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EEG response varies with lesion location in
patients with chronic stroke
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Abstract

Background: Brain activation differs according to lesion location in functional magnetic resonance imaging (fMRI)

studies, but lesion location-dependent electroencephalographic (EEG) alterations are unclear. Because of the

increasing use of EEG-based brain-computer-interface rehabilitation, we examined lesion location-dependent EEG

patterns in patients with stroke while they performed motor tasks.

Methods: Twelve patients with chronic stroke were divided into three subgroups according to their lesion locations:

supratentorial lesions that included M1 (SM1+), supratentorial lesions that excluded M1 (SM1-), and infratentorial (INF)

lesions. Participants performed three motor tasks [active, passive, and motor imagery (MI)] with supination and grasping

movements. The hemispheric asymmetric indexes, which were calculated with laterality coefficients (LCs), the temporal

changes in the event-related desynchronization (ERD) patterns in the bilateral motor cortex, and the topographical

distributions in the 28-channel EEG patterns around the supplementary motor area and bilateral motor cortex of the

three participant subgroups were compared with those of the 12 age-matched healthy controls.

Results: The SM1+ group exhibited negative LC values in the active and MI motor tasks, while the other patient

subgroups exhibited positive LC values. Negative LC values indicate that the ERD/ERS intensity of the ipsilateral

hemisphere is higher than the contralateral hemisphere, whereas positive LC values indicate that the ERD/ERS intensity of

the contralateral hemisphere is higher than the ipsilateral hemisphere. The LC values of SM1+ and healthy controls

differed significantly (rank-sum test, p < 0.05) in both the supination and grasping movements in the active task. The three

patient subgroups differed distinctly from each other in the topography analysis.

Conclusions: The hemispheric asymmetry and topographic characteristics of the beta band power patterns in the

patients with stroke differed according to the location of the lesion, which suggested that EEG analyses of

neurorehabilitation should be implemented according to lesion location.
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Background

Stroke, which is the leading cause of adult neurological

disabilities in most countries [1], typically damages par-

ticular regions of a patient’s brain and results in func-

tional impairments [2]. These impairments vary

depending on the location of the lesion. For instance,

motor impairments are due to damage to the motor-

related cortical regions [3, 4], cognitive deficits are usu-

ally associated with infarctions in the left anterior and

posterior cerebral artery territories [5], and poststroke

depression is correlated more with left frontal brain in-

juries than with lesions located in other areas [6, 7].

The process underlying the recovery of impaired

motor functions after stroke involves brain plasticity, in

which motor rehabilitation therapy stimulates new

neural connections and enhances cortical reorganization

in order to recover normal motor function [8, 9]. As a

result, the undamaged areas of the nervous system take

over the functions of the damaged areas [10].

Previous studies have shown that the recovery of

motor function is influenced by lesion location. In a lon-

gitudinal study, Feydy et al. have shown that motor re-

covery is dependent on whether M1 is included in the
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lesion area [11]. Schiemanck et al. reported that the re-

covery of hand motor function in patients with internal

capsule lesions had a significantly lower probability of

recovery than that in patients with the cortical, subcor-

tical, or corona radiata lesions [12]. Shelton et al. ana-

lyzed 41 post-stroke patients to investigate the effects of

lesion location on upper limb motor recovery [4]. They

found that the probability of recovery of isolated upper

limb motor function decreases progressively with lesion

location such as in the cortex, corona radiata, and pos-

terior limbs of the internal capsule.

Neural stimulation studies have been beneficial to

understand the reason that motor impairment and re-

covery are dependent on lesion location. As an example,

transcranial magnetic stimulation (TMS) has been useful

for exploring the neural mechanisms of motor function

after stroke [13]. A TMS study reported that lesions in

cortical or subcortical areas affected intracortical inhibi-

tory properties [14].

In addition to motor recovery, brain activation is af-

fected by lesion location. Using magnetic resonance im-

aging (MRI), Alexander et al. demonstrated that damage

to the posterolateral putamen is associated with tem-

poral gait asymmetry [15]. These findings suggest that

damage to the inferior portion of the posterolateral pu-

tamen is associated with asymmetrical ambulation in the

chronic stage of stroke recovery. Luft et al. recruited

four groups (patients with cortical, subcortical, and

brainstem stroke lesions and healthy volunteers), and

functional MRI (fMRI) data were compared across these

groups to investigate the brain activation of the partici-

pants during knee movement. They concluded that

neural adaptation in brain networks was dependent on

lesion location [16]. In an fMRI study of the upper limbs

performed by Luft et al., the patients were divided into

cortical and subcortical groups based on lesion location,

and their brain activation was compared with that of

healthy controls (HCs). The cortical stroke group

showed less brain activation, whereas patients with sub-

cortical lesions showed greater overall brain activation

than the HCs [17].

In these fMRI studies, the brain activation patterns dif-

fered according to the lesion location. However, no studies

have investigated the alterations in electroencephalog-

raphy (EEG) responses according to lesion location. In

light of technical advancement of EEG-based brain-

computer interface (BCI) rehabilitation approaches [18,

19], a study to address this issue is urgently needed.

In our previous study, we investigated the levels of cog-

nitive engagement of stroke patients by examining their

brain activities while they performed active and passive

hand movements [20]. We observed that active movement

induced stronger event-related desynchronization (ERD)

in the beta band compared to passive movement. These

results showed that the beta band power patterns are as-

sociated with the level of motor engagement. However, in

these studies, the lesion location of the patients had not

been considered in the EEG data analysis.

In this study, we evaluated our hypothesis that the

EEG patterns of patients with chronic stroke differed ac-

cording to lesion location. The patients were divided

into the three groups according to the location of their

lesion: (1) patients with supratentorial lesions that in-

cluded M1, (2) patients with supratentorial lesions that

excluded M1, and (3) patients with infratentorial lesions.

The three patients groups and HCs were compared to

each other in terms of ERD power change in time, ERD

topography in mu and beta bands, and the correspond-

ing laterality coefficient (LC). The ERD and event-

related synchronization (ERS) phenomenon are well

known to be associated with motor movement and has

been used to evaluate brain activities in BCI-based

motor rehabilitation studies [20–22]. The LC of the

ERD/ERS power of stroke patients is affected by brain

damage. In general, healthy subjects show strong brain

activation in the brain regions contralateral to the mov-

ing hand. However, when chronic stroke patients with

damage to the brain regions controlling motor functions

move their affected hand, they show brain activation in

both hemispheres: weak activity in the ipsilesional (i.e.

contralateral) regions, as expected, and strong activity in

the contralesional (i.e. ipsilateral) regions. In stroke pa-

tients, neuroplasticity influenced the contralesional re-

gions to take over some of the motor function of the

lesioned area compromised by the brain injury [23–25].

Thus, the LC may be a good metric to evaluate the brain

activation according to lesion location. Therefore, we ex-

pect that using both the ERD magnitude and LC metrics

will lead to a better understanding of neural activities ac-

cording to lesion location in stroke patients. In a previ-

ous study, Gong et al. have shown that patients with

stroke exhibit different LC patterns of event-related po-

tentials while performing motor imagery tasks compared

with those of HCs [26]. Kaiser et al. also have investi-

gated the relationship between the LC of ERS and motor

function ability [23]. However, these studies did not sys-

tematically report the changes in the EEG LC patterns

depending on the distinct lesion location.

Methods
Subjects

Twelve patients with chronic stroke (9 males, 3 females;

mean ± SD age, 54.0 ± 6.6 years) participated in this

study. All of the participants had a single stroke, exhib-

ited unilateral motor problems in the upper extremities/

limbs that continued for at least 3 months after their

stroke, and were aged between 45 and 70 years old. Pa-

tients with cognitive disorders that rendered them
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unable to understand the task instructions and/or those

with orthopedic disorders that led to amputation or joint

contraction were excluded. The mean ± SD Fugl-Meyer

Assessment scores were 47.3 ± 9.2 and 64.8 ± 9.2 for the

affected and unaffected sides, respectively. Lower scores

indicate more severe impairment. The patients did not

have any history of neurological illness. The characteris-

tics of these patients are provided in Table 1. Grasp

strength, Purdue Pegboard Test, and Fugl-Meyer Assess-

ment (FMA) have been used to evaluate motor functions

of patients with stroke during rehabilitations phases

[27–29]. More specifically, grasp strength shows the

physical strength of the hand (clinical norms for the 55–

59 years age group: men: right hand, 45.8; left hand,

37.7; women: right hand, 25.9, left hand 21.4 [kg]), Pur-

due Pegboard Test indicates the delicate control ability

of the hand function (norms for the 55–59 years age

group: men: right hand, 19.2; left hand, 21.0; women:

right hand, 17.8, left hand 19.4), and FMA is generally

used to evaluate the upper-limb functions for volitional

movement ranges and reflex activities (scored on a scale

of 0 and 66). Patients have significant differences in hand

function between affected and unaffected hands in

Grasping strength, Purdue Pegboard Test, and FMA

(rank sum test, p < 0.01). These scores were used as ex-

clusion criteria for patients with severe impairment (0 to

20 FMA score), and all participants in the moderate (21

to 50 score) or mild (51 to 66 score) categories, who

were able to perform the motor tasks, were included

[29]. A radiologist assessed and categorized lesion loca-

tion based on the MRI data: (1) supratentorial lesions

that included M1 (hereafter, SM1+), (2) supratentorial

lesions that excluded M1 (SM1-), and (3) infratentorial

(INF) lesions. SM1+ indicates a cortico-subcortical le-

sion and damaged M1, whereas SM1- indicates a sub-

cortical lesion without M1 damage. The lesions of the

SM1+ and SM1- groups are located in the supratentorial

area while those of the INF group are in the infratentor-

ial area. In addition to the patients with stroke, twelve

age- and sex-matched HCs (8 males, 4 females; 57.8 ±

4.7 years) served as controls. No subjects had previously

participated in an EEG experiment. The Institutional

Table 1 Clinical data of patients with chronic stroke

No Age Sex AH Diagnosis Duration
(months)

Grasp strength (kg) Purdue Pegboard Test FMA-UE

AH UH AH UH AH UH

Supratentorial lesion including M1

1 52 F Rt. Lt. MCA territory infarction 60 0 14.6 2 15 52 62

2 53 M Lt. Rt. MCA territory infarction 61 NT 23.33 NT 13 32 66

3 59 M Lt. Rt. MCA infarction 55 15.33 35.33 9 15 48 64

4 41 M Rt. Lt. MCA infarction 53 14 22 8 12 59 65

Mean 51.3 M Lt. 57.3 9.8 23.8 6.3 13.8 47.8 64.3

(±SD) (±7.5) (75 %) (50 %) (±3.9) (±8.5) (±8.5) (±4.4) (±1.5) (±11.4) (±1.7)

Supratentorial lesion excluding M1

5 56 F Lt. Rt. CR infarction 50 0 2.5 4 11 56 65

6 60 M Lt. Rt. thalamus, IC infarction 32 8 26.66 10 13 54 64

7 65 M Rt. Lt. BG ICH 117 5 21 13 12 53 63

8 46 F Rt. Lt. BG infarction 16 1 16 7 15 54 66

Mean 56.8 M Lt. 53.8 3.5 16.5 8.5 12.8 54.3 64.5

(±SD) (±8.1) (50%) (50%) (±44.4) (±3.9) (±10.3) (±3.9) (±1.7) (±1.3) (±1.3)

Infratentorial lesion

9 58 M Rt. Lt. medial medullary infarction 62 NT 23.3 6 14 31 66

10 49 M Lt. Rt. medial medullary infarction 48 6 36 2 15 44 65

11 57 M Rt. Lt. pontine infarction 67 8 27.6 6 12 40 66

12 52 M Lt. Rt. pontine infarction 37 11.33 23.66 5 10 45 66

Mean 54.0 M Lt. 53.5 8.4 27.6 4.8 12.8 40.0 65.8

(±SD) (±4.2) (100 %) (50 %) (±13.6) (±4.8) (±5.9) (±1.9) (±2.2) (±6.8) (±0.5)

Mean 54.0 M Lt. 54.8 6.9 22.7 6.5 13.1 47.3 64.8

(±SD) (±6.6) (75 %) (50 %) (±24.4) (±5.7) (±9.0) (±3.7) (±1.7) (±9.2) (±9.2)

Abbreviations: FMA-UE Fugl-Meyer Assessment Upper Extremity; AH Affected Hand, UH Unaffected Hand; CR Corona Radiata; MCA Middle Cerebral Artery; IC Internal

Capsule; BG Basal Ganglia; ICH Intra Cerebral Hemorrhage
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Review Boards of the Samsung Medical Center (Applica-

tion Number: SMC 2013-02-091) and Korea Institute of

Science and Technology (Application Number: KIST

2013–009) approved this study. The participants were

informed about the study’s purpose, experimental proce-

dures, and their right to withdraw at any time. Written

informed consents were obtained from all of the partici-

pants. All of the research data were collected and ana-

lyzed under Institutional Review Board guidance.

Experimental protocol and EEG data processing

In this study, the subjects were asked to conduct grasp-

ing and supination movements with the affected hand;

these are two basic hand functions involved in activities

of daily living. They performed each movement with ac-

tive, passive, and motor imagery (MI) tasks. In the active

task, subjects were asked to perform a given movement

with motor intention by themselves. A robotic device

performed the movement in the passive task. In the MI

task, each subject was asked to imagine the movement

with motor intention, but he or she did not perform the

physical movement. The experimental protocol con-

sisted of three motor tasks, each composed of three

blocks (nine blocks in total). Each block consisted of 14

repeated trials, and each trial consisted of four time pe-

riods: relax, motor task, stay, and return. A fixation ap-

peared on the screen during the relax period with a

random duration between 2 and 3 s. Participants per-

formed a motor task in the 2-s motor task period, which

started with auditory and visual cues. The 1-s stay period

is necessary in order to prevent the risk of a sudden

movement change. Then, the robotic device was reset to

its original handle position during the return period in

the case of active and passive motor tasks. Therefore,

each participant performed 42 sequential trials (14 trials

for each of the three blocks) for each of the three motor

tasks (active, passive, and MI), accounting for a total of

126 trials; EEG data were recorded during the entire ex-

perimental protocol.

EEG signals were acquired with a 64-channel EEG ac-

tive electrode system (sampling rate: 2,048 Hz; Active-

two, BioSemi S.V., Amsterdam, Netherlands). The ac-

quired EEG signals were preprocessed using the follow-

ing steps: downsampling, 1–80 Hz band-pass and 60 Hz

notch filtering, trial epoching, independent component

analysis (ICA) for electrooculographic and muscle arti-

facts removal [30], and common average reference

(CAR) [31]. In our study, the CAR was used for re-

reference with the average of whole EEG channels for

each individual EEG channel. Alternatively, the Lapla-

cian montage method can be used when the local aver-

age surrounding a target EEG channel is adopted to

adjust the bias of the target channel [32]. After prepro-

cessing, spectral power was computed using short-time

Fourier transform with a 500-ms hamming window, and

sliding by 50 ms for each of the 64 EEG channels. The

baseline of each epoch was defined as the 1 s before the

motor task cues. The spectral power was normalized by

subtracting the baseline mean from each data point in

an epoch and by dividing the resulting value by the

baseline SD. The ERD/ERS was defined as the spec-

tral power changes in the motor task period relative

to the baseline. Two frequency bands selected in our

study include the mu (8–13 Hz) and beta (13–32 Hz)

bands, both of which reflect sensorimotor rhythms.

Detailed information on the experimental protocol

and the EEG processing method can be found else-

where [20].

The quantitative analyses of the EEG data were based

on the LC and topographic mapping of the EEG spectral

power. The hemispheric asymmetries for ERD/ERS, LC

was calculated as follows:

LC ¼ C−Ið Þ= C þ Ið Þ ð1Þ

where C denotes the ERD/ERS of the contralateral

motor cortex and I denotes the ERD/ERS of the ipsilat-

eral motor cortex [23, 33].

We compared the LC values across different combina-

tions of the frequency bands (mu and beta bands), motor

tasks (active, passive, and MI tasks), movements (supin-

ation and grasping movements), and participants (SM1+,

SM1-, INF, all patients, and HCs). We observed the LC

pattern in the mu and beta bands because these bands

are known to be associated with motor movement.

In the analysis of this study, we focused on the active

and MI motor tasks because the passive motor task

using a robot-guided device would lack of the subject’s

motor intention, a key factor in effective rehabilitation

[34, 35]. ERD/ERS patterns on the active and MI motor

tasks was compared between the subgroups of patients

and the HCs. More specifically, Pearson’s linear correl-

ation analysis was performed using the ERD/ERS power

changes in the bilateral motor cortex during the motor

task period. For the topographical analysis, we selected

28 EEG channels around the bilateral motor cortex and

supplementary motor area (SMA), both of which are as-

sociated with motor movement. For each of the 28 chan-

nels, the ERD/ERS power changes were averaged across

all HCs or each of the patient subgroups. In addition, we

compared the EEG topographies from all possible com-

binations across the two frequency (i.e., mu and beta)

bands, three motor tasks (i.e., active, passive and MI

tasks), two different movements (i.e., grasping and su-

pination), and four subject groups (i.e., SM1+, SM1-,

INF and HCs). A Pearson’s correlation coefficient was

calculated using the ERD/ERS power changes between

the HCs and each of the three patients subgroups for
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each of the 28 channels. Then, one-way ANOVA was

performed across the three patient subgroups using the

28 correlation coefficients across the 28 channels from

each subgroup.

Results

Comparison of the LC patterns between all patients and HCs

Figure 1 illustrates a comparison of the LC values in the

beta band of patients and controls. The five bars indicate

the LC values of SM1+, SM1-, INF, all patients, and

HCs. The LC pattern in the mu band is displayed

Additional file 1: Figure S1 in the additional material. In

HCs, the ERD in the contralateral motor cortex was

stronger than that in the ipsilateral motor cortex regard-

less of the movement and task types, which resulted in

positive LC values.

The difference in the LC values between all patients

and HCs was not significant, even though all the pa-

tients represented lower LC values compared to the con-

trols in the active and MI tasks.

Comparison of LC patterns between patient subgroups

Figure 1 shows that the SM1+ subgroup had a negative

LC value in both of the movements in the active and MI

motor tasks. Especially in the active task, there were sig-

nificant differences between the SM1+ subgroup and

HCs (rank-sum test, p < 0.05). The SM1- and INF

subgroups had positive values in the same condition. For

the passive task, LC values were very small values. It in-

dicates the brain activation in bilateral motor cortex.

The SM1+ subgroup exhibited negative LC values while

they performed the MI task; however, these values were

not significantly different from those of the other

groups.

Comparison of the EEG responses relative to the lesion

locations in the patients

Figure 2 shows the average power patterns of the beta

band of the three patient subgroups and HCs during the

2 s supination movements in the active and MI tasks.

The average power patterns of the beta band showed

marginal differences between the ipsilateral and contra-

lateral sides of the motor cortex and between the active

and MI tasks. The ERD in the contralateral motor cortex

was generally stronger than that in the ipsilateral motor

cortex. The ERD of the HCs appeared stronger than

those of the patient subgroups, except in the ipsilateral

motor cortex during the active task.

Table 2 lists Pearson’s linear correlation coefficients of

the average beta band power (shown in Fig. 2) calculated

between each patient subgroup and the HCs. In most

cases, the correlation coefficients are statistically signifi-

cant. Moreover, the correlation coefficients consistently

decreased in the following order: INF > SM1- > SM1 + .

Fig. 1 Beta band laterality coefficients for the three motor tasks (passive, active, and MI) in supination and grasping movements. Solid bars

indicate the mean value; error bars reflect standard deviation. Significant results of pairwise statistical analysis on differences in laterality

coefficients are indicated (rank sum test, *p < 0.05). Abbreviations: SM1+ supratentorial lesion including M1; SM1- supratentorial lesion excluding

M1; INF infratentorial lesion, Patient, all patients; Healthy, healthy controls
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Topographical analysis

A topographical analysis was implemented based on the 28

EEG channels around the SMA and bilateral motor cortex.

Figure 3 shows the average beta band power distributions

across the subjects in each group during the supination

movement in the active task. The topographies in the MI

task are shown in Additional file 2: Figure S2 in the add-

itional material. The upper three rows display the topog-

raphy patterns that corresponded to the three patient

subgroups. For the SM1+ subgroup (first row), the ERD of

the ipsilateral side was stronger than that of the contralat-

eral side. For the SM1- subgroup (second row), the ERD of

the contralateral side was stronger than that of the ipsilat-

eral side, and it was particularly widespread. The INF sub-

group (third row) showed that the ERD of the contralateral

side was stronger than that on the ipsilateral side, and, in

particular, the ERD distribution was focused on the motor

cortex and parietal area on the contralateral side. For all of

the patient subgroups in the fourth row, the ERD distribu-

tion was located in the bilateral motor cortex. In the case

of the HCs in the last row, the ERD of the contralateral

side was stronger than that of the ipsilateral side, and the

strong ERD distribution was focused on the contralateral

motor cortex.

Figure 4 shows the similarities of the beta band power

changes across the 28 channels between the HCs and each

of the three patient subgroups. The INF group showed

similar ERD/ERS power changes in comparison to HCs,

whereas the SM1+ group was represented a deviated

ERD/ERS power changes compared to the HCs. The cor-

relation coefficients differed significantly between the three

subgroups (one-way ANOVA test, **p < 0.01). In the case

of MI task, the similarities of the beta band power changes

across the 28 channels between the HCs and each of the

three patient subgroups are shown in Additional file 3:

Figure S3 in the additional material.

Discussion
In this study, we investigated how EEG patterns differ

across the stroke patient groups divided by lesion loca-

tion, while they performed motor tasks, such as active,

passive, and MI tasks with both supination and grasping

movements. The active and MI tasks require the

Fig. 2 Average power patterns of the beta band in the ipsilateral and contralateral motor cortex during 2 s of active and MI supination movements.

The ipsilateral motor cortex is in the unaffected hemisphere, and the contralateral motor cortex is in the affected hemisphere in patients

Table 2 Pearson’s linear correlation coefficients between the

average beta band power patterns of each subgroup and that

of the HCs during supination movement

Ipsilateral motor cortex Contralateral motor cortex

INF SM1- SM1+ INF SM1- SM1+

Active 0.880** 0.676** 0.332 0.977** 0.824** 0.802**

MI 0.511** 0.263 -0.470** 0.771** 0.388* 0.176

*p < 0.05, **p < 0.01

Abbreviations: INF infratentorial lesion; SM1- supratentorial lesion excluding

M1; SM1+ supratentorial lesion including M1
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subject’s motor intention, whereas the passive task does

not. The active and passive tasks are performed with the

physical movement, but the MI task does not. Moreover,

the LC values of the ERD in the left and right motor

areas were statistically different between patient sub-

groups and the HCs in the beta band (Fig. 1); however,

there were no significant differences in the mu band

(Additional file 1: Figure S1 in the additional material).

The supination and grasping movements show very

similar ERD/ERS patterns. The temporal patterns of the

average beta band power and the topographic distribu-

tion of the beta band during these two movement types

are reported in Additional file 4: Figure S4 and

Additional file 5: Figure S5, respectively. Moreover, Fig. 1

shows that supination and grasping movements have

similar LC values. This might be because of due to the

similarity of sensorimotor EEG changes and topography

between the two movements. Therefore, we examined

the results for sensorimotor EEG changes and topog-

raphy analysis only for the supination movements.

For the SM1+ group in the active and MI tasks, the LC

value was always negative in both the grasping and supin-

ation movements (Fig. 1). This indicated that the ERD

power in the ipsilateral motor cortex was stronger than

that in the contralateral motor cortex. The contralateral

motor cortex of the SM1+ patients was directly damaged,

and therefore, was no longer capable of normal motor

function. Instead, the unaffected ipsilateral motor cortex

assumed the function of the damaged area [28].

The SM1- and INF groups showed positive LC values in

the same tasks. In these groups, the motor cortex was not

directly damaged; therefore, it showed a level of brain acti-

vation similar to that observed in HCs. Interestingly, in

the passive task, the SM1+ group exhibited an LC value

Fig. 3 Twenty-eight channel topography of the beta band during active supination movement. The horizontal axis represents 2 s of the motor

task with a 0.5-s window interval. The vertical axis represents the subject groups. The upper three rows represent each subgroup of patients

according to their lesion location. The fourth row represents all patients and the last row represents the healthy controls

Fig. 4 Pearson’s correlation coefficients for the beta band power

changes between the HCs and each of the three patient subgroups

for each of the 28 channels during the active task supination

movement. Significant results of a pairwise statistical analysis on the

differences in the correlation coefficients are indicated (one-way

ANOVA test, **p < 0.01)

Park et al. Journal of NeuroEngineering and Rehabilitation  (2016) 13:21 Page 7 of 10



close to zero in the supination movement and a low posi-

tive LC value in the grasping movement. These results

suggested that the participant’s motor intention, which

was required in the active and MI tasks, might have re-

sulted in a strong ERD in the ipsilateral motor cortex.

For the HCs, the LC values were positive in all of the

tasks. These results were similar to those of the study by

Kaiser [36]. She investigated sensorimotor EEG changes

during passive, active, and MI tasks in healthy elderly in-

dividuals. Interestingly, in both movement tasks and bi-

lateral motor cortex, there is a consistent trend in the

correlation coefficients between each subgroup and

HCs, whose values consistently decreased in the follow-

ing order: INF > SM1- > SM1+ (Table 2). In addition, we

measured how the beta band power changed during the

active supination movement task in the 28 EEG channels

around the motor cortex that were selected for the topo-

graphical analysis. Figure 4 shows the correlation coeffi-

cients between each patient subgroup and the HCs; the

statistically significant differences observed among the

three coefficients pairs are also shown (one-way

ANOVA, p < 0.01). From these results, we can conclude

that the similarity between the beta band power patterns

is the highest between INF and HCs and the lowest be-

tween SM1+ and HCs.

In TMS studies, cortical lesion groups show properties

that differ in similar ways from those of the subcortical

and HCs. Shimizu et al. compared intracortical inhib-

ition (ICI) and transcallosal inhibition (TCI) in cortical

and subcortical lesion groups [37]. They demonstrated

that ICI was significantly reduced in the cortical lesion

group compared with the age-matched HCs. TCI was

absent in the cortical lesion group, but it was observed

in the subcortical lesion and HCs. Liepert et al. com-

pared the properties of four groups (motor cortex, stria-

tocapsular, internal capsule, and pontine lesions) and

demonstrated that only the motor cortex lesion group

had a loss of the ICI in the affected hemisphere [13].

As shown in Fig. 3, the topography analysis showed

distinct differences between the three subgroups of

patients. The INF group with lesions in the deepest

location showed EEG topographical maps that were

similar to those of HCs. The ERD was stronger

around the contralateral motor cortex than around

the ipsilateral motor cortex, and the ERD distribution

was focused on the motor cortex and parietal area on

the contralateral side. The SM1+ and SM1- groups

showed topographies that differed distinctly from the INF

group and HCs. The SM1+ group had a strong and

focused ERD distribution on the ipsilateral side, and the

SM1- group showed a widespread ERD distribution.

We inferred that the interhemispheric inhibition (IHI)

was associated with the different patterns of the topo-

graphical distributions that depended on the depth of

the lesion location. IHI involves inhibitory interactions

between the bilateral primary motor cortexes [38, 39].

Because the IHI in the SM1+ group decreased from

the ipsilesional M1 to the contralesional M1, the ERD

on the ipsilesional side may be stronger than that on

contralesional side. This hypothesis is supported by the

results of the study by Bütefisch et al. [40]. They re-

ported that IHI decreased abnormally from the ipsile-

sional M1 to the contralesional M1 in the cortical lesion

group but not in the subcortical lesion group.

The SM1- and INF groups had subcortical lesions that

injured the pyramidal tract [41]. Thus, the injury does

not greatly affect the IHI between the bilateral M1s [40].

We inferred that this was why the SM1- and INF groups

had different patterns of neural activation compared

with the SM1+ group.

As far as we are aware, subcortical lesions have not been

specifically segmented in most lesion studies [17, 36, 40].

However, our study divided the subcortical lesion group

into two subgroups and demonstrated that the beta band

ERD distribution of the INF group was stronger and more

focused in the ipsilesional hemisphere than that in the

SM1- group. Nevertheless, the motor function of the INF

group was more severely affected compared with the SM1-

group. Because the neural mechanisms associated with the

SM1- and INF lesions are not yet fully understood, add-

itional studies investigating this issue, including ones using

a simultaneous EEG-fMRI modality, are warranted [42].

Our results indicated that plasticity changes that oc-

curred during the motor rehabilitation period differed de-

pending on lesion location and that these changes

produced different patterns of neural activation in patients

with chronic stroke with different lesion locations. Our

findings may be limited by the number of patients in each

subgroup, and thus, a future study is warranted to investi-

gate these findings in a large cohort.

Conclusions

Previous studies have reported that ERD in patients with

stroke occurs bilaterally during the same task [23–25].

In our study, we observed similar results in all patient

subgroups. However, in patient subgroups that were

classified by their different lesion locations, we observed

distinctly different beta band EEG patterns in each

group. These findings indicated that EEG spectral ana-

lyses should be implemented for patients with stroke

considering their lesion location. We envision that this

finding will provide an important foundation for studies

of BCI-based motor rehabilitation.

Additional files

Additional file 1: Figure S1. Mu band laterality coefficients for the

three motor tasks (passive, active, and MI) in supination and grasping
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movements. Solid bars indicate mean values and the error bars indicate

standard deviation. Abbreviations: SM1+ supratentorial lesion including

M1; SM1- supratentorial lesion excluding M1; INF infratentorial lesion,

Patient, all patients; Healthy, Healthy controls (JPG 835 kb)

Additional file 2: Figure S2. Twenty-eight channel topography of the

beta band in MI supination movement. The horizontal axis represents 2 s

of the motor task with a 0.5-s window interval. The vertical axis

represents the participant group. The upper three rows represent each

subgroup of patients according to their lesion location. The fourth row

represents all patients and the last row represents the healthy controls.

(JPG 2440 kb)

Additional file 3: Figure S3. Pearson’s correlation coefficients for the

beta band power changes between the HCs and each of the three

patient subgroups for each of the 28 channels during the MI task

supination movement. Significant results of a pairwise statistical analysis

on the differences in correlation coefficients are indicated (one-way

ANOVA test, *p < 0.05; **p < 0.01). (JPG 640 kb)

Additional file 4: Figure S4. Average patterns of the beta band power

in the contralateral motor cortex during 2 s of active task in supination

(left side) and grasping (right side) movements. (JPG 780 kb)

Additional file 5: Figure S5. Twenty-eight channel topography of the

beta band during active supination (left side) and grasping (right side)

movements. The horizontal axis represents 2 s of the motor task with a

0.5-s window interval. The vertical axis represents the subject groups. The

upper three rows represent each subgroup of patients according to their

lesion location. The fourth row represents all patients and the last row

represents healthy controls. (JPG 1727 kb)

Abbreviations

fMRI: Functional magnetic resonance imaging; EEG: Electroencephalographic;

SM1+: Supratentorial lesions that included M1; SM1-: Supratentorial lesions

that excluded M1; INF: Infratentorial; MI: Motor imagery; LC: Laterality

coefficient; ERD: Event-related desynchronization; ERS: Event-related

synchronization; TMS: Transcranial magnetic stimulation; BCI: Brain-computer

interface; SD: Standard deviation; HCs: Healthy controls; SMA: Supplementary

motor area; ICI: Intracortical inhibition; TCI: Transcallosal inhibition;

IHI: Interhemispheric inhibition.
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