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Abstract. Functional brain network analysis is important for understanding the causes of neurological disorders
and relevant brain mechanisms. Lately, functional near-infrared spectroscopy (fNIRS) yields outputs similar to
the blood-oxygen-level-dependent signals of functional magnetic resonance imaging (fMRI), and numerous
studies have been conducted on functional connectivity and causality using fMRI and fNIRS. Despite the exist-
ence of numerous analysis toolboxes for fNIRS, most of them are difficult to use because they involve numerous
steps, coefficients, and related files. In this study, we developed a MATLAB toolbox called OptoNet, to analyze
cortical networks in the brain for fNIRS. Given that OptoNet consists of a simple and intuitive graphical user
interface, users can readily analyze the cortical networks of the brain for fNIRS signals. To evaluate the efficacy
of the developed toolbox, the finger tapping task experiment—extensively used in brain functional activities and
causal connectivity studies—was employed. The experiment was performed using the right and left hands, and
both hands simultaneously, and the consequently elicited brain cortical network activity was analyzed using
developed OptoNet. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction
of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.0E.59.6.061602]
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1 Introduction

Functional near-infrared spectroscopy (fNIRS) is a noninva-
sive method used to measure hemodynamic brain signals
based on the absorption of near-infrared (NIR) light with
wavelengths in the range of 650 to 950 nm transmitted
through the intact skull." fNIRS monitors regional cerebral
blood flow variations and estimates oxyhemoglobin (HbO)
and deoxyhemoglobin (HbR).> The hemodynamic signals of
fNIRS are highly correlated to the blood-oxygenation-level-
dependent signal outputs in functional magnetic resonance
imaging (fMRI).> However, fNIRS lacks anatomical infor-
mation when used to localize brain areas that elicit hemo-
dynamic signals. Additionally, it has poor spatial resolution
and limits the penetration depth within brain tissue.*
Despite these disadvantages, fNIRS has several advantages
compared to other neuroimaging modalities, such as fMRI,
positron emission tomography, electroencephalography
(EEG), and magnetoencephalography. fNIRS can be used
for various experimental environments because it can be able
to be portable compared to fMRI and MEG. Since fNIRS
system is based on an optical signal, it is stronger than EEG
for electrical noise. Therefore, the important advantages of
fNIRS are low cost, portability, and the potential of extend-
ing the research to various ecological environments.®

Over the past decades, many research groups have con-
ducted extensive studies in the field of fNIRS and developed
statistical analyses toolboxes to enhance the fNIRS signal
quality based on the general linear model (GLM).””'> GLM

*Address all correspondence to Young-Jin Jung, E-mail: microbme @ dongseo
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is one of the most extensively used models that represent data
in a linear combination form and constitute a standard
method for analyzing the fMRI data. Many statistical analy-
sis toolboxes have been developed for fNIRS based on the
GLM."*"'® However, GLM-based analyses methods often
fail to analyze brain functions because of artifacts in the
fNIRS measurements. These artifacts exist for various rea-
sons, such as subjects’ movements, blood pressure varia-
tions, and instrumental instabilities.'>?® Artifacts cause the
fNIRS signal to change abruptly, thereby potentially induc-
ing spikes with amplitudes that are much larger than the
true hemodynamic responses. In previous studies, several
researchers tried to overcome this problem by using algo-
rithms based on bandpass filtering, moving averaging, and
Wiener filtering,”"*> but these algorithms usually failed to
eliminate abrupt noise. Recently, numerous algorithms
based on wavelet transform, signal correlation, and
artificial neural networks have been adopted for fNIRS sig-
nal analysis.'”**”?" Although these algorithms yield good
results, any excess preprocessing leads to attenuation of the
hemodynamic response. Therefore, the research interests of
fNIRS need to migrate to other analysis methods, such as
brain functional connectivity and causality, which are impor-
tant to achieve a better understanding of brain functions and
medical approaches.

Recently, various connections and causality estimation
methods for functional brain network analysis have been
developed and demonstrated their capacities for utilization
in cognitive neuroscience and neurological clinical studies.?®
Correlation,?>* coherence,! frequency ratio,> phase lock-
ing value (PLV),33 mean phase coherence,** and mutual
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information®>*° have been used to estimate functional inter-
actions between multiple neural assemblies. These methods
have been applied to numerous functional neuroimaging
modalities, such as EEG, local field potential, intracranial
EEG, MEG, fMRI, and fNIRS. However, there is no avail-
able analysis software program of functional brain networks
for fNIRS, which can be used for free and unskilled users.
The most popular tools currently available for fNIRS analy-
sis are HomER®’ and NIRS-statistical parametric mapping
(SPM)."* HomER (available at Ref. 38) calculates individual
hemodynamic responses using ordinary least-squares linear
deconvolution, and NIRS—-SPM (available at Ref. 39) applies
the SPM method, which is a standard activation tool for
fMRI for NIRS data. However, these analysis tools cannot
estimate functional brain connections and they are difficult
to use because of their requirement for various types of
information.

The main contribution of the present study is the presen-
tation of a new cortical network analysis toolbox in
MATLAB for fNIRS, called “OptoNet,” which has an inter-
active graphical user interface (GUI). OptoNet allows func-
tions to analyze hemodynamic time-series data of fNIRS and
also to represent functional connections. Given that OptoNet
provides a three-dimensional (3-D) standard head model and
various causality estimation methods, the cortical brain net-
work of fNIRS can be clearly identified without any ana-
tomical information and MATLAB scripts. The remainder
of this paper introduces the implemented functions of
OptoNet and representative experimental examples of the
OptoNet toolbox.

2 Theory and Methods
2.1 fNIRS Measurement Model

The analyses of functional hemodynamic data, such as
fNIRS and fMRI, have generally been based on the
assumption of linearity of hemodynamic changes.”’ The
modified Beer—Lambert law (MBLL)? describes the optical
attenuation in scattering media, such as human tissues.
Accordingly, the optical density (OD) variation of the
HbO and HbR concentration changes (AcHbO, AcHbR) can
be described using the MBLL.'* According to the MBLL,
the raw OD for the wavelength (4) at the brain cortex position
of the 3-D axis at time ¢ is described as follows:"

c

Z a;(A) A (r, 1)d(r)I(r),
ey

where I, denotes the measured optical intensity, I is the
initial optical intensity, and N is the number of chromo-
phores. Additionally, a;(4;) denotes the extinction coeffi-
cient at wavelength 4; of the i’th chromophore, Ac denotes
the chromophore concentration changes, d(r) is the differen-
tial pathlength factor (DPF),> and [(r) is the distance
between the sources to the detector at position r. The DPF
depends on various parameters, such as the age of the
subject*! and the wavelength of the fNIRS system.*?

The GLM has been established as a standard analysis
model for hemodynamic data from fMRI and fNIRS.
SPM has been used extensively within the fMRI domain for
hemodynamic functional neuroimages, and there is a

1
AOD(4, 1) = —In (-‘“)
Iy
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MATLAB toolbox for fNIRS called fNIRS SPM.'* The
SPM consists of the model specification, parameter estima-
tion, and statistical inference for hemodynamic data. The
corresponding GLM can be transferred to the interpolated
measured chromophore concentration changes of HbO and
HbR (Acypo and Acypr). The HbO and HbR signals (yyp0
and yqpRr) are described by the following matrix formulation:

[yHbo(r,t)] :d(r)l(r){Acho} N [eHbo(r,z)}, @)

Yror (7 7) Acppr eppr (7. 1)

where epyo(r,#) and eypr(r, ) are additive zero mean
Gaussian noise signals of the fNIRS channels. Let y denote
the time series of the hemodynamic signal, and € be the error
vector at location r at time ¢. The errors (¢) can occur during
signal acquisitions from the hair, skull, and pores, and they
generally have high-frequency components. The correspond-
ing GLM is represented in the matrix form as follows:

Y = Do (7. 1)y (7. 2) -+ yavo(r: ty)], 3)
e = [emo(r. 11)emo(r: 1) -+ emo(r. ty)]", 4)
y=Xp+e. ®)

The elements of y are the sampled NIRS signal data corre-
sponding to N time points, and § represents the unknown
strengths of the response. X is a design matrix that predicts
the measured fNIRS signal.*?

Friston et al.** showed that the hemodynamic signal can
be approximated as a convolution model between a stimulus
function and a hemodynamic response function (HRF). The
canonical HRF, which is composed of two gamma functions,
was employed in Ref. 16. The derivatives of the HRF with
respect to the delay and dispersion can be used to mitigate
the problem such that the precise shape of the HRF varies
across the brain.** An adaptive estimation of HRF using
multiple gamma functions can also be used in fNIRS
to account for oxygen species-dependent hemodynamic
variations.'*

2.2 Phase Synchronization-Based Brain Network
Estimation Method

A number of causality estimation techniques have been
developed to infer functional interactions between multiple
neural assemblies. Lachaux et al.** developed a brain net-
work analysis estimator based on phase synchronization
(PS) that identifies transient phase-locking between two neu-
roelectric signals. If the measured fNIRS signal is x(¢), the
instantaneous phase is constructed by the analytic signal that
is defined by the summation of H(x(z)) and x(¢) as follows:

(H[x(1)])
x(1)

where ¢(t) are the instantaneous phase, and H[x(7)] is the
Hilbert transform of x(7). To estimate the PS between two
fNIRS signals [x,(7) and x,(7)], the phase difference is
adopted. The PLV is defined based on the average value
of the phase difference as follows:

¢(t) = tan™! , (6)
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1 N
PLV = N; exp(@, (1) — @u (1)), 7

where N is the total sample length of the signal. It estimates
the variability of this phase difference between x,(¢) and
X, (1). If the phase difference varies somewhat across the sig-
nals, PLV is close to 1; otherwise, it is close to 0.3

2.3 OptoNet: New Cortical Network Analysis Toolbox

OptoNet requires a MATLAB (MathWorks, Natick,
Massachusetts) environment, and it incorporates the
MATLAB GUIs that allow users to intuitively analyze the
cortical network. The GUI of the toolbox is optimized for
MATLAB R2015b and the Nvidia GeForce graphics card
series. Figure 1 shows the overall procedure of the
OptoNet toolbox. First, the measured fNIRS data are loaded
onto the OptoNet GUI. The information of the fNIRS data,
such as the sampling rate of the fNIRS signal, task number,
size, number of trials, and subject number, are loaded onto
the GUI. The fNIRS signal analysis options can control this
step before estimating the brain cortical network. OptoNet
provides the network analyses options and choices of spe-
cific task blocks, or the entire signal lengths for each subject
and trial. Second, the head model is loaded onto the GUI to
visually represent the fNIRS channels and the brain’s causal
connectivity.

OptoNet provides a standard head and cortex model and
can also support the functionality of loading individual head
and cortex models. Third, the channel set of the loaded
fNIRS data is represented on the head model. The channel
set must be synchronized with the information of the loaded
fNIRS channel and the channel set can easily add, save, and
load data using the OptoNet GUI. Finally, the brain causal
connection of the cortical network is estimated and repre-
sented on the head model. OptoNet provides visual brain
connection to easily identify the cortical network, and there
are various view options, as indicated in Fig. 2.

The head and cortex models can be loaded by the GUI
button shown in Fig. 2(a). OptoNet allows 3-D rotations
to enable visualization of every direction on the head.
Additionally, it can set up numerous view options, such
as the depiction of the points associated with the 10-20 sys-
tem, camera light (camlight), interpolation (interp), depiction
of axis (view axis), and the depiction of the mesh plot (view
mesh) with the use of the checkbox on the GUI panel in
Fig. 2(b). The fNIRS channels can be set up using the panel
in Fig. 2(c) and can load a saved channel set using the panel
in Fig. 2(d). The connectivity estimation method and thresh-
old are established using the panel shown in Fig. 2(e).
OptoNet provides not only PLV but also additional three
methods, which are correlation,”®° coherence,’’ and fre-
quency ratio.*> Correlation is one of the most widely used
methods to evaluate signal similarity in time domain.
Coherence measures the phase similarity of two signals in
the frequency domain, and the frequency ratio is a measure
of frequency synchronization that is evaluated by frequency
ratio. However, PLV was selected by the connectivity esti-
mation method of this study, because it can simultaneously
evaluate time—frequency synchronization between two sig-
nals. These provide the choice of automatic or manual
thresholding. The autothresholding type is statistically
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evaluated by surrogate datasets, and it can be set up to
acquire specific values from 0 to 1 when the manual-thresh-
old is selected. Finally, the significant cortical connections,
which were evaluated by surrogate datasets or have higher
causality values than the setup threshold, are represented
on the GUI. The estimation result of the functional causality
can be automatically saved into MATLAB. mat files, which
can be loaded in MATLAB at any time.

3 Experimental Results

This section introduces an example that demonstrates the
utility of the OptoNet toolbox. The experimental task para-
digm consisted of the finger tapping task combined with a
rest control task. Seven subjects (24.1 +5.64 years, five
males, two females, and right-handed) were recruited. All
subjects were healthy with no brain injury, neurologic, or
psychiatric disease profiles. Informed consent was obtained
from all subjects. Using a block design, the NIRS signal of
the subjects was measured, where three activation trials were
alternated while repetitive finger tapping was performed with
the right hand, left hand, and simultaneously with the use of
both hands, during a 20-s period. fNIRS data acquisition was
performed with an fNIRS brain imaging system (NIRsPORT
8-8, NIRx Medizintechnik GmbH, Berlin, Germany). This
instrument emitted LED light with wavelengths in the range
of 760 and 850 nm with eight NIR sources, eight NIR detec-
tors, and 20 fNIRS channels. The arrangements of the fNIRS
channels and optodes are shown in Fig. 3. Figure 3(a) depicts
the structure of the optodes that formed the fNIRS system
with 20 channels, Fig. 3(b) presents the channel locations
based on the use of the head model of OptoNet, and Fig. 3(c)
shows the actual experimental fNIRS cap with the eight
wired sources and eight detectors. The regions-of-interest
of the finger tapping were selected within the primary motor
cortex (M1) and the supplementary motor area (SMA).® The
fNIRS channels in Fig. 3 cover the SMA and M1 of the left
and right hemispheres, which are areas related to the finger
tapping task.

To estimate the hemodynamic signals (HbO and HbR)
and the brain activity map, data processing was performed
using the NIRS—SPM software'** in MATLAB. Two wave-
lengths (760 and 850 nm) of LED light were used for this
experiment, and the DPFs were set to 6.2966 for the wave-
length of 760 nm, and 5.23433 for the wavelength of 850 nm,
as recommended in the user manual of NIRsPORT. To
enhance the fNIRS signal, an HRF smoothing filter** was
applied for preprocessing. A first-level of analysis used the
preprocessed fNIRS data to obtain parameter images of indi-
viduals for contrasting the design (finger tapping task > rest
control task). The brain activity images from all the subjects
were entered into a second-level analysis group with one-
sample z-test to confirm the statistically significant cortical
activation area of the motor task (p < 0.05). The brain acti-
vation results of the finger tapping task are shown in Fig. 4.
As can be observed in Fig. 4, the M1 of the left hemisphere
was activated from the right-hand finger tapping task in
Fig. 4(a). From the left-hand task in Fig. 4(b), the right
M1 was strongly activated, and Fig. 4(c) shows the result
of the tasks conducted with both hands indicating activities
in M1 on both hemispheres. The results of the fNIRS cortical
functional connection were estimated using Monte Carlo
simulations with PLV.>* The group analyses results of the
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Fig. 1 Procedure of OptoNet toolbox: (a) GUI capture showing the loading of fNIRS data and (b) loaded
head model, generation of an fNIRS channel set, and cortical network visualization. Example of OptoNet
process is shown in Video 1 (MP4, 32.2 MB [URL: https://doi.org/10.1117/1.0E.59.6.061602.1]).

cortical connections were elicited with the use of OptoNet
based on estimations with all trials, all epochs, and all sub-
jects, as shown in Fig. 5. Figure 5(a) shows the functional
connections at M1 of the left hemisphere following the
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right-hand finger-tapping task, and they are represented in
the same regions of the detected brain activities shown in
Fig. 4(a). In Fig. 5(b), the functional connection result of the
left-hand shows the connections that are connected to a
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Fig. 2 Control panel in the OptoNet GUI.

larger region in the right hemisphere. Figure 5(c) shows the
functional connection results following the execution of the
finger-tapping task of both hands. The results show the func-
tional connections at both sides of the M1 of the right and left
hemisphere, where the connections are established on both
sides of the brain.

4 Discussion

Functional brain network analyses of fNIRS have played an
important role in recent fNIRS studies. Heretofore, most
fNIRS studies focused on the hemodynamic activation elic-
ited owing to the vasodilation. Given that fNIRS signals con-
tain numerous artifacts, such as baseline drifts, measured
noise, equipment noise, and motion artifacts, it is not easy
to estimate a correct hemodynamic dataset. Further, it is very
difficult to identify a hemodynamic response from a task that
generates little motion. Therefore, the research focus needs
to shift toward the description of how different brain areas
interact with one another to understand the functional organi-
zation of the cortical network.

Optical Engineering

061602-5

We have developed a MATLAB toolbox called OptoNet
that can be used to analyze functional cortical networks for
fNIRS. It is easy and simple to use for plotting fNIRS signals
and functional cortical connections without anatomical infor-
mation, such as 3-D MRI images and MNI co-ordinates. To
demonstrate the performance of OptoNet, the well-known
finger-tapping task experiment was conducted, and the brain
activation function was mapped.**>" The task was per-
formed with the right and left hands, as well as with both
hands. Accordingly, the cortical brain activity results were
represented pictorially and showed the well-known role of
the hand movements in the opposite sides of the two cerebral
hemispheres. However, the activation of the left-hemispheric
areas was much smaller than the activation of the right areas.
This is indicative of the fact that there is much stronger and
wider activation from the left-hand movements than the
right-hand, and it appears to be in accordance with efficient
activities of the dominant hand, which represents a small area
because it is using the brain efficiently and because it is used
for the action.’'=>* However, the elicited outcomes cannot be
clearly demonstrated based only on brain activation maps.
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Fig. 3 fNIRS measuring information: (a) schematic diagram of the source and detector, (b) fNIRS
channel locations on the head model, and (c) fNIRS cap with 8 x 8 wired optodes.

Although the brain areas that elicited significant connections
were estimated to exist at similar locations to those associ-
ated with the brain activation maps, the functional brain net-
work yielded connectivity differences between the right and
left hemispheres. Figure 5(a) showed that the functional con-
nections have a strong and close-set network in each other’s

Min(1.68)

(@) (b)

fNIRS channels from the movement of the dominant hand.
Further, the functional connections from the left-hand move-
ment in Fig. 5(b) exhibit a weaker connection than the right-
hand movements in Fig. 5(a). It can be seen in Fig. 5(c) that
there are functional connections across the right- to left-
hemisphere and strong and close-set connections can be

Max(4.73) Max(3.35)

Min(1.68) Min(1.70)

(©)

Fig. 4 Group analysis brain activity maps with the use of NIRS SPM (p < 0.05) elicited with (a) finger
tapping tasks of the right hand, (b) the left hand, and (c) following the simultaneous tapping of both hands.
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Fig. 5 Group analyses outcomes of cortical functional connections with the use of OptoNet (p < 0.01),
elicited with the finger tapping tasks of (a) the right hand, (b) left hand, and (c) the simultaneous use

of both hands.

found in the left-hemisphere. Therefore, OptoNet is a very
powerful toolbox that can be used to estimate functional cort-
ical connectivity, and it can help identify other information in
the brain, which cannot be detected using conventional brain
activation analyses.

5 Conclusions

In the present study, OptoNet was evaluated to estimate its
strengths and to validate its performance for brain functional
network analyses. We demonstrated the necessity and perfor-
mance of OptoNet with the use of the basic experimental
paradigm of fNIRS. Given that the technique of brain
network analysis can be used for the understanding of neuro-

10
science and neurological clinical studies, OptoNet has
tremendous potential for use in brain cortical network i1
research of fNIRS. ’

OptoNet can be downloaded for free from Ref. 54. The
toolbox can be used for research and educational purposes. 12.
The user manual for OptoNet is included in the download
page. We invite users to provide feedback for improving 3
OptoNet on the website. We hope that our toolbox can con-
tribute to the popularization of brain network analyses of 14
cortical connectivity in the field of fNIRS research. s
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