in BA10

exhibited an ERS from −0.30 s relative to the onset of load-lifting

to 0.35 s after, during both ACQUISITION and CONTROL (Figure 6b). The

linear mixed effects analysis carried on ERS peaks revealed a two-

way interaction between EXPERIMENTAL CONDITION and TRIAL

(F(1, 1367) = 12.11, p < 0.001, R-squared = 0.009, p(1−β) > 0.80). The

decrease in ERS amplitudes across trials was 20.50% ± 12.42 higher

during ACQUISITION (−0.14 ± 0.11) compared to CONTROL (0.06 ± 0.03).

The linear mixed effects analysis carried on ERS latencies finally

revealed no main effect or interaction (all p > 0.05).

4 | DISCUSSION

The destabilizing effects of load-lifting on the forearm posture are

rapidly foreseen in adults, due to the set-up of a proactive control

that develops with practice during childhood (Paulignan et al., 1989;

Schmitz & Assaiante, 2002). The present study aimed at identifying

brain correlates of the acquisition of anticipatory postural adjustments

while learning a new sensorimotor coordination. We used a learning

FIGURE 6 A. Averaged time-course of source alpha power (8–12 Hz) in BA7 (left panel) exhibiting an ERD from −0.50 s to −0.10 s (gray shades)

relative to the onset of load-lifting. Blue and red shades correspond to CI95%. EXPERIMENTAL CONDITION by TRIAL interaction effect (fitted
estimates) on the BA7 ERD amplitudes (right panel). Regression slopes are represented with CI95% (dotted lines). B. Averaged time-course of
source alpha power (8–12 Hz) in BA10 (left panel) exhibiting an ERS from −0.30 s to 0.35 s (gray shades) relative to the onset of load-lifting. Blue
and red shades correspond to CI95%. EXPERIMENTAL CONDITION by TRIAL interaction effect (fitted estimates) on the BA10 ERS amplitudes
(right panel). Regression slopes are represented with CI95% (dotted lines) [Color figure can be viewed at wileyonlinelibrary.com]
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version of the bimanual load-lifting paradigm, in which we incrementally

delayed the postural consequences of load-lifting. This placed the partici-

pants in a situation where the coordination between the right (load-

lifting) arm and the left (postural) forearm kept requiring the acquisition

of anticipatory postural adjustments. Conversely, under the CONTROL con-

dition, the delay between the two events remained short and constant,

hence the postural stabilization plateaued rapidly. The two experimental

conditions were thus similar, but one elicited an acquisition process

through the update of the sensorimotor representation sustaining the

new posture-movement coordination, and the other did not. It is note-

worthy that, at the behavioral level, the two conditions only differed in

terms of the amplitude of the left elbow upward rotation. Accordingly,

small by-condition differences were expected, which was confirmed by

the low effect sizes. While a sample size of sixteen healthy adult partici-

pants might mitigate against the generalization of the findings, the use of

repeated measures enabled to achieve an acceptable statistical power,

thus ensuring the potential reliability and reproducibility of the present

findings (Button et al., 2013). The elbow-joint upward rotation measure-

ment revealed a regular trial-to-trial decrease in the postunloading move-

ment maximal amplitude during ACQUISITION, hence providing behavioral

evidence of the set-up of an anticipated postural control. No trial-to-trial

decrease was recorded under CONTROL. Elbow-joint upward rotation was

overall reduced during CONTROL compared to ACQUISITION, hence attesting

a more efficient postural control. Importantly, the implicit nature of this

acquisition rules out any potential attentional bias.

Previous functional brain imaging research on bimanual load-lifting

emphasized prelifting brain activations, and used sliding time windows to

investigate the brain correlates of already learned anticipatory postural

adjustments (e.g., Ng et al., 2011, 2013a, 2013b). Here, we were specifi-

cally interested in the acquisition process. Voluntary motor commands

are systematically duplicated into an efferent copy predicting the sen-

sory consequence of the action, that is, forward modeling. Forward pre-

dictive models are continuously referred to the sensory afferents

generated by the movement. Detection of errors enables online correc-

tions through feedback/feedforward loops (Grush, 2004; Wolpert &

Flanagan, 2001; Wolpert & Ghahramani, 2000). In other words, errors

enable the refinement of the forward predictive model, which can be

further converted into updates of the internal representation associating

the goal of the movement with the motor commands required to achieve

that goal, that is, the inverse model. The forward predictive model, which

would capture the causal relationship between the action and its pos-

tural outcome to progressively refine the sensory prediction, was

advanced as the primary account to the acquisition of anticipatory pos-

tural adjustments in the learning version of the bimanual load-lifting par-

adigm (Barlaam et al., 2016).

The sensor-level analysis revealed comparable patterns of time-

frequency power distributions during ACQUISITION and CONTROL. Power

variations in brain oscillations were present in the alpha (8–12 Hz)

and beta (13–35 Hz) frequency rhythms, but only the alpha ERD

reached the statistical threshold. Given their topographical distribu-

tion, changes in alpha oscillations correspond to the sensorimotor mu

rhythm associated with motor behaviors (Pfurtscheller, 2003). Source

reconstruction of mu generators revealed comparable activation pat-

terns during ACQUISITION and CONTROL. We did not expect a distinct

spatial distribution of the cortical ERD generators between ACQUISITION

and CONTROL since the conditions only differed in terms of delayed

timing between the load-lifting and its postural consequences. Cortical

generators involved the premotor and sensorimotor cortices as well

as the posterior parietal cortex in both hemispheres. These results

largely corroborate past observations (Kazennikov et al., 2006; Ng

et al., 2011, 2013a, 2013b). Interestingly, the spatial distribution of

the mu generators in the motor hemisphere encompassed a broader

surface of the cortical tessellation during ACQUISITION as compared to

CONTROL. The reduced involvement of neural resources has been asso-

ciated with greater neural efficiency and represents a neurophysio-

logical correlate of the motor expertise (e.g., Del Percio, Rossini,

Marzano, et al., 2008; Kita, Mori, & Nara, 2001; Krings et al., 2000;

Wright, Holmes, Di Russo, et al., 2012). ACQUISITION and CONTROL repre-

sent different levels of skill expertise during the learning of a new

bimanual coordination. This was reflected at the brain level by more

refined and circumscribed activation patterns in central regions of the

motor hemisphere (i.e., BA1-4) during CONTROL compared to ACQUISI-

TION. The source reconstruction thus underlined neurophysiological

correlates associated with two distinct levels of expertise. More pre-

cisely, these may correspond to the acquisition and motor perfor-

mance plateau underlined in motor learning frameworks (Schmidt

et al., 2018), or to the fast and slow stages of performance improve-

ments preceding automation (Doyon et al., 2011, for an overview).

In order to investigate the neural structures specifically involved

with the acquisition of anticipatory postural adjustments, we per-

formed regression analyses to specifically disclose the brain sites

exhibiting a distinct profile of trial-to-trial response during ACQUISITION

compared to CONTROL. These analyses unveiled specific activities

within BA10 (in the left hemisphere) and BA7 (in the right hemi-

sphere). At the quantitative level, BA10 and BA7 both exhibited a

decreased activation across trials during ACQUISITION but increased acti-

vation, that is, decreased power attesting neural desynchronization

(Pfurtscheller & Lopes da Silva, 1999) during CONTROL. This suggests

that both regions participate to the update of the internal representa-

tion of the new bimanual load-lifting coordination, that is, the central

integration of the expected postural consequences of the movement,

based on the trial-to-trial detection of errors between the efference

copy and the actual consequences of load-lifting. BA7 is part of the

parietal cortex, which is generally known to be involved in the genera-

tion, maintenance and update of internal models (Blakemore & Sirigu,

2003; Wolpert, Goodbody, & Husain, 1998). The source reconstruc-

tion enabled to specify the location of the source on the medial sur-

face of the superior parietal cortex, corresponding to the precuneus.

The precuneus is thought to be a key region for the maintenance and

update of egocentric representations during self-motion (Land, 2014).

In the bimanual load-lifting task, the forearm posture serves as a refer-

ence frame for the manipulation of objects and is stabilized by the

anticipatory postural adjustments (Massion et al., 1999). Hence, dur-

ing the acquisition process, this egocentric reference frame has to be

updated along with the upward elbow rotation decrease and this is

achieved through the involvement of the precuneus. The specificity of

the involvement of this region in the acquisition of new postural

adjustments finds another argument in the fact that its lateralization

in the right parietal cortex is contralateral to the postural forearm. On

the other hand, the prefrontal cortex, and specifically its medial
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portion corresponding to BA10, is known to play a key role during

motor learning, specifically the refinement of the parameters of the

motor coordination underlying adjustment of the motor performance.

Yet, while both the precuneus and BA10 emerged as ROIs for the

acquisition of anticipatory postural adjustments, these regions may

not play a key role during the central processing of inverse models

refined as a result of practice as attested by the decreased activation

along with trials repetition during CONTROL.

At the qualitative level, analyzing the time-course of the mu

power in the medial prefrontal cortex of the left hemisphere revealed

that ERS amplitudes during ACQUISITION decreased along with practice,

and progressively geared toward the pattern observed during CONTROL.

It thus indicates that decreased BA10 inhibition after load-lifting can

be associated with the acquisition of anticipatory postural adjust-

ments during bimanual load-lifting. Considering the well-established

role of the medial prefrontal cortex in behavioral adjustments re-

sulting from ongoing motor learning (Ridderinkhof, Ullsperger,

Crone, & Nieuwenhuis, 2004), this might account for a more efficient

management of the mental load during bimanual load-lifting. Albeit

speculative, more efficient processing of the anticipatory postural

adjustments through forward modeling might decrease the future

need to inhibit this region to reallocate neural resources to post-

unloading operations, such as the inhibition of the left forearm flexor

muscle and the refinement of the forward predictive model based on

the error detection. Noteworthy, the precuneus in the right, postural

hemisphere exhibited a distinct pattern of time-course power distribu-

tions. The postunloading ERS was preceded by an ERD preliminary to

the onset of load-lifting. Again, the ERD amplitude decreased along

with trial repetition during ACQUISITION and progressively matched the

response pattern observed during CONTROL. It thus suggests that

increased precuneus activation can be associated with the acquisition of

anticipatory postural adjustments through the update of the postural

reference frame until it is stabilized. This adds to a large body of

research supporting the role of the parietal cortex in cognitive processes

associated with motor updates (Blakemore & Sirigu, 2003; Wolpert

et al., 1998). Interestingly, the latencies of both ERS and ERD response

patterns were similar during ACQUISITION and CONTROL. This indicates that

the timing of power changes in neural oscillations did not predict the

acquisition of anticipatory postural adjustments in this task. Differences

in the timing of neural activities, specifically those recorded within pri-

mary sensorimotor brain regions, might rather represent a neural signa-

ture of distinct expertise levels during bimanual load-lifting.

Overall, the data support a more efficient management of neural

resources within brain regions involved in the central processing of

voluntary and anticipatory motor command signals during the acquisi-

tion of anticipatory postural adjustments. Our results emphasize the

specific role of the precuneus and of the medial prefrontal cortex in

the acquisition process, which invalidates our initial working hypothe-

sis, based on previous studies (Donchin et al., 1998; Ioffe et al., 2003;

Kazennikov et al., 2006, 2007, 2008), that the primary motor cortex

would be a core region supporting the acquisition of the coordination

in this task. However, as shown by the spatial distribution of the gen-

erators of the mu rhythm during ACTIVATION and CONTROL, the degree

of primary sensorimotor cortex involvement appeared to reflect the

expertise level, hence the current motor learning state but did not

appear to play a role in the acquisition stage. According to the emula-

tion theory (Grush, 2004), sensory consequences of voluntary move-

ments can be used to co-program motor outputs and foresee the

expected perturbations. During development, the efficient stabiliza-

tion of the postural forearm requires mastering the timing of the fore-

arm flexor muscles inhibition, which must be synchronized with the

timing of the load lifting (Schmitz et al., 2002). Past experiments com-

pared voluntary and imposed load-lifting conditions to identify brain

structures controlling the anticipated postural adjustments of the left

forearm (Kazennikov et al., 2008; Ng et al., 2011, 2013a, 2013b). The

present data extend past findings by examining brain activities medi-

ating the acquisition of anticipated postural adjustments during

bimanual load-lifting. It provides neurophysiological insights on the

early hypothesis by Berrigan and Simoneau (2007) that the brain could

capture new temporal relationships between an action and its conse-

quences on posture. The MEG analysis disclosed frontal and parietal

structures, more specifically the precuneus in the postural hemisphere

and the medial prefrontal cortex in the motor hemisphere. Specific

patterns of time-course power distributions within these two regions

were associated with the acquisition of anticipatory postural adjust-

ments. Decreased postunloading inhibition of the left medial prefron-

tal cortex and increased preunloading activation of the right

precuneus were recorded along with trial repetition during ACQUISITION.

The data extends current knowledge regarding the brain correlates of

bimanual load-lifting, and underlines the specific involvement of asso-

ciative cortical regions, but not primary sensorimotor regions, during

the acquisition of anticipatory postural adjustments.
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