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Introduction

Near-infrared spectroscopy (fNIRS) is an effective and indirect 
method measuring of blood hemodynamic changes concerning 
a specific activity. According to the neurological principles, this 

neurological activity and vascular responses are interconnected called 
neuromuscular coupling. In this method, infrared light is transmitted 
to the surface of the skull, and the absorption spectrum of the light ab-

Original

ABSTRACT
Background: fNIRS is a useful tool designed to record the changes in the density 
of blood’s oxygenated hemoglobin (oxyHb) and deoxygenated hemoglobin (deoxyHb) 
molecules during brain activity. This method has made it possible to evaluate the he-
modynamic changes of the brain during neuronal activity in a completely non-aggres-
sive manner. 
Objective: The present study has been designed to investigate and evaluate the 
brain cortex activities during imagining of the execution of wrist motor tasks by 
comparing fMRI and fNIRS imaging methods.
Material and Methods: This novel observational Optical Imaging study aims 
to investigate the brain motor cortex activity during imagining of the right wrist mo-
tor tasks in vertical and horizontal directions. To perform the study, ten healthy young 
right-handed volunteers were asked to think about right-hand movements in different 
directions according to the designed movement patterns. The required data were col-
lected in two wavelengths, including 845 and 763 nanometers using a 48 channeled 
fNIRS machine. 
Results: Analysis of the obtained data showed the brain activity patterns during 
imagining of the execution of a movement are formed in various points of the motor 
cortex in terms of location. Moreover, depending on the direction of the movement, 
activity plans have distinguishable patterns. The results showed contralateral M1 was 
mainly activated during imagining of the motor cortex (p<0.05).
Conclusion: The results of our study showed that in brain imaging, it is possible 
to distinguish between patterns of activities during wrist motion in different directions 
using the recorded signals obtained through near-infrared Spectroscopy. The findings 
of this study can be useful in further studies related to movement control and BCI.
Citation: Jalalvandi M, Riyahi Alam N, Sharini H, Hashemi H, Nadimi M. Brain Cortical Activation during Imagining of the Wrist Movement 
Using Functional Near Infrared Spectroscopy (fNIRS). J Biomed Phys Eng. 2021;11(5):583-594. doi: 10.31661/jbpe.v0i0.1051.
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sorbed by light-absorbing molecules is used to 
interpret the amount of light attenuated as a 
criterion for determining the intensity changes 
of light-absorbing molecules. Therefore, the 
ability to answer the hemodynamic response 
of the brain can be extracted [1-4]. Using this 
functional imaging technology makes it pos-
sible to record the changes in the concentra-
tion of HbH and non-oxygenated (HbR) mol-
ecules in the blood as hemodynamic response 
parameters [5,6]. The fNIRS technology uses 
a special wavelengths range of infrared light; 
between 700 and 1000 nm [7,8].

Functional imaging using the near-infrared 
spectrophotometer has special advantages 
that are inherently suitable for use in studies 
that are aimed at investigating the cortical re-
sponse to complex motor stimulation [2,3]. 
These features allow complex motor patterns 
study which can’t be easily implemented us-
ing imaging methods such as fMRIs due to 
close structure.

Near-infrared spectroscopy is a functional 
imaging-approved technique. Compared to 
other imaging methods, near-infrared spec-
troscopy is non-invasive, inexpensive, por-
table, and has low sensitivity. Compared to 
EEG, the main advantage of fNIRS is when 
optodes are mounted on the head; in addition, 
the signals are resistant to motion and electri-
cal noise. Although fNIRS has a low spatial 
resolution [9-11], it can be used to differenti-
ate between areas such as areas of movement 
of hands and feet [12,13].

The mode of imagined motion is defined 
as the mental image of a motion, without ap-
parent activity occurring in the motor organs 
[14,15].

Mental exercises can improve motor perfor-
mance by imagining motion [16,17]. The con-
cept of motion imaging, which is based on the 
assumption of the motion in individuals, can 
activate the same brain regions in performing 
[18-21]. Several studies have been conducted 
on the theory that the movement of body or-
gans activates the same regions in the brain in 

comparison to the movement of the hands and 
feet. The primary sensorimotor cortex (PSMC) 
and the premotor cortex (PMC) are the motion 
regions of the brain and located near the skull 
tissue in which are easily accessible for mea-
surement by optical methods.

The cortical regions participating in motor 
activity and operations are optically recog-
nized as accessible areas. Based on the data 
obtained from electrophysiological and neuro-
imaging, the brain is known as a self-organiz-
ing organ that its different parts are, however, 
anatomically distinct, electrical, chemical, he-
modynamical, and metabolic processes are ef-
fectively interconnected [22,23]. 

Due to the introduction of functional imag-
ing techniques, fMRI has been widely used in 
studies of brain activity patterns in the brain 
cortex [24-31]. Various studies have shown 
that the neural networks involved in the ac-
tion-imagination of motion are in the primary 
motor cortex (M1) and the secondary motor 
cortex such as the premotor cortex (PMC), 
and supplementary motor area (SMA) [32]. 
These neural networks are activated when 
one learns motor activity through performing 
(traditional learning), observing (visual learn-
ing), and imagining motion [33]. Many stud-
ies have shown fNIRS is a reliable method for 
measuring brain oxygenation associated with 
the imagination of performing motion [34,35].

A study by Frey and colleagues showed 
during the observation, imagination, and ex-
ecution of finger tapping activated premotor 
cortex, pre-supplementary motor area, and 
posterior parietal cortex [36]. Researchers, 
in a study, showed overlapping activity maps 
were observed through the observation, imagi-
nation, and movement of the arm in the areas 
of the dorsal premotor cortex, superior parietal 
lobe, and intraparietal sulcus.

Determining the patterns of brain activity, 
during the implementation of the activity or 
the imagination of performing a movement, is 
a hot topic of neuroscience and neuro-rehabil-
itation. This information can be used for stud-
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ies on the motor cortex in normal people and 
the mechanisms for rehabilitation in people 
seeking brain damage, as well as for introduc-
ing new rehab strategies in people with brain 
damage [37,38].

This study aims to analyze the activity of the 
cerebral cortex during the right wrist motion 
using fNIRS data. This research was done to 
achieve patterns of changes in cerebral cortex 
hemodynamic activity using the results of the 
infrared spectrophotometer approach and the 
distinction among brain activity patterns.

Material and Methods

Participants
This novel observational Optical Imaging 

study aims to investigate, ten healthy right-
handed young people who participated in this 

study. The age range was between 25-40 years 
old. These people were completely healthy 
in terms of neurology and had no history or 
symptoms of neurological disease. Before 
the start of the test, participants were given a 
detailed description of how to complete this 
study. In this project, all stages of the work 
were completed with full knowledge of the 
participants and received written consent from 
them. Moreover, all the tests carried out in this 
study were approved by the Ethics Commit-
tee of Tehran University of Medical Sciences 
(Approval Number: IR.TUMS.MEDICINE 
REC.1396.3968). Figure 1 shows the sche-
matic chart of various steps in this project.

fNIRS data acquisition
Participants were asked to sit on a hand-held 

chair opposite the monitor to conduct the test. 

Figure 1: A schematic chart of various steps in process of wrist motion direction coding.

The required data for this study were collect-
ed using 48-channel fNIRS compatible MR 
(OxyMonfNIRS from Artinis) with two wave-
lengths of 845 and 763 nm.

The changes in brain oxygen levels were 
used to determine the position of the activated 
area of the brain during the assumption of a 
right-hand movement. Multi-channel systems 
computed the changes of Oxy-Hb, Deoxy-Hb, 
and total-Hb, using the Beer-Lambert law.

The physiological basis for using fNIRS to 
measure brain activity is the interaction be-
tween neuronal activity and subsequent chang-
es in the hemodynamic properties of the brain, 
known as “neuromuscular coupling” [39,40]. 
To collect data, 8 transmitters and 8 infrared 
light receivers were divided into two groups 
(each with 4 transmitters and 4 receivers) they 
formed 20 channels overall (Figure 2).

In imaging using fNIRS, determining the 
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depth of light penetration is a major issue, 
light has a limited penetrating depth within 
the brain, and this depth of penetration is de-
termined by the distance between the optode.

The greater distance between the receivers 
and transmitters causes the greater penetration 
depth of the light, but the intensity of the re-
turn light is sharply reduced [41,42]. The op-
timal distance between the optodes is 2-4 cm 
[43]. In this test, the distance between optodes 
was 30 mm to collect fNIRS data.

An international system (10-20) was used to 
determine the location of fNIRS optodes on 
the skull of individuals.

Task Procedure
Participants had to follow a wrist motion 

pattern without any movement. The partici-
pants were asked to look at the wrist pattern 
following the directions shown on the screen 
of the monitor and follow directions up, down, 
left, and right. They should not move their 
wrists and only imagine the movement by the 
direction displayed on the monitor. To achieve 

this goal, the images (Figure 3) were shown to 
individuals, and one of the directions, which 
was randomly illuminated, made the person 
imagine motion in that direction every time. 
At the same time as the direction was turned 
off, the center image became clear, in which 
the person was in a natural state. The image 
referred to any particular direction was illumi-
nated for 3 seconds, the person should move 
to that particular direction during this time; 
next, the image of the center was illuminated 
for 2-4 seconds, the person should not be di-
rected (should return to base position). Thus, 
it took 5-7 seconds to imagine each step of the 
movement.

Our motion task started with a 4-second rest 
and included 10 blocks while each block con-
taining 10 steps in different directions, and fi-
nally, there was a 4-second rest at the end of 
each block. The whole test lasted 496 seconds, 
and during that time, 20 times, each angle was 
completely referred to randomly (Figure 4).

Figure 2: This figure shows that how optodes (receivers and transmitters) should be placed on 
people’s skulls. You can see it from several views. As you see, they should be placed on parietal 
lobes of the brain and cover all the regions of the motor cortex (blue color represents transmit-
ter and yellow color represents receiver).
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Data Analysis
The data was analyzed using NIRS software 

-statistical parametric mapping (NIRS-SPM) 
that runs in MATLAB software. The t-statistic 
SPM maps were calculated at a significant lev-
el of 5%. Because HbO is a sensitive marker 
indicating hemodynamic changes during neu-
ronal activity, HbO levels were used to calcu-
late cortical activity to analyze fNIRS data. 
To correct the generated noise by the fNIRS 
device, a Gaussian smoothing filter was used. 
During the data analysis process, the wavelet-
MDL based detrending algorithm was used 
to correct the fNIRS signaling of respiration, 
heart rate, and motion. A stand-alone applica-
tion was used to record the location of fNIRS 
channels on a standard brain template pro-
vided by the Montreal Neurological Institute 
(Figure 5) [44,45].

GLM Based Analysis
In this study, we used the GLM model to 

process fNIRS data. The GLM method is one 
of the models which is based on the fNIRS 
data analysis model, in which a data model is 
initially considered, and after data analysis. It 

Figure 4: Designing task block of wrist motion imagination. Each of these colors showing a spe-
cial direction repetition during the process of motor task conduction in which the person should 
under the displayed direction, imagine it without any movement. The motor pattern which is 
used contains 8 blocks and each block contains 10 movements.

Figure 3: A schematic figure of right wrist 
motion imagination task. Participants in this 
test had to follow a wrist motion pattern in 
up, down, left, and right directions without 
any movement. They should not move their 
wrists and only imagined the movement un-
der the direction displayed on the monitor.
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is concluded that how much the assumed mod-
el is consistent with the data. In this method, 
a specific model for the excitation function is 
considered.

It can be believed that if the data and mod-
el are matched the data is stimulated by that 
function.

This linear model is considered as the fol-
lowing. 

y (t) = βx (t) + e (t)
In which y (t), x(t), β, and e are the time se-

ries of each voxel, the function of the excita-
tion model of each voxel, the estimated param-
eter for x (t), and the model error, respectively 
(Table 1).

Results
The group analysis of imaging the motion 

of the wrist to the right showed the activation 
(a meaningful increase of HbO) was diver-
gently extended in the Primary Motor Cortex, 
Pre-Motor, Supplementary Motor Cortex, and 
Primary Somatosensory Cortex areas. The 
analysis of data on the imaging motion of the 
wrist to the left indicated focal concentration 

of HbO was divergent in the Primary Motor 
Cortex region.

The data analysis of imaging motion of the 
wrist to downward showed activation (a sig-
nificant increase in HbO) was divergent in the 
Primary Motor Cortex and Primary Somato-
sensory Cortex areas.

The results of the group analysis of the pres-
ent fNIRS data showed directional activities 
are different and distinct spatially during the 
motion imagination of the right wrist. More-
over, it’s possible to differentiate different di-
rections of hand movement.

Figure 6 shows in two modes, the motion of 
the wrist to up and left, only Primary Motor 
Cortex was activated, but in two other modes, 
in addition to M1, other areas of the cerebral 
cortex were divergently activated.

The results showed the activation was stron-
ger when it was imagined to move to the right, 
and more areas of the motor cortex were acti-
vated in this case than the other three modes of 
motion imagination; in addition, a wider neu-
ral network was involved in the brain activity.

The activation associated with the imagina-

Figure 5: Recording of canals situation in standard Montreal Neurological Institute (MNI) using 
Stand-alone application. a) canals situation on the standard brain format at Right lateral view b) 
canals situation on the standard brain format at Dorsal view c) canals situation on the standard 
brain format at Left lateral view.
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tion of motion at 0 and 90 degrees was more in 
the sides of the brain motor cortex.

The activation associated with motion imag-
ination in directions of 180 and 270 degrees 
was more in the middle of the M1. The data 
analysis obtained from the fNIRS functional 
imaging technique showed in the case of the 
assumption of performing right-hand move-
ment, there was a significant difference in 
maximum brain activation focus among the 
four main directions (up, down, left, and right).

In the imagination of motion upward, sig-
nificant increasing activation was observed in 
the BA4. In the imagination of the right-hand 
movement to downward BA4, BA2 and BA1 
were activated. In motion imagination to the 
right BA4, BA6, and BA1 were activated, and 
in the mode of motion imagination to the left 

BA4 was activated (Table 2).

Discussion
The present study aims to investigate the 

ability of near-infrared spectroscopy imaging 
(fNIRS) and evaluate cortical activity in the 
wrist movement imagination, a movement that 
human beings perform routinely. fNIRS, as a 
functional optical imaging technique, allows 
cerebral cortex hemodynamic changes to be 
observed as a criterion for indirect evaluation 
of neuronal activity in the brain.

To achieve this goal, we monitored the 
changes in the HbO concentration along with 
the imagination of the right wrist movement 
in the motor cortex by the fNIRS multichannel 
machine. We measured the changes in HbO as 
a marker for measuring brain activity. HbO is 

Channel Position on MNI ATLAS X Y Z Number of Channel
Superior Temporal Gyrus -68 -17 11 1

Primary Motor Cortex -56 -12 53 2
Primary Somatosensory Cortex -68 -28 35 3

Middle Temporal Gyrus -71 -26 -8 4
Superior Temporal Gyrus -70 -39 10 5

Primary Somatosensory Cortex -28 -44 74 6
Primary Motor Cortex -43 -27 68 7

Supramarginal gyrus part of Wernicke's area -60 -45 51 8
Pre-Motor and Supplementary Motor Cortex -28 -10 73 9

Primary Motor Cortex -13 -25 79 10
Pre-Motor and Supplementary Motor Cortex -26 3 72 11
Pre-Motor and Supplementary Motor Cortex 57 -4 52 12

Primary Motor Cortex 46 -18 66 13
Primary Motor Cortex 17 -27 79 14

Primary Somatosensory Cortex 35 -39 72 15
Superior Temporal Gyrus 72 -34 14 16

Primary Somatosensory Cortex 69 -22 36 17
Supramarginal gyrus part of Wernicke's area 63 -36 52 18

Superior Temporal Gyrus 70 -11 16 19
Middle Temporal Gyrus 73 -26 -6 20

MNI: Montreal Neurological Institute

Table 1: Montreal Neurological Institute (MNI) coordinates of Functional Near Infrared Spec-
troscopy (fNIRS) Channel
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Figure 6: The results obtained from the analysis group from Near-Infrared Spectroscopy-sta-
tistical parametric mapping (NIRS_SPM). Map activation obtained from motion imagination of 
right wrist in the cerebral motor cortex. a) Activation map obtained from motion imagination of 
right wrist to up b) Activation map obtained from motion imagination of right wrist to down c) 
Activation map obtained from motion imagination of right wrist to the right d) Activation map 
obtained from motion imagination of right wrist to the left.

Wrist Movement 
Direction

Brain Region Brodmann Area
MNI Position

Channel Number
z y x

Up Primary Motor Cortex 4 79 -25 -13 10

Down
Primary Motor Cortex 4 79 -25 -13 10

Primary Somatosensory Cortex 2 51 -45 60 8
Primary Somatosensory Cortex 1 74 -44 -28 6

Right

Primary Motor Cortex 4 79 -25 -13 10
Pre-Motor and Supplementary 

Motor Cortex
6 73 -10 -28 9

Primary Motor Cortex 4 68 -27 -43 7
Primary Somatosensory Cortex 1 74 -44 -28 6

Primary Motor Cortex 4 68 -27 -43 2
Left Primary Motor Cortex 4 79 -25 -13 10

MNI: Montreal Neurological Institute

Table 2: Parameters of brain activity during right wrist activity imagination in Functional Near-
Infrared Spectroscopy (fNIRS).
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a parameter widely which is used in fNIRS 
studies and an indirect measure of brain neural 
activity by calculating hemodynamic intensity 
changes in the cerebral cortex (in fact, this pa-
rameter shows the amount of oxygen used by 
neurons) [46,47]. The group analysis results 
showed a significant increase in HbO concen-
tration in the Primary Motor Cortex and Pri-
mary Somatosensory Cortex regions during 
the right wrist movement to downward. In two 
modes, imaginations of moving to left and up-
ward were recorded only in the Primary Motor 
Cortex, and in the mode of motion imagina-
tion to the right; in addition, the activated ar-
eas in the previous two modes, both Pre-Motor 
and Supplementary Motor Cortex areas were 
activated.

Hideki Nakano [48], in his study, showed 
that in the imagination of chopstick and ham-
mer movements, the regions of the premo-
tor cortex and primary somatosensory cortex 
were activated, which is consistent with the 
results of this study.

Various studies have shown during imagina-
tion of movement to inferior dorsolateral, pre-
frontal cortex, inferior frontal gyrus, premo-
tor cortex, primary somatosensory cortex, and 
primary motor cortex were activated [49-51]. 
The results showed the activation pattern ob-
tained from moving to the left direction is very 
similar to the activation pattern in moving up-
ward. The extent of the activation recorded in 
the imagination of wrist movement to the right 
was the most valuable in comparison with the 
other modes, which could be due to the fact a 
wider neural network plays a role in this case 
more than the other states (Figure 1).

The design of this motor pattern to exam-
ine the activity of the cerebral cortex during 
the imagination of wrist motion showed the 
neurons in the motor cortex are involved in 
controlling and processing the movements 
in one of the directions of right, left, up, and 
down. Our findings in this paper showed using 
fNIRS neural imaging data is a possibility of 
differentiation among brain activity patterns in 

different modes of wrist motion imagination.
The major limitation we encountered in this 

study was the selection of participants who 
were completely neurologically healthy and 
had no history or indication of neurological 
disease. Due to the inherent nature of the light 
and its low penetration depth into the brain, it 
is difficult to record changes in brain activity 
and hemodynamics in the deeper layers of the 
cerebral cortex. Thus, signal amplifier meth-
ods should be used.

Conclusion
We also found out HbO concentration in the 

cerebral cortex increased (p <0.05) significant-
ly in the mode of imagination of motion rela-
tive to the resting state. A significant increase 
in HbO concentration in our data supports our 
knowledge of control and imagination of mo-
tion and increases our knowledge of cortical 
responses during imagining motion patterns.

We believe the results of our study can be 
a step forward in the field of motion control 
studies and also provide a pathway for future 
research on brain activity and clinical trials 
in people with brain damage. Obtained sig-
nals from the data collected in this study can 
be used to control rehabilitation tools to help 
people with motion sickness in the future.
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