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lassification  of  functional  near-infrared  spectroscopy  signals
orresponding  to  the  right-  and  left-wrist  motor  imagery  for
evelopment  of  a  brain–computer  interface

oman  Naseera,  Keum-Shik  Honga,b,∗

Department of Cogno-Mechatronics Engineering, Pusan National University, 30 Jangjeon-dong, Geumjeong-gu, Busan 609-735, Republic of Korea
School of Mechanical Engineering, Pusan National University, 30 Jangjeon-dong, Geumjeong-gu, Busan 609-735, Republic of Korea

 i g  h  l  i  g  h  t  s

Classification  of fNIRS  signals  corresponding  to the right-  and  left-wrist  motor  imagery.
Hemodynamic  responses  of  the right-wrist  imagery  are  distinguishable  from  those  of left.
Signal  slope  improves  the  classification  accuracy  significantly  than  signal  mean.
Enhanced  performance  on  examination  of subset  of the  response  data.
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a  b  s  t  r  a  c  t

This paper  presents  a study  on  functional  near-infrared  spectroscopy  (fNIRS)  indicating  that  the hemody-
namic  responses  of the  right-  and  left-wrist  motor  imageries  have  distinct  patterns  that  can  be classified
using  a linear  classifier  for the purpose  of  developing  a brain–computer  interface  (BCI).  Ten  healthy
participants  were  instructed  to imagine  kinesthetically  the  right-  or left-wrist  flexion  indicated  on a
computer  screen.  Signals  from  the  right  and left primary  motor  cortices  were  acquired  simultaneously
using  a multi-channel  continuous-wave  fNIRS  system.  Using  two  distinct  features  (the  mean  and  the
slope  of  change  in the  oxygenated  hemoglobin  concentration),  the  linear  discriminant  analysis  classifier
rain–computer interface (BCI)
rist motor imagery

was  used  to  classify  the  right-  and  left-wrist  motor  imageries  resulting  in average  classification  accura-
cies  of 73.35%  and  83.0%,  respectively,  during  the  10 s task  period.  Moreover,  when  the  analysis  time  was
confined  to the  2–7  s span  within  the  overall  10  s  task period,  the  average  classification  accuracies  were
improved  to 77.56%  and  87.28%,  respectively.  These  results  demonstrate  the  feasibility  of  an  fNIRS-based
BCI  and  the  enhanced  performance  of the  classifier  by  removing  the  initial  2 s  span  and/or  the  time  span

after  the peak  value.

. Introduction

A brain–computer interface (BCI) provides a means of control-
ing machines and robots for locked-in people by interpreting the
euronal signals from the brain directly and bypassing the signals

rom the peripheral nerves and muscles [34]. Recently, researchers
uccessfully trained people with head-implanted microelectrodes

o control robotic and prosthetic arms [10]. Noninvasive meth-
ds, however, are preferable to avoid the inherent medical risks
n microelectrode implantation. Various noninvasive modalities
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including electroencephalography (EEG), magnetoencephalogra-
phy (MEG), functional magnetic resonance imaging (fMRI), and
functional near-infrared spectroscopy (fNIRS) are currently being
used to acquire brain signals for BCI applications.

fNIRS is a novel brain imaging technology that is used to measure
the hemodynamic response of the cerebral cortex using near-
infrared (NI) light (650–1000 nm)  [11,35]. The fNIRS technique is
based on the measurement of hemodynamic changes in the cere-
bral blood flow, that is, the concentration changes of oxygenated
hemoglobin (HbO) and deoxygenated hemoglobin (HbR). fNIRS
employs multiple emitter/detector pairs of NI lights operating at
two or more different wavelengths. The lights emitted into the scalp
diffuse through the brain tissues due to multiple scattering of pho-

tons. While the majority of the lights are absorbed in the tissues or
continue to scatter, a portion of lights exit the scalp after passing
through the cortical area, wherein the HbO and HbR chromophores
in the path absorb them with different absorption coefficients. The
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http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
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ig. 1. (a) Optode placement and channel configuration: Each gray-filled circle repre
f  the experimental paradigm used: The white blocks represent the 20 s rest period

xited photons are detected using strategically positioned detec-
ors, and the intensity of the detected light is then used to calculate
he HbO and HbR concentration changes (�HbO and �HbR) along
he photon path. The principle of fNIRS measurement, first reported
y Jobsis [16], has been applied to the study of cerebral hemody-
amics for more than two decades, even though its use in brain
apping, brain-state decoding, and BCI is only a few years old

1,2,5,6,12–15,17,21,26,27,30,31]. The major advantages of fNIRS
re its noninvasiveness, relatively low cost, portability, and wear-
bility. Since fNIRS is an optical modality, its measurements are not
usceptible to electrogenic artifacts [20].

In the present research, the adopted brain signal generation
aradigm is motor imagery. Motor imagery can be defined as the
ental rehearsal of motor acts that is not accompanied by overt

ody movements. It is a mental task often employed for BCI appli-
ations, and has been shown to work well in previous EEG-based
CI studies [23,24,29,33]. Indeed, Beisteiner et al. [3] demonstrated
hat the brain activation during a motor imagery is similar to
he brain activation during the associated motor execution (overt
ody movement). Motor imagery tasks should be easy to learn and
xecute and, moreover, the use-friendliness of the BCI system is
mportant. Motor imagery signal decoding, besides its significance
o BCI development, is appealing from the prospective of neurore-
abilitation.

In this study, by classifying the right- and left-wrist motor
magery signals, we achieved a significant advance towards an
NIRS-based BCI. After acquiring the fNIRS signals representing
he right- and left-wrist motor imageries from the primary motor
ortex, those signals were normalized and filtered. By using two
istinct features (the mean and the slope of the signal), they were
lassified into two classes, “right-wrist motor imagery” and “left-
rist motor imagery.” The average classification accuracy was as
igh as 87.28%. The contributions of this study are as follows: (i)
o the best of the authors’ knowledge, this is the first work on the
lassification of fNIRS signals corresponding to the right- and left-
rist motor imageries; (ii) it has been illustrated that the signal

lope (SS), as a classification feature, offers significantly better clas-

ification accuracy than the signal mean (SM); (iii) it is found that
he classifier performance can be enhanced when the analysis is
erformed on the focused time period, for instance, during 2–7 s
ime interval instead of the overall 10 s task period.
 an emitter, and each unfilled circle represents a detector. (b) Schematic illustration
e beginning and at the end; the gray-filled block represents the 10 s task period.

2. Experimental procedure

2.1. Participants

A total of 10 healthy adults were recruited (all male, right
handed, mean age: 28.5 ± 4.8). Only right handed participants were
sought, so as to minimize any variations in the hemodynamic
responses due to the hemispheric-dominance difference. None of
the participants had a history of any psychiatric, neurological or
visual disorder. All of them had normal or corrected-to-normal
vision, and all provided a verbal consent after they were informed
in detail about the experimental procedure. The experiment was
conducted in accordance with the latest Declaration of Helsinki.

2.2. Optode placement and channel configuration

Since motor imagery activates the brain’s primary motor cor-
tex [3,25], a total of 12 NI light emitters and 12 detectors were
positioned over the left and right hemispheres to measure the
signals from the left and right primary motor cortices. With the
optodes configuration in Fig. 1(a), 17 interconnecting channels
were made on each hemisphere by considering the imaging depth
related to the emitter–detector distance [7–9,19,22]. For measure-
ment of signals from the cortical area, an approximately 30 mm
emitter–detector distance has been set [7]. Channels covering an
emitter–detector distance of more than 30 mm  were discarded, as
it is not certain whether the signals received at such channels were
through the cortical area or not and in any case the signal might be
too weak to be used [9].

2.3. Experimental protocol

Each participant was seated in a comfortable chair facing a
15.6 in. monitor situated at a distance of 65–70 cm in a dimly lighted
room. He was  asked to relax for at least 5 min prior to the experi-
ment in order to settle his heart rate and blood pressure down and
to remain relaxed through the experiment so as to avoid, to the

extent possible, any unnecessary movement or thinking. In each
trial during the experiment, the first 20 s was a rest period to set
up the baseline, followed by a 10 s task period, which was followed
in turn by another 20 s rest period, for a total trial duration of 50 s.
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Table 1
The classification accuracies with standard deviations according to the two features (SM and SS) for data acquired in the two time windows (20–30 s, 22–27 s).

Participant number SM 20–30 [%] SS 20–30 [%] SM 22–27 [%] SS 22–27 [%]

1 75.3 ± 8.24 84.2 ± 6.81 78.9 ± 5.49 87.7 ± 6.53
2  77.8 ± 6.17 89.5 ± 7.64 81.6 ± 6.71 93.2 ± 5.74
3  68.3 ± 7.43 78.8 ± 6.14 75.3 ± 4.67 84.6 ± 7.19
4  72.3 ± 5.91 82.1 ± 5.27 73.9 ± 6.54 83.7 ± 6.27
5  75.5 ± 9.43 84.9 ± 7.25 70.3 ± 5.76 89.5 ± 6.98
6  70.1 ± 8.10 79.9 ± 5.94 75.4 ± 8.85 86.2 ± 5.49
7  74.5 ± 6.44 83.5 ± 8.46 82.2 ± 6.94 85.8 ± 6.37
8  69.9 ± 9.57 78.9 ± 7.55 78.7 ± 6.81 90.1 ± 5.20
9  72.8 ± 5.33 81.6 ± 6.94 80.4 ± 5.46 88.2 ± 8.26
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Average  73.35 ± 3.20 

his experimental paradigm is shown in Fig. 1(b). During the task
eriod, each participant was asked to imagine moving his left or
ight wrist upwards (flexion), which movement was  indicated on
he monitor in a pseudorandom way. The imagined movement was
elf-paced at around 4–5 movements during the task period. All of
he participants took part in a training session preparatory to the
ctual experiments.

.4. Signal acquisition and signal processing

A multichannel continuous-wave imaging system (DYNOT:
Ynamic Near-infrared Optical Tomography; two  wavelengths:
60 and 830 nm)  obtained from NIRx Medical Technologies, NY,
as used to acquire brain signals at a sampling rate of 1.81 Hz. The

aw signals were first normalized by dividing them by the mean
alue of the baseline signal during the rest period. In order to mini-
ize the physiological noise due to heart pulsation (1–1.5 Hz for

dults), respiration (approximately 0.4 Hz for adults), and blood
ressure (Mayer) waves (approximately 0.1 Hz), the signals were
hen low-pass filtered using a 4th order Butterworth filter at a cut-
ff frequency of 0.1 Hz. The relative concentration changes �HbX
i.e., �HbO and �HbR) were then calculated, with reference to
he dual-wavelength light intensity signals and the modified Beer-
ambert law, as follows.

��HbO(t)

��HbR(t)

]
=

[
aHbO(�1) aHbR(�1)

aHbO(�2) aHbR(�2)

]−1 [
��(t; �1)

��(t; �2)

]
, (1)

HbX(t) = ��HbX(t)
d × l

, (2)

here ��HbX(t) is the optical density variation of HbX in �M mm,
�(t; �j) (j = 1, 2) is the unit-less total optical density variation

f the light emitter of wavelength �j, aHbX(�j) is the extinction
oefficient of HbX in �M−1 mm−1, d is the unit-less differential
athlength factor, and l is the distance (in millimeters) between
mitter and detector.

.5. Classification

The classification methodology employed in the present study
as linear discriminant analysis (LDA), and only �HbO signals
ere considered for classification. LDA, a linear classifier, uses
yper-planes to discriminate between the different classes of data
18]. The separating hyper-plane is designed to maximize the
istance between the class means and minimize the interclass vari-
nces. Owing to its simplicity and execution speed, LDA performed

ell in a number of BCI problems [18,27–29]. The classifier features

onsidered were SM and SS, since the hemodynamic response typ-
cally appears as an increase in �HbO and a decrease in �HbR [4].
hese two features have been shown to work well in the previous
 5.83 78.9 ± 7.73 83.8 ± 7.86

 3.45 77.56 ± 3.75 87.28 ± 3.06

studies [6,20,21,26]. Classification was  performed on the signals
acquired during the smaller 2–7 s time span within the task period
(i.e., for 22–27 s span if the rest period is included) as well as the
whole 10 s task period (i.e., for 20–30 s span if the rest period is
included). The reason for selecting the former is that the hemo-
dynamic response lags the neuronal event by approximately 2 s
and takes approximately 5 s to reach its peak value. The SS value
from 20 to 30 s (i.e., SS 20–30) and that from 22 to 27 s (i.e., SS
22–27) were determined by fitting a line to all of the data points in
the 20–30 s and 22–27 s time windows, respectively, using linear
regression, while the SM value from 20 to 30 s (i.e., SM 20 to 30) and
that from 22 to 27 s (i.e., SM 22–27) were determined by averaging
all the data points in the respective time windows. Since nonscaled
data usually tend to over-fitting [32], scaling was  performed prior
to classification. The classification accuracies were estimated using
ten runs of a five-fold cross-validation.

3. Results

Table 1 lists the participants’ classification accuracies that were
averaged over all the channels and all the trials for each partici-
pant. The average accuracy using SM 20–30 was  found to be 73.35%,
whereas that using SS 20–30 was  83.0%. Also, by using the 22–27 s
time window (i.e., SM 22–27 and SS 22–27), both accuracies were
improved resulting in 77.56% and 87.28%, respectively. The best
accuracy out of 4 cases was 87.28%, which was  achieved by SS
22–27.

Comparing the results in two  time windows, the p-value for
SM 22–27 versus SM 20–30 was  0.0146, whereas that for SS
22–27 versus SS 20–30 was  0.0089, indicating that both features
performed significantly better in the 22–27 s time window. The
p-value for SS 20–30 versus SM 20–30 and that for SS 22–27
versus SM 22–27 were 4.27 × 10−6 and 5.58 × 10−6, respectively,
which show that in both time windows, SS performed signifi-
cantly better as a feature than did SM.  Fig. 2 shows the �HbO
responses for the first four participants for both the right- and left-
wrist motor imagery. Fig. 3 shows the grand averages of �HbO
across all of the participants for the right- and left-wrist motor
imageries.

4. Discussions

The average classification accuracies achieved from the right-
and left-wrist motor imageries were very encouraging. In fact, they
were greatly enhanced when classification was  performed on the
signals acquired during the 22-27 s period. To verify the best perfor-
mance of the classifier during that period, classifications on signals

acquired during 22–28 s, 22–29 s, 22–30 s, and 25–30 s windows
were also performed. The classification accuracies achieved using
SS during those time windows (SS 22–28, SS 22–29, SS 22–30 and SS
25–30) are listed in Table 2. Although the classification accuracies
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rticip
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T

Fig. 2. Average �HbO responses: Average �HbO signals of pa
chieved using SS 22–28 and SS 22–29 were improved to the level
f those using SS within the total 10 s task period, the SS 22–27 was
till observed to be the best performing feature among the group.
he p-values for SS 22–27 versus SS 22–28, SS 22–29, SS 22–30

Fig. 3. Grand averages of �HbO response: Grand averages across
ants 1, 2, 3 and 4 for the right- and left-wrist motor imagery.

−5
and SS 25–30 were 0.0180, 0.0029, 0.0007, and 6.0 × 10 , respec-
tively. These results suggest that the 2–7 s time span within the
total task period of 10 s is needed to classify, with high accuracies,
the hemodynamic response corresponding to fNIRS signals.

 all participants for the right-and left-wrist motor imagery.
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Table 2
The classification accuracies with standard deviations according to SS for data acquired within 22–28 s, 22–29 s, 22–30 s and 25–30 s time windows.

Participant number SS 22–28 [%] SS 22–29 [%] SS 22–30 [%] SS 25–30 [%]

1 85.3 ± 6.51 84.2 ± 5.69 84.3 ± 6.05 80.4 ± 7.20
2  88.6 ± 7.47 85.6 ± 5.18 86.4 ± 5.81 83.1 ± 5.49
3  82.1 ± 4.95 78.1 ± 6.81 80.2 ± 6.54 73.2 ± 6.41
4  82.4 ± 6.79 82.9 ± 7.59 81.5 ± 8.10 80.4 ± 6.57
5  85.2 ± 6.11 84.5 ± 5.46 83.4 ± 5.24 80.5 ± 4.98
6  81.9 ± 8.09 82.2 ± 6.26 81.4 ± 6.36 79.6 ± 5.29
7  83.6 ± 7.51 84.6 ± 7.24 84.1 ± 4.77 81.5 ± 8.47
8  81.9 ± 5.81 82.2 ± 6.73 82.1 ± 7.51 79.4 ± 6.22
9  81.7 ± 6.33 84.6 ± 7.64 82.4 ± 5.88 81.8 ± 5.88
10  87.5 ± 5.16 83.4 ± 5.92 79.3 ± 6.49 83.7 ± 6.54
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Average 84.02 ± 2.51 8

The classification accuracies varied across the participants due
o their individual differences [36], as can be seen in Tables 1 and 2;
ifferences in head shape and scalp–cortex distance, for example,
ere potential sources of such variations. However, as Fig. 3 makes

lear, the hemodynamic response patterns remained similar. A per-
inent factor that should be noted is that, whereas BCI is primarily

eant for totally locked-in individuals, all the participants in the
resent study were healthy. The hemodynamic responses of the
eople with amyotrophic lateral sclerosis, tetraplegia, and/or other
otor impairments can differ from those of healthy individuals,
hich fact, as reported in [21], can result in relatively low classifi-

ation accuracies. Another limitation of using fNIRS for BCI is that
 real-time transmission of information is limited by the inher-
nt delay in the hemodynamic response: the peak value occurs at
pproximately 5 s after the stimulus is applied [4]. Recently though,
any studies have shown that such time delay can be reduced by

etecting the fast optical response [9,13].
One of the limitations of our work is that we  did not perform

nline classification; and certainly, for development of a real-time
CI using fNIRS, a single trial detection [28] and/or online classifica-
ion [14] of fNIRS signals are required. Nonetheless, the real-time
CI using fNIRS remains a challenging task due especially to the

nherent delays in the hemodynamic response. Another potential
hallenge is maintaining sufficient concentration during the motor
magery while making real-time results for imagery tasks.

. Conclusions

This paper has presented results on fNIRS-based classification of
he right- and left-wrist motor imageries using the LDA as the clas-
ifier. Participants were instructed to kinesthetically imagine the
ight- or left-wrist movements as indicated on a computer moni-
or. The right- and left-wrist motor imageries were classified using
wo distinct features, the signal mean (SM) and the signal slope (SS),
uring the whole 10 s task period as well as during different time
indows within the task period. During the entire 10 s task period,

he average classification accuracies were 73.35% and 83.0% using
M and SS, respectively. However, by reducing to 2–7 s time span
ithin the task period, those accuracies were improved to 77.56%

nd 87.28%, respectively. Analyses of 6 different temporal windows
how that the 2–7 s time span is the best temporal window size for
lassification.
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