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Abstract

Motor planning and execution require a representational map of our body. Since the body can assume different postures, it
is not known how it is represented in this map. Moreover, is the generation of the motor command favored by some body
configurations? We investigated the existence of a centrally favored posture of the hand for action, in search of
physiological and behavioral advantages due to central motor processing. We tested two opposite hand pinch grips, equally
difficult and commonly used: forearm pronated, thumb-down, index-up pinch against the same grip performed with
thumb-up. The former revealed faster movement onset, sign of faster neural computation, and faster target reaching. It
induced increased corticospinal excitability, independently on pre-stimulus tonic muscle contraction. Remarkably, motor
excitability also increased when thumb-down pinch was only observed, imagined, or prepared, actually keeping the hand at
rest. Motor advantages were independent of any concurrent modulation due to somatosensory input, as shown by testing
afferent inhibition. Results provide strong behavioral and physiological evidence for a preferred hand posture favoring brain
motor control, independently by somatosensory processing. This suggests the existence of a baseline postural
representation that may serve as an a priori spatial reference for body�space interaction.
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Introduction
We all use our hands daily for a multitude of scopes, from object
manipulation to interpersonal contacts, thus experiencing every
possible posture. During hand actions, we are extremely quick
and precise in choosing and shaping grips and assuming pos-
tures (think, for example,pantomiming), evenwithout full atten-
tional or sensory (e.g., visual) control.

We are also able to localize precisely sensory stimuli deliv-
ered to the hand in the space and couple them with spatial

visual information. Such abilities suggest that our brain owns
a precise, dynamic spatial representation of our body, the so-
called body representation. Body representation is critical to
identify the bodily self and helps guide body interactions with
the external world (De Vignemont 2010), suggesting that spatial
information should be deeply embedded in the body represen-
tation.

Motor control is modeled through algorithms implementing
a forward model that makes a prediction of action outcome, an
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inverse model which estimates the motor command required
to achieve the desired outcome and an internal model, where
kinematic and dynamic features of the body and its interactions
with the environment are stored (Kawato 1999; Wolpert and
Ghahramani 2000).

By both tapping into the cognitive literature of the body
schema and into themotor controlmodeling literature, planning
and executing a movement seem to require a representational
map of our body. In this map, the body can be configured in
several ways, accordingly with the different postures which it
can actually assume. Moreover, the body posture is by itself a
key parameter that has to be estimated and controlled during
any action.

When the central nervous system plans to execute a move-
ment and recall the map of the body, it is not known whether all
postures are equivalent or if there are some body configurations
that favor the generation of the motor command.

This study was designed to investigate the existence of a
centrally favored posture of the hand for action, independently
from any advantage due to biomechanics, sensory feedback, and
peripheral and/or subcortical processes. To focus the investi-
gation on the hand, we sought for the prototypical orientation
that the hand would have while grasping. Being thumb and the
index finger crucial for both power and precision grips (Napier
1962; MacKenzie and Iberall 1994), we decided to compare two
equally frequently used postures: the pinch grip performed in
the thumb-down posture with the opposite thumb-up pinch.

To the above outcomes, we tested at multiple levels the
facilitation of the motor system to perform actions, with four
experiments in healthy people.

In �Experiment 1,� we implemented a behavioral task where
participants were asked to grasp as fast as possible a cube in
front of them, once a visual cue showed the pinch configuration
to use (i.e., thumb-up/finger-down or vice versa). Reaction time
(RT) for movement onset measured movement computation
speed, while the time needed from the onset to reach the cube
was taken as a cue of functional advantage of each posture.

In �Experiment 2,� corticospinal excitability was tested
through transcranial magnetic stimulation (TMS) of the primary
motor cortex (M1) by recording the evoked muscle responses
(motor evoked potentials [MEPs]) from two muscles: one mainly
involved in holding the pinch posture (i.e., the first dorsal
interosseous [FDI]) and the other in shaping the posture (i.e.,
the abductor pollicis brevis [APB]).

With this experiment, we aim to infer M1 cortex area
excitability in the two different postures. However, performing
different postures may result in different levels of pre-stimulus
muscle contraction, which, together with the TMS-induced cor-
ticospinal descending activity, is known to affect MEP amplitude
(Di Lazzaro et al. 2000). To control for this potential confounding
factor, we compared changes of MEP amplitude respectively
with changes of the pre-stimulus ongoing muscular activity
computed as the root mean square (RMS) of the 1.8-s pre-
stimulus electromyographic (EMG) activity in the two postures.

Besides being independent of the pre-stimulus muscular
activity, any grip posture advantage based on motor program-
ming would also be independent of the actual motor output. In
order to test the potential facilitation ofmotor systembefore any
movement is acted, in �Experiment 3,� corticospinal excitability
was measured with the hand at rest in a neutral position, while
participants performed three different mental representations
of action tasks: 1) observation; 2) imagination, and 3) preparation
of the pinch grip in the thumb-down or thumb-up configuration.

Furthermore, we recently found consistent hand posture-
related advantages in sensory processing for the thumb-up pos-
ture (Romano et al. 2017).

A facilitation of the motor system for a given posture would
suggest the following alternatives: 1) the sensory facilitation for
tactile processing and motor postural advantages are entangled
in a way that sensory stimulation affects motor facilitation,
suggesting for a sensory�motor integration mechanism under-
lying the effect; 2) conversely, facilitations of sensory and motor
systems are independent, so that the cause of facilitation resides
at a higher level than single sensory and motor processing. In
the latter case, a high-level multimodal representation of body
posture may likely impact on the two functions independently.

We tested those two alternative hypotheses in �Experiment
4,� where we employed the short-latency afferent inhibi-
tion (SAI), a sensory�motor integration protocol testing the
cholinergic inhibition of cortical motor output induced by the
somatosensory afferences (Di Lazzaro et al. 2000). In the SAI,
an electrical conditioning stimulus of the median nerve at the
wrist preceded the M1 TMS pulse by an interval locked with
the latency of the cortical somatosensory potential (N20). This
interval represents the time needed by the afferent inputs to
reach the somatosensory cortex. SAI measures the percentage
of MEP inhibition when TMS is preceded by the afferent
preconditioning stimulus. Thus, different SAI inhibition in one
of the two postures would mean that any motor facilitation
we could find would be just the effect of a different sensory
processing; sensory facilitation would induce a higher motor
inhibition. This would be in favor of the first alternative, while
the absence of a SAI difference between postures would support
the latter alternative.

Materials and Methods

Participants

Forty participants were enrolled for the Experiment 1 and ran-
domly divided into two different groups depending on the start-
ing position of the right hand used to complete the task: prone
for 20 participants (10 male; 10 female; mean age: 25.45; stan-
dard deviation [SD]: 2.95) and supinated for the other 20 (10male;
10 female; mean age: 29.90; SD: 5.08). Sixteen participants par-
ticipated in Experiments 2–4 of the study (7 female; mean age:
27.1 years, range: 21�36). The same participants were involved
in all the three Experiments 2�4. The study was approved by the
local ethics committee (EMBODY protocol). All participants were
right-handed (self-report), and they expressed their informed
consent to the experiment. The entire experimental session of
Experiments 2� 4 took around 3 h including the breaks between
the three consecutive tasks. Data from Experiment 4 (SAI) of two
participants were excluded from the analysis due to excessive
EMG artifacts, so that the final sample of Experiment 4 is 14. The
datasets generated during this study are available at Mendeley
Data (Dataset_Romano_CerebralCortex_2020).

Experiment 1

Threemagneto-inertial sensors (Delsys Trigno, Natick,MA) were
placed on the participant’s right arm: one on the dorsum of the
hand at the level of the FDI, one on the forearm at the level of
the flexor digitorum superficialis, and the last one at the level
of the biceps. The participant sat on a chair, with their right
arm on an armrest (Fig. 1). The experimental task consisted of
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50 randomized grasping actions, 25 were done with a thumb-
down posture and the remaining 25 with a thumb-up position.
In each trial, participants had to grasp a target object (wooden
cube, side: 4 cm) in front of them at 50 cm of distance, after a
visual go-signal delivered through a PC monitor presented by a
computerized software (OpenSesame). The go-signal consisted
in a colored circle (diameter: 24 cm) on a black background
presented at the center of the screen for 500 ms, preceded
by a ready signal: an empty circle with white borders which
randomly lasted from 500 to 1200ms.The inter-trial interval was
7000 ms, during which the participant had to bring his arm back
to the resting position. The color of the go-signal (yellow or blue)
indicated the participant to grasp the target object with one or
the other posture (thumb-down or thumb-up). The target object
had a force-sensitive resistor (FSR) sensor mounted on both its
upper and lower surfaces, to detect the exact time of touch by
the participant. After having showed to the participants the two
different postures, we gave them the instruction to pinch the
cube with the posture instructed by the visual cue, as soon as
they receive the cue. No emphasis was put to do fast or ballistic
movements.

The initial movement of the body segments (i.e., hand,
forearm, and arm) was detected using the modulus of the
3D accelerometer (sampling rate: 148 Hz). The threshold for
movement detection was calculated as the mean measurement
of the signal recorded 200 ms before the go-signal (resting
phase)C 5�SD (Wentink et al. 2014).

As regards to the detection of touch on the target object, the
FSR signal (sampling rate: 512 Hz) was filtered by a notch filter at
50 Hz, and a fixed threshold was employed to identify the time
of touch. The selected threshold corresponded to 200 mN.

Analysis

After data visual inspection, trials were manually rejected
when the 3D accelerometer clearly indicated a movement of
the participant’s hand 200 ms before the go-signal (resting
phase) (prone group [8.23%], supinated group [6.83%]). Trials
were discarded also if the FSR sensor did not detect any touch
by the participant (rejection rate was 0.95% for the pronated
group and 1.5% for the supinated group).

Inferential statistics were performed through linear mixed
models (LMMs) with the statistical software R (Team RC 2013)
using the package lme4. We used the RT to initiate the action
recorded by the accelerometers as dependent variable. Partic-
ipants were added to the model as random effect variable.
The model was analyzed with an analysis of variance (ANOVA)
with Satterthwaite approximation for degrees of freedom as in
Experiment 1. We entered, as fixed-effect model, a 2X (�Pos-
ture�: thumb-down/thumb-up) 3X (�Sensor position�: hand/-
forearm/arm) 2X (�forearm orientation�: prone/supine) full fac-
torial design.

Additionally, we measured the reaching component of the
action by calculating the delta between the onset of action and
the first contact with the cube on a trial-by-trial basis (delta RT).
This method gives an index of the behavioral advantage for a
posture that is independent of the eventual difference of the
initial computation of the action. We entered the delta RT as
dependent variable of an independent LMM. Participants were
modeled as random effect variable. The model was analyzed
with an ANOVAwith Satterthwaite approximation for degrees of
freedom. The fixed-effect model included a 2X (Posture: Thumb-
Down/Thumb-Up) 2X (forearm orientation: prone/supine) full
factorial design.

Experiment 2

Participants were sitting on a comfortable chair. The elbow was
resting on the armrest.MEPs were collected while the right hand
was held in two different postures in independent blocks. In one
block, the hand was held with the thumb in a lower position
opposite to all the other fingers that were occupying an upper
elevation modeling a c-shape configuration, as for preparing a
pinch grip. This posture was found to induce faster and more
accurate tactile discrimination (Romano et al. 2017). In the other
block, the hand was held upside down, thus with the thumb
above all the other fingers (Fig. 2). Participants were asked to
maintain this position with the thumb-index pinch-like open
(about 8 cm of separation between the two fingers), but not
stretched.

Twenty MEPs have been collected on each posture, and the
order of tested posturewas counterbalanced across participants.

EMG Recording

We collected MEPs, by measuring EMG response to a single TMS
pulse delivered to the M1 cortex by a BiStim2 stimulator (The
Magstim Co. Ltd) equipped with a D70 Alpha coil (The Magstim
Co. Ltd). EMG was recorded from the FDI and APB of the right
hand to monitor hand intrinsic muscles primarily controlling
the index finger and the thumb movements, by using B10-S-100
Ag/AgCl sintered ring electrode with 1, 5 mm touch proof safety
socket, D360 amplifier (Digitimer, Hertfordshire, UK), Power1401
A/D converter, and Signal 5.08 software (Cambridge Electronic
Design Limited, Cambridge, UK).

Resting motor threshold (rMT) was determined as the min-
imum single-pulse intensity required to produce at least 5 out
of 10 MEPs greater than 50 µV in the left FDI, while participants
kept their arm on the armrest in a resting position.

MEPs were obtained by stimulating the participants in the
spot individuated with rMT procedure with the coil with a
posteroanterior orientation, setting the intensity to 120% to
the rMT.

EMG responses were processed following this procedure:

1. The RMS of activity in the time window of 1800 ms before
the TMS pulse was taken as a measure of the muscular tonic
activation. 50 ms pre-stimulus was not computed.

2. MEPs were calculated extracting the peak-to-peak response
evoked by the TMS pulse in a time window of 10�40 ms post-
stimulus. MEPs that did not evoke an amplitude of at least
0.2 mV were rejected, during the conditions where the pos-
ture was actively maintained. Rejection rate for Experiment
2 was 0%.

To demonstrate higher cortical excitability in one hand
posture independent of the pre-stimulus tonic muscle activity
needed to hold that posture, we had to compare the posture-
related differences in the basal and TMS-induced EMG activity.
Since these EMG activities are on different scale,we had to apply
a normalization.

1. RMS and MEP responses were then standardized by dividing
the responses in one posture by the responses in the other
posture. Specifically, we divided the thumb-down by the
thumb-up posture.

By doing so, MEPs and RMSs become directly comparable
to being expressed as a proportion of change in respect to
the posture held. Values were then log-transformed to avoid
asymmetric distribution typical of ratios. Values bigger than 0
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Figure 1. Experiment 1 setup and results. The upper panels schematically show the Experiment 1 setup and procedure. Movement onset: The time from the go-signal
to the very first movement recorded by the three sensors (black dots). Reaching time: The time that separates the movement onset from the first contact with the
target. The lower panels show Experiment 1 results split according to the initial orientation of the arm. The time recorded by the sensors is averaged because the factor
Sensor did not interact with the forearm orientation and the hand posture. Error lines indicate the 95% CIs. The thumb-down pinch starts earlier than thumb-up both

when the forearm starting position was prone and supine (left graph: movement onset). The thumb-down pinch had faster reaching time independently from the
forearm starting orientation and the movement onset (right graph: reaching time).

indicate thumb-down posture facilitation, while values smaller
than 0 suggests facilitation induced by the thumb-up posture.

Analysis

Inferential statistics were performed through LMMs with the
statistical software R (Team RC 2013), using the package lme4.
Standardized EMG responses were analyzed as dependent vari-
able. Participants were added to the model as random effect
variable. Themodel was analyzedwith an ANOVAwith Satterth-
waite approximation for degrees of freedom.

We entered, as fixed-effect model, a 2X (TMS: MEP/RMS) 2X
(Muscle: FDI/APB) full factorial design.

To investigate significant effects, we calculated the 95% con-
fidence intervals (CIs) of the diverse conditions. The facilitation
for a specific posture is supported by the data if the CI does not
include the value 0.

Experiment 3

Experiment 2 was controlled for pre-stimulus muscle activity.
However, in the case that other peripheral factors�linked to the
two different assumed biomechanics�would have influenced
Experiment 2 results, we designed Experiment 3 to surpass this
limit. Indeed, in all the condition of Experiment 3, the task was
only performed mentally, while the hand, the forearm, and the
arm were at rest, in the very same posture in every condition.

Participants were asked to keep their right arm resting on the
armrest in a comfortable relaxed position with the hand in a
resting neutral position with the palm down and all the fingers
relaxed and aligned on the horizontal plane of the armrest.

Participants were involved in three premotor representation
of action tasks, during which MEPs were collected: 1) observa-
tion, 2) imagination, or 3) preparation. All these three conditions
featured the same two hand postures of Experiment 2, andMEPs
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Figure 2. Experiment 2 setup and results. Left panel: Schematic representation of Experiment 2 setup. The hand postures (thumb-down or thumb-up) are depicted in
the upper section. Each black dot shows the position of the pair of electrodes used for the FDI and APB EMG recording. Right panel: Experiment 2 results. Bars represent
the average standardized EMG activity (EMG thumb-down/EMG thumb-up). Error lines indicate 95% CIs. MEP=EMG evoked by TMS; RMS= root mean square of the
tonic basal EMG activity, computed 1.8 s before TMS stimulus. CIs above 0 indicate motor facilitation for the thumb-down posture (FDI-MEP). When the CIs cross the

axis, there is no clear evidence for the facilitation of one of the two postures (APB-MEP and both RMS).

were collected following the Experiment 2 procedure except that
in this case the hand was in a resting position so that MEPs that
did not evoke an amplitude of at least 0.05 mV were rejected
as non-evoked responses (Fig. 3). Rejection rate for Experiment
3 was 5.16% for observation, 3.05% for imagination, and 4.38%for
preparation.

The order of the conditions was randomized across the par-
ticipants, as well as the order of the tested postures. For each
task and each posture, the 20 trials were performed consecu-
tively.

The action to observe, imagine, or prepare was a pinch grip
toward a cube block that could have been done with the thumb-
up or thumb-down posture. The height of the cube was adjusted
in such a way that participants judged the action equally easy
with both hands configurations.

Observation

For the observation task, we recorded two videos of a right hand
performing a precision grip action toward a wooden cube. The
hand in the video was the same for all the participants, and was
the hand of one of the experimenters, so not the biological hand
of any participant.

The cube side was of 4 cm, and it was attached to a wooden
panel. By doing so, the action resulted completely isolated from
any context or background. Participants only saw a right hand
entering the scene from the right side, already oriented in the
required posture, grasping the cubewith one of the two postures.
TMS pulse was delivered 1000 ms before the first touch of the
hand with the block when the grip posture was very clear. Video
clips were recorded in 720p definition with 30 frames/s with a
camera (GoPro HERO4 Silver, GoPro, San Mateo, CA). Video clips
were recorded and edited in such a way to last 2000 ms, and
the grasping action was simultaneous in the clips with the two
postures.

For each posture, 20 trials per condition were recorded.

Imagination

In the imagination condition, we asked participants to imagine
the precision grip action toward the wooden block. A pure sound
lasting 300 ms was used as go-signal. The instruction was to
imagine the grip with one of the two postures and to start the
imagery movement only after the sound. TMS pulse was syn-
chronized with the go-signal delivering the stimulation 300 ms
after the sound. The inter-trial interval was of 3500 ms.

We recorded 20 imagery actions asking to imagine the
thumb-up and 20 the thumb-down posture in a block design,
counterbalancing which posture has to be imagined first, across
the participants.

Preparation

In the preparation condition, we asked participants to respond
to two different pure sounds separated by 1200 ms. The first
sound indicated to the participant to prepare the action, while
the second sound indicated to release the action and perform
it. The actions were the same of observation and imagination
conditions. TMS pulse was given during the preparation phase
400 ms after the first sound.

For each posture, we recorded 20 trials per condition.

Analysis

The same statistical approach of Experiment 1 and 2was adopted,
namely a LMM with the statistical software R (Team RC 2013)
using the package lme4. The dependent variable was the stan-
dardized EMG responses. Participants were added to the model
as random effect variable. The model was analyzed with an
ANOVA with Satterthwaite approximation for degrees of free-
dom.

Here we entered, as fixed-effect model, a 2X (TMS: MEP/RMS)
2X (Muscle: FDI/APB) 3X (pre-motor task: observation/imagina-
tion/preparation) full factorial design.
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Figure 3. Experiment 3 setup and results. The upper panels show the pre-motor task conditions. Observation (left): The action was observed in short video clips of

pinch grips on a monitor. Imagination (middle): The thumb-down/-up pinches had to be imagined. Preparation (right): The action was prepared at first and released
only after a go-signal. The lower panel shows the results. Bars represent the average standardized EMG activity (EMG thumb-down/EMG thumb-up). Error lines indicate
95% CIs. When the CIs are above the x-axis, there is evidence that thumb-down posture is facilitated (e.g., MEPs in all the three tasks). When the CIs cross the axis,
there is no facilitation for one of the two postures.

Additionally, the three tasks were analyzed independently in
a sequence of three independent 2X (TMS:MEP/RMS) 2X (Muscle:
FDI/APB) factorial designs.

To explore the meaning of significant effects and interac-
tions, we calculated the 95% CIs. The same interpretation of
Experiment 2 is valid: Values bigger than 0 suggest facilitation
for the thumb-down posture and values smaller than 0 indicate
facilitation for the thumb-up posture.

Experiment 4

The SAI TMS protocol, likelymeasuring cholinergic cortical inhi-
bition (Di Lazzaro et al. 2000), was employed to assess whether
the corticospinal facilitation of one posture could be due to the
different sensory afferent input, in line with a sensory�motor
interaction hypothesis. SAI responseswere collected in the same
two hand postures adopted in Experiment 2: thumb-down and
thumb-up. The first posture to hold was counterbalanced across
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