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Transcranial direct current stimulation (tDCS) has been shown to create neuroplasticity in healthy and
diseased populations. The control of stimulation duration by providing real-time brain state feedback
using neuroimaging is a topic of great interest. This study presents the feasibility of a closed-loop mod-
ulation for the targeted functional network in the prefrontal cortex. We hypothesize that we cannot
improve the brain state further after reaching a specific state during a stimulation therapy session. A
high-definition tDCS of 1mA arranged in a ring configuration was applied at the targeted right pre-
frontal cortex of 15 healthy male subjects for 10min. Functional near-infrared spectroscopy was used to
monitor hemoglobin chromophores during the stimulation period continuously. The correlation matri-
ces obtained from filtered oxyhemoglobin were binarized to form subnetworks of short- and long-range
connections. The connectivity in all subnetworks was analyzed individually using a new quantification
measure of connectivity percentage based on the correlation matrix. The short-range network in the stim-
ulated hemisphere showed increased connectivity in the initial stimulation phase. However, the increase
in connection density reduced significantly after 6 min of stimulation. The short-range network of the
left hemisphere and the long-range network gradually increased throughout the stimulation period. The
connectivity percentage measure showed a similar response with network theory parameters. The connec-
tivity percentage and network theory metrics represent the brain state during the stimulation therapy.
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The results from the network theory metrics, including degree centrality, efficiency, and connection den-
sity, support our hypothesis and provide a guideline for feedback on the brain state. The proposed
neuro-feedback scheme is feasible to control the stimulation duration to avoid overdosage.

Keywords: fNIRS; tDCS; functional connectivity; neuromodulation; resting-state; neurofeedback.

1. Introduction

The importance of neurorehabilitation has contin-
ued to increase owing to the growing number of
patients with brain disorders. Over the last few
decades, brain stimulation has been practiced as a
rehabilitation therapy to treat brain diseases such
as strokes, Parkinson’s disease, and various other
psychiatric conditions. Our brain tends to restruc-
ture or create new neural networks to regain lost
or reduced functionalities. Brain stimulation induces
or acts as a catalyst in the formation/alteration of
such brain functional networks. Transcranial brain
stimulation has been augmented to traditional reha-
bilitation techniques. Transcranial brain stimulation
has shown positive rehabilitation effects by facilitat-
ing neuroplasticity in healthy participants as well
as in patients with mental illness.1 It has been
adopted in adults for many years and recently in chil-
dren to improve brain functions.2 Transcranial brain
stimulation is provided through magnetic or elec-
trical stimulation (tES).3 tES is divided into three
major methods: transcranial direct current stimula-
tion (tDCS), transcranial alternating current stimu-
lation (tACS), and transcranial random noise stimu-
lation (tRNS).4,5 These techniques have been proven
safe for humans because the stimulation protocols do
not cause discomfort to the patients.6–8 However, the
amount of stimulation provided to a subject is still
under debate, as different stimulation durations have
been employed in previous studies.9 The efficacy of
brain stimulation is also dependent on the subject, as
some subjects show more positive effects than others.
To provide the right stimulation dosage to a subject,
we propose a real-time brain state feedback-based
control scheme for stimulation duration using simul-
taneous neuroimaging and tDCS. The objective of
this study is to provide the feasibility of the proposed
strategy and recommend the parameters to exhibit
the brain state in real-time.

A tDCS device comprises a constant direct cur-
rent stimulator and electrodes that are attached to

the scalp. The small amount of direct current deliv-
ered through the scalp enables/enhances cognitive
and other brain functions.4 Currently, different types
and sizes of electrodes are being employed, compared
to the saline-soaked electrodes used in the past.6 The
device monitors system resistance to ensure the sub-
ject’s safety and immediately ceases the stimulation
when the safety limit is exceeded. The arrangement
and polarity of electrodes determine the direction of
current flow, which can be used to observe the effects
of anodal or cathodal stimulation. Anodal stimu-
lation produces a sub-threshold depolarization that
elevates neuronal excitation, whereas cathodal stim-
ulation reduces excitation.10 The affected regions of
the brain exceeded the region under stimulation in
many previous studies.11 tDCS was applied in the
prefrontal cortex of the human brain to investigate
its effects on working memory,12 motor plasticity,
excitability, and learning,9,11 psychiatric symptoms,9

functional connectivity,13 and hemodynamics.14,15

To develop an understanding of the current path dur-
ing stimulation and the spread of the field generated
in brain regions, direct measurements from the head
are not possible. Therefore, simulations were carried
out to determine the stimulation effects in adults and
children. Researchers performing modeling and elec-
tric field simulations have used electrodes of differ-
ent sizes and shapes to determine the most advanta-
geous montage.16 A montage with multiple cathodes
arranged in a ring around an anode as the center
was useful in containing the electrical field to the tar-
geted brain area.17,18 This high-definition (HD) mon-
tage, consisting of multiple electrodes that focus the
effects of stimulation at the desired brain region, is
defined as HD-tDCS.19 Comparing the conventional
and focal effects of stimulation showed that HD-
tDCS-generated neuroplasticity remained for longer
periods.20

Recently, functional near-infrared spectroscopy
(fNIRS), which can be used to emit multiple wave-
lengths of near-infrared light on the brain, has been

2150050-2



2nd Reading

September 11, 2021 17:35 2150050

Control of tDCS duration using fNIRS functional connectivity

used to monitor neuronal activation. For elucidating
neuronal firing, fNIRS measures the changes in oxy-
gen metabolism that are derived from the neurovas-
cular coupling. The chromophores of oxyhemoglobin
(HbO) and deoxyhemoglobin (HbR) describe the
oxygenation state of brain tissues. fNIRS has been
used in a wide range of subjects covering all ages,
from infants to the elderly.21–23 A broad spectrum
of applications involving patients and healthy pop-
ulations has employed fNIRS as a neuroimaging
modality.24,25 The features of this modality enable
its utilization in brain–computer interfaces.26,27 In
addition, it can simultaneously measure the changes
in blood oxygenation during stimulation. A com-
bination of fNIRS and tDCS is favorable as the
stimulation does not produce noise in the acquired
neuroimaging data. The electric fields and flowing
currents produce interference with other commonly
used neuroimaging modalities, such as functional
magnetic resonance imaging and electroencephalog-
raphy. Recent advances in fNIRS have enabled
battery-operated, wearable, and low-cost devices
comparable to stimulation devices.28

Functional connectivity is defined as the correla-
tion of time-series data from different brain regions
acquired using any neuroimaging techniques.29–33

fNIRS has been actively used to measure cognitive
capacity by analyzing functional connectivity in the
prefrontal cortex.34,35 The brain state can be mod-
eled in nodal networks, representing the information
flow and connectedness of different regions. The loss
of or reduced connectivity results in decreased cog-
nition capacity and is linked to various brain dis-
orders requiring rehabilitation.36,37 Using the Pear-
son correlation coefficient of the fNIRS channels,
functional connectivity capacity and capability have
been explored using the network theory.38,39 The net-
work theory metrics provide a comprehensive quan-
tification for the network under study and robustly
track the changes in real-time, which are critical for
expressing the enhancement in brain state.40,41 The
real-time tracking of brain state has much signifi-
cance for the evolving tele-neuromodulation.42 Bed-
sides, neuromonitoring and neurorehabilitation can
be achieved using a combination of wearable fNIRS
and tDCS devices.

This paper provides the feasibility of our pro-
posed strategy for controlling the stimulation dura-
tion during a brain stimulation session. In the

HD-tDCS protocol, the subject’s brain signals from
both hemispheres of the prefrontal cortex are mea-
sured using fNIRS. fNIRS optodes are spread over
the scalp of both hemispheres, while the HD-tDCS
montage containing one anode and four cathodes is
attached to the right hemisphere. The blood chro-
mophore to be analyzed can be monitored in real-
time using fNIRS. Pearson’s correlation coefficient
is computed for all channel combinations to gener-
ate the functional connectivity maps in order to con-
tinuously evaluate the brain state of the entire pre-
frontal cortex. We hypothesize that the improvement
in resting-state functional connectivity would reduce
after a certain stimulation duration and that further
stimulation would not improve the brain state sig-
nificantly. Therefore, further stimulation for the sub-
ject under study should be stopped in that session
to avoid overdosage. To the best of our knowledge,
this is the first study considering fNIRS to develop a
control scheme for the stimulation duration of tDCS.

2. Materials and Methods

2.1. Participants

For analyzing the resting-state functional connectiv-
ity during stimulation, 20 male subjects with short
hair were recruited. This study does not focus on
evaluating gender-based effects; therefore, male sub-
jects are selected to ensure uniform head sizes. Short
hair allows for more accessible contact between the
scalp and optodes. The subjects reported themselves
to be healthy and not under any medications. Their
medical histories did not include any neurological ill-
ness, psychiatric impairment, or brain injuries. We
explained the experiment and the risks involved in
electrical stimulation to the subjects; they were asked
to inform the experimenter to stop the stimulation
on experiencing high levels of discomfort. The sub-
jects were also asked to avoid caffeinated drinks such
as coffee or tea before the experiment. The sub-
jects provided written consent for participation in
this study and received compensation after com-
pleting the study. The experiment was completed
for 15 subjects (mean age [standard deviation]: 28.5
[2.5] years) because one subject needed to withdraw
from the experiment due to a severe itching sen-
sation during stimulation, while four subjects had
improper placement of the stimulating electrodes.
The subjects were the graduate students of Pusan
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National University with ages ranging between 25
and 33 years. Every subject had at least a university
degree. The experimental paradigm was approved
by the Human Research Ethics Committee of Pusan
National University and conformed to the latest Dec-
laration of Helsinki.43

2.2. Experimental paradigm

The experiment involved 10min of stimulation with
the subject in the resting state with simultaneous
neuroimaging. The subjects were seated on an exam-
ination chair with the backrest in the reclining posi-
tion. Each subject was allowed to adjust the reclin-
ing angle to ensure comfort. For all the subjects, the
leg rest was oriented in the horizontal position. Once
the subject was seated appropriately, his forehead

was marked for attaching the stimulation electrodes.
A guide was created to mark the electrode locations
with reference to the nasion position of the Inter-
national 10–20 System. Self-adhesive electrodes are
placed on the forehead for exploring the benefits of
combining fNIRS and tDCS. A probe composed of
polyurethane foam was used to maintain the imag-
ing optodes and stimulating electrodes over the com-
plete prefrontal cortex, as shown in Fig. 1. Similar
head size was helpful in the experimental setup and
provided good optode–scalp coupling. Furthermore,
we used a Velcro band to tighten the probe accord-
ing to the subject’s head. The 10-min stimulation
commences with a ramp-up phase of 15 s, where the
stimulation current rises linearly from zero to the set-
point. A steady current flowed from the anode to the
four cathodes for 9 min and 30 s. Lastly, stimulation

Fig. 1. (a) fNIRS channel configuration. The numbers represent fNIRS channels. Each channel has a source and a
detector. (b) HD-tDCS montage on the right hemisphere. The anode with a plus sign in the center is surrounded by four
cathodes with a minus sign. The color gradients show the simulated stimulation intensity. (c) tDCS current profile for the
experiment. (d) An experimental setup where the subject is resting in Fowler’s position with equipment attached on the
head and covered by a black cloth to avoid ambient light.
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ended with a ramp-down phase of 15 s, where the
current declined linearly from the setpoint to zero.
Subjects were instructed to keep their eyes open and
remain awake throughout the experiment.

2.3. Electrical stimulation

tDCS is administered to subjects using the battery-
operated device, Starstim tCS System, from Neu-
roelectrics, Barcelona, Spain. The device is con-
trolled using Neuroelectrics� Instrument Controller
2.0 (Neuroelectrics), running on a Windows-based
laptop. The software communicates with the device
through Bluetooth. The stimulation montage is con-
figured using this software. Five of the eight elec-
trodes are employed in an HD montage, where a sin-
gle anode is surrounded by a ring of four cathodes, as
shown in Fig. 1. This montage focuses on the effects
of the applied stimulation by limiting the electric
field within the ring of cathodes.18,19,44 Disposable
foam electrodes with a conductive, adhesive hydro-
gel, procured from Medtronic, Minneapolis, USA,
are used for the experiment. Circular electrodes of
1-cm diameter are used in this study. The ring mon-
tage for HD-tDCS features a radius of 3.5 cm and
is placed to target the right hemisphere of the pre-
frontal cortex. The current intensity is set using
the software, such that the anode supplies onemA
and each cathode receives 0.25mA on average. The
device includes built-in safety features that abort
the stimulation when the impedance at any elec-
trode interface changes due to improper contact or
other unforeseen circumstances. In this manner, the
desired current is supplied steadily, with the elec-
trode voltages maintained at a safe level.

2.4. Neuroimaging system and optode
configuration

The fNIRS-based continuous-wave neuroimaging
system (DYNOT) with 32 optodes, from NIRx Medi-
cal Technologies, USA, is utilized in our experiments.
Each optode can emit two wavelengths (760 nm and
830nm) of light and simultaneously receive incom-
ing near-infrared light. A total of 14 optodes spread
over the forehead of the subject and covering the
complete prefrontal cortex result in a total of 32
fNIRS channels. The optodes are embedded in the
polyurethane probe that conforms to the scalp in a
comfortable manner. Each optode pair provides raw

time-series signals for both wavelengths, resulting in
HbO and HbR for each channel. The vertical and
horizontal distances between the optodes are set as
42mm, whereas the diagonal distance is set as 35 cm,
as shown in Fig. 1. The data acquisition rate during
the experiments is 1.81Hz.

2.5. fNIRS data preprocessing

The raw data files are used to convert light inten-
sities to changes in the HbO and HbR concentra-
tions. Subsequently, the NIRS-SPM software is used
for conversion to blood chromophores, according to
the modified Beer–Lambert law.45 The values of the
differential path length factor used for wavelengths
of 760 nm and 830 nm are 7.15 and 5.98, respec-
tively. The extinction coefficients of HbO and HbR
are 1.4866 and 3.8437 for 760 nm and 2.2314 and
1.7917 for 830 nm, respectively. The fNIRS signal is
affected by the heartbeat rhythm, respiration pat-
tern, and Mayer waves. Therefore, the HbO and HbR
signals are filtered using a fourth-order Butterworth
low-pass filter with a cut-off frequency of 0.1Hz,
using MATLAB� (The MathWorks Inc., Natick,
MA, USA).44 The filtered signal of HbO is used for
further analyses as it is more reliable and sensitive
than HbR.22 For the baseline correction of each chan-
nel, curve fitting with a fourth-order polynomial is
employed.46 The fitted curve is subtracted from the
original signal to obtain the corrected signal. The
signal means are computed for each channel using
data from all the subjects to eliminate the effects of
variability in the fNIRS data. The experiment was
conducted while the subject was resting in Fowler’s
position and did not perform any movements. There-
fore, the data did not require preprocessing for move-
ment artifact removal.

2.6. Brain functional network

Several groups of neurons from different brain
regions are fired when performing a task. The brain
regions that exhibit harmonized neuronal firing are
considered to be connected for that specific task.
Functional neuroimaging reveals these functional
networks in comparison to the brain connectome
acquired via structural neuroimaging. For visualiz-
ing functional connectivity, the brain is considered
as a particular type of network with a set of highly
connected nodes, along with some isolated nodes.
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Functional networks associated with different func-
tions also exist in the resting state, as the areas that
are activated simultaneously during a task also hum
synchronously.47 Therefore, the resting-state func-
tional network, also known as the default mode net-
work, is essential for gauging cognitive capability. In
fNIRS, each channel spans a brain area that is con-
sidered a single node. In this study, a functional brain
network with 32 nodes from the prefrontal cortex is
explored. The HbO signals of all the subjects were
averaged to negate the effect of subject-to-subject
variability in the data. The averaged HbO signal
from each channel is used to generate a connectiv-
ity matrix. In this study, for the 32 channels used,
the connectivity matrix, including both hemispheres
of the prefrontal cortex, has a size of 32 × 32. The
connectivity matrix is assembled by computing the
Pearson’s correlation coefficient among all channels
according to the following equation:

r =
∑

(xi − x)(yi − y)
√∑

(xi − x)2
∑

(yi − y)2
,

where r is the correlation coefficient, xi represents
the x-variable in a sample, x represents the mean
of the x-variable, yi represents the y-variable in a
sample, and y represents the mean of the y-variable.
The Pearson’s correlation coefficient indicates the
synchronization between two channels. A higher
synchronization is represented by a higher correla-
tion value between the channels. Each element r in
the connectivity matrix represents the connection
strength between channels x and y. The diagonal ele-
ments have a value of 1 as they represent the correla-
tion of a channel with itself. This resting-state brain
network does not express the direction of the connec-
tion; therefore, the upper and lower diagonal matri-
ces are similar, as the correlation between x and y or
y and x are identical. To quantify functional con-
nectivity, we compute the connectivity percentage
for each network at every second. The connectivity
percentage is calculated by dividing the sum of the
binary matrix from its maximum possible sum. For
the short-range and complete prefrontal networks,
the connectivity percentage is calculated using ele-
ments of the triangular matrix under the main diag-
onal of their corresponding matrices. Whereas, for
the long-range network, the connectivity percentage
is computed using all elements of the matrix. A fully
connected network where all nodes are connected to

every other node is said to have a connectivity of
100%.

The connectivity map was calculated every sec-
ond using an increasing window, where the window
length increases linearly with time. The window pro-
gressively increases its size with time to accommo-
date new data points and retain the previous data
points since the onset of the experiment. With this
scheme, we keep the complete history of the brain
state in consideration while updating the current
state such that any momentary synchronized varia-
tions cannot be considered an enhanced brain state.
The initial window length is set as 3min to acquire
a sufficient number of data points for computing the
correlation value. The correlation maps computed at
every second during the stimulation are treated as
images.

For generating brain functional networks, valid
connections are decided based on the correlation
coefficient value. A connection is accepted when the
correlation value exceeds the threshold of 0.8. If the
threshold is set to a lower value, the specious con-
nections will be included in the results that should
be avoided. The inclusion of these connections can
largely exaggerate the results of the study by ham-
pering the legitimate functional network.48 On the
other hand, if the threshold value is set to very high,
the change in connectivity cannot be fully visualized,
as there may be some connections that are broken
by connectivity. Using the threshold mechanism, the
correlation matrix is converted to a binary connec-
tivity matrix, where 1 represents a connection and 0
represents a lack of connection.

2.7. Network theory

The brain network connections are categorized as
short- and long-range connections. Short-range con-
nections are formed within a hemisphere; two short-
range networks are formed for the right and left
hemispheres separately. Long-range connections are
formed between the channels of the right and left
hemispheres. Therefore, a total of four networks
are formed: short-range network of the right hemi-
sphere, short-range network of the left hemisphere,
long-range network of connection between the hemi-
spheres, and complete network of the prefrontal
cortex. Network theory metrics are employed to
explore the properties of the default mode network
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using the FC-NIRS toolbox in MATLAB�.49 Degree
centrality, global degree, connection density, nodal
efficiency, network efficiency, local efficiency, cluster-
ing coefficient, network modularity, network assor-
tativity, and nodal betweenness are utilized to ana-
lyze the effects of HD-tDCS. The global degree of
the short-range network for the right hemisphere
describes the effects in our region of interest (ROI).
Degree centrality shows the highest effect of stimu-
lation over the local brain region. Nodal efficiency
gauges the effectiveness of each node for communi-
cation within the brain functional network. Network
efficiency provides the overall communication effi-
ciency of the functional network. Local efficiency pro-
vides the capacity of information flow within a local
region. The clustering coefficient measures the ten-
dency of nodes in a graph to form groups. Modularity
shows the density of connections when the network
is divided into subnetworks. Assortativity determines
the tendency of nodes to have connections with only
similar nodes. The betweenness of a node illustrates
its presence in the shortest paths of the network.
These network metrics can efficiently describe the
state of any network. Together these metrics explain
the structure, the colonization, and communication
efficiency at a given instant of time.45 As we have
considered the brain state in the form of a network,
the connectivity percentage along with these metrics
can robustly provide the changes occurring in the
brain state during the stimulation therapy.

2.8. Statistical analyses

The changes occurring due to the application of HD-
tDCS were analyzed statistically to categorize them
as significant or non-significant. The brain functional
networks are the correlation matrices that are gen-
erated as images with corresponding sizes. Jet col-
ormap was used in the MATLAB� for making the
correlation map. Therefore, image-based differences
are calculated for the correlation maps. Correlation
and structural similarity indices are suitable for mea-
suring significant differences as the correlation maps
is a boxed image, unlike the usual pictures.50 In this
study, the image sizes are much smaller than the typ-
ical pictures of humans and or scenic environments.
The maximum size is 32 × 32 for the whole pre-
frontal network. For the network theory results, the
network size varies from the full prefrontal network
to the short- or long-range networks, the method to
evaluate significant improvements/differences should
accommodate the sample size. Therefore, repeated
measures t-test and unpaired t-test are used for the
network theory metrics of all networks accordingly.39

A confidence interval of 95% was used to declare sig-
nificant changes.

2.9. Neurofeedback

The control of the stimulation duration can be
accomplished by performing neuroimaging in par-
allel with HD-tDCS. If the desired brain state is

Fig. 2. Block diagram for the proposed closed-loop methodology for controlling stimulation duration using neurofeedback
from functional connectivity. Network theory and proposed connectivity percentage can be used to provide the feedback
about brain state. The current brain state is continuously compared to the desired state, and the stimulation is stopped
when the current brain state is equal to desired brain state.
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already known in terms of the connectivity per-
centage, a network theory metric, or a combina-
tion of metrics, the stimulation can be aborted when
this known state is achieved. The closed-loop block
diagram for controlling the stimulation duration is
shown in Fig. 2. Currently, fNIRS devices provide
blood chromophores in real-time. The concentration
changes in HbO generate connectivity maps that
reveal the underlying brain functional network in
real-time. This closed-loop simultaneous neuroimag-
ing and transcranial brain stimulation can prevent
the overdosing of HD-tDCS to the brain. To this end,
analyses of all brain functional networks, including
the ROI, are performed to understand the changes
occurring during brain stimulation.

If the desired changes in functional connectivity
do not occur, the stimulation session can be termi-
nated. In this study, we provide the feasibility of the
neurofeedback along with hypothesis that the brain
state of the targeted region improves continuously
only for a certain stimulation duration, after which it
ceases, or any further enhancements become insignif-
icant.

3. Results

The effects of HD-tDCS are evaluated by quantify-
ing the resting-state functional connectivity. Figure 3
shows the connectivity percentage of the functional
brain network in the complete prefrontal cortex and
subnetworks of short- and long-range connections.
Connectivity percentage continues to increase during
stimulation. The ROI shows a sharp increase dur-
ing the first 6 min of stimulation. Although a signif-
icant difference (p < 0.05, repeated measures t-test)
is observed between the connectivity percentage at
3 and 6 min, there is no compelling change in the
connectivity percentage over the last 4min for the
ROI. In contrast, the resting-state functional con-
nectivity in the left hemisphere is not affected sig-
nificantly by the stimulation. The left hemisphere
shows a gradual decrease in connectivity percentage,
which is regained in the last 3 min of stimulation.
Therefore, no considerable effect is observed in the
brain state of the left hemisphere. The connectivity
percentage for the long-range network in the com-
plete prefrontal cortex exhibits a constant increase
that commenced after approximately 4min of stim-
ulation and continued till the end of the stimulation.

Fig. 3. (Color online) The trend of connectivity per-
centage for all networks and the trend for number of
connections for complete prefrontal network at different
threshold levels from 3min to the end of stimulation.

Figure 3 also shows the total number of connections
in the complete prefrontal cortex at threshold levels
of 0.5, 0.6, 0.7, 0.8, and 0.9. An increasing trend is
observed in all threshold values. The number of con-
nections reduces as the threshold value increases as
observed in our previous study.18

Figure 4 shows a graphical illustration of the
developing connections and their locations in the pre-
frontal cortex. Each line between two nodes repre-
sents a channel; the lines do not denote the strength
of the connection and only exhibit a binary network.
Every connection in this representation has a corre-
lation coefficient exceeding the threshold value of 0.8.
Figure 4 shows the correlation maps for each network
at the marked timestamps below the time axis. The
connection strength continues to increase for most
connections in all the networks. A correlation coef-
ficient of 0.94 and a structural similarity index of
0.81 are noted between the right hemisphere maps
obtained at 7min and 10min. The maps obtained
at 3min and 7min showed a structural similarity
index of 0.58 and a correlation value of 0.62. The
structural similarity index between the initial and
final correlation maps of the left hemisphere, inter-
hemispheric, and complete prefrontal cortex are 0.46,
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Fig. 4. Changes in connections of functional networks above the time axis and correlation maps with marked connectivity
percentage below the time axis. The scalebar is same for all figures.

0.03, and 0.2357, respectively. The correlation coeffi-
cient values between the initial and final correlation
maps were 0.57, 0.57, and 0.56 for the left hemi-
sphere, interhemispheric, and complete prefrontal
cortex, respectively.

The network theory metric of degree centrality
is measured for all nodes at each stage during the

application of HD-tDCS, as shown in Fig. 5. The
complete network in the prefrontal cortex shows the
highest degree and an increasing trend of degree cen-
trality. The short-range network of the right hemi-
sphere also shows an increasing trend, although the
slope is higher during the initial 7min of stimula-
tion. The short-range network of the left hemisphere

2150050-9
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Fig. 5. Degree centrality with standard deviations and
connection density of all functional networks.

shows a reduction in degree centrality during the
first 7 min of stimulation, whereas the remaining half
exhibits a slow increase. The long-range network had
few connections initially; however, new connections
spawned throughout the stimulation. More long-
range connections are developed during the last min-
utes of the stimulation. The repeated measures t-test
shows a significant difference between the degree cen-
trality at 3min and 7 min (p < 0.01). In contrast,
no significant difference is observed between 7min
and 10min of stimulation (p > 0.05) for the short-
range network of the right hemisphere. The average
degree centrality of the stimulated nodes is greater
than that of the unstimulated nodes in the short-
range network of the right hemisphere. The aver-
age degree centrality of the stimulated and unstim-
ulated nodes after 7min of stimulation corresponds
to 8 and 5.33, respectively. The average degree cen-
trality over the complete stimulation period for the
stimulated nodes and unstimulated nodes was 7.08
and 4.93, respectively. It is important to note that

the complete prefrontal cortex contains 32 nodes,
creating connections with all other nodes. In con-
trast, each node in the short-range can create 15 con-
nections, while each node in the long-range network
can create 16 connections. The connection density
for each network is also measured. It encompasses
the limit of connections that each node can form.
Figure 5 shows that the right hemisphere has the
highest connection density. During the first 7min of
stimulation, the increase in connection density for
the right hemisphere is higher than that during the
last 3min. The connection density of the interhemi-
spheric network increases significantly and is almost
similar to that of the complete prefrontal network.
An unpaired t-test is used to show that there exists
a significant difference between the short-range net-
work of the stimulated right hemisphere and that of
the unstimulated left hemisphere (p < 0.05). The
short-range network of the right hemisphere is sig-
nificantly different (p < 0.05) from the remaining
networks in terms of the connection density. There
is no significant difference (p > 0.05) between the
connection densities of the complete prefrontal net-
work, long-range network, and short-range network
of the left hemisphere.

The global efficiency for each network is rep-
resented in the form of bar plots in Fig. 6. The
global efficiency of the right hemisphere is the highest
among all the networks. The unpaired t-test indicates
a significant difference (p > 0.05) of global efficiency
for the short-range network of the right hemisphere
from the short-range network of the left hemisphere
and the long-range network. The long-range net-
work, complete prefrontal network, and short-range
network of the left hemisphere show no significant
difference (p > 0.05). Interestingly, only the long-
range network showed a significant increase in the
local efficiency, as shown in Fig. 6. The enhance-
ment in the local efficiency for the long-range net-
work surpasses that for all other networks. The clus-
tering coefficient also shows similar behavior (Fig. 6),
as indicated by the local efficiency. The local effi-
ciency and clustering coefficient showed no signifi-
cant difference between the short-range network of
the right hemisphere and complete prefrontal net-
work, and the short-range network of the left hemi-
sphere and long-range network (p > 0.05, unpaired
t-test), while the other cases showed significant dif-
ferences (p < 0.01, unpaired t-test). It is noteworthy
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Fig. 6. Global efficiency, local efficiency, and clustering
coefficient with the standard deviations of all functional
networks during the stimulation duration.

that within the short-range network of the right
hemisphere, the average nodal efficiency of the stim-
ulated nodes is higher than that of the unstimulated
nodes. The average nodal efficiency of the stimulated
nodes after 7 min of stimulation is 0.53, whereas it is
0.35 for the unstimulated node. The further 3 min
of stimulation after the 7min did not show any sig-
nificant difference as the stimulated nodes had 0.51

Fig. 7. Modularity of all networks during the stimula-
tion duration.

while the unstimulated nodes had 0.38 average nodal
efficiency.

The modularity of all networks is calculated and
is shown in Fig. 7. The modularity shows a decline for
the complete prefrontal network and the short-range
network of the right hemisphere. The decline in the
short-range network of the right hemisphere exhibits
a shear slope during the initial 7min, whereas the
value over the last 4 min remains almost identi-
cal. The modularity trend of the short-range net-
work of the right hemisphere shows a significant
difference (p < 0.05, unpaired t-test) between the
full prefrontal network and the short-range network
of the left hemisphere. The short-range network of
the left hemisphere exhibits an unexpected behav-
ior where the value increases significantly during the
first 7min, followed by a relatively slower decrease
during the remaining stimulation period. The modu-
larity of the short-range network of the left hemi-
sphere shows no significant difference (p > 0.05,
unpaired t-test) from the complete prefrontal net-
work. Still, it shows a significant difference (p < 0.05,
unpaired t-test) compared to the long-range network.

The assortativity coefficient, shown in Fig. 8, of
the complete functional brain network of the pre-
frontal cortex exhibits a constant increase through-
out the stimulation period. The short-range network
of the right hemisphere shows an increasing trend,
reaching its maximum value after 7 min of stimu-
lation and exhibiting a perfect assortative mixing
pattern. The short-range network of the left hemi-
sphere shows a variable response that increases at
the very last stages of the stimulation. Its assor-
tativity coefficient shows a highly negative value
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Fig. 8. Assortativity and betweenness with the stan-
dard deviations of all networks during the stimulation
duration.

after 7min of stimulation. Furthermore, the long-
range network presents a decline in the assortative
mixing pattern as the stimulation time increases.
The long-range network ends slightly toward the
negative side, becoming marginally disassortative.
Betweenness centrality is measured for all the nodes
in each network. The mean betweenness value for
each network is computed and shown in Fig. 8. Ran-
dom behaviors without any consistency are observed
for each network. There is no significant differ-
ence among the assortativity coefficients and the
mean nodal betweenness of all networks (p < 0.05,
unpaired t-test).

4. Discussion

The use of neuromodulation using electric stimula-
tion has the potential for the rehabilitation of var-
ious impaired/lost brain functions. However, con-
trolling the stimulation duration is challenging and
depends on many variables related to the subject. In

this study, we evaluated the duration of HD-tDCS
for a targeted brain region. This is the first study
to propose a limiting mechanism for the stimula-
tion duration of a diseased brain. We evaluated the
effects of HD-tDCS on the right prefrontal cortex
by measuring the resting-state functional connectiv-
ity in the prefrontal cortex over 10 min of stimula-
tion. After preprocessing, the acquired fNIRS data to
remove noise from various sources, correlation maps
that quantitatively measure the resting-state func-
tional connectivity were computed using the aver-
aged HbO signal. The results showed a strong corre-
lation (threshold = 0.8) between different pairs of
channels that can be considered to be connected.
The brain functional network for the complete pre-
frontal cortex was divided into subnetworks based
on the connectivity percentage between channels.
The independent short-range networks of the right
and left hemispheres featuring connections within a
hemisphere, long-range networks with connections
between the channels of the right and left hemi-
spheres, and the complete prefrontal cortex network
incorporating short- and long-range connections were
investigated based on network theory properties. The
results show improvements in brain functional net-
works with increasing stimulation duration. The ROI
exhibited a significant enhancement in the brain
state during the initial 7min. However, no signifi-
cant difference in the brain state was observed in the
latter 3min. Therefore, it can be assumed that the
improvements in the brain state were close to satura-
tion and that further stimulation should be avoided
to prevent overdosing. In this manner, the stimula-
tion duration can be controlled using the proposed
neurofeedback methodology.

Several studies have shown that many executive
functions that are essential for daily activities depend
on the neuronal circuits of the prefrontal cortex.51,52

Therefore, any loss in the cognition capability of a
diseased brain can be restored by rehabilitating the
prefrontal cortex. The default mode prefrontal cor-
tex network has been linked to diverse psychiatric
conditions.37,53,54 Even though these studies pro-
vided evidence for the loss of connections in func-
tional brain networks, they do not quantify the
reduced or altered functional connectivity. There-
fore, in this study, we introduced the concept of
connectivity percentage based on the connectivity
matrix. The connectivity percentage showed that the

2150050-12



2nd Reading

September 11, 2021 17:35 2150050

Control of tDCS duration using fNIRS functional connectivity

improvement in the functional brain network was
in agreement with the results obtained through the
established connectivity analyses using network the-
ory. The right hemisphere of the prefrontal cortex is
associated with cognition, emotion, decision-making,
and stress.55–58 The anodal stimulation of the right
hemisphere was shown to affect these functions pos-
itively.59–61 In addition, an increase in resting-state
functional connectivity was observed when adminis-
tering HD-tDCS. The increase was reflected in the
entire functional network of the prefrontal cortex,
including the short- and long-range networks.

In this study, the short-range network of the
ROI showed rapid improvements, as compared to the
other networks, especially during the initial 6min of
stimulation. This was in agreement with our hypoth-
esis that the brain state does not improve further
once a saturation level is achieved. It is evident that
the short-range network of the left hemisphere, the
unstimulated hemisphere, and the long-range inter-
hemispheric network showed a continuous increase
in connectivity for the duration of the stimulation.
It can be expected that this trend would have con-
tinued had the stimulation duration been extended
beyond the set 10min. The expeditious change in the
stimulated hemisphere can be associated with the
focal effect of HD-tDCS, which was also observed in
previous studies.18,44 The observed global increase in
functional connectivity during stimulation was simi-
lar to that in other studies applying tDCS to various
brain regions.62,63

For several years, neuroscientists have used net-
work theory analyses to evaluate functional connec-
tivity in brain functional networks.64,65 We utilized
the commonly used metrics of network theory to
analyze and compare all the networks. The degree
centrality results for all networks coincided with the
results of connectivity percentage. The global analy-
sis of degree centrality showed that the average num-
ber of connections between the nodes in the net-
work increased throughout the stimulation duration.
The nodes of the stimulated right hemisphere showed
higher values, but the increase in connectivity was
also prominent for the complete prefrontal and long-
range networks. This is because the short-range net-
work of the left hemisphere had a higher degree cen-
trality than the long-range network at the beginning
of the stimulation, which was reversed by the end
of stimulation duration. The comprehensive nodal

analysis showed that, under stimulation, the degree
centrality was higher for the nodes within the same
hemisphere. A higher nodal degree centrality indi-
cates that neuronal firing under that node is harmo-
nized with the neuronal circuits of various regions.

Owing to the advancements in clinical neuro-
science, the brain regions responsible for various dis-
eases are being identified. The nodal results of degree
centrality indicate that the rehabilitation of a tar-
geted brain region can be achieved by using a sim-
ilar montage for stimulation. The connection den-
sity considers network size along with the number
of connections in a network to highlight the ROI.
The connection density, as expected, improved for all
networks because of the neuroplasticity induced by
brain stimulation. However, the network density does
not exemplify the clustering capacity of the network.
The clustering coefficient showed marginal improve-
ments during the stimulation for the short-range
network and the complete prefrontal network. It is
compelling that the increase in the number of con-
nections does not change the clustering coefficient.
This shows that the new connections are widely dis-
tributed in these networks. The unstimulated hemi-
sphere showed a slight improvement, whereas the
long-range network showed a significant increase
in the clustering coefficient. The local efficiency is
higher when there are clusters in a network. The
results of this study indicated a similar clustering
coefficient and local efficiency. The nodal efficiency
of the short-range network of the right hemisphere
showed higher values for the nodes under stimulation
than the remaining nodes in the same network. The
global efficiency exhibited an equal increase for all
networks, except for the long-range network, which
showed a more progressive response to stimulation.
The modularity of the complete prefrontal and stim-
ulated networks illustrated a decline with an increase
in the stimulation period. The stimulated hemisphere
showed a rapid decline of modularity in the initial
7min but remained almost identical for the remain-
ing 3 min. The modularity exhibited a trend oppo-
site to that of degree centrality, which may indicate
that new connections improve the homogeneity of the
network such that nodes possess a similar number of
connections. The response of the short-range network
of the left hemisphere and the long-range network
showed a random response. The measures of assor-
tativity and betweenness did not present meaningful
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information reflecting an improvement in the brain
state. A previous fNIRS study observed the vary-
ing response of assortativity and modularity, which
was attributed to the nature of these metrics. The
results of this study reveal that the network theory
metrics of global and nodal degree centrality and effi-
ciency and connection density can effectively indi-
cate improvements in the brain state during stimu-
lation sessions. Therefore, the metrics are feasible to
be used in the feedback control of brain state.

The results in this paper show the feasibility of
the proposed neurofeedback methodology using real-
time connectivity analyses.66 The connectivity per-
centage and network theory metrics can help identify
the brain state. Furthermore, continuous monitoring
of the brain state can help abort the stimulation once
the desired improvement is achieved. The desired
brain state can be determined based on a single met-
ric or a combination of metrics by using the proposed
methodology. The results of this study have shown
that the nodal metrics can be computed to monitor
a specifically targeted brain region along with the
global metrics of a network of the desired size, which
constitutes a specific brain region. This is in-line with
other studies that have used functional connectivity
and network theory measures to express the brain
state and cognitive capability of healthy and dis-
eased populations.11,18,29,34 The proposed strategy is
not limited to the resting state studies as the recom-
mended network parameters are independent of the
experimental paradigm. It can be exploited in recent
studies where the cognitive training was augmented
with tDCS to show positive results.67 The proposed
methodology can be utilized in cases where the tDCS
parameters are different from the one used in this
study. The tDCS effects can vary based on the elec-
trode montage, size, and location on the head, inter-
electrode distance, current intensity, and stimulation
duration. The variations can increase or decrease
the enhancement that will be measured by the rec-
ommended network metrics.16,17,68 Furthermore, the
changes in the brain state can be monitored robustly
with the recommended parameters even if the syn-
chronization calculation mechanism is changed.

The proposed real-time feedback methodology
has an important application in the rising field of
tele-neuromodulation, where subjects can have brain
stimulation therapy at home.38,41 The feedback loop,
in this case, will utilize the technology advancements

Fig. 9. The application to proposed methodology to
the rising tele-neuromodulation with real-time control of
stimulation duration.

in the telemedicine industry such that the therapist
can supervise the stimulation protocol in real-time,
as shown in Fig. 9. The desired brain state and the
target brain region can be set by authorized person-
nel such as a doctor or psychiatrist who is famil-
iar with the patient’s condition. The therapist can
then guide the patient in setting up the device, which
already has the fNIRS optodes and HD-tDCS elec-
trodes embedded in order to remove any risks of
wrong placement. The therapist can control the start
of the protocol and monitor the brain state. Lastly,
the stimulation can be stopped by the therapist once
the desired brain state is achieved. Special care must
be observed in these experiments as recommended by
the guideline for tele-neuromodulation and effects of
stimulation.69–72

5. Limitations and Future Research
Potential

Despite its advantages, the study has several limi-
tations. fNIRS can only observe changes occurring
in the slow metabolic correlations of brain activ-
ity. Therefore, the rapid changes occurring in the
brain cannot be acquired. The setting up of separate
devices can be difficult and time-consuming, espe-
cially for elderly patients who are generally more sus-
ceptible to brain stimulation. Therefore, new hybrid
devices combining fNIRS and tDCS should be devel-
oped to simplify the proposed tele-neuromodulation
strategy. The study also has a limited number of
fNIRS channels. In the future, additional channels
should be configured, and multiple brain regions
should be monitored using high-density imaging
at different cortices or simultaneous measurement
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with electroencephalography.28,73 In addition, short-
separation channels that can improve signal qual-
ity by capturing only the physiological signal from
superficial layers of the brain were not configured in
this study. Therefore, future studies should incorpo-
rate these short-separation channels.

The experiment lasted for only 10min, which
is a limitation that can be avoided in future stud-
ies. Although, the targeted effect of stimulation was
achieved as the right hemisphere did not show fur-
ther improvement. However, the broader effect of
stimulation in other regions could reach some sat-
uration level that was not observed in this study due
to 10min of stimulation. Furthermore, the authors
were not able to observe any adverse effect of stimu-
lation on the connectivity with excessive stimulation
due to limited time duration. The study lacked the
presence of a placebo group that can be useful to
independently claim the beneficial effects of tDCS.
Therefore, a placebo group can be recruited in future
studies. In this study, we only provided 1 mA of brain
stimulation and did not explore the effect of various
current intensities. It will be interesting to know the
effect of higher current intensities in future studies.

The connectivity matrices used in this study
were established using Pearson’s correlation coeffi-
cient. Other methods based on wavelet phase syn-
chronization and cross-correlation techniques can be
explored, and their results can be compared to those
of this study. In contrast to these approaches, Per-
mutation Disalignment Index has been recently pro-
posed to explore brain connectivity, which can be
exploited in combination with fuzzy or multi-level
logic to form a binary network.74 These schemes may
contribute to a better selection of parameters for the
proposed neurofeedback methodology.

6. Conclusions

In this study, the general effect of transcranial brain
stimulation and the focal effects of HD-tDCS were
demonstrated by simultaneously measuring fNIRS
signals to monitor improvements in the default mode
network. Analyses of the complete prefrontal func-
tional network and its subnetworks showed that con-
nectivity was enhanced continuously throughout the
stimulation duration. The increase in functional con-
nectivity can be quantified as connectivity percent-
age as it is found to be in-line with the results of

the network theory measures. The brain state of the
targeted brain region showed significant enhance-
ment only during the initial 7min of stimulation.
The network theory metrics of degree centrality,
efficiency, and connection density can provide feed-
back regarding the brain state. These results sup-
port our hypothesis that the improvement in brain
state cannot be further enhanced once a certain
level is achieved. The proposed neurofeedback-based
methodology is feasible to be implemented in real-
time to control the stimulation duration. The effec-
tive stimulation duration for stimulation therapy can
be determined using the closed-loop neuromodula-
tion approach.
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6. M. Ortiz, E. Iáñez, J. A. Gaxiola-Tirado, D.
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