1' frontiers
in Physiology

ORIGINAL RESEARCH
published: 11 January 2016
doi: 10.3389/fphys.2015.00416

OPEN ACCESS

Edited by:
Gaetano Santulli,
Federico Il University, ltaly

Reviewed by:

Juan Camilo Cortés Ramirez,
Columbia University, USA

Francesca Di Biasio,

IRCCS Neuromed Institute Pozzilli (IS),
Italy

Marco Pagliazzi,

Institut de Ciencies Fotoniques, Spain

*Correspondence:
Toshio Higashi
higashi-t@nagasaki-u.ac.jp

Specialty section:

This article was submitted to
Clinical and Translational Physiology,
a section of the journal

Frontiers in Physiology

Received: 05 October 2015
Accepted: 18 December 2015
Published: 11 January 2016

Citation:

Iso N, Moriuchi T, Sagari A, Kitajima E,
Iso F, Tanaka K, Kikuchi Y, Tabira T
and Higashi T (2016) Monitoring Local
Regional Hemodynamic Signal
Changes during Motor Execution and
Motor Imagery Using Near-Infrared
Spectroscopy. Front. Physiol. 6:416.
doi: 10.3389/fphys.2015.00416

®

CrossMark

Monitoring Local Regional
Hemodynamic Signal Changes
during Motor Execution and Motor
Imagery Using Near-Infrared
Spectroscopy

Naoki Iso "2, Takefumi Moriuchi?, Akira Sagari?, Eiji Kitajima*, Fumiko Iso®,
Koji Tanaka®, Yasuki Kikuchi®, Takayuki Tabira® and Toshio Higashi™

" Unit of Rehabilitation Sciences, Nagasaki University Graduate School of Biomedical Sciences, Nagasaki, Japan, 2 Medical
Corporation Toujinkai Miharadai Hospital, Nagasaki, Japan, ° Japanese Red Cross Society Nagasaki Genbaku Hospital,
Nagasaki, Japan, * Center for Industry, University and Government Cooperation, Nagasaki University, Nagasaki, Japan, ° Unit
of Physical and Occupational Therapy, Nagasaki University Graduate School of Biomedical Sciences, Nagasaki, Japan,

5 Department of Occupational Therapy, Faculty of Rehabilitation Sciences, Nishikyushu University, Saga, Japan

The aim of this study was to clarify the topographical localization of motor-related regional
hemodynamic signal changes during motor execution (ME) and motor imagery (Ml) by
using near-infrared spectroscopy (NIRS), as this technique is more clinically expedient
than established methods (e.g., fMRI). Twenty right-handed healthy subjects participated
in this study. The experimental protocol was a blocked design consisting of 3 cycles of
20 s of task performance and 30 s of rest. The tapping sequence task was performed with
their fingers under 4 conditions: ME and Ml with the right or left hand. Hemodynamic brain
activity was measured with NIRS to monitor changes in oxygenated hemoglobin (oxy-Hb)
concentration. Oxy-Hb in the somatosensory motor cortex (SMC) increased significantly
only during contralateral ME and showed a significant interaction between task and hand.
There was a main effect of hand in the left SMC. Although there were no significant
main effects or interactions in the supplemental motor area (SMA) and premotor area
(PMA), oxy-Hb increased substantially under all conditions. These results clarified the
topographical localization by motor-related regional hemodynamic signal changes during
ME and MI by using NIRS.

Keywords: motor imagery, mental practice, motor execution, NIRS, hemodynamic signal changes

INTRODUCTION

Recent studies have shown that mental practice in which motor imagery (MI) is performed
repeatedly can improve motor functions in patients after stroke; these effects have been
demonstrated in clinical studies using randomized controlled trials (Page et al., 2001, 2012; Liu
et al., 2004; Sharma et al., 2006; Riccio et al., 2010). An important aspect in mental practice is how
vividly an individual can perform MI. It has been reported that the vividness of MI depends on
the experience in performing the task (Mulder et al., 2004), contents of the task, and individual’s
ability for imagery (Schuster et al., 2011). The vividness of MI can be evaluated using questionnaires
such as the Kinesthetic and Visual Imagery Questionnaire-20 (KVIQ-20) (Malouin et al., 2007)
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and the Movement Imagery Questionnaire-Revised Second
Version (MIQ-RS) (Gregg et al, 2010). However, as these
are subjective evaluations, they do not provide sufficient
confirmation of the vividness of MI. Objective methods to assess
the vividness of MI effectively in a clinical setting have not been
established yet.

The difference between the regions activated during MI and
motor execution (ME) has been assessed in different studies
by applying a wide variety of techniques. These studies have
reported that brain activation during MI is mostly similar
to that during ME (Jeannerod, 2001; Kimberley et al., 2006).
Although several studies using functional magnetic resonance
imaging (fMRI) or positron emission tomography (PET) have
demonstrated activation of regions related to motor execution
such as the supplementary motor area (SMA) and premotor
area (PMA) during MI (Stephan et al., 1995; Ruby and Decety,
2003; Solodkin et al., 2004), non-activation of the primary motor
cortex has been reported (Hanakawa et al., 2003; Lotze et al.,
2003; Cunnington et al., 2005). In contrast, previous studies
using transcranial magnetic stimulation (TMS) showed increased
activation of the primary motor cortex during MI (Stinear and
Byblow, 2003; Pelgrims et al., 2011). This inconsistency regarding
brain activation during MI may result from differences in the
time and spatial resolution of each technique.

Recently, there have been many reports of near-infrared
spectroscopy (NIRS) used in the field of rehabilitation (Miyai
et al.,, 2003; Mihara et al., 2012; Kober et al., 2014). NIRS is
a non-invasive optical neuroimaging technique that measures
concentration changes of oxygenated hemoglobin (oxy-Hb) in
the cerebral vessels based on differences in the absorption
spectra for light in the near-infrared range. This method
has been promoted for its non-invasive nature, relatively low
cost (Obrig and Villringer, 2003; Tobias, 2006; Steinkellner
et al., 2010; Koenraadt et al., 2014), ease of integration with
other modalities such as electroencephalography (Lareau et al.,
2011; Fazli et al., 2012) or fMRI (Mehagnoul-Schipper et al.,
2002; Cooper et al,, 2012), and portability (Atsumori et al,
2009; Piper et al., 2014). Because NIRS is portable and less
restrictive, it is possible to measure hemodynamic signal changes
in various settings and stages of rehabilitation, even at the
bedside. Accordingly, we propose that monitoring local regional
hemodynamic signal change using NIRS can be applied for
objective assessment of vividness of MI. For this purpose, it
is necessary to clarify the topographical localization of motor-
related regional hemodynamic signal changes during ME and MI
by using NIRS.

However, the existing knowledge regarding hemodynamic
signal changes during MI measured with NIRS is still limited.
Some previous studies have already investigated hemodynamic
signal changes during MI. Mihara et al. found that neurofeedback
with NIRS during MI significantly induced activation of
the contralateral PMA, and they suggested effectiveness of
neurofeedback system using NIRS on the performance of
kinesthetic MI (Mihara et al., 2012). Wriessnegger et al. provided
new results concerning timing and brain oxygenation of the
somatosensory area and the motor cortex during MI measured
using NIRS (Wriessnegger et al., 2008). In the recent study,

Kober et al. reported timing and topographical distribution of
the hemodynamic response during ME and MI of swallowing
(Kober and Wood, 2014). Thus, to the best of our knowledge, no
study has investigated the topographical localization of motor-
related regional hemodynamic signal changes using NIRS during
ME and MI of finger task. Moreover, we expect that NIRS can be
readily developed for studies in the clinic and other challenging
settings, given the convenience of NIRS, which has exceptional
portability and adaptability. In particular, NIRS can be used
easily in the field of rehabilitation because it is non-invasive and
minimally restrictive.

Therefore, the aim of this study was to monitor hemodynamic
signal changes of regions related to motor execution with NIRS
during MI and ME by using a tapping sequence task, and to
clarify the topographical localization of motor-related regional
hemodynamic signal changes during ME and MI using the
clinically expedient method of NIRS.

MATERIALS AND METHODS

Subjects

The participants were 20 neurologically healthy right-handed
adults (13 males, mean age 28 vyears, range 21-47 years).
Handedness was determined using the Edinburgh Handedness
Inventory (Oldfield, 1971); none of the participants had a history
of handedness conversion. The study was approved by the
local ethics committee at Nagasaki University Graduate School
of Biomedical Sciences, and all participants provided written
informed consent.

Experimental Procedure

The participants sat on a comfortable chair and placed their
hands on a table in a pronated position. The basic task consisted
of a tapping sequence used in a previous study (Roland et al.,
1980). The thumb must, in quick succession, briefly touch the
index finger 2 times, the middle finger once, the ring finger 3
times, and the little finger 2 times; then, with the thumb in
this position, the order of movement is reversed. The tapping
sequence task was performed under four conditions: ME and MI
with the right and left hand; all participants performed the task
under all the four conditions. The participants were instructed
to perform the ME and MI task within 20s. The experimental
protocol was a blocked design that consisted of 3 cycles of 20 s of
task performance and 30 s of rest in each experimental condition
(Figure 1). The order of the conditions was counter-balanced.
The participants were given sufficient time to practice the task
so that they could perform the sequence in 20's. The experiment
was started when each participant was able to perform the task
adequately. For MI, the participants were instructed to perform
the task using kinesthetic MI as if they were actually performing
the movement. Before the start of the experiment, to rate the
vividness of the subjects’ motor imagery, the subjects were asked
to complete a self-evaluation test on a visual analog scale (VAS).
That is, the subjects marked a location on a 100-mm horizontal
line, the two ends of which were labeled “0 = None at all” and
“100 = Very vivid image,” according to the vividness of the
imagery they experienced (Lotze and Halsband, 2006; Tkeda et al.,
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FIGURE 1 | Experimental protocol. The blocked design consisted of 3 cycles of 20's of task performance and 30's of rest. The experiment was performed under 4
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FIGURE 2 | Channel configuration of the 4 x 4 optode probe set. The
24-channel NIRS probe set was positioned over the motor areas. Red and
blue circles indicate the positions of NIRS sensors and detectors, respectively.
The black numbers represent the channels, and the colored boxes show the
regions of interest (PFC, prefrontal cortex; pre-SMA, pre-supplemental motor
area; SMA, supplemental motor area; PMA, pre-motor area; SMC,
somatosensory motor cortex). According to the international 10-20 placement
system, Cz was used as a marker position to ensure replicable placement of
the optodes.

2012). The experiment was started when the participants assessed
that the vividness of their MI reached 80% on VAS (Ohno et al,,
2011). The participants were instructed to maintain the same
position and relax without thinking during the resting time. The
participants kept their eyes closed during both resting and task
performance. The participants were alerted with a beep sound
during the experiment conforming to experimental protocol.

NIRS Measurement and Analysis
NIRS measurements were performed using a continuous wave
system (ETG-4000; Hitachi Medical Co., Tokyo, Japan) equipped

with 4 x 4 optode probe sets (8 incident lights and 8 detector
fibers), resulting in a total of 24 channels at an inter-optode
distance of 3.0 cm. The NIRS channels were placed according to
the international 10-20 system, and the Cz position was used
as a marker for ensuring replicable placement of the optodes
(Okamoto et al, 2004). The positions of the optodes were
determined based on previous NIRS studies of motor-related
areas (Hatakenaka et al., 2007; Amemiya et al., 2010; Sagari
et al., 2015). The optodes were positioned using a custom-made
cap that covered the right and left dorsolateral prefrontal cortex
(PFC), pre-SMA, SMA, dorsal PMA, and somatosensory motor
cortex (SMC). Regarding the SMC, the sensory area and motor
cortex are often treated as a single unit in NIRS experiments
(Hatakenaka et al., 2007; Amemiya et al.,, 2010; Sagari et al.,
2015). The areas and optodes covering them were as follows:
left SMC, channels 18 and 22; right SMC, channels 21 and 24;
SMA, channels 9, 12, 13, and 16; pre-SMA, channels 2, 5, and
6; left PMA, channels 8, 11, and 15; right PMA, channels, 10,
14, and 17; left PFC, channels 1 and 4; and right PFC, channels
3 and 7 (Figure 2). Channels 19, 20, and 23 were not further
analyzed.

The continuous wave NIRS system uses two different
wavelengths (625 and 830 nm), which were both used in this
study. Relative changes in the absorption of near-infrared light
were sampled at 10Hz, and these values were converted to
changes in the concentration of oxy-Hb and deoxygenated
hemoglobin (deoxy-Hb) based on the modified Beer-Lambert
approach (Cope and Delpy, 1988; Obrig and Villringer, 2003).
In this study, we used changes in oxy-Hb concentration as an
indicator of changes in regional cerebral blood volume, given
that an earlier NIRS signal study of a rat brain model proposed
that oxy-Hb was a sensitive parameter for brain activation (Hoshi
et al, 2001). The moving average method (window: 5s) was
used to exclude short-term motion artifacts in the analyzed data.
The obtained data were analyzed in the integral mode, which
calculates the average waveform (Figure 3; Marumo et al., 2009;
Pu et al, 2012). We determined the pre-task baseline as the
mean over the 5s prior to the task period, and the post-task
baseline as the mean over the last 5 s of the post-task period. We
applied for linear fitting to the data between these two baselines.
We used the average waveform measured at 5-20s after the
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FIGURE 3 | The data analysis using integral mode. The red curve represents the sham NIRS waveform in one case. This waveform was created by averaging the
data measured over 3 cycles in a block design. Linear fitting was applied to the data between pre-task (blue arrow) and post-task (green arrow) periods. The thick
black arrow above the red curve indicates the task period, and the thin arrow shows the rest period. The vertical axis represents oxy-Hb concentration (mMmm), and
the horizontal axis represents the time course of 1 cycle. The mean value of oxy-Hb measured between 5 and 20's during the task (15s, shaded gray area in averaged
graph) was calculated.

task had started, considering the time required for changes in
oxy-Hb. To assess the influence of noise, the data were high
pass filtered at 3 Hz, and noise components were separated and
analyzed using wave analysis. Channels whose standard deviation
exceeded 0.08 were assumed to be influenced by excessive noise
and were thus excluded. In addition, after removing blocks
with marked body-movement artifacts, data of the remaining
blocks were used. Subsequently, we calculated the mean value
of oxy-Hb of each region and determined the average change
in the concentration of oxy-Hb. We monitored the activation
of the thenar muscles during MI by using electromyography
and excluded the data when obvious muscle activation was
observed.

Statistical Analysis

Two-way ANOVA was used to examine the effect of task
(ME vs. MI) and hand (right hand vs. left hand) for each
region of interest. The mean values for each group were
compared using Bonferroni test. In addition, effect sizes
were calculated. SPSS was used for statistical analysis, and
statistical significance was defined as P < 0.05 in all
cases.

RESULTS

The oxy-Hb level in the SMC increased significantly only during
contralateral ME and showed a significant interaction between
task and hand [left SMC: F(;_ 19) = 6.749, P = 0.018, n* = 0.058;
right SMC: F(;, 19y = 5.146, P = 0.035, n? = 0.045] (Figure 4).
A significant main effect of hand was only observed in the left
SMC, indicating that the oxy-Hb level increased during ME with
the right hand [hand: F(;_ 19) = 5.590, P = 0.029, n* = 0.055;
task: F(;, 19) = 3.537, P = 0.075, n? = 0.045], whereas none
of the main effects were significant for the right SMC [hand:
F1. 19) = 3.658, P = 0.071, 1% = 0.036; task: F(;, 19) = 3.798,
P = 0.066, 0> = 0.030].

In the PFC and pre-SMA, oxy-Hb showed a low total level,
and no significant main effects or interactions were observed in
the left PFC [task: F(; 19y = 0.030, P = 0.860, > = 0.000;
hand: F; 19y = 0.029, P = 0.866, n> = 0.000; interaction:
Fu. 19 = 0157, P = 0.696, n> = 0.001], right PFC [task:
F(1. 19y = 1.166, P = 0.294, n2 = 0.013; hand: F(;_ 19y = 0.148,
P = 0.705, W? = 0.002; interaction: F, 199 = 0.000, P = 1.000,
n? = 0.000], and pre-SMA [task: F(; 19) = 0.211, P = 0.651,
n? = 0.004; hand: F(; 19y = 0.537, P = 0.472, n* = 0.006;
interaction: F(; 19y = 0.047, P = 0.831, n? = 0.001] (Figure 5).
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FIGURE 4 | Changes in oxy-Hb concentration during the task in the left and right somatosensory motor cortex (SMC). The oxy-Hb level of the SMC
increased significantly only during contralateral motor execution (ME) and not during motor imagery (MI), and it showed a significant interaction between task and
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FIGURE 5 | Changes in oxy-Hb concentration during the task in the pre-supplementary motor area (pre-SMA) and prefrontal cortex (PFC). In the left and
right PFC and pre-SMA, oxy-Hb showed relatively low total values and no significant main effects or interactions of task or hand (left hand, red; right hand, blue).

Most of the oxy-Hb concentration changes in the PFC and pre-
SMA were only on the order of 0.01 mMmm, and the mean values
were nearly identical for both tasks.

In contrast, in the SMA and PMA, the oxy-Hb concentration
increased to a similar extent, and most of the observed changes
were greater than 0.02mMmm. However, no main effects or
interactions were significant for the left PMA [task: F(; 19y =
0.260, P = 0.616, n* = 0.003; hand: Fq, 19y = 2.786, P = 0.111,
n? = 0.050; interaction: F(;_ 19y = 1.812, P = 0.194, 1> = 0.015],
right PMA [task: F(; 19) = 1.145, P = 0.298, > = 0.011; hand:
Fi, 19 = 0.531, P = 0.475, n? = 0.005; interaction: F(; 19y =
1.368, P = 0.257, n? = 0.007], and SMA [task: F(; 19y = 0.165,
P = 0.689, n> = 0.002; hand: F; 19y = 0.068, P = 0.798,
n? = 0.001; interaction: F(;_ 19y = 1.562, P = 0.227, n* = 0.007;
Figure 6].

However, there were no significant differences in all regions
of interest in the Bonferroni test. The interaction between the

main effects and the effect sizes of the two factors of each
brain region are presented in Table1. The time courses of
local regional hemodynamic changes of each task are shown in
Figures 7, 8.

DISCUSSION

In this study, we clarified the hemodynamic signal changes in
local regions by using NIRS during MI and ME of a tapping
sequence task. In addition, we investigated the lateralization
in brain activation between the right and left hand during ME
and ML To reliably distinguish MI from ME, we monitored
muscle activation of the “tapping” hand during MI. Sufficient
pre-experimental practice ensured that the participants
performed the MI as vividly as possible, and NIRS measurements
were started only when participants had practiced MI
sufficiently.
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FIGURE 6 | Changes in oxy-Hb concentration during the task in the supplemental motor area (SMA) and pre-motor area (PMA). In the SMA and left and
right PMA, the oxy-Hb level increased at a similar level, but there were no significant main effects or interactions of task or hand (left hand, red; right hand, blue).
Vertical bars represent the standard error.

TABLE 1 | Statistic analysis of each the region of interest.

Region of interest Hand Task Hand x Task
F-value P-value Effect size F-value P-value Effect size F-value P-value Effect size

Left PFC 0.029 0.866 0.000 0.030 0.860 0.000 0.157 0.696 0.001
Right PFC 0.148 0.705 0.002 1.166 0.294 0.013 0.000 1.000 0.000
Pre SMA 0.537 0.472 0.006 0.211 0.651 0.004 0.047 0.831 0.001
Left PMA 2.786 0.111 0.050 0.260 0.616 0.003 1.812 0.194 0.015
Right PMA 0.531 0.475 0.005 1.145 0.298 0.011 1.368 0.257 0.007
SMA 0.068 0.798 0.001 0.165 0.689 0.002 1.562 0.227 0.007
Left SMC 5.590 0.029* 0.055 3.537 0.075 0.045 6.749 0.018* 0.058
Right SMC 3.658 0.071 0.036 3.795 0.066 0.030 5.146 0.035* 0.045

Two-way ANOVA, *p < 0.05. Hand, Right hand x Left hand. Task, ME x M.

SMC Activation

Oxy-Hb in our study showed significant interaction between
task and hand in the SMC. This study showed particularly high
activation of oxy- Hb in the ME of the contralateral hand.
Previous imaging studies have shown that SMC activity directly
relates to movement output (Obrig et al., 1996; Christensen et al.,
2000) other studies showed increased activation of the primary
motor cortex during MI with transcranial magnetic stimulation
(TMS) (Lotze et al., 1999). Furthermore, some study using NIRS
during MI have shown activation of the primary motor cortex.

However, some studies failed to demonstrate activation of
the primary motor cortex (Hanakawa et al., 2003; Lotze et al.,
2003; Cunnington et al., 2005). Wriessnegger et al. showed lower
activation of primary motor areas during imagery than during
execution in the study with NIRS. Our study, which used NIRS
to measure hemodynamic signal changes in SMC, showed results
similar to those of previous studies, confirming that we found
the differences in the hemodynamic signal changes of the SMC
measured using NIRS during MI and ME.

Further influence of handedness was found, in that, only
the left SMC showed a main effect, in which the oxy-Hb level
increased during ME of the right hand. This can be explained
by the right-handedness of all participants. One study reported

activation in the contralateral regions during ME and MI
(Obrig et al., 1996), and another study showed that the SMC
was activated more strongly during simple tasks (Lotze et al,
1999). Moreover, studies using TMS reported that activation
of the primary motor cortex differed between the hemispheres,
suggesting a functional asymmetry between the left and right
hands (Yahagi and Kasai, 1999; Stinear et al., 2006).

The task we adopted in this study was a finger tapping
sequence, which was quite intricate. Thus, the task was easier for
the dominant hand than for the non-dominant hand, which may
have caused the higher brain activation during ME and MI with
the right hand.

PFC and Pre-SMA Activation

Opverall, changes in oxy-Hb concentration were low in the PFC
and pre-SMA during both ME and MIL Some NIRS studies
reported higher increase in oxy-Hb during cognitive tasks than
during motor tasks (Toronov et al., 2001; Kakimoto et al., 2009),
and some studies showed activation of the PFC even during
MI (Ingvar and Philipson, 1977; Lacourse et al., 2005). MI is
considered mental simulation with cognitive elements (Decety
etal., 1988) that are expected to increase the activation of the PFC
during MI.
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FIGURE 7 | Time course of changes in oxy-Hb and deoxy-Hb concentration during the ME task in each brain region. The horizontal axis represents time
course. The vertical axis represents changes in oxy-Hb and deoxy-Hb concentration. The solid line (left hand, red; right hand, blue) shows the oxy-Hb signal change.
The dotted line shows the deoxy-Hb signal change. The horizontal bar represents the period during the task. The time course was averaged across all participants.

However, the PFC did not show the expected activation during
MI in this study. We suspect that the difficulty level of the task
in this study might have been low, although it included intricate
elements, which required the participants to practice the task in
advance.

Similar to the PFC, it was previously reported that the pre-
SMA is an important region for the early stages of motor learning
(Nakamura et al., 1998), which is activated not only during ME
but also during MI (Malouin et al., 2003). Thus, the reason
why the pre-SMA was not activated during ME and MI in this
study could be that the participants had sufficiently practiced the
tasks in advance. In particular, pre-SMA activity reflects stages of
motor learning (Decety et al., 1988). It has been reported that the
pre-SMA is activated in the first stage of motor learning in every
type of activity. When a person performs MI of an activity that
has not been sufficiently learned, the vividness of the MI is low.
The activation of the pre-SMA might be related to the vividness
of MI, and this relationship should be further investigated using
NIRS.

SMA and PMA Activation

In contrast to other regions, the SMA and PMA were activated
to a similar extent during both tasks. These results were similar
to those of previous studies that measured activation using PET

or fMRI (Stephan et al., 1995; Hikosaka et al., 1996; Ruby and
Decety, 2003; Solodkin et al., 2004).

It has been reported that the SMA is involved in movement
planning and is activated not only during ME but also during
the preparation and inhibition of movements (Tyszka et al,
1994; Kasess et al., 2008; Guillot et al.,, 2012). The SMA
is also considered to be a major region that is activated
during MI, and it has been shown to be closely related to
ME and to become activated even during ME (Drenckhahn
et al., 2015), which is different from the activation of the
pre-SMA (Di Rienzo et al, 2014). As previously reported,
in our study, SMA showed high activation during both ME
and MI.

Some studies reported that the PMA was also activated during
both tasks (Dechent et al., 2004), and that the effect of MI and
subsequent PMA activation increased when participants were
given feedback regarding the NIRS hemodynamic signal changes
of the contralateral motor-related cortex, including the PMA
(Mihara et al., 2012). Thus, the PMA has already been confirmed
as an important domain for MIL.

The finding that the SMA and PMA were similarly activated
during both ME and MI is consistent with previous studies and
suggests that the participants were able to vividly perform MIL
Based on these findings, we infer that the hemodynamic signal
changes in the SMA and PMA correspond to MI.
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FIGURE 8 | Time course of changes in oxy-Hb and deoxy-Hb concentration during the Ml task in each brain region. The horizontal axis represents time
course. The vertical axis represents changes in oxy-Hb and deoxy-Hb concentration. The solid line (left hand, red; right hand, blue) shows the oxy-Hb signal change.
The dotted line shows the deoxy-Hb signal change. The horizontal bar represents the period during the task. The time course was averaged across all participants.

Therefore, based on the previous findings that SMA and PMA
are responsible for MI, we believe that the vividness of MI might
be visualized by measuring the activity of these regions. However,
since we did not verify the vividness of MI directly in this study,
further study will be needed to inspect the relationship between
vividness of MI and SMA and PMA.

LIMITATIONS

We adopted a tapping sequence task consisting of four
conditions: ME and MI with the right and left hand. In this study,
we observed hemodynamic signal changes during the tapping
sequence task. However, as various types of motor imaging tasks
were used in previous studies, the hemodynamic signal changes
might be different depending on the task. Therefore, the same
results cannot be guaranteed for other tasks. In addition, our
study could not clarify the influence of the vividness of MI
because our research directly investigated the vividness of MI.

Therefore, the aim of this study was to monitor hemodynamic
signal changes of regions related to motor execution with NIRS
during MI and ME by using a tapping sequence task, and
to clarify topographical localization by motor-related regional
hemodynamic signal changes during MI.

CONCLUSIONS

Our study showed local hemodynamic signal changes of motor-
related areas during MI, and, to our knowledge, this is the study
localizing these changes during ME and MI by using NIRS. In
particular, this study reports that SMA and PMA are similarly
activated during both ME and MI.

It may be possible to evaluate the vividness of MI from
the degree of activation of the SMA and PMA in future
studies. However, further studies are needed to investigate the
relationship between hemodynamic signal changes in these
regions and subjective evaluation of MI vividness, which could
reveal a potential approach for evaluating MI more objectively.
We would additionally like to promote the development
of effective mental practices that could contribute to the
development of neuro-rehabilitation tools.
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