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Cortical interhemispheric interactions in motor control are still poorly understood and it is important to clarify how these
depend on inhibitory/facilitatory limb movements and motor expertise, as reflected by limb dominance. Here we addressed this
problem using functional magnetic resonance imaging (fMRI) and a task involving dominant/nondominant limb mobilization
in the presence/absence of contralateral limb restraint. In this way we could modulate excitation/deactivation of the contralateral
hemisphere. Blocks of arm elevation were alternated with absent/present restraint of the contralateral limb in 17 participants. We
found the expected activation of contralateral sensorimotor cortex and ipsilateral cerebellum during arm elevation. In addition,
only the dominant arm elevation (hold period) was accompanied by deactivation of ipsilateral sensorimotor cortex, irrespective
of presence/absence of contralateral restraint, although the latter increased deactivation. In contrast, the nondominant limb
yielded absent deactivation and reduced area of contralateral activation upon restriction. Our results provide evidence for a
difference in cortical communication during motor control (action facilitation/inhibition), depending on the “expertise” of the
hemisphere that controls action (dominant versus nondominant). These results have relevant implications for the development of
facilitation/inhibition strategies in neurorehabilitation, namely, in stroke, given that fMRI deactivations have recently been shown
to reflect decreases in neural responses.

1. Introduction

The role of interhemispheric communication inmotor action
is still highly debated concerning the role of inhibition and
facilitation [1]. Most functional magnetic resonance imaging
(fMRI) studies of limb function have focused on handmotion
[2–5] and very few were concerned with arm and shoulder
motion [6, 7]. In spite of the lack of consensus on how inter-
hemispheric interactions modulate motor control, it is well
established that the neural circuits underlying upper limb
voluntary movements include the contralateral sensorimotor

cortex [8], basal ganglia [9], and the ipsilateral cerebellum
(intermediate hemispheric portion of Larsell lobules H IV-V)
[10].

Motor representations corresponding to inhibition/deac-
tivation are less well documented [2, 4]. Assumptions on
inhibition rely on its controversial links with negative blood
oxygenation level dependent (BOLD) signal [11–13]. Two
previous studies [11, 14] do nevertheless show evidence for
the fact that negative BOLD reflects suppression of neu-
ronal activity. Accordingly, Shmuel et al. showed that visual
negative BOLD response is related to decreases in neuronal
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activity below spontaneous baseline activity, rather than a
purely vascular origin [11, 15]. Liu et al. also found the
suppression of neuronal activity as the origin of negative
responses in other brain regions [14]. These results show that
it is possible to relate BOLD deactivation at least to decreases
in neural responses.This is what wemean by deactivation and
its link to inhibition in this paper.

The understanding of how interhemispheric facilitation/
inhibition influences action control is a basic science goal
that is also relevant to the development of new approaches
in neurorehabilitation. If successful, this approach might
help improve the design of neuromodulation approaches
such as the ones used in transcranial magnetic stimula-
tion (TMS), which is a technique that can be used to
manipulate levels of inhibition and/or facilitation in the
human motor system. This idea is also connected to the
excitation/inhibition theories that are well established in the
physiotherapy domain. For example, restriction of undesired
movements helps reducing the activation of compensatory
motor patterns, some of which maybe excessive. Previous
studies suggest that recruitment of compensatorymovements
may have a negative impact on motor recovery [16–18] like
the excessive trunkmovements in reaching, which attempt to
compensate the lack of motion in the shoulder joint. Accord-
ingly, it is becoming increasingly recognized thatmaladaptive
plasticity [19, 20] expressed by overactivation [21] of different
brain regions during the rehabilitation process represents an
important problem.

The facilitation/inhibition dichotomy is therefore a fun-
damental concept in the development of state-of-the-art
approaches in physiotherapy. One example of its application
is the Constraint Induced Movement Therapy (CIMT) [22].
This technique refers to the contralateral upper limb con-
straint (the arm without neurologic deficit) in a sling (or
more recently the mitt). The idea is to induce immobilization
(evoking inhibition, as hypothesized in this paper) of the
“good” arm to help recovery of the hemiparetic arm. Despite
the clinical relevance of this method, its neurophysiological
basis remains to be understood [23].

Based on the expectation that arm elevation facilitates
and the restraint of upper limb inhibits control of motor
action, we studied interhemispheric communication as a
function of such inhibitory/facilitatory interactions during
limb action, using fMRI to help answer this important
question in motor physiology.

2. Methods

2.1. Participants. Seventeen healthy volunteers (10 Female/7
Male; Age: 43 ± 13.5 years; 17 right handed) according to the
Edinburg Handedness scale [24] participated in this study.
They reported no history of neurological or psychiatric dis-
ease and they were not taking medication. The experimental
procedures were approved by the ethics committee of Faculty
of Medicine, University of Coimbra, Portugal. All subjects
gave written informed consent according to Declaration of
Helsinki prior to their participation.

2.2. Functional Magnetic Resonance Imaging (fMRI) Scanning

2.2.1.Motor Paradigm. All participants underwent one struc-
tural magnetic resonance scan and two functional mag-
netic resonance (fMRI) scanning sessions: (1) the dominant
upper limb was restrained while the nondominant upper
limb performed arm elevation; (2) the opposite stimulation
pattern was applied (nondominant restrained upper limb
and dominant facilitation of arm elevation). Dominant and
nondominant arms are equivalent in the sense that both
arms were submitted to the same manipulations across the
experiment. Accordingly, the experimental conditions across
experimental runs of fMRI sessions were equivalent for the
dominant arm and nondominant arm. The experimental
design was symmetrical in the sense that movements were
studied in amirror-likemanner, using the same simplemotor
tasks across runs.

2.2.2. Sequence of Motor Paradigm. The sequence of each
cycle of the motor paradigm was composed of five blocks
(each lasting 30 seconds).The first, third, and the last block in
a single experimental cycle were the baseline. Experimental
conditions took place in between these blocks. The first
condition consisted of a simple facilitation of arm eleva-
tion (AE). The second condition was combination of the
facilitation of the arm elevation plus the contralateral upper
limb restraining (AE + LR) to promote the inhibition of its
motor action. All blocks were subdivided in three periods
of ten seconds (see Figure 1). In total there were fifteen
periods, repeated 10 times (cycle repetitions) with balanced
experimental conditions. The schematic of experimental
design in functional imaging experiments is described in
Figure 1. To minimize the motion of the participant’s head
during the acquisition, a foam padding was employed. We
also recorded the 6 parameters describing residual remaining
head motion for the final correction, using a postacquisition
standard motion correction method (run in Brain Voyager
QX 2.4) for final coregistration of all acquired functional
volumes.

2.2.3. Detailed Task Description. Facilitation of arm elevation
(AE) refers to the arm flexion, at the glenohumeral joint, with
the elbow in full extension. A customized Cellacast splint was
placed on the anterior part of arm and forearm in order to
ensure elbow extension (Figure 2).

Near bore manual assistance by the researcher/phys-
iotherapist was applied to all 17 subjects to help initialize arm
motion and to orient the movement trajectory.

The facilitation of arm elevation was defined as a motor
action composed by three periods with ten seconds each:
upward, hold, and downward. The upward period was per-
formed in order to promote concentric contraction of the
flexormuscles of the shoulder.The hold period corresponded
to the stopping of motion at 30–40 degrees (maximum range
motion compatible with the space within of fMRI scanner)
of the arm elevation and to the activation of the flexor
muscles to sustain the upper limb,with isometric contraction.
In the downward period, when the upper limb returns to
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Conditions Baseline Arm elevation Baseline Arm elevation Baseline
Periods

(10 seconds) 1 Upward Hold Downward 2 Upward Hold Downward 3

Dominant  
upper limb 
restraint   

 

  
 

Nondominant 
Arm elevation

Dominant
arm elevation

    
Upper limb 

restraint  
 Frontal view Lateral view Frontal view Lateral view Frontal view

+ limb restraint

Legend
Black upper limb: active assisting limb for arm elevation
↑ : upward arm motion
=: hold arm in elevation
↓ : downward arm motion

Nondominant 

Figure 1: Schematic of experimental design in functional magnetic resonance imaging experiments. Limb manipulation during the
experimental blocks (and control contralateral motion or restraint positioning during mid-period in baseline) is depicted by arrow symbols.

Arm elevation
Arm elevation
+ limb restraint

Figure 2: An illustration of the setup used to ensure restraint and
specific mobilization of the shoulder joint.

the neutral position, the flexor muscles of shoulder had
made the eccentric contraction. During all periods, shoulder
elevation had one slow trajectory. To facilitate the movement,
a mobilization was performed in assisting-active mode, in
which the researcher/physiotherapist induced themovement.
For each period, subjects heard verbal instructions indicating
the motor activities and rest.

The baseline lasted 30 seconds. In the mid 10 seconds
we applied or removed the restraint slings, as appropriate
(Figure 2). The verbal instructions consisted of providing
indications for “not move” in resting or “let move” in
successive subphases.

The contralateral limb restraint (LR) was achieved by
keeping shoulder adduction, crossing the arm in such a way
that the hand was over the contralateral pelvis. Customized
abdominal and hand slings with Velcro strips were used to
ensure an efficient limb restriction and quick release.

We verified using MR compatible video monitoring
whether restraint was effective. No mirror movements were
observed during mobilization, ensuring that our procedure
was sufficient to preclude movement.

2.2.4. Data Acquisition. Magnetic resonance imaging data
were collected on a 3 Tesla Siemens Tim Trio at the Por-
tuguese Brain Imaging Network. High resolution anatomical
images were acquired for each participant using a T1-weightd
MPRAGE sequence 1 × 1 × 1mm voxel size, repetition time
(TR): 2300ms, echo time (TE): 2,98ms, flip angle (FA) 9∘,
field of view (FOV): 256mm. The fMRI for each shoulder
elevation (dominant and nondominant) was obtained using
a T2 weighted BOLD contrast echo planar imaging sequence
2.5 × 2.5 × 3mm voxel size, TR 3000ms, TE 38ms, FOV
256mm. During each experiment, T1-weighted anatomical
images were collected first followed by the functional runs.
Each set included 10 continuous scans for first run and second
run.

2.2.5. Image Processing and Data Analysis. The imaging data
analysis was performed using the Brain Voyager Software
(QX version 2.4; Brain Innovation B.V., The Netherlands;
http://www.brainvoyager.com). Before applying statistical
analysis, several preprocessing approaches were performed.
First, head motion was corrected (all <2mm) and three-
dimensional temporal filtering and slice scan time correction
were performed. The head motion correction algorithm
uses three translational (displacement) parameters and three
rotational parameters. These six parameters are appropriate
to characterize motion of rigid bodies: spatial displacement
can be described by translation along the 𝑥-, 𝑦-, and 𝑧-
axis and rotation around these axes. These parameters are
estimated iteratively by computing how a source volume
should be translated and rotated in order to better align with
the reference volume. Maps were automatically registered
into the standard Talairach space.

In the first level, data were analysed for each subject
separately using general linear models (GLM) to iden-
tify significantly activated voxels. After model estimation,
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Table 1: Activated brain regions by isolated dominant arm elevation and combined dominant arm elevation with nondominant upper limb
restriction.

Left
BA

6
3

n.a.
4
6
3
2

Frontal Lobe, Subgyral
Parietal Lobe, Postcentral Gyrus
Not applicable (n.a.)
Frontal Lobe, Precentral Gyrus
Frontal Lobe, Medial Frontal Gyrus
Parietal Lobe, Postcentral Gyrus
Parietal Lobe, Postcentral Gyrus

Region area, FDR < 0.002

872
204

0
5329
410
170
991

t
valueX Y Z

55 7.0
58 5.7
58 0
55 7.9
52 7.1
61 6.1
61 6.1

Right limb
Talairach coordinates (mm)-peak voxel

−34

−31

−31

−28

−19

−34

−37

−27

−21

−21

−33

−6

−33

−27

Number of
voxels

AE↑
AE=
AE↓

AE↓ + LR

AE↑ + LR
AE↑ + LR
AE= + LR

Table 2: Deactivated brain regions by isolated dominant arm elevation or combined dominant arm elevation with nondominant upper limb
restriction.

FDR

0.01
0.005
0.005
0.005
0.01
0.01

0.005
0.005
0.005
0.005
0.005
0.01

BARegion areat
valueX Y Z

Number of
voxels

Talairach coordinates (mm)-peak voxel
Right limb

45
45
34

45
42
30
30
30
12
12
45

−22

−22

−3

−3

3

−43

−22

−29

−19

5

−28

−40

−13

−22

46
46
48
61
46
55
61
46
61
61
55
46

Hemisphere

Right
Right
Right
Left

Right
Right
Right
Right
Right
Right
Right
Right

0
181
476
243

0
76
73
78
83

446
163

0

0

−7.0
−10.0
−8.1
0

−5.1
−6.1
−5.8
−5.8
−7.4
−6.3
0

Not applicable (n.a)
Parietal Lobe, Postcentral Gyrus
Parietal Lobe, Postcentral Gyrus
Frontal Lobe, Paracentral lobule
n.a.
Parietal Lobe, Postcentral gyrus
Parietal Lobe, P
Frontal Lobe, Middle frontal gyrus
Frontal Lobe, Precentral Gyrus
Frontal Lobe, Precentral Gyrus
Frontal Lobe, Medial Gyrus
n.a.

ostcentral gyrus

n.a.
2
3
5

n.a.
3
3
6
4
4
6

n.a.

AE↑

AE=
AE=

AE=

AE↓

AE↓ + LR

AE↑ + LR

AE= + LR
AE= + LR
AE= + LR

AE= + LR
AE= + LR

experimental contrasts derived from each participant were
calculated and analysed individually. A second-level analysis
with the total number of participants, using one-way repeated
measures ANOVAs, was run. In the first stage, whole-volume
GLMs were computed and corrected for temporal serial
correlations, for subsequent group inferences. Each fMRI
session with tasks for dominant and nondominant shoulder
elevation was then processed separately, using a random
effects analysis (RFX). This allowed inferring whether the
observed results might be generalized to the population.
Statistical maps were corrected for multiple comparisons
using the false discovery rate (FDR) procedure for individual
analysis in for BrainVoyager QX (2.4.), with 𝑃 < 0.05 and
group analysis with FDR < 0,05. Cluster-size thresholding
allowed for the definition of volumes of interest (VOIs) in
relation to defined Brodmann regions.

2.2.6. Statistical Models for Region of Interest Analysis (ROIs).
In order to compare the recruitment of brain regions induced
by the contrast presence versus absence of contralateral limb
restraint during arm elevation ((AE + LR) versus (AE)), we
computed the number of significant voxels in regions of
interest (ROIs) corresponding to defined regions of sensory
andmotor cortex (Brodmann areas 1, 2, 3, 4, 5, 6, 7, and 8) and
secondary somatosensory representation (Brodmann 40); for

other details see Tables 1–4. For comparisonwe used, as stated
above, the contrast analysis of (AE + LR) versus (AE), with
FDR < 0,05, 𝑃 (corrected) < 0,001.

3. Results

3.1. Dominant Arm Elevation Is Accompanied by Deactivation
of Ipsilateral Hemisphere. Our results showed the expected
activation of contralateral sensorimotor cortex and ipsilateral
cerebellum during shoulder elevation. The dominant hemi-
sphere elicited (as expected) less neural activation related to
contralateral limb movement than the nondominant hemi-
sphere (Figure 3). Importantly, we have found that only the
dominant arm elevation was accompanied by statistically
significant deactivation of ipsilateral sensorimotor cortex
in particular during the “hold” period (see Figure 3). This
signal reduction occurred without and with contralateral
limb restraint butwas augmented by the latter. In contrast, the
nondominant limb showed no ipsilateral deactivation during
limb elevation.

3.2. Contralateral Restraint Reduces the Area of Cortical
Activation during Nondominant Limb Action, but Not for the
Dominant Arm. We also found that dominant/nondominant
limb action induced distinct cortical activation patterns in
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Table 3: Activated brain regions by isolated nondominant arm elevation or combined nondominant arm elevation with dominant upper
limb restriction.

FDR BARegion areat
valueX Y Z

Number of
voxels

Talairach coordinates (mm)-peak voxel Right

0.001
0.001
0.001
0.005
0.005
0.005
0.005
0.005
0.005

32
33
27
23
26
29
26
22
27

−38

−37

−49

−35

−32

−32

−38

−26

−37

57
58
58
54
57
51
54
59
55

6099
1076
263

1167
593
377

1
108
218

11.4
11.4
9.4
8.7
7.8
8.9
9.6
7.2
7.9

Parietal Lobe, Postcentral gyrus
Parietal Lobe, Postcentral gyrus
Parietal Lobe, Superior Parietal lobule
Parietal Lobe, Subgyral
Parietal Lobe, Postcentral gyrus
Parietal Lobe, Postcentral gyrus
Parietal Lobe, Subgyral
Parietal Lobe, Postcentral gyrus
Parietal Lobe, Subgyral

5
2
7

40
3
3

40
3

40

Left Arm

AE↑
AE↑
AE↑
AE=
AE↓

AE↓ + LR
AE↓ + LR

AE↑ + LR
AE= + LR

Table 4: Deactivated brain regions by isolated nondominant arm elevation or combined nondominant arm elevation with dominant upper
limb restriction.

FDR BARegion areat
valueX Y Z

Number of
voxels

Talairach coordinates (mm)-peak voxel
Left Arm Hemisphere

Left
Left
Left
Left
Left
Left
Left
Left
Left
Left

0.005 26 41 0
0.005 26 41 0
0.005 26 41 0
0.005 26 41 73
0.005 17 43 130
0.005 6 44 59
0.005 16 43 116
0.005 7 52 86
0.001 6 44 169
0.001 18 41 7

−23

−23

−23

−23

−24

−24

−25

−34

−24

−25

0

0

0

−6.8
−6.4
−6.3
−4.9
−9.6
−6.7
−6.9

Not applicable (n.a)
n.a.
n.a.
Frontal Lobe, Middle Frontal Gyrus
Frontal Lobe, Middle Frontal Gyrus
Frontal Lobe, Middle Frontal Gyrus
Frontal Lobe, Middle Frontal Gyrus
Frontal Lobe, Middle Frontal Gyrus
Frontal Lobe, Middle Frontal Gyrus
Frontal Lobe, Middle Frontal Gyrus

n.a.
n.a.
n.a.

8
8
6
8
6
8
8

AE↑
AE=
AE↓

AE↓ + LR

AE↓ + LR
AE↓ + LR

AE↑ + LR
AE↑ + LR
AE↑ + LR
AE= + LR

the presence/absence of restraint. Accordingly, contralat-
eral restraint reduced the area of cortical activation during
nondominant limb action, but not for the dominant arm.
Tables 1, 2, 3, and 4 describe coordinates of brain regions
that activate (orange) or deactivate (blue) as a function of
dominant/nondominant limb action, with 𝑃 (corrected) <
0,001.

4. Discussion

The main goal of this study was to understand how cortical
interhemispheric interactions are modulated by motor facili-
tation versus restraint.

4.1. The Role of Hemispheric Expertise/Dominance. Our ob-
servations suggest a striking dissociation of deactivation
versus enhancement patterns depending on hemispheric
dominance. We found ipsilateral deactivation, in particular
during the hold period, and contralateral enhancement,
during the movement phase, for the dominant arm under
restraint conditions. In contrast, specific ipsilateral deacti-
vation was absent for the nondominant arm under such
restraint manipulation.

In other words, dominant arm elevation elicited inhi-
bition in the ipsilateral hemisphere (the one not planning
movement). This already occurred without restriction but
was enhanced by limb restraining. Nondominant arm eleva-
tion showed restriction induced smaller volume of significant
activation in the contralateral (planning movement) hemi-
sphere.

In summary, hemispheric dominance/expertise strongly
influences the patterns of interhemispheric modulation
induced by movement and restriction. Our result supports
the hypothesis that interhemispheric control is asymmetric
[25].

4.2. Ipsilateral Cortical Deactivation Only Occurs in Domi-
nant Arm Elevation. The observed pattern of deactivation
ipsilateral to the moving limb had been previously reported
[26] but not the changes reported here concerning activa-
tion/deactivation imbalance with and without restriction and
as a function of limb dominance/expertise. Our observations
were most salient, as expected, during the hold phase of
movement (arm elevation) corresponding to isometric mus-
cle contractions.

Interestingly, our findings concerning the nondominant
limb are also consistent with observations [5] that the
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Arm elevation
Upward Hold Downward 

Arm elevation

Arm elevation

Upward Hold Downward 

Upward Hold Downward 

Upward Hold Downward 

Dominant upper limb

+ contralateral limb restraint

Nondominant upper limb

Arm elevation
+ contralateral limb restraint

Blue deactivation

Orange/yellow activation

−8.00

−3.87
8.00

3.87

All statistical maps with q(FDR) < and P < 0,0010,05

Figure 3: Statistical maps for tasks involving elevation coupled or not with restraint of dominant and nondominant upper limbs (𝑛 = 17,
RFX, 𝑃 (corrected) < 0,001).

nondominant limb often recruits larger volumes of activation
in the motor cortex and surrounding regions.The cited study
[5] did not however impose any modulatory manipulation.
Our restraint manipulation for elevation of the nondominant
limb yielded a much smaller elevation induced volume of
activation.

Our results have large implications in terms of the
physiology of plasticity, rehabilitation, and the development
of therapeutical protocols that attempt to correct activa-
tion/deactivation balance.

The findings presented here may be helpful in the refine-
ment of protocols for stroke rehabilitation such as the ones



Neural Plasticity 7

based on transcranial magnetic stimulation (TMS) [27–29].
This is because of the evidence shown here that modula-
tion of deactivation/excitation is dependent on hemispheric
dominance. Future studies should explore the efficacy of
TMS protocols and/or physiotherapy of neurologic deficits
involving the upper limb, based on these concepts.

4.3. Effects of Limb Restraint in the Absence of Contralateral
Movement: Implications for Modulation of Rest Excitability.
An isolated inhibitory effect of arm restraining was expressed
by robust deactivation for contralateral hemisphere of non-
motor and motor areas.

This effect was therefore present not only during move-
ment but also during rest. This suggests that, if tonically
prolonged, it might possibly lead to long lasting structural
changes. This was indeed observed by Langer et al. [30] who
reported structural changes (decreases in cortical thickness)
on ipsilateral primary motor and somatosensory area after
16 days of upper limb immobilization. Moreover, Avanzino
et al. [31] refer to a reduction on activation on ipsilateral
primary motor after 10 hours period of hand nonuse. Taken
together, these observations may have real-life implications
for rehabilitation in diseases such as stroke. Future longitudi-
nal studies linking functional and structural changes directly
will be helpful to support this idea.

4.4. Perspectives for Neurorehabilitation. The efficiency and
monitoring of neurorehabilitation depends in part on the
identification of the physiological effects [32] of available
technical procedures and how they interact with the neu-
rological condition being treated [33]. This is particularly
relevant concerning the study of functional interactions
(motor facilitation versus inhibition) for stroke rehabilitation
[22, 34, 35].

4.5. General Implications and Future Work. Our results
provide a physiological basis for interventions used in the
physiotherapy domain, such as the inhibition technique
known as the Constraint Induced Movement Therapy [22,
36].This therapeutic approach is used in stroke treatment and
our results suggest that different outcomes may be observed
when applied to the nondominant or dominant upper limb.

For the first time we were able to induce in a quasinatural
way modulation of brain activity taking advantage of the
process of isolating and selecting each component of the full
motor action in dorsal decubitus position. Our findings can
potentially illuminate the adjustment of current protocols
[37] in physiotherapy and TMS based on the support for
inhibition theories provided by this work.

fMRI proved to be a promising measure that might be
used in the future for fine tuning of clinical decision making
in neurorehabilitation, as a complementary tool to other
technologies such as electroencephalography and TMS [38].

5. Conclusion

We have found that modulation of interhemispheric com-
munication based onmotor inhibition/facilitation is strongly

dependent on hemispheric dominance/expertise.These find-
ings have strong implications for the neurophysiology of
neurorehabilitation.
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