L. C. P. da Silva, C. C. S. C. Paz, A. M. F. L. Miranda de S3,

and C. J. Tierra-Criollo

Abstract

Stroke is caused by a lack of blood supply in a particular
region of the brain that may be a consequence of clot
formation or rupture of the blood vessel. It presents high
incidence, generating permanent neurological sequelae,
which leads to motor impairment and functional limita-
tions. It is necessary to identify techniques of motor
rehabilitation that favour the cortical reorganization and
the functional recovery of affected individuals. Motor
imagery (MI) is a technique used in motor rehabilitation
of individuals with motor deficit, defined as mental
simulation of movements without movement actually
occurring. MI activates the same cortical regions as the
execution of the movement, especially the motor area and
the somatosensory cortex. The objective of this study was
to investigate changes in cortical activity related to MI
rehabilitation (during 1 month—three session/week) in
hemiparetic individuals after stroke. EEG signals from
eight post-stroke individuals were registered one week
before MI rehabilitation (BMI) and 1 month after
rehabilitation (Follow-up), during motor task execution
(MOV) and motor task imagination (IMG). Magnitude
squared of coherence (MSC) was evaluated, using 50
epochs of the EEG signal considered without artefact. The
delta band presented the highest MSC values in both
conditions (MOV and IMG), mainly in frontal and central
regions. Only two volunteers presented MSC values in
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the Follow-up period higher than in the period before
mental rehabilitation, mainly on electrodes F3 (p = 0.04),
C3 (p = 0.036) and F4 (p = 0.02).
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1 Introduction

Stroke affects about 15 million people annually, with one-third
of individuals showing some sort of permanent neurological
sequelae. This disease presents high incidence and prevalence,
generating sequels that lead to motor impairment and func-
tional limitations. Due to the clinical relevance of this condi-
tion, it is necessary to identify motor rehabilitation techniques
that improve cortical reorganization and functional recovery
of these individuals [1, 2]. Motor imagery (MI) is one of these
techniques for rehabilitation after stroke [3].

The definition of MI is a mental simulation of movements
without actual movement [3]. MI promotes activation of
motor and somatosensory cortex areas, which are the same
cortical regions activated during movement [4]. Studies
considered 1st person MI (MI kinesthetic) an important
therapeutic tool in motor recovery of post-stroke individuals,
mainly due to hemiparesis, which affects active movement,
making it difficult for motor rehabilitation [2, 5].

Electroencephalography (EEG) signals are used in the
evaluation of sensory and cognitive processes. One of the
main methods of electrophysiological analysis is the iden-
tification of process-related or event-related cortical activa-
tion by EEG signal analysis. Magnitude-Squared Coherence
is a technique used in the analysis of somatosensory
responses in individuals without neurological dysfunctions
[6]. The MSC evaluates the linear dependence between the
harmonic components of the stimulus (or motor task) and the
brain response. In post-stroke individuals, cortical patterns
have been poorly evaluated, requiring further studies to
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understand how and to what degree the MI influences the
brain electrical activity of these individuals [5].

The objective of this study was to investigate changes in
cortical activity based on MSC of EEG signals related to MI
rehabilitation in hemiparetic individuals after stroke.

2 Methodology

2.1 Volunteers

The EEG signals of post-stroke individuals were recorded
following the protocol approved by the Ethics Committee of
the Federal University of Minas Gerais (ETIC 467/08).
Signal analysis was realized at the Laboratory of Signal
Processing and Medical Imaging (LAPIS) at the Federal
University of Rio de Janeiro.

The sample consisted of nine volunteers (5 women) with
mean age of 42.2 + 12.2 years (between 23 and 54 years)
and injury time ranging from 7 to 24 months (mean of
13 £+ 6.5 months), with 5 right-handed individuals. Inclu-
sion criteria: age between 20 and 60 years; diagnosis of
unilateral stroke for more than 6 months; participation in a
physiotherapy program for strengthening and stretching the
muscles of the paretic upper limb since the acute phase of the
stroke; commitment of its dominant side; without cognitive
deficit (score > 18 in Mini Mental Health Examination—
MESM); capability to perform active flexion of at least 10°
from the neutral wrist, metacarpophalangeal and interpha-
langeal position of the thumb [2]. Participants did not use any
medication that would interfere with the EEG signal.
Exclusion criteria: Difficulty in performing motor imagery,
identified by score < 4 in the questions of the revised motor
imagination questionnaire (MIQ-RS) (Gregg et al. 2007).

Motor rehabilitation consisted of conventional physio-
therapeutic intervention (CPI) associated with MI. A physical
therapy practitioner performed CPI in post stroke subjects for
4 weeks (30 min per session, 3 times per week). The CPI
emphasized stretching of the flexor muscles and strengthening
of the flexor and extensor muscles of the shoulder, elbow and
wrist, in addition to the scapular muscles. The IM tasks were in
first-person perspective (where the individual imagines to
perform the movements) and selected according to the indi-
vidual’s goal, being specific to each one. For example, indi-
vidual #1 focused on picking glass and can (Ist week),
manipulating objects (2nd week), using cutlery (3rd week) and
combing hair (4th week), while individual #9 focused on
opening and closing jars to direct, to use cutlery and to button
clothes and shoes in the first, second, third and fourth weeks,
respectively. The intensity of the tasks was progressive,
starting with simpler tasks and evolving to more complex
tasks, focusing on the reach and grasp of certain objects [2].
Further details of the rehabilitation process can be found at [2].
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Data acquisition. The experiment started with volunteers
positioned in a comfortable armchair, with supported upper
limbs. EEG signals acquired in two periods: a week before
MR (BMR) and 1 month after MR (Follow-up). At each
recording session, there were collected: (1) 15 min of
spontaneous EEG; (2) 15 min of grasping movement in
dominant hand (MOV) and (3) 15 min of grasping MI in
dominant hand (IMG). EEG signal was recorded at 17
electrodes placed according to the international 10-20 sys-
tem. A biological signal amplifier (BrainNET BNT-36) was
used, presenting bandpass filter between 0.1 and 100 Hz,
notch filter at 60 and 600 Hz sampling frequency.

The EEG signal was recorded using a protocol similar to
that in Santos Filho et al. (2009). The red LED was triggered
4 s before the motor task, remaining until the beginning of
the task. The yellow LED was activated 3 s after the red
LED was, remaining on for 1 s until the motor task start. The
LEDs had different functions in the protocol: the red LED
was used to focus the attention of the participant in the
procedure and the yellow LED indicated preparation for
task. After the 4-s interval, both LEDs were turned off
indicating the order of accomplishment of the task.
Individuals performed the task after the shutdown of both
LEDs.

EEG signals were filtered with a 2nd-order Butterworth
bandpass (0.1-40 Hz) and segmented into 14-s epochs (—4
to 10 s), synchronized with the motor task execution
(t = 0 s). The interval (—1 and 3 s) was selected, where the
response related to the motor task would be expected [6].
Epochs considered to have artefacts (visually identified)
were rejected. Finally, Magnitude-Squared Coherence
(MSC) was estimated for each volunteer in both conditions
MOV and IMG. EEG signal from one of the individuals was
excluded because it was highly contaminated by artefacts.
For statistical analysis, the Wilcoxon test was used to
compare the BMR and Follow-up periods for each volunteer,
both in the MOV and IMG conditions, considered as sta-
tistically significant values of p < 0.05.

Magnitude-Squared Coherence (MSC). Technique pro-
posed to test for the presence of evoked responses in EEG
signal [6, 7]. Coherence between two signals x(n) and y(n) is
defined as the cross-correlation spectrum between these
signals and quantifies the linear dependence between their
harmonic components. Assuming x(r) to be the EEG signal
registered from the scalp and y(n) identical in all epochs of
these signal (i.e. an intermittent stimulation or given task),
MSC can be estimated as:

M 2
B 1> Xi(f)|
MY ()P

where X(f) is the Discrete Fourier Transform (DFT) of the
i-th epoch of x(n) and M, the number of epochs in the signal.

MSC(f) (1)
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For the case of lack of coherence between the signals x(n) and
y(n) (null hypothesis), MSC follows a beta distribution with
the following parameters [8]:

MSC(f)~p(1,M — 1) (2)

where fi; a1y is the standard beta distribution with param-
eters 1 and M — 1. The critical value of MSC for a signifi-
cance level o, considering the null hypothesis test for the
absence of stimulus, is calculated by [8]:

MSC.piy = 1 — ot (3)
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In the absence of response to the event, MSC tends
asymptotically to O when M tends to infinity. At frequency f,
the presence of synchronized response to the event is
expected for MSC(f) > MSC,,;.

3 Results

The number of epochs without artefacts was 50 (M = 50),
leading to MSC,,;, equal to 0.0593 (Eq. 3). The delta band
(<4 Hz) presented higher MSC values, especially in frontal
and central cortical regions in both conditions, MOV and
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Fig. 1 (continued) Before RM
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Table 1 Summary of volunteers that presented differences between periods Follow-up and BMR

Volunteer Condition Comparison Channel p-value
#1 MOV Follow-up > BMR F4 0.02
IMG Follow-up > BMR C3 0.036
#8 MG Follow-up > BMR F3 0.04
#5 MOV BMR > Follow-up C3 0.015
MOV BMR > Follow-up F3 0.025
IMG BMR > Follow-up F3 0.01

IMG (Fig. 1). In this band, the Follow-up and BMR periods
were compared, for each volunteer, in each conditions MOV
and IMG.

Three volunteers (#1, #5 and #8) presented statistically
significant differences (p < 0.05) in MSC values between
periods Follow-up and BMR (Table 1). In volunteers #1 and
#8, F3 (Fig. 1a) and C3 (Fig. 1b) electrodes in condition
IMG and F4 electrode in condition MOV (Fig. 1c) had
higher MSC values in period Follow-up. On the other hand,
volunteer #5 exhibited opposite behaviour (i.e.,
BMR > Follow-up) in C3 and F3 electrodes in condition
MOV and F3 electrode in condition IMG.

4 Discussion

Acute influence of motor rehabilitation with MI on cortical
activity has been the focus of recent studies [9, 10]. In
volunteers without neurological dysfunctions, Paz et al. [10]
found increased values of MSC in the delta band ( <4 Hz)
after MI training [10]. The delta band is related to the

accomplishment of mental tasks, mainly to the difficulty of
the task and to the inhibition of stimuli unrelated to the
performance of the task [11]. The increase in neural effi-
ciency and the favoring of motor learning are related to
higher values of coherence in the delta band [10].

Our work showed that, during the execution of the motor
task in individuals after stroke, the delta band had the highest
MSC values. The initial hypothesis, in relation to the con-
ditions studied (BMR and Follow-up), was that the effect of
training with MI would be similar to that occurring in nor-
mal volunteers (MSC in Follow-up > MSC in BMR) [10].

Post-stroke volunteers showed motor improvement after
MI training, assessed by the Minnesota Manual Dexterity
Test (MMDT) and gait speed [2]. However, despite motor
improvement, the MSC of 5 volunteers did not present sta-
tistically significant differences between BMR and Follow-
up conditions. Only Two volunteers presented MSC values
in the Follow-up period higher than in BMR (p < 0.05) at
F3, C3 and F4 electrodes. The other volunteer presented
opposite results, exhibiting higher values in the BMR period
(p < 0.05), at C3 and F3 electrodes.
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In the volunteers who presented difference, the results
suggest that the motor task in Follow-up was more syn-
chronized to the stimulus than in BMR because it presented
higher MSC values. However, in most individuals, there was
no difference between the periods studied. It is speculated
that the brain region and extension of the lesion may influ-
ence this aspect. Damage to the sensorimotor cortex due to a
cortical stroke can result in a reduction in the size of the
sensorimotor cortex and thus to the processing capacity of
the cortex, as assessed by neurophysiological markers [12].

Future studies will be needed to improve results. Evalu-
ation of individuals (e.g., laterality and stroke extension), in
addition to EEG signal analysis by other processing tech-
niques (e.g., Event-related EEG synchronization and
desynchronization and Entropy) will be important for
understanding the physiological mechanisms involved.
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