See discussions, stats, and author profiles for this publication at:

ResearchGate

Electroencephalographic markers of robot-
aided therapy in stroke patients for the
evaluation of upper limb rehabilitation

ARTICLE /7 INTERNATIONAL JOURNAL OF REHABILITATION RESEARCH - AUGUST 2015

Impact Factor: 1.28 - DOI: 10.1097/MRR.0000000000000125

READS
117

7 AUTHORS, INCLUDING:

Fondazione Ospedale San Camillo, Venezia

112 PUBLICATIONS 1,932 CITATIONS

SEE PROFILE

ﬁ' University of Rome Tor Vergata

122 PUBLICATIONS 857 CITATIONS

SEE PROFILE

Sapienza University of Rome

50 PUBLICATIONS 633 CITATIONS

SEE PROFILE

Istituto di Ricovero e Cura a Carattere Scie...

123 PUBLICATIONS 1,273 CITATIONS

SEE PROFILE

Available from: Roberta Lizio
Retrieved on: 04 April 2016


https://www.researchgate.net/publication/281332950_Electroencephalographic_markers_of_robot-aided_therapy_in_stroke_patients_for_the_evaluation_of_upper_limb_rehabilitation?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_2
https://www.researchgate.net/publication/281332950_Electroencephalographic_markers_of_robot-aided_therapy_in_stroke_patients_for_the_evaluation_of_upper_limb_rehabilitation?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_3
https://www.researchgate.net/?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_1
https://www.researchgate.net/profile/Patrizio_Sale?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Patrizio_Sale?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Fondazione_Ospedale_San_Camillo_Venezia?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Patrizio_Sale?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Roberta_Lizio?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Roberta_Lizio?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Sapienza_University_of_Rome?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Roberta_Lizio?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Calogero_Foti?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Calogero_Foti?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_5
https://www.researchgate.net/institution/University_of_Rome_Tor_Vergata?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Calogero_Foti?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Marco_Franceschini?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Marco_Franceschini?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Istituto_di_Ricovero_e_Cura_a_Carattere_Scientifico_San_Raffaele_Pisana?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Marco_Franceschini?enrichId=rgreq-d7a22a94-5d5b-438a-af54-70e396ff7fee&enrichSource=Y292ZXJQYWdlOzI4MTMzMjk1MDtBUzoyNzEzODEyMzM0MDE4NTZAMTQ0MTcxMzczNjI4Ng%3D%3D&el=1_x_7

[ |

v V.

NILDE

Metwork Inter-Library Document Exchange

Il presente documento viene fornito attraverso il servizio NILDE dalla Biblioteca fornitrice, nel rispetto della vigente normativa sul Diritto d’Autore (Legge n.633
del 22/4/1941 e successive modifiche e integrazioni) e delle clausole contrattuali in essere con il titolare dei diritti di proprieta intellettuale.

La Biblioteca fornitrice garantisce di aver effettuato copia del presente documento assolvendo direttamente ogni e qualsiasi onere correlato alla realizzazione

di detta copia.

La Biblioteca richiedente garantisce che il documento richiesto & destinato ad un suo utente, che ne fara uso esclusivamente personale per scopi di studio o
diricerca, ed e tenuta ad informare adeguatamente i propri utenti circa i limiti di utilizzazione dei documenti forniti mediante il servizio NILDE.

La Biblioteca richiedente e tenuta al rispetto della vigente normativa sul Diritto d'Autore e in particolare, ma non solo, a consegnare al richiedente un'unica
copia cartacea del presente documento, distruggendo ogni eventuale copia digitale ricevuta.

Biblioteca richiedente:
Data richiesta:
Biblioteca fornitrice:

Data evasione:

Biblioteca IRCCS San Raffaele Pisana
07/09/2015 17:20:42
Biblioteca IRCCS Fondazione Santa Lucia - Roma

08/09/2015 10:29:27

Titolo rivista/libro:

Titolo articolo/sezione:

Autoreli:
ISSN:

DOI:

Anno:
Volume:
Fascicolo:
Editore:
Pag. iniziale:

Pag. finale:

International journal of rehabilitation research (Online)

Electroencephalographic markers of robot-aided therapy in stroke patients for theevaluation of upper limb rehabilitation
Sale P, Infarinato F, Del Percio C, Lizio R, Babiloni C, Foti C, Franceschini M

1473-5660

10.1097/MRR.0000000000000125

2015



Original article 1

Electroencephalographic markers of robot-aided therapy in
stroke patients for the evaluation of upper limb rehabilitation
Patrizio Sale®*, Francesco Infarinato®*, Claudio Del Percio® Roberta Lizio?,
Claudio Babiloni*®, Calogero Foti® and Marco Franceschini®

Stroke is the leading cause of permanent disability in
developed countries; its effects may include sensory, motor,
and cognitive impairment as well as a reduced ability to
perform self-care and participate in social and community
activities. A number of studies have shown that the use of
robotic systems in upper limb motor rehabilitation
programs provides safe and intensive treatment to patients
with motor impairments because of a neurological injury.
Furthermore, robot-aided therapy was shown to be well
accepted and tolerated by all patients; however, it is not
known whether a specific robot-aided rehabilitation can
induce beneficial cortical plasticity in stroke patients. Here,
we present a procedure to study neural underpinning of
robot-aided upper limb rehabilitation in stroke patients.
Neurophysiological recordings use the following: (a) 10-20
system electroencephalographic (EEG) electrode montage;
(b) bipolar vertical and horizontal electrooculographies; and
(c) bipolar electromyography from the operating upper limb.
Behavior monitoring includes the following: (a) clinical data
and (b) kinematic and dynamic of the operant upper limb
movements. Experimental conditions include the following:
(a) resting state eyes closed and eyes open, and (b) robotic
rehabilitation task (maximum 80 s each block to reach
4-min EEG data; interblock pause of 1 min). The data
collection is performed before and after a program of 30
daily rehabilitation sessions. EEG markers include the
following: (a) EEG power density in the eyes-closed
condition; (b) reactivity of EEG power density to eyes
opening; and (¢) reactivity of EEG power density to robotic

Background

The incidence of stroke in Italy varies from 250 to
300/100 000. About 130 000 Italians suffer from first-cver
stroke each vyear and 50000 from recurrent stroke
(Indredavik ez a/., 1998, 1999, 2009; Blinzler ¢ al., 2010;
Mishra e al., 2010). It is the leading cause of permanent
disability in developed countries; treatments of stroke
survivors are aimed at a faster and more efficient motor
recovery (Franceschini 7 a/., 2012). The effects of stroke
may include sensory, motor, and cognitive impairment as
well as a reduced ability to perform self-care and paru-
cipate in social and community activities (Mayo e /.,
1999). The acute phase immediately following a stroke
event is a tme of extreme dynamic evolution in a
patient’s condition. In the following days (10-60 days),
the clinical state of a certain patient could place him/her
on one of several possible recovery paths, thus providing

0342-5282 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

rehabilitation task. The above procedure was tested on a
subacute patient (29 poststroke days) and on a chronic
patient (21 poststroke months). After the rehabilitation
program, we observed (a) improved clinical condition;

(b) improved performance during the robotic task;

(c) reduced delta rhythms (1-4 Hz) and increased alpha
rhythms (8-12 Hz) during the resting state eyes-closed
condition; (d) increased alpha desynchronization to eyes
opening; and (e) decreased alpha desynchronization during
the robotic rehabilitation task. We conclude that the present
procedure is suitable for evaluation of the neural
underpinning of robot-aided upper limb

rehabilitation. International Journal of Rehabilitation
Research 00:000-000 Copyright © 2015 Wolters Kluwer
Health, Inc. All rights reserved.
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quantitative clues to late prognosis (Wevers ¢ a/., 2009;
Langhorne ¢ a/., 2011). Up to 60% of patients with stroke
have poor dexterity in the upper extremity late after
onset (Veerbeek e al, 2011; Sale and Franceschini,
2012).

Numerous studies have shown that ascertaining the
effectiveness of rehabilitative interventions on conditions
leading to long-term disability, such as stroke, is a com-
plex task because the outcome depends on many inter-
acting factors (Semprini ¢ @/, 2009; Langhammer and
Lindmark, 2012; Sale er af., 2012; Fazekas, 2006, 2013;
Huang ¢ a/., 2012). 'The use of robotic systems in upper
limb motor rehabilitation programs has already been
shown to provide safe and intensive treatment to patients
with motor impairments because of a neurological injury.
Several studies have shown the advantages of robotic

DOI: 10.1097/MRR.0000000000000125
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therapy in chronic poststroke patients for delivering
repetitive training, thus facilitating high-intensity and
volume training, even if no consistent influence on
functional abilities was found and evidence of better
results providing intensive treatments, both robotic and
conventional rehabilitative  techniques, was found
(Mehrholz er al., 2008; Bovolenta er al., 2009; Lo er al.,
2010; Bovolenta er a/., 2011). The robot-aided therapy
was shown to be well accepted and tolerated by all
patients. Previous studies have shown a significant
decrease in motor impairment in the paretic upper limb
after the robot-aided treatment both in chronic and in
subacute patients on the shoulder and elbow joints
(Posteraro er al., 2009, 2010; Bovolenta e af., 2011;
Mazzoleni ez al., 2011; Zollo ef al., 2011; Leon ef al., 2014;
Sale ¢/ al., 2014a, 2014b, 2014c¢).

The above-mentioned studies suggest that robot-aided
treatment is a useful approach to improve motor perfor-
mance in stroke patients. However, it is not known
whether a specific robot-aided rehabilitation can induce
beneficial cortical plasticity in stroke patients. In the last
few years, several studies have shown that quanttative
analysis of electroencephalographic (EEG) rhythms in
awakening patients at rest (eyes closed) is a low-cost, easy
to perform, and widely available neurophysiological
approach for the study of cortical activity in stroke
patients. Specifically, previous studies have shown that
compared with normal elderly individuals, stroke patients
were characterized by a higher amplitude of delta
rhythms (1-4 Hz), often accompanied by a decrease in
alpha rhythms (8-12 Hz) particularly at electrodes over-
lying the ischemic regions (Murri e af, 1998;
Fernindez-Bouzas e @/, 2000; Luu ¢ «/., 2001). It has
also been reported that the amplitude of resting EEG
rhythms can aid monitoring of brain pathophysiology and
prediction of stroke evolution (Cuspineda et a/., 2007;
Finnigan et a/., 2004, 2007). Indeed, a relationship was
found between amplitude of EEG delta rhythms and
deltafalpha ratio acquired within 8 and 15 h after stroke
and Institutes of Health Stroke Scale Scores (NIHSSS) at
30 days after stroke (Finnigan et a/, 2004, 2007).
Similarly, the global power of EEG data acquired within
72 h after stroke onset was significantly correlated with
Rankin scale scores at 3 months after stroke (Cuspineda
et al., 2007). More recently, the efficacy of an EEG-based
motor imagery brain~computer interface technology
system coupled with MIT-Manus was investigated,
showing the correlation of the revised brain symmetry
index with motor improvements indexed by the Fugl-
Meyer Assessment of Motor Recovery After Stroke (M)
score (Ang ef al., 2014).

T'he present study aimed to describe a methodological
approach to study the neural underpinning of robot-aided
upper limb rehabilitation in stroke patients. To address
this issue, we recorded EEG data from a postacute and a
chronic stroke patient during resting state and a robotic

rehabilitation task before and after a program of 30 daily
rehabilitation sessions to show that this methodological
approach allows the recording of high-quality EEG data.
The quality of the EEG data was evaluated by the rate of
artifact-free EEG epochs and by the features of dominant
alpha rhythms (about 8-12 Hz) during resting state and
the robotic rehabilitation task. It is noteworthy that
because of the limited number of observations, we could
not test specific hypotheses, namely, the modulation of
EEG cortical activity after robot-aided therapy. For this
reason, we report exclusively the global cortical activity of
two stroke patients before and after the rehabilitation
program.

Methods

Patients

A 56-year-old male patient, with chronic stroke-related
lesions, partial anterior circulation infarct in the right
hemisphere (August 2009), left hemiparesis with a
moderatefsevere upper limb impairment, and moderate
disability (Barthel Index 61/100), and a 75-year-old
female patient, with subacute stroke-related lesions, left
hemisphere right hemiparesis with a severe upper and
lower limb impairment, and severe disability at the
admission (Barthel Index 2/100) were recruited. The
chronic patient had experienced the acute event at least
2 years before the study (time from onset of neurological
damage 21 months) and the subacute stroke patient had
experienced the acute event at least 29 days before the
study. Both patients provided their informed consent
according to the Declaration of Helsinki. They were free
to withdraw from the studv at any time. The procedure
was approved by the local Institutional Ethics
Committee.

Design of the system for simultaneous recording of
electrophysiological, kinematic, and dynamic data
during the robotic rehabilitation task

Figure 1a plots the general scheme of the system for the
simultaneous recording of electrophysiological, Kkine-
matic, and dynamic data during a robot-aided session of
motor rehabilitation. Figure 1b shows in planar view the
schematization of the data acquisition.

The system is composed of several interconnected items.
It is noteworthy that these items are commercial products
whose technical features and quality are well known
(they were licensed by European community regulatory
agencies at the time they were approved for commer-
cialization, etc.). The novelty of the present methodolo-
gical approach is their interconnection for new scientific
purposes.

Specifically, the patient performed the robotic motor
rehabilitation with the InMotion2 robotic machine (MI'T-
Manus InMoton2; Interactuve Moton Techno-
logies Inc., Boston, Massachusetts, USA), a robot
designed for clinical and neurological applications (Krebs

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Fig. 1

EEG in robot-aided neurorehabilitation Sale ef al. 3

(a) Sketch of system for the EEG/EOG/EMG
recording during robot-aided therapy

General scheme

MIT-Manus data

EMG data

EEG/EOG data

(b) Planar view
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(a) general scheme of the system for the simultaneous recording of electrophysiological, kinematic, and dynamic data during a robot-aided session
of motor rehabilitation. (b) Planar view of the schematization of the data acquisition. EEG, electroencephalography; EMG, electromyography;

EOG, electrooculography.

et al., 1998). The InMotion2 robotic machine supports
the execution of reaching movements in the horizontal
plane through an ‘assist as needed’ control strategy,
which is described below. The robot can guide the
movement of the upper limb of the patients and record
end-effector physical quantities such as the position,
velocity, and applied forces. During the robot-aided

session of motor rehabilitation, the patient wore an
EEG caps including 19 electrodes placed according to a
10-20 system connected to a multichannel amplifier box
(BrainAmp; Brain Products GmbH, Miinchen, Germany)
that also received the individual bipolar electrooculo-
graphic (EOG) and electromyographic (EMG) signals. A
synchronous start signal was given to allow the

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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simultaneous recording of electrophysiological, kine-
matic, and dynamic indices and to start the rehabilitation
session. Of note, in the above system, the patients were
electrically decoupled to satisfy international safety
guidelines and to record high-quality EEG-EOG-EMG
signals.

Rehabilitative treatment

The robot-aided therapy session consisted of performing
exercises with the InModonZ robotic machine.
Specifically, the rehabilitative treatment consisted of a
total of 30 sessions lasting 45 min each, 5 days a week, for
a total period of 6 weeks; the rehabilitative protocol
designed by us consisted of exercises aimed at improving
both movement type (i.e. the joints involved, with a
proximal—distal progression) and mode of execution of
the movement itself, with progression from passive
movement to free movement.

Each patient sat in front of the monitor handling a robotic
manipulandum with the plegic arm. They were asked to
perform eight blocks of point-to-point movements on an
imaginary scheme placed on the table under the manip-
ulandum from the center to eight outbound targets dis-
tributed along a circle at a distance of 0.14 m (clockwise
repetitions). Patients were required to move at a self-
paced speed. A visual feedback of the target and of every
movement was displayed continuously (25 Hz) on the
monitor. The robot was completely passive while the
position and force sensors recorded the patients’ kine-
matic and force data.

Each session included (1) a series of 16 assisted clockwise
repetitions to each robot target (training test); (ii) a series
of 16 unassisted clockwise repetitions to each robot target
(Record); and (iii) three series of 320 assisted clockwise
repetitions (Adaptive). At the end of each Adaptive ser-
ies, the patient is asked to perform a further series of 16
unassisted clockwise movements (Record).

Clinical data

Each patient underwent an upper limb evaluation by an
experienced blinded physical therapist not involved in
the rehabilitation treatment team. This evaluation was
performed before (T'0) and after ('T'1) the rehabilitative
treatment.

The upper limb evaluation included the following mea-
sures: the Fugl-Meyer test of the upper limb (FM)
(Fugl-Meyer et al., 1975), the Box and Block test (BBT)
(Mathiowetz ef a/., 1985), the Modified Ashworth Scale of
shoulder and elbow (AS); (Bohannon and Smith, 1987),
range of motion (ROM), Mortricity Index (MI); (Collin
and Wade, 1990), and the modified Barthel index (mBI).

Kinematic and dynamic data recordings
Kinematic and dynamic performance indices were
extracted from position and force data recorded with the

InMotion2 robot. In particular, hand position, velocity,
and interaction force were recorded online during all
evaluation tasks. Biomechanical data were recorded from
the robotic system before starting the therapy and at the
end of the therapy during the recorded series of exer-
cises. The low impendence of the system facilitates the
residual movement of more severely impaired patients: if
the patient is not able to reach the target, after an
adjustable tme threshold, set here at 7 equal to 5, the
blinking cursor to be reached automatically moves from
one target to another. Kinematics parameters are recor-
ded even if the patient performs the movement partially,
without reaching the target.

Upon demonstration of competency and understanding
by the patient, minimal feedback was provided. Verbal
encouragement and environmental distraction was kept
to a minimum. The list of kinematic and dynamic indices

can be found in Krebs ¢ /. (1998) and Sale ez a/. (2014a).

Electrophysiological data recordings

EEG data were recorded continuously (bandpass:
0.01-100 Hz, sampling rate: 512 Hz; BrainAmp; Brain
Products GmbH) from 19 scalp electrodes (cap) posi-
tioned according to the 10-20 system (see Fig. 2). The
electrical reference was located between the Fz and Cz
electrodes, and the ground electrode was located
between the Cz and Pz electrodes. Electrode impedance
was maintained below 5KkQ. In parallel, we performed
the recording of vertical and horizontal bipolar EOG data
(bandpass: 0.1-100 Hz; sampling rate: 512 Hz) for the
monitoring of blinking and eve movements.

Furthermore, surfaice EMG  activity  (bandpass:
0.1-100 Hz; sampling rate: 512 Hz) of the biceps, triceps,
anterior deltoid, and posterior deltoid of the plegic arm
was recorded using pairs of surface electrodes (8-mm

Fig. 2
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Electroencephalographic electrode montage.

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



diameter; Ag—AgCl) placed 16 mm apart (center-to-cen-
ter) on the skin overlying the respective muscles. Low
impedance of the surface EMG electrodes (< 5 kQ) at the
skin—clectrode interface was obtained by shaving,
abrading, and cleaning the skin with alcohol. Special
focus was placed on the standardization of the experi-
mental procedure (electrode position) to reduce the
susceptibility of surface EMG to cross-talk (Kellis, 1998).

EEG-EOG-EMG data collection was performed before
(T0) and after ('T'1) the rehabilitative treatment. In both
sessions, EEG-EOG-EMG data were collected during:
(a) eves-closed (3 min) and eyes-open (3 min) resting
state, and (b) robotic rehabilitation task. The robotic
rehabilitation task consisted of a series of 16 unassisted
clockwise repetitions to each robot target (clockwise
test). The number of repetitions of the task was such as
to reach at least 4-min of EEG-EOG-EMG data. The
interseries pause was 1 min.

Electroencephalography-electrooculography-electro-
myography data processing

Recorded EEG-EOG-EMG data were segmented into
single epochs lasting 2 s. The EEG-EOG-EMG epochs
with ocular, muscular, and other types of artifact were
preliminarily identified using a computerized automatic
procedure (Moretti ¢7 /., 2003). The EEG epochs con-
taminated by ocular artifacts were then corrected by an
autoregressive method (Moretti ¢ #/., 2003). Finally, two
expert electroencephalographists manually confirmed
this automatic selection and correction, with special
attention to residual contaminations of the EEG epochs
because of head, trunk, and eye movements. Therefore,
only the EEG epochs totally free from artifact residuals
were included in the subsequent analyses. These EEG
epochs referred to a common average reference for fur-
ther analyses.

Frequency analysis of alpha rhythms

For the analysis of the EEG power density spectrum,
artifact-free EEG epochs were analyzed by a standard
Fast Fourier Transform approach using the Welch tech-
nique and the Hanning windowing function (1 Hz fre-
quency resolution). EEG relative power density was
obtained by normalizing the EEG absolute power den-
sity at each frequency bin and electrode for the mean of
the EEG absolute power density across all frequency
bins and electrodes. For the determination of the alpha
sub-bands, the individual alpha frequency (IAF) peak
was identified on resting EEG data according to the lit-
erature guidelines (Klimesch ez @/, 1996, 1998, 1999).
The TAF is defined as the frequency within the 6-13 Hz
range of the EEG spectrum showing the maximum
power. With reference to the IAF, the alpha sub-bands of
interest were as follows: low-frequency alpha band as
TAF — 2 Hz to TAF and high-frequency alpha band as TAF
to IAF +2Hz The TAF value was 10Hz for the
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postacute stroke patient and 7 Hz for the chronic stroke
patient.

Reactivity of electroencephalography power to eyes
opening and to the robotic rehabilitation task

For the analysis of the reactivity of EEG power density to
eyes opening, the difference in power density in the
eyes-open minus the eyes-closed resting state was com-
puted. Negative values of EEG power difference
indexed a decrease in power density in the eyes-open
compared with the eyes-closed condition, whereas posi-
tive values of the EEG power difference indexed an
increase in power density in the eyes-open compared
with the eyes-closed condition.

For the analysis of the reactivity of EEG power density to
the robotic rehabilitation task, the difference in power
density in the robotic rehabilitation task minus the eyes-
open resting state was computed. Negative values of
EEG power difference indexed a decrease in power
density in the robotic rehabilitation task compared with
the eyes-open condition, whereas positive values of EEG
power difference indexed an increase in power density in
the robotic rehabilitation task compared with the eyes-
open condition.

Topographic maps

Topographic maps (256 colours) of (a) the EEG power
density in the eyes-closed condition, (b) the reactivity of
EEG power density to eyes opening, and (c) the reac-
tivity of EEG power density to the robotic rehabilitation
task at the two alpha sub-bands were calculated on a 3D
cortical model using a spline interpolating function
(Babiloni e# /., 1996). This model is based on the mag-
netic resonance data of 152 patients digitized at the Brain
Imaging Centre of the Montreal Neurological Institute.

Results

Clinical outcomes

The robot-assisted therapy was well accepted and toler-
ated by two patients. The results from clinical outcome
measures showed a decrease in motor impairment in the
paretic upper limb after the robot-aided treatment in
both subacute and chronic stroke patients. In particular,
improvements after the rehabilitative treatment were
found on the FM, BB'T, ROM, MI, and mBI, whereas a

decrease was found on the AS.

Table 1 summarizes the results of the mentioned clinical
before ('I'0) and after ('I'1) the rehabilitative treatment.
The gain (difference between evaluation at T'1 and T0)
is also reported.

Kinematic and dynamic results

Figure 3 shows the plot of motion trajectories of the
subacute and chronic stroke patients during a point-to-
point evaluation task before (T0) and after (T1) the
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Table 1 Impairment and functional evaluations performed before
(T0) and after (T1) the rehabilitative treatment for postacute and
chronic strike patients

TO T1 Gain
Postacute stroke patient
FM 29 44 15
BBT 10 10 0
AS shoulder 2 1 -1
AS elbow 2 1 -1
ROM 760 820 60
Mi 70 70 0
mBI 2 39 37
Chronic stroke patient
FM 8 30 22
BBT 0 1 1
AS shoulder 3 2 -1
AS elbow 3 2 -1
ROM 660 820 160
Ml 1 53 52
mBlI 61 89 28

The gain (difference between evaluation at T1 and T0) is also reported.

AS, Modified Ashworth Scale (minimum 0, maximum 5); BBT, Box and Block test;
FM, Fugl-Meyer test of the upper limb (minimum 0, maximum 66); mBI, Modified
Barthel Index (minimum, 0 maximum 100); MI, Motricity Index; ROM, range of
motion.

Fig. 3

Plots of kinematic data

Subacute stroke patient

TO

Chronic stroke patient

TO T1

Plot of motion trajectories for chronic and subacute stroke patients
during a point-to-point evaluation task before (TO) and after (T1) the
rehabilitative treatment.

rehabilitative treatment when the EEG and EMG signals
were simultaneously recorded.

The gain toward more linear trajectories secondary to the
motor improvement on ROM and other motor

parameters that augment the capability of extending the
arm toward the recovery of a full planar movement
is clear.

Electromyography results

The quality of the EMG data was confirmed by the
features of EMG activity. Indeed, the analysis of EMG
activity showed tvpical features of human muscle activity
during resting state and engaging epochs. Figure 4 shows
the mean amplitude of rectified EMG activity for the
subacute and chronic stroke patients. In particular, the
rectified EMG actvity refers to biceps, triceps, anterior
deltoid, and posterior deltoid of the plegic arm before
(T0) and after ('T'1) the rehabilitative treatment for the
eves-open resting state condition and the robotic reha-
bilitation task. As expected, the amplitude of the recti-
fied EMG activity was stronger for the motor robotic
rehabilitation task compared with the eyes-open resting
state. Furthermore, after the rehabilitation program, both
patients were characterized by a decrease in EMG
activity during the motor robotic rehabilitation task, as a
sign of a more fine and simple movement of the plegic
arm after the rehabilitation treatment.

Electroencephalography results

The quality of the EEG data was confirmed by the high
rate (>80%) of artifact-free EEG epochs. Indeed, for the
postacute stroke patient, the percentage of artifact-free
EEG epochs was more than 90% for the eves-closed and

Fig. 4
Subacute stroke patients
40
2 —
) I
D —|
Biceps Triceps Anterior Posterior
deltoid deltoid
50 Chronic stroke patients
5 —
< |
— 1
Biceps Triceps Anterior Posterior
deltoid deltoid
M Eyes-open resting state TO ~ Robotic task TO
M Eyes-open resting state T1 Robotic task T1

Mean amplitude of rectified EMG activity for the subacute and chronic
stroke patients. In particular, the rectified EMG activity refers to the
biceps, triceps, anterior deltoid, and posterior deltoid of the plegic arm
before (TO) and after (T1) the rehabilitative treatment for the eyes-open
resting state condition and the robotic rehabilitation task. EMG,
electromyography.
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eves-open resting condition, and more than 80% for the
robotic rehabilitation. For the chronic stroke patient, the
percentage of artifact-free EEG epochs was more than
90% for the eyes-closed and eves-open resting condition,
and more than 85% for the robotic rehabilitation task.

Furthermore, the quality of the EEG data was also con-
firmed by the features of EEG spectra. Indeed, the
analysis of EEG power density spectrum showed typical
features of human cortical oscillatory activity during
resting state and engaging epochs. Figure 5 shows the
normalized EEG power density spectra in the eyes-
closed resting state for the subacute and chronic stroke
patients. In particular, the normalized EEG power den-
sity spectra refer to the frequency range between 0 and
20 Hz at the three electrodes of interest (Fz, Cz, Pz)
before ('T'0) and after ('T'1) the rehabilitative treatment. In
both patients, dominant EEG power density values were
observed at the alpha band (8-12 Hz) in the posterior
cortical regions. Furthermore, values of EEG power
density at lower frequency bands were highest in the
anterior cortical regions (delta, 1-4 Hz; thera, 4-8 Hz).
Moreover, values of EEG power density at high-
frequency bands were negligible overall (berta,
14-20 Hz). Finally, after the rehabilitation program, both
patients showed reduced delta rhythms (1-4 Hz) and
increased alpha rhythms (8-12 Hz). Figure 6 show the
reactivity of normalized EEG power density to eyes-
opening (i.e. difference of EEG power density in eyes-
open minus eyes-closed resting state) for the subacute
and chronic stroke patients. In particular, the reactivity of
normalized EEG power density to eyes opening refers to
the frequency range between 0 and 20 Hz at the three

Fig. 5
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electrodes of interest (Fz, Cz, Pz) before (T0) and after
(T1) the rehabilitative treatment. In both patients,
maximal negative values (i.e. maximal reactivity to eyes-
opening) were observed at the alpha band. Furthermore,
after the rehabilitation program, both patients showed an
increased reactivity to eyes opening at the alpha band.
Figure 7 shows the reactivity of normalized EEG power
density to the robotic rehabilitation task (i.e. difference in
EEG power density in the robotic rehabilitation task
minus the eyes-open resting state) for the subacute and
chronic stroke patients. In particular, the reactivity of
normalized EEG power density to the robotic rehabili-
tation task refers to the frequency range between 0 and
20 Hz at the three electrodes of interest (F3, C3, P3 for
subacute stroke patient; F4, C4, P4 for the chronic stroke
patient) before ('T0) and after (T'1) the rehabilitative
treatment. In both patients, maximal negative values (i.c.
maximal reactivity to the robotic rehabilitation task) were
observed at the alpha band (8-12 Hz). Furthermore, after
the rehabilitation program, both patients showed a
decreased reactivity to the robortic rehabilitation task at
the alpha band.

For illustrative purposes, Fig. 8 maps fine topographical
details of the normalized low-frequency and high-
frequency alpha EEG power density in the eyes-closed
resting state before ('1'0) and after ('1'1) the rehabilitative
treatment for the subacute and chronic stroke patients.
After the rchabilitation program, both patients were
characterized by a decrease in low-frequency and high-
frequency alpha EEG power density. Figure 9 maps the
fine topographical details of the reactivity of normalized
low-frequency and high-frequency alpha EEG power

Subacute stroke patient

Fz

Cz Pz

AU

20

. e

0 20Hz 0 20Hz 0 20Hz
Chronic stroke patient
Fz Cz Pz
5 5 10
A IR M
0 0 = 0
0 20Hz 0 20Hz 0 20Hz
Frequency Frequency Frequency

Normalized EEG power density spectra in the eyes-closed resting state for the subacute and chronic stroke patients. In particular, the normalized
EEG power density spectra refer to the frequency range between 0 and 20 Hz at the three electrodes of interest (Fz, Cz, Pz) before (T0) and after

(T1) the rehabilitative treatment. EEG, electroencephalography.
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Fig. 6
Subacute stroke patient
Fz Cz Pz
5 5 20
2 - - o
2 w - SN e - “V —
-5 -5 -20
0 20Hz 0 20Hz 0 20Hz
Chronic stroke patient
Fz Cz Pz
5 5 10
-5 -5 -10
0 20Hz 0 20Hz 0 20Hz
Frequency Frequency Frequency

——T0 ——T1

Reactivity of normalized EEG power density to eyes-opening (i.e. difference of EEG power density in eyes-open minus eyes-closed resting state) for the
subacute and chronic stroke patients. In particular, the reactivity of normalized EEG power density to eyes opening refers to the frequency range between
0 and 20 Hz at the three electrodes of interest (Fz, Cz, Pz) before (T0) and after (T1) the rehabilitative treatment. EEG, electroencephalography.

Fig. 7
Subacute stroke patient
F3 C3 P3
5 5 20
2 s Lo~ — .
-5 -5 -20
0 20Hz 0 20Hz 0 20Hz
Chronic stroke patient
F4 C4 P4
5 5 10
2 H_/.}__-__,:_-O—.::H_.; gt - g ot
. . "ﬁ—’_‘v’“ . \/“’-
0 20Hz 0 20 Hz 0 20 Hz
Frequency Frequency Frequency

Reactivity of normalized EEG power density to the robotic rehabilitation task (i.e. difference of G power density in the robatic rehabilitation task minus
the eyes-open resting state) for the subacute and chronic stroke patients. In particular, the reactivity of normalized EEG power density to eyes opening
refers to the frequency range between 0 and 20 Hz at the three electrodes of interest (F3, C3, P3 for the subacute stroke patient; F4, C4, P4 for the
chronic stroke patient) before (TO) and after (T1) the rehabilitative treatment. EEG, electroencephalography.

density to eyes-opening before ('T0) and after (T'1) the rehabilitative treatment for the subacute and chronic
rehabilitative treatment for the subacute and chronic  stroke patients. After the rehabilitation  program,
stroke patients. After the rehabilitation program, both both patients were characterized by a decreased reactivity
patients were characterized by an increased reactivity of  of low-frequency and high-frequency alpha EEG
low-frequency and high-frequency alpha EEG power. power.

Figure 10 maps the fine topographical derails of the

reactivity of normalized low-frequency and high- It is noteworthy that the limited number of patients in
frequency alpha EEG power density to the robotic  the present study did not allow statistical analysis or
rehabilitation task before (1'0) and after (T'1) the conclusions, and should be considered as a preliminary
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Fig. 8
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Topographical distribution of normalized low-frequency and high-frequency alpha electroencephalography power density in the eyes-closed resting
state before (TO) and after (T1) the rehabilitative treatment for the subacute and chronic stroke patients. Black and White scale: maximum alpha EEG
power density is coded in white. The maximal value is reported under the maps.

Fig. 9

Subacute stroke patient Chronic stroke patient

TO T TO T
O O

Lower - frequency
alpha

High - frequency
alpha

600

Y 8 5B 5

Topographical distribution of the reactivity of normalized low-frequency and high-frequency alpha electroencephalography power to eyes opening
before (TO) and after (T1) the rehabilitative treatment for the subacute and chronic stroke patients. Black and White scale: minimum and maximum
values are coded in white and gray, respectively. The maximal value is reported under the maps.

descriptive finding to be quantitatively evaluated in  Discussion

future studies using a larger data sample (more stroke In the present study, we present a new procedure to
patients) with a proper data analysis design. This is  study neural underpinning of robot-aided upper limb
beyond the scope of the present methodological study. rehabilitation in stroke patients. In particular, we propose
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Fig. 10
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Chronic stroke patient

TO T

Topographical distribution of the reactivity of normalized low-frequency and high-frequency alpha electroencephalography power to the robotic
rehabilitation task before (TO) and after (T1) the rehabilitative treatment for the subacute and chronic stroke patients. Black and White scale: minimum
and maximum values are coded in white and gray, respectively. The maximal value is reported under the maps.

a system for the EEG-EOG-EMG recording in stroke
patients during a robotic rehabilitation task. This system
was designed to obtain safe recording conditions, high-
quality EEG-EOG—EMG data, triggering signals to
track the task, and to align EEG segments to motor
performance, user-friendly visualization, and manage-
ment of the EEG-EOG-EMG-control data during the
signal acquisition and subsequent analysis. These EMG
data can be used to identify the motor performance of
stroke patients, thus potentially enabling the investiga-
tion of the relationships between EEG dynamics and
different modes of motor performance. It is noteworthy
that the proposed system consists of commercial hard-
ware and software items whose technical features and
quality are well known (i.e. they were licensed by
European communirty regulatory agencies). The noveley
of the present methodological approach is their inter-
connection for a new scientific purpose. For this reason,
we did not go into in-depth technical details of these
items, but focused on the quality of EEG signals.

T'he quality of the EEG data was evaluated by the rate of
artifact-free EEG epochs and by the features of dominant
alpha rhythms (about 8-12 Hz) during both the resting
state (eves closed and eves open) and the robotic reha-
bilitation task. The results showed high-quality EEG
data recorded in the two patients with about 80% of
artifact-free EEG epochs during robotic performance (i.e.
the patents were trained to minimize head, neck,

forelimb, and trunk movements during their perfor-
mance). Overall, the relatively high percentage of
artifact-free EEG epochs represents a good first index of
the quality of the EEG recordings. Furthermore, the
analysis of EEG power density spectrum showed typical
features of human cortical EEG oscillatory activity during
resting state and engaging events. During the eyes-
closed resting state, dominant EEG power density
values were observed at the alpha band (8-12 Hz) in the
posterior cortical regions. Furthermore, values of EEG
power density at lower frequency bands were maximal in
the anterior cortical regions (delta, 1-4 Hz; theta, 4-8 Hz).
Finally, values of EEG power density at high-frequency
bands were overall negligible (beta, 14-20 Hz).
Compared with the eves-closed resting state, the eyes-
open resting state was characterized by a decrease in
alpha power density values in amplitude in several cor-
tical regions. Similarly, compared with the eyes-open
resting state, the robotic task was characterized by a
decrease in alpha power density values in amplitude in
several cortical regions.

To illustrate possible future neurophysiological applica-
tions, after the rehabilitation program, we observed (a)
reduced delta rhythms (1-4 Hz) and increased alpha
thythms (8-12 Hz) during the resting state eyes-closed
condition; (b) increased alpha desynchronization to eyes
opening; and (c) decreased alpha desynchronization
during the robotic rehabilitation task. It can be
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speculated that a specific robot-aided rehabilitation can
modulate cortical activity during resting state and a motor
task in stroke patients.

Conclusion

Future studies with more stroke patients and a proper
statistical design will enable the quantification of the
relationships between cortical activity and robotic reha-
bilitation. In conclusion, the present methodological
approach appeared to be suitable for EEG-EOG-EMG
recordings in stroke patients during a robotic rehabilita-
tion task, thus providing a new avenue to the study the
neural underpinning of robot-aided upper limb rehabili-
tation in stroke patients.
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