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Classification of left and right foot kinaesthetic motor imagery using
common spatial pattern

MadihaTariq, PavelMTrivailo andMilan Simic
School of Engineering, RMITUniversity,Melbourne, VIC, Australia
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Keywords: common spatial pattern (CSP), filter bank common spatial pattern (FBCSP), kinaestheticmotor imagery (KMI), brain-computer
interface (BCI), supervisedmachine learning, EEG

Abstract
Background and objectives: Brain-computer interface (BCI) systems typically deploy common spatial
pattern (CSP) for feature extraction ofmu and beta rhythms based on upper-limbs kinaestheticmotor
imageries (KMI). However, it was not used to classify the left versus right foot KMI, due to its location
inside themesial wall of sensorimotor cortex, whichmakes it difficult to be detected.We report novel
classification ofmu and betaEEG features, during left and right foot KMI cognitive task, usingCSP,
andfilter bank common spatial pattern (FBCSP)method, to optimize the subject-specific band
selection.We initially proposedCSPmethod, followed by the implementation of FBCSP for
optimization of individual spatial patterns, wherein a set of CSPfilters was learned, for each of the
time/frequency filters in a supervisedway. This was followed by the log-variance feature extraction
and concatenation of all features (over all chosen spectral-filters). Subsequently, supervisedmachine
learningwas implemented, i.e. logistic regression (Logreg) and linear discriminant analysis (LDA), in
order to compare the respective foot KMI classification rates. Training and testing data, used in the
model, was validated using 10-fold cross validation. Fourmethodology paradigms are reported, i.e.
CSP LDA, CSP Logreg, and FBCSP LDA, FBCSPLogreg. All paradigms resulted in an average
classification accuracy rate above the statistical chance level of 60.0% (P<0.01). On average, FBCSP
LDAoutperformed remaining paradigmswith kappa score of 0.41 and classification accuracy of
70.28%± 4.23. Similarly, this paradigm enabled discrimination between right and left foot KMI
cognitive task at highest accuracy rate i.e.maximum77.5%with kappa=0.55 and the area under
ROC curve as 0.70 (in single-trial analysis). The proposed novel paradigms, usingCSP and FBCSP,
established a potential to exploit the left versus right foot imagery classification, in synchronous 2-class
BCI for controlling robotic foot, or foot neuroprosthesis.

1. Introduction

Brain-computer interface (BCI) is an augmented
muscle-free communication channel between the
human brain and output devices for assisting subjects
with neuromotor disorders, spinal cord injuries (SCI)
or amputated residual limbs [1–4]. It decodes a specific
brain activity into computer command to control
external device. Amongst the popularly used electro-
encephalography (EEG)-based brain activity is event-
related (de)synchronization (ERD/ERS) localized in
the sensorimotor cortex [5–9]. The ERD/ERS features
can be quantified via band-power changes that occur
during any kinaesthetic motor imagery (KMI) task

performed by the subject, e.g. imagination of limb
movement (left-right hand or foot) [5, 7]. Frequency
bandwidths, that reflect imaginary activity in EEG, lie
in themu and beta oscillatory activity, i.e. between 7 to
∼35Hz.

In order to extract ERD/ERS EEG features for
BCI, various methods have been introduced based on
application requirements [1, 9–10]. According to [11],
for a BCI that usesmu and beta rhythms, the selection
of spatial filter can markedly affect its signal-to-noise
ratio. The common spatial pattern (CSP) is one effi-
cientmethod that has generally been used with oscilla-
tory processes in the KMI feature extraction due to its
simplicity, relatively high speed and robustness.
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Abstract
Objective:To evaluate the performance offive different types of textiles as band electrodes for calf
bioimpedancemeasurements in comparisonwith conventional spot Ag/AgCl electrodes.Approach:
Calf bioimpedancemeasurements were performed in 10 healthy volunteers with five different textile
materials cut into bands andAg/AgCl spot electrodes as a baseline. Collected bioimpedance datawere
analyzed in terms of precision, fit error and presence ofmeasurement artifacts. Each textilematerial
was also evaluated for participant comfort.MainResults:Bioimpedance values for spot electrodes
were higher at low frequencies as comparedwith band electrodes but not at high frequencies. This
suggests that spot electrodes have frequency dependent current distributions that adversely impact
their use for volumemeasurements and band electrodes are preferable. The SMP130T-B fabric had
the highest precision and the lowest bestfit error to theColemodel of the tested textilematerials.
However, it was the least comfortable textile andmost expensive. The Stretchmaterial performed
slightly worse than the SMP130T-B fabric, butwas half the cost and themost comfortable.
Significance:These results suggest that there are suitable textilematerials for use as dry, band
electrodes for calf bioimpedancemeasurements and that these band electrodes enable greater current
uniformity. These textiles could be integrated into a compression sock for remotemonitoring of
diseases such as CongestiveHeart Failure.

1. Introduction

Bioimpedance is a measurement of the electrical
properties of tissue typically obtained by driving a
small current through the body and sensing the
resulting voltage [1, 2]. The technique can be used for a
number of different applications, including body
composition [3], hemodynamic monitoring [4], and
assessment of volume status [5, 6]. Most bioimpe-
dance measurements are ‘tetrapolar’ and involve the
placement of two pairs of electrodes; outer electrodes
that drive current and inner electrodes that sense the
resulting voltage. A tetrapolar configuration mini-
mizes the impact of electrode polarization at frequen-
cies above about 1kHz assuming equal electrode area
and material [7]. These electrodes are most frequently
spot electrodes such as those used for ECG
measurements.

Bioimpedance measurements for full body compo-
sition involve placement of electrodes on the wrist and
ankle andmeasure the properties of the arm, trunk and
leg in series. In recent years there has also been an inter-
est in ‘segmental’ bioimpedance that involves placing
electrodes closer together to measure just one smaller
area of the body. These measurements can be used, for
example, for monitoring knee or ankle joint health
[8, 9], for monitoring fluid status during hemodialysis
using calf bioimpedance measurements [10–13] or in
CongestiveHeart Failure patients [14, 15].

When a wrist to ankle bioimpedance measurement
is performed, the long conductor length of the mea-
surement ensures that the current is distributed evenly
through the measured segments for the majority of the
current path, other than small areas of constriction
close to the electrodes [16]. However, segmental mea-
surements involve shorter inter-electrode spacing and
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