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Abstract— This study investigates the neurological changes
in the brain activity of chronic stroke patients undergoing
different types of motor rehabilitative interventions and their
relationship with the clinical recovery using the Quantitative
Electroencephalography (QEEG) features. Over a period of
two weeks, 19 hemiplegic chronic stroke patients underwent 10
sessions of upper extremity motor rehabilitation using a brain-
computer interface paradigm (BCI group, n= 9) and transcra-
nial direct current stimulation coupled BCI paradigm (tDCS
group, n=10). The pre- and post-treatment brain activations,
as well as the intervention-induced changes in the neuronal
activity, were quantified using 11 QEEG features and their
relationship with clinical motor improvement was investigated.
Significant treatment-induced change in the relative theta power
was observed in the BCI group and the change was significantly
correlated with the clinical improvements. Also, in the BCI
group, the relative theta power and interactions between the
theta, alpha, and beta power were identified as monitory
biomarkers of motor recovery. On the contrary, the tDCS group
was characterized by the significant change in brain asymmetry.
Furthermore, we observed significant intergroup differences in
the predictive capabilities of post-intervention QEEG features
between the BCI and tDCS group. Based on the intergroup
differences observed in this study and convergent results from
the other neuroimaging analysis performed on the same cohort,
we suggest that distinctly different mechanisms of neuronal
recovery were facilitated by tDCS and BCI interventions and
these treatment specific mechanisms can be encapsulated using
QEEG.

I. INTRODUCTION

Stroke is one of the leading causes of acquired long-term
disabilities in adults and approximately two-thirds of stroke
patients require rehabilitation. Upper extremity (UE) motor
impairments is a significant problem among stroke survivors
and in recent years, Brain-Computer Interface (BCI) based
neuro-rehabilitation paradigms have emerged as an important
tool for UE motor function restorations [1]. Moreover, the
use of transcranial Direct Current Stimulation (tDCS) along
with the BCI treatment have also been found to be effective
in post-stroke motor rehabilitation in the chronic state [2].

The post-stroke clinical recovery is facilitated by various
structural and functional changes in different brain areas and
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the quantification and monitoring of these neuronal changes
is an essential aspect of image-guided rehabilitation. Various
quantitative electroencephalographic (QEEG) features have
been reported to encapsulate these neuronal changes in sub-
acute stage[3]. Also, the monitoring capabilities of QEEG
features, in particular, frequency specific features and fea-
tures quantifying brain asymmetry are well established in
the acute phase [4] but very few studies have explored the
utility of these features in the chronic state [5]–[8]. Moreover,
only two previous studies have reported the usefulness of
QEEG features in chronic state rehabilitation, but to the best
of authors’ knowledge, no other study have explored the
effectiveness of QEEG features as biomarkers of treatment
evolution during BCI and tDCS motor rehabilitation.

To address this gap, the proposed study analyzes the
possible utility of QEEG features as monitory biomarkers in
chronic stroke patients undergoing BCI and tDCS coupled
BCI rehabilitation. Moreover, this study also investigates
inter-treatment differences in the evolution of neuronal ac-
tivity during the BCI and tDCS coupled BCI rehabilitation.

The results suggest that various QEEG features may be
informative in quantifying the neuronal changes occurring
during BCI and tDCS coupled BCI intervention in the
chronic state. Additionally, we observed a significant dif-
ferences in the mechanism of neuronal repair in the patients
undergoing these two different interventions.

II. METHODS AND MATERIALS

A. Patients and rehabilitation protocol

Nineteen hemiplegic chronic stroke patients (14 male, 13
ischemic, 18 subcortical, mean age = 54.1 years, mean time
post stoke = 34.6 months) who had their first ever stroke at
least nine months prior were recruited in a randomized con-
trol trial (RCT) accessing the efficacy of tDCS coupled BCI
intervention in post-stroke UE motor rehabilitation [2]. The
clinical trial was approved by Institutional Review Board,
National University Hospital Singapore. All the participants
were randomly assigned to the tDCS (n=10) or BCI (n=9)
groups and underwent ten 1-hr sessions of a BCI rehabil-
itation carried over a 2 week period. The BCI intervention
involved BCI triggered robotic movement of the paretic hand
upon the detection of motor imagery (MI). In a trial-based
setting, patients performed MI of the reaching task using
the paretic hand; which was identified online using EEG
and successful detection of MI was rewarded by immediate
passive movement of the paretic hand by the MIT-MANUS
robot. Each rehabilitation session involved four therapy runs
with 40 such trials in each run constituting, in total, 160



repetitions. Along with this BCI therapy, the patients in tDCS
group received 20 minutes of 1mA bi-hemispheric tDCS (the
anode over the ipsilesional M1 and the cathode over the
contralesional M1) before the start of every session. Being an
RCT, the BCI group also received a similar but sham-tDCS
where the current was applied only for the first 30s. In total,
all patients participated in 10 rehabilitation sessions.

B. Clinical evaluation

The clinical assessment of motor functions of the paretic
hand was performed using the motor part of the UE Fugle-
Mayer Assessment (FMA) (range 0-66) at three-time points:
1. Pre-treatment (FMAT 0), 2. Post-treatment: immediately
after the treatment (FMAT 2) and, 3: Follow-up: at a two
weeks follow-up after the treatment (FMAT 4). The treatment
gain (∆FMA) was calculated as the difference between pre-
treatment and post-treatment FMA (FMAT 2 - FMAT 0).

C. EEG Data acquisition, preprocessing and feature extrac-
tion

In all the rehabilitation sessions, the brain activity was
continuously captured using the Neuroscan Nuamps EEG
amplifier with 27 unipolar channels positioned according
to the international 10/20 system at a sampling frequency
of 250Hz. All the channels were referenced to the ear
electrode and the electrode impedances were kept well below
5kΩ. In an offline analysis, the continuous EEG data was
bandpass filtered between 0.5-45Hz using zero-phase FIR
filter (with hamming window function) and was cleaned for
the line noise. The single trial data was extracted from this
filtered data and an expert user discarded noisy trials and
channels (along with their homologous channels) with the
help of PREP and FASTER toolbox. The remaining data was
referenced to the common average reference and Independent
component analysis (ICA) was used to remove eye blink
and muscle-related artifacts. Expert user removed artefactual
components with the help of SASICA toolbox. Finally, from
this clean data, a 2s pre-cue resting state EEG was extracted
from each trial for the analysis.

The single trial Power Spectral Density (PSD) was com-
puted for each channel using Welch’s periodogram. The trial
averaged absolute PSD was calculated and was summed
across 1.0-4.0Hz, 4.0-7.5Hz, 7.5-12.5Hz, and 12.5-30.0Hz
bands to obtain absolute band power in the rδ , θ , α ,
and βpower bands respectively. Moreover, the relative band
power was calculated by dividing the absolute band power
in each band with the total power in 1-30Hz and this relative
power at each channel was averaged over the scalp to obtain
global relative power features: rδ , rθ , rα , and rβ . The
absolute band power at all the channels was averaged over
the scalp in order to obtain a global absolute band power in
δ , θ , α and, β power bands and it was used to calculate the
five global ratio based features:
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Moreover, the trial averaged PSD was used to compute
pairwise-derived Brain Symmetry Index (pdBSI) [9] and
revised Brain Symmetry Index (rBSI)[10] which respectively
quantified the brain asymmetry between the homologous
channels pairs (left v/s right) in both the hemispheres and an
overall global interhemispheric asymmetry. As done in the
previous studies [5], the rBSI and pdBSI between 1-25Hz
were calculated as:
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Here, ri j and li j are the trial averaged PSD from right and
left homologous channel pairs (at channel pairs j= 1,2,...,M)
at frequency i= 1,2,...,N. Ri and Li (similarly calculated)
represent the average power over all the channels on the
right and left hemispheres at frequency i. Considering these
two brain symmetry features and nine band power features,
in total 11 EEG features were extracted for each subject from
the first (pre-treatment: EEGT 0) and the last (post-treatment:
EEGT 2) rehabilitation session.

D. Statistical analysis

A non-parametric statistical analysis was performed owing
to the non-normal distribution of the underlying data. The
relationship between EEG features and the clinical outcome
was assessed using Spearman’s rank correlation. The predic-
tive capabilities of any features were compared by statisti-
cal comparison of their correlation coefficients (CC) using
Fisher Z-transformation. The statistical difference between
the pre- and post-treatment EEG features was tested using
Wilcoxon signed-rank test and, the intergroup difference in
the features was assessed using Wilcoxon rank sum test.
Assuming Spearman’s rank correlation coefficient of 0.6, the
sample size of the study was just enough (n≥9) to achieve a
statistical power of 80% with significance level of α = 0.05.
Moreover, owing to the small sample size in each group and
the exploratory nature of the study, the family-wise error rate
correction was not performed.

III. RESULTS

A. Correlation between pre-treatment EEG features and pre-
treatment FMA

The separate group analysis of the correlation between
pre-treatment EEG features (EEGT 0) and FMAT 0 showed a
significant negative correlation between T BRT 0 and FMAT 0
(p = 0.025) for the BCI group. Although no significant
relationship was observed for the tDCS group, the intergroup
comparison of correlation coefficients revealed that there



Fig. 1. Significant Relationships (All subjects): Correlation between pre-
treatment FMA (FMAT 0) and pre-treatment EEG. (a): Relative theta power
(rθT 0) and FMAT 0(p = 0.005), (b): Theta-Beta ratio (T BRT 0) and FMAT 0(p
= 0.038), (c): Theta-Beta-Alpha ratio (T BART 0) and FMAT 0(p = 0.029), (d):
Revised Brain Symmetry Index (rBSIT 0) and FMAT 0(p = 0.045)

Fig. 2. Significant Relationships (BCI group): Correlation analysis between
clinical improvement (∆FMA) and treatment induced change in the EEG
features (∆EEG). (a): Relative theta power (∆rθ ) and ∆FMA(p = 0.022),
(b): Theta-Alpha ratio (∆TAR) and ∆FMA (p = 0.045), (c): Theta-Beta-
Alpha ratio (∆T BAR) and ∆FMA(p = 0. 045).

was no intergroup difference in the predictive capabilities
of any EEGT 0 features. Hence, the combined group anal-
ysis(All subjects) was performed and significant negative
relationship was observed between FMAT 0 and rθT 0 (p =
0.005, Fig.1(a)), T BRT 0 (p = 0.038, Fig.1(b)), T BART 0(p =
0.029, Fig.1(c)) and, rBSIT 0 (p = 0.045, Fig.1(d)). All the
correlation coefficient values are presented in Table I.

B. Post-treatment change in the EEG features and their
correlation with the functional improvement

The statistical analysis of pre and post treatment EEG
feature values revealed that there was a significant treatment
induced change in the relative theta band power (p=0.039)
in the BCI group. Also, although not significant, BCI group
displayed a marginal change in TAR(p = 0.054) and TBAR
(p = 0.074). In the tDCS group, a significant change was
observed only in the pdBSI value (p = 0.019). Moreover,
although, the EEG features displaying significant changes in

TABLE I

EEG
Features

Correlation coefficient between FMAT 0
and EEGT 0 features (ρ)

tDCS BCI All
rδT 0 -0.16 0.13 0.07
rθT 0 -0.59 -0.68 *-0.61
rαT 0 0.24 -0.25 -0.02
rβT 0 0.22 0.55 0.34
PRIT 0 -0.21 -0.4 -0.18
DART 0 -0.04 0.12 0.06
T BRT 0 -0.27 *-0.75 *-0.48
TART 0 -0.39 -0.5 -0.33
T BART 0 -0.56 -0.6 *-0.50
pdBSIT 0 -0.2 -0.45 -0.38
rBSIT 0 -0.5 -0.33 *-0.46

*Bold numbers denote statistical significance (p<0.05)
No significant between-group difference in the predictive capabilities of any EEGT 0 features was observed

Fig. 3. Significant Relationships (BCI group): Correlation between
post-treatment Fugal-Mayer Assessment (FMAT 2) and post-treatment EEG
features. (a): Relative beta power (rβT 2) and FMAT 2(p = 0.009), (b): Theta-
Beta ratio (T BRT 2) and FMAT 2(p = 0.021), (c): Theta-Alpha ratio (TART 2)
and FMAT 2(p = 0.037).

the tDCS and BCI group were mutually exclusive, no statis-
tically significant between-group difference in pre-treatment
EEG as well as in change in EEG features was observed.

Post-identification of the EEG variables which changed
significantly, we investigated if this change correlated with
clinical improvements. The correlation analysis between
∆EEG and ∆FMA revealed that there was a significant
negative correlation between ∆FMA and ∆rθ (p = 0.022,
Fig.2(a)), ∆TAR (p = 0.045, Fig.2(b)) and, ∆T BAR (p =
0.045, Fig.2(c)) in the BCI group. Despite the significant
change, pdBSI did not show any significant correlation with
∆FMA in the tDCS group. Furthermore, right-tailed Fisher
z-test revealed that the correlation between ∆FMA and ∆rθ ,
∆TAR and, ∆T BAR were marginally stronger in the BCI
group than the tDCS group (p = 0.064, 0.076, 0.079). Table
II(A) reports the correlation between all the ∆EEG features
and ∆FMA.

C. Correlation between post-treatment EEG features and
post-treatment FMA

After the analysis of the correlation between ∆EEG
and ∆FMA, the relation between post-treatment clinical
score (FMAT 2) and post-treatment EEG features (EEGT 2)
was investigated. The analysis revealed that, in the BCI
group, FMAT 2 exhibited significant negative correlation with
T BRT 2 (p = 0.021, Fig.3(b)) and, TART 2 (p = 0.037, Fig.
3(c)) and a marginal negative trend with rθT 2 (p = 0.087)

TABLE II

(A) (B)
EEG
Fea-
tures

Correlation
coefficient
between ∆FMA
and ∆EEG
features (ρ)

EEG
Fea-
tures

Correlation
coefficient
between FMAT 2
and EEGT 2
features (ρ)

tDCS BCI tDCS BCI
∆rδ 0.01 -0.02 rδT 2 -0.22 -0.25
∆rθ -0.16 *-0.76 rθT 2 -0.26 -0.61
∆rα 0.24 0.37 rαT 2 0.31 0.21
∆rβ *-0.64 0.12 rβT 2 0.04 *0.82
∆PRI 0.12 0.08 PRIT 2 -0.44 -0.55
∆DAR 0.13 0.05 DART 2 -0.16 -0.25
∆T BR 0.05 -0.59 T BRT 2 0.07 *-0.76
∆TAR -0.07 *-0.70 TART 2 -0.52 *-0.71
∆T BAR -0.06 *-0.70 T BART 2 -0.39 -0.66
∆pdBSI 0.27 -0.63 pdBSIT 2 -0.05 -0.51
∆rBSI -0.34 -0.54 rBSIT 2 -0.27 -0.59

*Bold numbers denote statistical significance (p<0.05), ∆pdBSI is significant in tDCS group



and, T BART 2 (p = 0.058). Also, a strong positive correlation
was observed between rβT 2 and FMAT 2(p = 0.009, Fig.3(a))
in the BCI group. No EEGT 2 feature correlated with the
FMAT 2 for the tDCS group. The correlation results are
presented in Table II(B).

IV. DISCUSSION

The QEEG features have been reported to be informative
for stroke monitoring in (sub-)acute states [3], and in this
study we assessed their utility for continuous monitoring
of chronic state BCI and tDCS rehabilitation. We observed
that there was a significant treatment induced change in
the interhemispheric asymmetry in the tDCS group captured
using pdBSI. Although this difference did not correlate with
the functional improvements, the result is consistent with
the neuroimaging analysis of the same study cohort where
increased interhemispheric cerebral blood flow asymmetry
was observed in the tDCS group alone [11].

In the BCI group, relative theta power, TAR and, TBAR
displayed a substantial change during the treatment and the
change was correlated with the change in FMA. Moreover,
pre-treatment rθ , TBR, and TBAR displayed a correlation
with pre-treatment FMA and post-treatment rβ , TBR, TAR,
and TBAR displayed a correlation with post-treatment FMA
in BCI group. These results collectively indicate that rel-
ative theta band power and the interactions between theta,
beta, and alpha oscillations can be highly suitable monitory
biomarkers of BCI based rehabilitation.

Moreover, all the features in the BCI group indicated a
positive association between improved motor functions and
brain oscillations in the higher frequency bands which is
in line with the reported literature [3], [5]. Although, the
involvement of theta activity is not very common in motor
rehabilitation studies, it is reported to be associated with
the ischemic penumbra[12] in acute state. Considering this
relation, we suspect that the motor recovery in the BCI
group might be indicative of the training-induced activation
of dysfunctional neuronal population.

Despite the absence of any pre-treatment inter-group
differences and similar clinical outcomes, the comparative
analysis in BCI and tDCS cohort revealed that the QEEG
features displaying significant change during the interven-
tion were distinctly different between the two groups. The
tDCS intervention was characterized by a substantial change
in brain asymmetry whereas the change in the relative
theta power was observed to be a signature feature of the
BCI interventions. Also, a marginal inter-treatment differ-
ence was observed in the predictive capabilities of post-
treatment QEEG features. Moreover, a combined analysis
of Diffusion and perfusion MRI and transcranial magnetic
stimulation(TMS) in the same trial also reported significant
differences in mechanisms of recovery between these two
groups [11].

Considering the coherent results from the EEG as well as
MRI and TMS analysis, we suggest that an altogether dif-
ferent neuronal mechanism was facilitated by tDCS coupled
BCI intervention as opposed to the BCI intervention alone

and these mechanisms are specific to the intervention. Along
the similar lines, we speculate that the clinical recovery dur-
ing different rehabilitation paradigms might be facilitated by
intervention specific neuronal changes and identifying these
distinct neuronal repair mechanisms will be helpful to better
understand the brain dynamics during clinical recovery.

V. CONCLUSION

The results of this study indicate that QEEG features can
be informative in the chronic stroke motor rehabilitation.
Moreover, the results from the clinical trial and neuro-
physiological analysis suggest that different rehabilitation
paradigms may have distinct mechanisms of neuronal recov-
ery. Notwithstanding the fact that the sample size used in this
study is small and needs to be supported with larger cohort,
the results from this study provide novel insights in the
neuronal change during different rehabilitative interventions
in the chronic state and further investigation in this direction
is necessary.

REFERENCES

[1] Marı́a A. Cervera, S. R. Soekadar, J. Ushiba, J. d. R. Millán, M. Liu,
N. Birbaumer, and G. Garipelli, “Brain-Computer Interfaces for Post-
Stroke Motor Rehabilitation: A Meta-Analysis,” bioRxiv, 2017.

[2] K. K. Ang, C. Guan, K. S. Phua, C. Wang, L. Zhao, W. P. Teo, C. Chen,
Y. S. Ng, and E. Chew, “Facilitating effects of transcranial direct
current stimulation on motor imagery brain-computer interface with
robotic feedback for stroke rehabilitation,” Arch. Phys. Med. Rehabil.,
vol. 96, no. 3, pp. S79–S87, 2015.

[3] S. Finnigan and M. J. A. M. van Putten, “EEG in ischaemic stroke:
Quantitative EEG can uniquely inform (sub-)acute prognoses and
clinical management,” Clin. Neurophysiol., vol. 124, no. 1, pp. 10–
19, 2013.

[4] S. Finnigan, A. Wong, and S. Read, “Defining abnormal slow EEG
activity in acute ischaemic stroke: Delta/alpha ratio as an optimal
QEEG index,” Clin. Neurophysiol., vol. 127, no. 2, pp. 1452–1459,
2016.

[5] P. Trujillo, A. Mastropietro, A. Scano, A. Chiavenna, S. Mrakic-
Sposta, M. Caimmi, F. Molteni, and G. Rizzo, “Quantitative EEG
for Predicting Upper-limb Motor Recovery in Chronic Stroke Robot-
assisted Rehabilitation,” IEEE Trans. Neural Syst. Rehabil. Eng.,
vol. 25, pp. 1058–1067, 2017.

[6] J. Leon-Carrion, J. F. Martin-Rodriguez, J. Damas-Lopez, J. M.
Barroso y Martin, and M. R. Dominguez-Morales, “Delta-alpha ratio
correlates with level of recovery after neurorehabilitation in patients
with acquired brain injury,” Clin. Neurophysiol., pp. 1039–1045.

[7] A. Thibaut, M. Simis, L. R. Battistella, C. Fanciullacci, F. Bertolucci,
R. Huerta-Gutierrez, C. Chisari, and F. Fregni, “Using brain oscil-
lations and corticospinal excitability to understand and predict post-
stroke motor function,” Front. Neurol., vol. 8, pp. 1–8, 2017.

[8] D. Mattia, F. Spanedda, F. Babiloni, A. Romigi, and M. G. Marciani,
“Quantitative EEG patterns following unilateral stroke: A study in
chronic stage,” Int. J. Neurosci., vol. 113, no. 4, pp. 465–482, 2003.

[9] R. V. A. Sheorajpanday, G. Nagels, A. J. T. M. Weeren, M. J.
A. M. van Putten, and P. P. De Deyn, “Reproducibility and clinical
relevance of quantitative EEG parameters in cerebral ischemia: A basic
approach,” Clin. Neurophysiol., vol. 120, no. 5, pp. 845–855, 2009.

[10] M. J. A. M. van Putten, “The revised brain symmetry index,” Clin.
Neurophysiol., vol. 118, no. 11, pp. 2362–2367, 2007.

[11] X. Hong, Z. K. Lu, I. Teh, F. A. Nasrallah, W. P. Teo, K. K. Ang,
K. S. Phua, C. Guan, E. Chew, and K. H. Chuang, “Brain plasticity
following MI-BCI training combined with tDCS in a randomized trial
in chronic subcortical stroke subjects: A preliminary study,” Sci. Rep.,
vol. 7, no. 1, pp. 1–12, 2017.

[12] E. Cuspineda, C. Machado, L. Galán, E. Aubert, M. A. Alvarez,
F. Llopis, L. Portela, M. Garcı́a, J. M. Manero, and Y. Ávila, “QEEG
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