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The human visual sensitivity to the flickering light has been under investigation for decades. The
finding of research in this area can contribute to the understanding of human visual system
mechanism and visual disorders, and establishing diagnosis and treatment of diseases. The aim of
this study is to investigate the effects of the flickering light to the visual cortex by monitoring the
hemodynamic responses of the brain with the functional near infrared spectroscopy (fNIRS)
method. Since the acquired fNIRS signals are affected by physiological factors and measurement
artifacts, constrained independent component analysis (cICA) was applied to extract the actual
fNIRS responses from the obtained data. The experimental results revealed significant changes
(p < 0.0001) of the hemodynamic responses of the visual cortex from the baseline when the
flickering stimulation was activated. With the uses of cICA, the contrast to noise ratio (CNR),
reflecting the contrast of hemodynamic concentration between rest and task, became larger. This
indicated the improvement of the fNIRS signals when the noise was eliminated. In subsequent
studies, statistical analysis was used to infer the correlation between the fNIRS signals and the
visual stimulus. We found that there was a slight decrease of the oxygenated hemoglobin con-
centration (about 5.69%) over four frequencies when the modulation increased. However, the
variations of oxy and deoxy-hemoglobin were not statistically significant.
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1. Introduction

Understanding the functioning of a visual system,
from the eyes through visual cortex has progressed
over centuries. Investigations to determine appro-
priate visual stimulations and data collection
methods, and most importantly to understand the
obtained responses have been widely reported in
physiological and clinical research literature.'™
Photic stimulation using flickering light that is
modulated in sinusoidal waveform received par-
ticular attention. This is due to the fact that the
stimulus parameters including modulation depth,
flicker frequency and average illuminance can be
adjusted at will and independently. The responses
are therefore rich in information and depend only on
one parameter at a time. Furthermore, the exper-
iments can be performed in vivo and noninvasively.
Therefore, it has been broadly applied in the studies
of visual system with animal as well as human. In
psychophysics, sinusoidal stimulation has been used
to establish human temporal modulation transfer
functions (TMTF)* which is the sensitivity to
flickering light of various frequencies. It has a
typical band-pass shape and the critical flicker fre-
quency (CFF) which is the highest flicker frequency
one can perceive is about 50Hz. They suggested
that, the blood flow in the optic nerve head is
tightly coupled to neural activity. In electrophysi-
ology, sinusoidal stimulation has been used to in-
vestigate electroretinograms (ERG), visual evoked
potentials (VEP) and electrical responses of cells
including photoreceptors, horizontal and ganglion
cells.”% These results revealed neural activities of
different visual cells at different stages of the visual
system. Toi and Riva’ while investigating the reti-
nal blood flow at the optic nerve head of cats using
laser Doppler method, found that sinusoidal
stimulation always caused an increase in the blood
flow and the increase depended on the stimulus
frequency, modulation depth and illuminance.
When the modulation depth increased, the blood
flow increased and, most of the time, rapidly
reached a saturation level as a sigmoidal function.
The TMTF was established using a minimum blood
flow change as a criterion that had a band-pass
shape and its high frequency slope was comparable
to the slope obtained in the ganglion cell studies.® In
functional magnetic resonance imaging (fMRI), an
effective method used to measure the blood oxygen

level detection (BOLD) signals, several studies
revealed that the BOLD activation in the visual
cortex increased when the stimulus frequency was
raised up to 8 Hz.” Others found that BOLD acti-
vation peaked at 6-11 Hz.!” However, fMRI is lim-
ited by its high cost and provides BOLD signals
containing only deoxygenated hemoglobin infor-
mation. Recently, functional near infrared spec-
troscopy (fNIRS) has emerged as an important
modality applied to monitor the changes of oxyge-
nated and deoxygenated hemoglobin (oxy-Hb and
deoxy-Hb) concentrations. Due to its noninvasive
and in vivo characteristics, {NIRS offers many ad-
vantages and becomes a complementary technique
to fMRI. Typically, in fNIRS technology, a light
within the near infrared spectrum from 700 to
900 nm wavelength is used to propagate through the
brain matter. The wavelength is selected to maxi-
mize the absorption of the oxygenated and deox-
ygenated hemoglobin and minimize the light
absorption of water and tissues. Therefore, fNIRS is
able to monitor hemodynamic responses of the brain
in real time.

It has been reported that fNIRS successfully
monitored the hemodynamic responses at the visual
cortex caused by flickering stimulation that appears
on a computer screen.'! Meek et al.'? suggested that
oxy-Hb concentration increased whereas deoxy-Hb
concentration decreased during stimulation. Kojima
and Suzuki'® came up with similar conclusion
showing typical activation patterns of hemody-
namic responses during a visual task, but suggested
that intense focus to stimulus led to stronger
changes on oxy-Hb concentration than passive
watching. The location to measure hemodynamic
responses of the visual cortex was exploited by
Wijeakumar et al.'* Liao et al.'® revealed that
neurovascular coupling in and around the visual
cortex appeared not only in healthy adults but also
in infants during the first week of life. Bridge'® used
black and white concentric circles flickering in bulls
eye with spatial frequencies grating at different
temporal frequencies on the visual cortex. Exper-
imental results showed insignificant differences of
the brain responses to various temporal frequencies
of stimuli.

To the best of our knowledge, there has been no
investigation using fNIRS to measure the hemody-
namics of the brain when the eye is stimulated by
sinusoidal waveform flickering light of various
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frequencies and modulations depths. When the eyes
are excited by sinusoidal flickering light, neural
signals are sent through optic nerve to stimulate the
visual cortex. As a result, hemodynamic responses
in this area may be changed and monitored by
fNIRS to understand physiological and pathological
principle of the ophthalmic system. This gives us
useful insights on the effects of flickering light on the
operations of the visual cortex and may gain ben-
efits for the treatments of visual related diseases and
disorders.

In this work, we investigated the variation of the
oxy-Hb and deoxy-Hb changes at the visual cortex
using fNIRS while the subjects observed a flickering
light modulated sinusoidally through an eye piece
under Maxwellian view.!”

Since sensitivity of NIRS to brain activities is
affected by artifacts originated from cardiac activi-
ties, Mayer waves and other physiology factors,
methods to extract the actual NIRS responses
from the measurement are important. Independent
component analysis (ICA) constitutes a reliable
method to recover source signals from mixtures and
its procedure may extract task-related, physiologi-
cal-related or artifact-related components. Incor-
porating prior constraints to ICA thereby plays an
important role to isolate components targeted to
specific events in event-related experiments.'® In
this work, we proposed a method using constrained
ICA (cICA) to extract the NIRS signals of interest
from the mixture using reference signals. After the
actual NIRS signals were recovered, we varied
the frequencies and modulation depth of activated
light to observe the corresponding NIRS responses.

2. Methods
2.1. Data collection protocol
2.1.1.  Participants

A total of 10 young and healthy subjects (age
average 20.6 years old and standard deviation 0.71)
of both genders (four females and six males) par-
ticipated in the experiments. None of them have the
neurological disorders or the visual abnormalities.
The local institutional review board has approved
the studies and the participants have given written
informed consent for the experimental contents.
The tenets of the Declaration of Helsinki were
followed.

2.1.2.  Visual stimulator

The visual stimulator Papillometre [Fig. 1(a)] has
been described in details elsewhere.'”'9?! It gen-
erates a modulated light beam. The sinusoidal
waveform of the beam is expressed as follows:

L(t) = Ly(1 + mcos(27 ft)), (1)

where L(t) is the instantaneous light intensity, L,
the average light illuminance ranging from 0 to 100
Trolands, m the modulation depth ranging from
0 to 1 and f the flickering frequency ranging from
0 to 100Hz. These parameters can be adjusted
independently. The subject observed the stimuli
under a Maxwellian view ranging from 5° to 60°.
The stimulus color was white and field of view was
uniform.

2.1.3. fNIRS devices and data acquisition
protocol

Our fNIRS equipment was the FOIRE-3000 (Shi-
madzu, Japan) which consisted of 16 optodes
(8 light sources and 8 photo detectors) and con-
stituted a maximum of 24 channels [Fig. 1(b)]. The
laser light sources have three different wavelengths
780, 805 and 830 nm.

In our experiments performed here, the trans-
mitter and receiver optodes are arranged in a 2 X 3
matrix to cover the visual cortex at the back of the
head [Fig. 1(c)]. The T-transmitter are symbolized
by a red circle whereas the R-receiver optodes by a
blue one. Each pair of T-R with a distance of 3cm
constituted a measurement channel. Together, they
formed seven channels.

The subjects sat in a quiet and dark room to
avoid environmental distractions [Fig. 1(d)]. Before
performing the tasks, the subjects were first asked
to take a rest for 40s to release the stress and to
shift their hemodynamic signals into the baseline.
Then, during the next 40s, the subject performed
the task by looking through the eyepiece of the
Papillometre, a visual stimulator, to observe the
stimuli. The fNIRS optodes of the FOIRE 3000,
fNIRS equipment, were installed on a headgear
which was secured on the subject’s head at the
visual cortex to monitor the changes of the oxy-Hb
and deoxy-Hb concentrations at this area. The task-
rest experimental sequence was repeated for five
times. Then, the subject will wait for several hours
before he or she joins a new experimental session.
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Fig. 1. Experimental setup. (a) Papillometre, (b) Foire-3000, (c) Location of probes and (d) Participant doing experiments.

According to reported studies,”!'? visual stimuli

with frequencies lower than 15Hz evoked
strongest visual cortex responses. Therefore, we
performed the experiments using four flickering
frequencies including 0, 5, 10 and 15Hz with
two modulation depths of 0.5 and 1. For each fre-
quency and modulation depth, the experiment is
repeated for two sessions. In total, each subject per-
formed 5(epochs) x 2(sessions) x 2(modulations)x
4(frequencies) = 80 NIRS trials.

2.2. Data processing

Since the optodes were arranged on the subjects’
scalp and the limited distance that the light can
travel deep into the brain matter was about 3 cm,??
the obtained signals were the combination of the
fNIRS signals and other artifacts such as Mayer
waves, heartbeat and respiration movements and

physiological signals appeared at the skin of the
head.

To remove a part of noises, obtained NIRS sig-
nals are filtered by low-pass and high-pass filters
with the cutoff frequency of 0.5 and 0.01 Hz. Pre-
viously correlation based signal improvement
(CBSI) method? enhanced hemodynamic responses
by an assumption of strong negative correlation
between oxy-Hb and deoxy-Hb signals. Typically,
when oxy-Hb concentration increases, the trends of
deoxy-Hb concentration goes down accordingly. Let
xg and y, be the measured fNIRS signals, then true
fNIRS signals are recovered by CBSI using the fol-
lowing equation.

1
T = §($0 - ay())v
. ®)
y=-——
(0%
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where o = :’;Zgg; is the ratio between the standard

deviation of x; and of y,;. Because the NIRS
measurement is performed with the probes secured
at the head skin, obtained signals are the mixtures
of different source signals emitted from active
regions of the brain. Therefore, CBSI may magnify
noninterest signals not involved to event-related
paradigm in experiments.

Currently, it has been accepted that ICA pre-
sents a reliable method to separate spatially inde-
pendent source signals from the mixtures. However,
ICA does not concern any paradigm information to
extract independent components (ICs). Therefore,
in this work, we utilize a method of using cICA to
better extract ICs of interest from mixtures using
prior information of task-related experiments. The
details of ICA and cICA are described in the fol-

lowing sections.

2.2.1. Independent component analysis

In general, blind source separation (BSS) is applied
to recover original source signals from mixtures.
Assuming that the measured signals are presented
as x(t) = (z1(t), z2(t),...,z,(t))T and the original
signals as s(t) = (s;(t),s5(t),...,5,(t)T, ICA
addresses the BSS problem in a particular situation
in which x is a linear mixture of the sources,

x(t) = As(t), (3)

where A is the mixing matrix with size (n x m).
The ICA algorithm aims at computing a (m x n)
demixing matrix W = [wy, w,, ..., w,,]T to recover
all ICs from the measurements

y(t) = Wx(2), (4)

where y(t) = (y,(t),y2(t), ...,y (t))T. Each separ-
ated output signal is presented as y; = w!x or
y = wTx. With regards to the central limit theorem,
maximizing the non-Gaussianity of y will make it to
converge toward one of the ICs close to the original
signals. The non-Gaussianity is measured by the
negentropy function J(y), expressed as

J(y) = H(yGauss) - H(y)7 (5)

where Yaauss 18 @ Gaussian random variable having
the same variance as that of the output signal y, and
H(y) the entropy of y. Hyvérinen*! introduced an
approximation of negentropy as

J(y) = p[E{f(y)} — E{f()}]*, (6)

where p is a positive constant that is set as one in
our experiments, f(-) is a nonquadratic function,
E{-} is an expectation operator and v is a standard
Gaussian variable with zero mean and unit var-
iance. Usually, ICA identifies as many ICs as the
number of observations, and an ordering of the
extracted ICs is arbitrary.”” Paradigm information
has been used after ICA to select output com-
ponents®® but was not directly involved in the
unmixing process of source signals.

2.2.2.  Constrained independent component
analysis

In this section, we describe the advantage of cICA
to extract ICs of interest by defining constraints on
the outputs of interest. Mathematically, the basics
of cICA are formulated from the ICA algorithm
with the main objective to maximize the negentropy
term in Eq. (6). Apart from negentropy, additive
constraints wused to minimize the closeness
measurement between the outputs and the refer-
ences are presented by g(y) = e(y,r) — & < 0 where
& is the threshold, r the prior information guiding
the output signals and e(y,r) the closeness
measurement. The typical common form of (y, )
used in our method is the mean square error (MSE)
e(y.r) = E{(y —r)*}.

The optimization formulation of cICA is
expressed by

maximize J(y) = p(E{f(y)} — E{f(v)})?
<0

, (7
subject to g(y) Q

or
minimize J(y : W) = —J(y)
subject to g(y) <0

) (8)

where W is a demixing matrix. Assume that the
Lagrange multiplier is u, the optimization function
is rewritten as

LW,u)=J(y:W)+G(y:W,pn). (9)

The explicit form of G(y: W, pu) is found in
Refs. 25 and 27. The Jacobian matrix of L(W, ) with
respect to w is computed by V2L = (—E{pf"(y)}+
(g (1)) 5., whete p = 20(E{f(1)} — ELf()})
and ¥,, = F{xxT} is the covariance matrix.

The fast update rule for a one-unit reference
derived by

p — max{0, .+ vg(y)},
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wew— VLY =E{J' ()xT}T + uV,91)7),
w — w/|lwl,
(10)

where 7 is the update rate. The parameters v and &
are fixed as 0.5 in all experiments. The update pro-
cedure described in Eq. (10) is repeated until the
algorithm converges.”’”2° The reference signal is
formed by a binary vector that gets the values of ones
within an onset duration (stimulus is turned on) and
zeros otherwise. The amplitude of the recovered IC
will be estimated by the mixing and demixing
matrix. Meanwhile, cICA is implemented by
MATLAB 2008a. The cICA extraction procedure to
acquire the true responses from the measurements
using a reference is illustrated in Fig. 2.

2.3. Fvaluation metrics

Contrast-to-noise ratio (CNR)?® is used to reflect
the differences between the signals during task and
rest. The larger the CNR are, the better fNIRS
signals are capable of presenting the actual changes
of the brain activities.’’ An equation to compute
CNR is expressed by

|mean(task) — mean(rest)|

CNR = var(task) + var(rest)

where mean(task) and mean(rest) are the averages of
the signals within the task duration and rest duration,
respectively, var(task) and var(rest) are the standard
variation of the signals within the two durations, and
var(task) 4 var(rest) is used to normalize the values
of CNR with regards to the variation of the signals.

(%)
81 (_f‘_?(t) Reference
N\ " Hemodynamic Rc;s;:bvses v

\ of Visual Cortex

T yH=wIx()

Fig. 2. Apply cICA to extract fNIRS signals from the
mixtures.

3. Results
3.1. Performance analysis of cICA

We conducted both experiments with real data and
simulations to validate the effects of cICA on task-
related /nontask related signals as well as on visual/
nonvisual signals at control regions. For exper-
iments, only oxy-Hb signals were considered.

For simulations, we studied whether cICA may
return false visual evoked responses from nontarget

Oxy-Hb concentration (mmol/I*cm)

0 5 10 15 20 25 30
Time(s)

Fig. 3. Oxy-Hb concentration changes of the visual cortex
corresponding to task (red curve) and nontask (blue curve)
stimulus.

Control Region

006

[3 [ 4+ I 5 |

Fig. 4. Control region.
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stimuli. We recorded 15-min data series (900 s)
with a single subject. The subject is advised to take
rest while the NIRS data were collected. Five syn-
thetic oxy-Hb responses generated by a Gamma
function®® with the time constant of 3s were ran-
domly added into the data and separated by at least
60s. We compared the components extracted by
cICA between before and after the synthetic re-
sponses were added. The folding-average of the
extracted components over five trials shown in

P
A
1< .

NI;RS Sigfgnalséfrorrﬁ confrol re;gion

Ex:tractéd IC :fromf conti’ol region

R U N VSN

NIRS signals:from visual cortex region
; ; L. b

Exitractéd IC :fromi visuél cor:tex region

Oxy-Hb Concentration {(mmolA*cm)

Ex:tractéd IC from} all channefls

260 441 601 741 901 1061
Time(s) <10

(b)

Fig. 5. Evoked Oxy-Hb responses with 0 Hz flickering stimu-
lus. (a) Spatial map of ICs extracted from all channels and (b)
Extracted ICs and original signals of visual cortex region vs
control region.

Fig. 3 revealed that cICA has not returned a false
task-related extraction.

Additionally, we designed a paradigm with real
data to analyze the differences between signals
extracted by visual at control regions. Four subjects
were involved in this experiment. Configurations of
probes to collect seven-channel data of visual cortex
areas were presented in Sec. 2.1.3. Besides, we
measured two extra channels A and B at control
regions as illustrated in Fig. 4. Only two flickering

' 4
(a)

NIRS sigﬁals jfronj"l cointroil region

Extracted IC from cohtrof region
- - . e s O A .

NIRS signals from visual cortex region

P A,

Extracted IC frorﬁ visiual (f:omfax region

Oxy-Hb Concentration (mmolA*cm)

Extracted IC from all @::harjne[s
A AR AN
586741 9001061220380
Time(s) <10

(b)

Fig. 6. Evoked Oxy-Hb responses with 10Hz flickering
stimulus. (a) Spatial map of ICs extracted from all channels
and (b) Extracted ICs and original signals of visual cortex
region vs control region.
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frequencies of 0 and 10 Hz have been examined to
evoke hemodynamic responses of the brain. During
experimental sessions, the visual flickering was ran-
domly turned on and lasted for 60s. The trials were
repeated for six times. Recovered oxy-Hb and deoxy-
Hb ICs of one participant by applying cICA on all
measured channels including channels of visual cor-
tex and channels of control regions are shown in
Figs. 5 and 6. When all channels were used, corre-
sponding spatial map of the extracted components
were described to show that active regions belong to
the visual cortex of the brain. Average CNR values
in comparing hemodynamic responses between 20s
before and 60s after a stimulus occurred were
reported: CNR values of recovered oxy-Hb signals
between visual and control regions are 0.81 and 0.43
for 0Hz flickering stimulus and 0.58 and 0.21 for
10Hz flickering stimulus. We see that cICA

I Dexy-Hb Concentration
100 - | I Oxy-Hb Concentration

Contrast-to—Noise Ratio (CNR) (%)

Smooth CBSI clCA
Method

(a)

performed better in terms of CNR on the visual cor-
tex region where the recovered hemodynamic re-
sponses were associated with the target stimuli.

3.2. Hemodynamic responses within
task and rest duration

Before considering the hemodynamic changes with
regards to the modulation depth and flickering fre-
quency of lights, we examined how the visual cortex
acts with and without the presence of visual
stimulus. We applied t-test and CNR to validate the
responses of the oxy-Hb and deoxy-Hb concen-
tration within the task and the rest duration. To
evaluate the efficiency of utilizing cICA in extract-
ing the actual responses of fNIRS on a block ex-
periment, we compared the results of cICA with
CBSI?® applied on the fNIRS signals.

0.015
0.011 }

0.005} |

-0.005 i

Oxy-Hb concentraion (mmol/I*cm)
o

-0.01

-0.015

80 160 240 320

0.015
0.01r

0.005

-0.005 ]

-0.01

Oxy—-Hb concentraion (mmol/I*cm)
o

-0.015 ; ! ; :
80 160 240 320
Time (s)

()

Fig. 7. Improved fNIRS signals using cICA. (a) CNR Comparison of hemoglobin concentration between rest and task of raw fNIRS
signals (only smoothing is utilized), NIRS signals improved by CBSI and cICA, respectively, (b) an example of oxy-Hb concen-
tration signals over 7 channels, and (c) an example of oxy-Hb concentration signal extracted from those mixtures by cICA.
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Paired-sample t-test analysis showed that even
when there were no improvement (only smoothing
was used), the differences of hemodynamic re-
sponses between task and rest duration were
significant for both oxy-Hb concentration and
deoxy-Hb concentration (p < 0.0001) revealing the
fNIRS responses to the visual stimulation. When
CBSI and cICA were used, the oxy-Hb and deoxy-
Hb concentrations between task and rest remained
significantly different (p < 0.0001). However, the
responses of fNIRS within the onset duration
became larger when cICA and CBSI were applied
and cICA achieved the best results in comparison
with other techniques in terms of CNR as illustrated
in Fig. 7(a).

The folding-average of the oxy-Hb and deoxy-Hb
concentration over all frequencies, modulations and
subjects are summarized in Fig. 8. The results well

Mod 0.5 Feq 5Hz  Mod 0.5, Feq 10Hz  Mod 0.5, Feg 15Hz Mod 1,Feq OHz

reflect typical hemoglobin responses with the
increasing of oxy-Hb and decreasing of deoxy-Hb
during onset periods.

3.3. Human flickering sensitivity
to various modulation depths
and frequencies of stimuli

3.3.1. fNIRS responses to different
frequencies of flickering light

Previous studies'® found that when the subjects
were watching several spatial and temporal visual
patterns, the hemodynamic responses of the visual
cortex showed no significant differences. In our
experiment, we investigated the visual cortex re-
sponses to four stimulus temporal frequencies of

0, 5, 10 and 15Hz. The ANOVA analysis among

Mod 1,Feq 5Hz Mod 1,Feq 10Hz Mod 1,Feq 15Hz

Subject 1

Subject 2

Subject 3

Subject 4

Subject 5

Subject 6

Subject 7

Subject 8

Subject 9

OO AL,
000000 eY
00000 R0
Qo000 P000D
COREe oD
[CICRN I N

Subject 10

CO0OR00 00

000D

Fig. 8. The folding-average of the oxy-Hb and deoxy-Hb concentration over all frequencies, modulations and subjects. Oxy-Hb

curves are in red while deoxy-Hb curves are in blue.
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four groups revealed no significant separation on oxy-
Hb concentrations (F(3,796) = 1.387,p < 0.246)
and deoxy-Hb concentrations (F'(3,796) = 1.201,
p < 0.308). Taking an average of the fNIRS signals
over five epochs for each experimental session,
ANOVA test also inferred no significant changes
of oxy-Hb concentration (F(3,156) =1.182,p <
0.319) and of deoxy-Hb concentration (F(3,156) =
0.765,p < 0.515) on various frequencies.

3.3.2. fNIRS responses to different
modulation depths of flickering light

In this experiment, two stimulus modulation depths
of 0.5 and 1.0 were used. A small change of oxy-Hb
concentrations was observed. However, sample
t-test showed that the change was not significant
(p<0.234, df =798, t=1.191). Similarly, the
modulation inclines led to the upward trends of the
deoxy-Hb concentration, but the changes were
miniscule (p < 0.277, df =798, t = —1.087). We
acquired the same results on the means of the oxy-
Hb and deoxy-Hb concentration over the five trials
of each session: The results from the t-test suggested

x 107
4
Modulation 1.0
—— Modulation 0.5
3.5
3
*0
e
E
c
il
5
= )i
8 25
c
o
o
Qo
T
%
o 2r
=
©
[}
=
1.5r
1
1 Il Il Il Il Il
0 2 4 6 8 10

Subject

(a)

that alternations found on mean oxy-Hb responses
and mean deoxy-Hb responses were not statistically
significant (p < 0.273, df =158, ¢t =1.099) and
(p <0.386, df =158, t = —0.869). Figure 9 illus-
trates the average hemodynamic responses between
the two modulations depths. Marginally, oxy-Hb
concentration tended to decrease (8 over 10 sub-
jects) and deoxy-Hb concentration tended to
increase when a lower modulation of flickering
stimulus was present.

3.3.3. Interaction of modulation and
frequency of flickering stimuli to
hemodynamic responses of visual cortex

Factorial 2 x 4 ANOVA were used to analyze the
interaction of the two modulation depths and four
flickering frequencies. The main effect reported no
interaction between modulation levels and fre-
quencies for oxy-Hb concentration (F' = 0.378,p <
0.769) and for deoxy-Hb concentration (F = 1.231,
p < 0.297). The estimated marginal means of oxy-
Hb and deoxy-Hb concentration are depicted in
Fig. 10. We found that oxy-Hb concentration of the
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Fig. 9. Hemodynamic responses of the visual cortex to the two modulations depths of the flickering stimuli. (a) Oxy-Hb con-

centration and (b) Deoxy-Hb concentration.
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Fig. 10. Interaction of the modulation and frequency of flicking stimuli. (a) Oxy-Hb concentration and (b) Deoxy-Hb

concentration.

modulation 0.5 was higher than that of the modu-
lation 1 with an average increase percentage of
5.69%. At the frequency of 10 Hz, the decrease of
deoxy-Hb in terms of modulation was significant
(p <0.03,df =198,t = —2.179).

4. Conclusions and Discussion

This study investigated the hemodynamic responses
of the visual cortex of 10 healthy subjects while
stimulating their eyes with a light beam modulated
sinusoidally. Frequencies were varied in the range of
0 to 15 Hz and the modulation depth in the range of
0.5 to 1. To enhance the quality of the desired
fNIRS signals, we used cICA to improve actual
NIRS responses from the obtained event-related
fNIRS measurements. The prior information inte-
grated in cICA regulated the estimated ICs toward
paradigm information. Experimental results have
showed that the proposed method was effective to
acquire task-related components from the NIRS
mixtures: with the help of cICA, CNR reflecting the
contrast of hemodynamic concentration between
rest and task became larger, showing improvements

of cICA when the noises were present in the NIRS
signals.

The experiments to determine the variations of
the mean values of oxy-Hb and deoxy-Hb concen-
tration within the task duration revealed significant
changes of the hemodynamic responses of the visual
cortex from the baseline when the flickering stimu-
lation was activated. In subsequent studies, we
found that there was slight decrease of the oxyge-
nated hemoglobin concentration over four fre-
quencies when the modulation increased. However,
the variations of oxy and deoxy-hemoglobin over
different stimulus conditions were not statistically
significant.

It is unclear why we obtained such a weak cor-
relation between photic sinusoidal stimulation and
the oxy-Hb and deoxy-Hb changes. In the physio-
logical aspect, such a stimulation induces clear
neuronal responses using measurement methods
such as psychophysics, electrophysiology and fMRI.
The fNIRS is a powerful method to monitor hemo-
dynamic responses of the brain but may not be
appropriate to monitor deep neural layers to find
coupling between neural responses and oxy-Hb and
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deoxy-Hb concentrations. Bridge'® used pattern
stimulation in combination with temporal stimu-
lation and also found insignificant differences of the
brain responses to various temporal frequencies of
stimuli. He also suggested that it may be due to
fNIRS limitations. The issue of weak correlation
between photic sinusoidal stimulation and the oxy-
Hb and deoxy-Hb changes is still open for discussion
and further investigations.
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