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Abstract: Visual stimulation is one of the most commonly used paradigms for cerebral cortex
function investigation. Experiments typically involve presenting to a volunteer a black-and-white
checkerboard with contrast-reversing at a frequency of 4 to 16 Hz. The aim of the present study
was to investigate the influence of the flickering frequency on the amplitude of changes in the
concentration of oxygenated and deoxygenated hemoglobin. The hemoglobin concentrations
were assessed with the use of a high resolution diffuse optical tomography method. Spatial
distributions of changes in hemoglobin concentrations overlaying the visual cortex are shown
for various stimuli frequencies. Moreover, the hemoglobin concentration changes obtained for
different source-detector separations (from 1.5 to 5.4 cm) are presented. Our results demonstrate
that the flickering frequency had a statistically significant effect on the induced oxyhemoglobin
changes (p< 0,001). The amplitude of oxy hemoglobin concentration changes at a frequency of
8 Hz was higher in comparison with that measured at 4 Hz :[median(25th-75thpercentiles) 1.24
(0.94–1.71) vs. 0.92(0.73–1.28)µM, p< 0.001]; 12 Hz:[1.24 (0.94–1.71) vs. 1.04 (0.78–1.32)
µM, p< 0.001]; and 16 Hz:[1.24 (0.94–1.71) vs. 1.15(0.87–1.48) µM, p< 0.001]. No significant
differences were observed between the size of an area of activation for various frequencies. The
demonstrated superiority of 8 Hz over other frequencies can advance understanding of visual
stimulations and help guide future fNIRS protocols.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

During a functional stimulation of a visual cortex an electrical activation is followed by an
increase in concentration of oxy- and decrease in concentration of deoxyhemoglobin, which are
related to an increased demand of oxygen in the stimulated cortical area [1,2]. Such response
in the visual cortex was reported in many studies in which volunteers have been watching a
checkerboard flashing at frequencies higher than 1 Hz [1,3]. The area of activation on the cortex
is usually located in occipital lobe [4]. Effects of stimulation can spread also through parietal,
temporal, frontal and prefrontal areas [1]. It was reported that the stimulation at frequencies
below 30 Hz can effectively induce a strong response in the visual cortex, whereas stimuli at
higher frequencies lead to weaker responses. Furthermore, for frequencies higher than 70 Hz
the responses to flickering light and non-flickering light cannot be distinguished [5]. It was
demonstrated that the amplitude of the cortical response to a flickering stimulus depends on its
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frequency [6,7]. Even though various techniques have been used for studying this phenomenon
[3,8,9] the neurovascular mechanism which leads to this dependence is still not well understood.

Several neuroimaging techniques have been used in order to study the dependency of change in
amplitude of signals related to electrical (using electroencephalography - EEG), metabolic (using
positron emission tomography PET) and vascular (using functional magnetic resonance-fMRI)
responses on the checkerboard flashing frequency. In the research conducted by Hermann et
al. [3] with the use of EEG on the group of healthy volunteers an increased power in the steady
state potentials was observed within the frequency range from 6 to 20 Hz, whereas a weaker
response was reported at around 40 Hz. Many researchers utilized fMRI technique in which
blood oxygenation level dependent signals (BOLD) are acquired to study a correlation between
amplitude of vascular response and frequency of flickering stimulus [7–13]. Similar studies were
performed also with the PET technique [14,15], where regional cerebral blood flow (rCBF) was
indirectly measured by monitoring of radionuclid (H2

150) uptake. All these studies demonstrate
a steady increase in the amplitude of the cortical response up to 8 Hz and a decrease or plateau
for higher stimulation frequencies. A different tendency is showed in studies carried out by Emir
et al. [16] using fMRI. The first peak in BOLD signal amplitude was observed at 8 Hz and next
peaks for stimulation frequencies at 16 and 24 Hz. Furthermore, Parkes et al. [17] used periodic
and aperiodic checkerboard flashes at the range of frequencies from 4 to 20 Hz. They found that
for frequencies of 10 Hz and 15 Hz the aperiodic stimulus induced a greater BOLD response
in comparison with periodic paradigm. Kaufmann et al. [7] reported that the BOLD signal
amplitude increases similarly in groups of men and women up to 8 Hz with a plateau above this
frequency. The amplitude is about 30% lower in woman than in men at frequencies of 4, 8 and
12 Hz.

Near-infrared spectroscopy (NIRS) is a non-ivansive brain imaging method that measures light
absorption at numerous wavelengths and can detect changes in oxygenated and deoxygenated
hemoglobin concentration. The advantages of the NIRS technique over other neuroimaging
methods is its non-invasiveness, ease of application at the bedside and ability to monitor both
forms of hemoglobin (oxygenated and deoxygenated) [18,19] . NIRS has been applied to study
the effects of visual [20,21], auditory [22,23], and motor stimuli [24] to identify areas of the
brain associated with a certain cognitive function [25,26]. The NIRS technique may provide
also a topographic distribution of cortical responses and can be applied in assessment of cortical
hemodynamic reactions in freely moving subjects [27]. High density diffuse optical tomography
systems allow to image the brain cortex with high spatial resolution overlapping with fMRI
[28,29]. Takahashi et al. [30] applied a near infrared spectroscopy technique for an estimation of
changes in oxy- and deoxyhemoglobin concentrations at different frequencies of visual stimulus.
Surprisingly, the reported changes did not follow patterns reported in studies carried out using
other neuromonitoring techniques. Toronov et al. [31] conducted measurements simultaneously
with the use of fMRI and NIRS during visual stimulation. The stimulation was induced by
checkerboard pattern reversing at three frequencies (1, 2 and 6 Hz). They found that time-courses
of changes in oxy-, deoxy, and total hemoglobin concentration are highly correlated with the
BOLD responses. Moreover, the highest hemodynamic response and area of activation was
observed at a checkerboard flickering frequency of 6 Hz.

The aim of the present study is to investigate the influence of variable visual stimulus frequency
on the amplitude and spatial distribution of hemoglobin concentration changes with the use of
NIRS technique. We will use a high density diffuse optical tomography (HD-DOT) technique
which allows to measure changes in oxy- and deoxyhemoglobin by monitoring changes in
amplitude of optical signals at two wavelengths. Furthermore, the measurements for multiple
source-detector pairs distributed on a defined area of the head enable to create activation maps.
Moreover, measurements carried out at different source-detector separations can provide not only
the spatial distribution of hemoglobin changes, but also allows to separate extra- and intracerebral
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signals. Classical NIRS technique is used for monitoring the hemodynamic responses at several
spots on the surface of the brain cortex [32]. Low resolution topography images of the brain
cortex activity can be also obtained with this technique [32]. In the present study an advanced
high-density NIRS method, similar to the one reported recently by Eggebrecht et al. [33], will be
applied. We will show that the HD-DOT technique can be successfully applied in such studies
and does not suffer from restrictions related to immobilization and positioning of the subject in
fMRI scanner tunnel. Thus, we will show that HD-DOT can be used for studies leading to better
understanding of the relationship between visual stimulus frequency and amplitude of functional
response and can help to select the checkerboard flickering frequency for future optimized fNIRS
protocols. In the paper, two names of frequencies were used and should be distinguished. The
visual stimulation frequency was calculated based on block design protocol (sum of time period:
15 seconds of stimulation and 30 seconds of rest). Whereas, the flickering frequency is related to
contrast reversals between black and white checkers and it is ranging from 4 to16 Hz.

2. Methods

2.1. Measurement system

The cortical activity was recorded with a continuous wave HD-DOT system. This instrument
collects optical signals at wavelengths of 750 nm and 850 nm for a set of 16 sources and 12
detectors and allows to acquire data from a dense mesh of sources and detectors located on a
head’s surface. The system records signals for all combinations of source-detector pairs within
the mesh. The pairs are distinguished by modulation of the intensity of sources at different
frequencies (frequency coding) and sequential switching of the sources (spatial coding). Due
to a high dynamic range of photodetecting systems based on avalanche photodiodes, signals of
diffuse reflectance can be acquired at source-detector separations between 1.5 cm and 9 cm [34].
Changes in the light intensities corresponding to all combinations of 12 detectors and 16 sources
(384 source-detector pairs at 2 wavelengths) can be registered with the 15.25 Hz repetition rate.
Light was transmitted from sources to the tissue and from the tissue to detectors using fiber optic
bundles. The optical fiber bundles were build based on our design by the CeramOptec (Germany).
The length is 8 meters long and the diameter of the active area is 2.5 millimeters. Source bundles
are furcated close to the emission module and deliver the light at two wavelengths to an individual
emission point on a head. The ferrules placed on the head are 3D-printed using the ABS-plastic.
Moreover, a plastic cap was designed to allow quick mounting of all fibers and brushing the tips
of the fiber bundles through the hair. The fibers are divided into groups and mounted in a circular
ring in order to reduce the weight of the cap above the subject. The optical fibersbundles fixing
system including 12 detecting fiber bundles and 16 source fibers was positioned on the surface of
the head above the occiput symmetrically on both hemispheres as shown in Fig. 1. The inion was
used as a landmark to center vertically the plastic pad. The center of the plastic pad was located
around 2 cm above this point. Additionally, the distance between nasion and top optode row was
measured to preserve repeatable positioning between sessions of measurements.
The visual stimulus presentation was synchronized with acquisition of the light attenuation

data by simultaneous recording of a TTL-trigger signal generated by HD-DOT system and an
electrical signal, sent via audio input, which triggered periods of the visual stimulation. A
LabView (National Instruments, USA) application was developed allowing for acquisition of
these signals together with signals from photodetector (PDA36A-EC, Thorlabs, USA) mounted
in front of the screen (20.1 Inch Sony SDM- S205K LCD Display, Japan) using analog-digital
converter card National Instruments Card USB-6211(NI, USA).

The 20.1 inch LCD screen refresh frequency was set at 60 Hz (SDM- S205K, Sony, Japan). The
stimulus was generated using the custom-designed software. The physical ability of the screen to
present checkerboard contrast-reversing of various frequencies was validated by acquision of
the signal with the photodetector located on the screen. The signals were analyzed in Matlab
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Fig. 1. Geometry of the pad (A) and its location on the head surface (B).

environment (Mathworks, USA). In Fig. 2, a strong peak for a given checkerboard flashing
frequency and smaller peak at first harmonics can be observed. This result confirms that the
visual stimulus was presented with proper checkerboard flickering frequency.

Fig. 2. The frequency spectra corresponding to measurements of checkerboard flickering
frequency. The frequency spectra were shifted by 0.05 vertically in order to achieve the
better visibility.

2.2. Experimental protocol

The stimulation of visual cortex was induced by a checkerboard contrast-reversing at the
frequencies of 4 to 16 Hz with 2 Hz steps. The contrast-reversing frequency used in the
measurement session was selected in a randomized order. The subjects were not informed at
which frequency the checkerboard flickers in current measurement. Each measurement consisted
of four blocks: 60 seconds of baseline, 5 repetitions of 15 seconds of stimulation preceded by 30
seconds of rest and 60 seconds of rest at the end.

The length of stimulation period was selected based on measurements conducted byWobst et al.
[35]. Moreover, we conducted our own measurements for a different stimulation time period from
30 to 15 seconds in order to assess the magnitude of the hemodynamic response and try to reduce
the duration of experimental protocol as much as possible. The stimulation of visual cortex was
induced by blinking checkerboard at the frequency of 8 Hz with 5 repetitions of 30, 20, 15-second
stimulations separated by 30-second of rest. Because the observed amplitudes of hemodynamic
responses did not differ significantly, we decided to use 15 seconds long stimulation period, what
enabled us to shorten and optimize the experimental protocol.

The total duration of each measurement was 5 min and 45 s. Participants had a 5 minute break
after each stimulation cycle. The measurements were performed in a sitting position, with both
eyes open (binocular observation). The head of the subject was located at the distance of 65 cm
from a 20.1-inch screen (Fig. 3(C)). The diameter of the flashing checkerboard was 29 cm. Since
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our experimental procedure requires stable eye fixation, a cross hair (2 by 2 cm) with a central
gap was presented in the middle of the screen during the whole experiment [36]. Studies were
performed in a quiet and dark room. Volunteers were instructed to maintain visual fixation at the
white cross hair (Fig. 3(B)). The stimulation protocol needs long term gaze focus, therefore, the
experiment was divided into two sessions –3 measurements in first session and 4 measurements
in second session. After each measurement the perception of the illusions after stimulation was
assessed by asking the volunteers to describe what they had seen during the rest periods between
the stimulation periods.

Fig. 3. Experimental design showing the measurement protocol (A), the patterns of visual
stimulus (B) and the measurement stand (C).

2.3. Data processing

The signals of light intensity acquired for each person and stimulation frequency was analyzed
separately. The analysis was carried out in MATLAB environment (Mathworks, USA). First,
based on spectral analysis of the signal (Fig. 4), the low frequency drift was removed using a zero
phase digital high-pass filter (0.018 Hz cutoff). An average of all light intensity measurements
obtained from all source-detector pairs at distance 1.5 cm (related to the changes in scalp and
skull) was removed from source-detector pair data by linear regression [37,38]. Next, a zero
phase digital low pass filter (0.5 Hz cutoff) was used to remove physiological components of the
signal including a heart beating frequency. Furthermore, for each source-detector pair a ratio of
standard deviation and mean of the baseline signal was calculated. The signals for which this
ratio was greater than 10% were excluded from further analysis.
Next, the signals of light intensity changes were converted to hemoglobin concentration

changes using the modified Beer-Lambert law and extinction coefficients taken from [39]. The
optical pathlength was taken as the product of the differential pathlength factor (DPF) and the
selected source-detector distance. For these calculations it was assumed that DPF= 6 [40]. The
obtained changes in hemoglobin concentrations were averaged for each cycle: rest before the
stimulation period, stimulation period itself and rest after the stimulation period. Afterwards,
the results were normalized by subtracting average rest value. For each source-detector pair,
the amplitudes of changes in concentration (∆CHb and ∆CHbO2) related to visual stimulus were
determined by taking the median value of the last 7.5 seconds of 15 seconds stimulation period
(during this time period, the changes reached a plateau- Fig. 5(D)).
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Fig. 4. The frequency spectra of signals of light intensity (detector output) for selected
source-detector pair at the source-detector distance of 3.4 cm for 850 nm. The first peak
marked with arrow is related to stimulation frequency (1/45 seconds) and its surrounded by
noise. The second peak marked with arrow corresponds to heart rate. The orange lines show
the frequency response of the highpass and lowpass filter.
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Fig. 5. Schematic of the data analysis algorithm. A. Preparing the set of sources (x,y) and
detectors (x,y) coordinates and indication of the set of source- detector couples at selected
source-detector separation (in this example 3.4 cm). The midpoints between source and
detector position were marked with blue stars. B. Calculation of hemoglobin concentration
changes for a selected source-detector pair. C. Block averaged changes in concentration of
oxy- and deoxyhemoglobin. D. Calculation of the median value of the last 7.5 seconds of
15-seconds long stimulation period (marked with orange dashed lines). E. Assignment of
the values of amplitudes of the oxyhemoglobin concentration changes to the positions of
midpoints between source and detector positions. F. Visualization of spatial distributions of
the oxyhemoglobin concentration changes with the use of interpolation - triangulation-based
cubic technique. G. Calculation of the maximum amplitude of hemoglobin changes for each
hemisphere. The maximum is marked with black star. H. The blue dashed line indicates the
threshold representing 75% of the amplitude of hemoglobin change for each hemisphere.
The image shows activation map (F) in cross section. I. Visualization of spatial distributions
of the oxyhemoglobin concentration changes, where the area of the stimulation is marked
with a red line.
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In order to visualize spatial distributions of the changes related to the stimulus, amplitudes of
signals changes acquired at a defined source-detector separation were assigned to the position of
a midpoint between source and detector. Furthermore, the spatial distributions were obtained by
interpolation using triangulation-based cubic technique. The stimulation areas were considered
as regions where the amplitude of change in hemoglobin concentration was exceeding a defined
threshold. The threshold was taken as 75% of the maximum of amplitude of hemoglobins changes
∆CHbO2 and ∆CHb. The effects of stimulation were visible in both left and right hemispheres and
the maximum in ∆CHbO2 and ∆CHb were calculated for each side separately. The amplitudes of
changes in concentration of hemoglobin obtained from each area of stimulation were then used
for comparison between all subjects for each checkerboard flickering frequency. Furthermore, a
spectral analysis was carried out of a non-averaged signals of hemoglobin changes for various
source-detector separations (1.5, 3.4, 4.5 and 5.4 cm) in order to compare the amplitude of
change.

2.4. Participants

The group of 8 healthy volunteers (3 man and 5 women) were recruited. Age of volunteers ranged
from 22 to 40 with median age 28. The exclusion criteria (based on medical interview) included
systemic diseases, neurological disorders and major visual impairment such as strabismus,
amblyopia, nystagmus, age-related macular degeneration (AMD) or high and uncorrected
refractive errors. All volunteers with minor visual acuity deficits were asked to bring their
glasses or contact lenses and wear them throughout the whole process of measurement. Before
the experiments the volunteers were introduced with the stimulation protocol and informed on
potential reactions to the checkerboard contrast-reversing procedure. All volunteers provided
a written consent before participation and were treated in accordance with the Declaration of
Helsinki. Ethical approval was obtained from the Commission of Bioethics at Military Institute
of Medicine, Poland (permission no.90/WIM/2018) before commencing the study.

2.5. Statistical analysis

Changes in concentrations of oxy and deoxy hemoglobin obtained for various checkerboard
flickering frequencies were used as dependent variables. For all statistical analyses, p value of
0.05 was used as the cut off for significance. Normality of distribution and homogeneity of
variances of the variables were verified by using a Shapiro–Wilk test with a Lilliefors correction
and Mauchley’s test. The assumption of normal distribution was rejected, therefore ANOVA
Friedman’s test was applied for the model consisting of data from 8 healthy volunteers, 7
checkerboard flickering frequencies (4/6/8/10/12/14/16 Hz) and 2 chromophore concentrations
(oxy- and deoxy-hemoglobin). Significance of differences between changes in chromophores
concentrations were analyzed using a Wilcoxon signed-rank post-hoc test with a Bonferroni
adjustment. The significance level for post hoc test was set to p post_hoc <0.007. The changes of
area of the stimulation for different flickering frequencies were compared as well with ANOVA
Friedman’s test. The relationship between frequency and changes in concentrations of oxy- and
deoxy-hemoglobin was tested using a non parametric (Spearman) correlation. All statistical
analyses were performed using the Statistica 10 Software (StatSoft, Inc., Tulsa, USA).

3. Results

The signals of changes in hemoglobin concentrations obtained in Subject 1 during a visual
stimulation carried out with a flickering frequency of 8 Hz are presented in Fig. 6. Signals
revealing reactions to consecutive cycles of the measurement are shown in the left column,
whereas the time courses of changes in oxy- and deoxyhemoglobin concentrations averaged
from all 5 cycles of the task are presented in the right column. As expected, an increase in
oxyhemoglobin and a decrease in deoxyhemoglobin concentration are observed during the
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visual stimulation period. In the non-averaged signals every repetition of stimulation can be
distinguished in concentration changes of both forms of hemoglobin. This effect can be noted
for signals acquired at source-detector separations of 3.4 cm, 4.5 cm and 5.4 cm. Such changes
cannot be observed at source-detector separation of 1.5 cm. Amplitude of changes in hemoglobin
concentrations are high for source-detector separations of 3.4 cm, 4.5 cm whereas at 5.4 cm the
amplitude is reduced.

Fig. 6. The signals obtained for Subject 1 during visual stimulation for flickering frequency
8 Hz at the source-detector distance of 1.5 cm (A), 3.4 cm (B), 4.5 cm (C) and 5.4 cm
(D). Grey highlighted rectangles indicate the stimulation periods. The colors correspond to
oxyhemoglobin (red) and deoxyhemoglobin (blue) concentrations. In the right column the
signals averaged for the five cycles of measurement were presented.

Results of spectral analysis of the signals acquired during visual stimulation (Fig. 7) show
the different amplitudes of oxy hemoglobin concentration changes for different source-detector
distances. The frequency spectra (Fig. 7) were obtained for the signals of oxyhemoglobin for
the different source-detector separations and for selected source-detector pairs for which the
amplitudes of changes are maximal.
In Fig. 8 the hemoglobins concentration changes as a function of source detector separations

for checkerboard flickering frequency 8 Hz were presented. The calculated before areas of
stimulation (see areas marked by red lines in Fig. 5) were used to calculate the values of amplitude
of hemoglobins changes for various source detector separations. The amplitude has increased
with an increase of source-detector separation up to 4.5 cm, furthermore, it decreased for 5.4 cm.
The lowest amplitude of changes was noted for source-detector separation 1.5 cm. For every
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Fig. 7. The frequency spectra of ∆CHbO2 signals for selected source-detector pairs at the
source-detector distances of 1.5 cm, 3.4 cm, 4.5 cm and 5.4 cm (respective time traces are
shown in the Fig. 6.) The first strong peak is related to visual stimulation frequency (1/45
sec= 0.0223 Hz). The time period of 45 seconds is related to duration one block of rest and
stimulation.

source-detector pair the amplitudes of change in oxy- and deoxyhemoglobin at 3.4 cm and 4.5
cm were higher in comparison with the results obtained at source-detector distance 1.5 cm. The
highest amplitudes of hemoglobins changes among the different source detector separation were
obtained at the distance of 4.5 cm.

 

 

Fig. 8. Averaged amplitudes of changes in concentrations of oxy- and deoxy-hemoglobin
from area of stimulation as a function of source detector separation for one subject at the
checkerboard reversing frequency of 8 Hz. A central red line in each box corresponds to
the median, lower and upper boundary of the box correspond to 25th (q1) and 75th (q3)
percentiles respectively and the whiskers represent interquartile range.
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Fig. 9. Spatial distributions of averaged changes in concentrations of oxy- and deoxy-
hemoglobin related to visual stimulation for different frequencies of checkerboard contrast-
reversing (from 4 Hz to 16Hz). Red lines mark areas of high stimulation amplitude.
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For a selected subject and a selected source-detector separation of 3.4 cm spatial distributions
of averaged oxy- and deoxy hemoglobin concentration changes were computed and are presented
in Fig. 9. For this source-detector separation the greatest number of source–detector pairs is
available for analysis considering the pad’s geometry. The spatial distributions of changes in
hemoglobin concentrations were presented for different flickering frequencies ranging from 4 Hz
to 16 Hz. The area of stimulation is marked with red lines and was calculated based on algorithm
described in Paragraph 2.3.

Since there were minor differences between sides (left and right hemisphere) in amplitudes of
oxy- and deoxy hemoglobin changes, the averaged data from both sides were used for further
analysis. The amplitudes of oxy and deoxy hemoglobin changes at different checkerboard
flickering frequencies for each subject are illustrated in Fig. 10 and 11. In Fig. 10. similar
trend of amplitude changes from 4 to 8 Hz for the whole group is observed. After that the
second peak is observed for 14 Hz or 16 Hz is some of the subjects. The flickering frequency
had a statistically significant effect on oxyhemoglobin concentration changes χ2(6)= 23.035,
(p< 0.001). However, no statistically significant effect was observed for deoxyhemoglobin
changes χ2(6)= 7.82, (p> 0.05). Our results demonstrate that the amplitude of oxyhemoglobin
change for checkerboard flickering frequency 8 Hz is significantly different in comparison with
some of the adjacent frequencies (Fig. 10). The amplitude of oxyhemoglobin concentration
change at checkerboard flickering frequency of 8 Hz was higher in comparison with that noted at
4 Hz [medians (25th–75th percentiles) [1.24 (0.94–1.71) vs. 0.92 (0.73–1.28) µM, p< 0.001];
12 Hz:[1.24 (0.94–1.71) vs. 1.04(0.78–1.32) µM, p< 0.001]; and 16 Hz:[1.24 (0.94–1.71) vs.
1.15(0.87–1.48) µM, p< 0.001]. As shown in averaged data (Fig. 11.) the amplitude of changes
in oxyhemoglobin concentration rises steadily up to 8 Hz and then decreases to 12 Hz. There
was no statistically significant correlation between amplitudes of changes in oxy- (r= 0.23, p
>0.05). and deoxyhemoglobin (r= 0.04, p> 0.05) concentrations with flickering frequency.

Fig. 10. Comparison of averaged amplitudes of oxy- (positive changes)— and deoxy
hemoglobin (negative changes) concentration changes as a function of checkerboard flickering
frequency. The symbols of different colors correspond to the averaged changes in hemoglobin
concentrations obtained for eight subjects calculated from the area of stimulation. The
dashed lines have been added in order to facilitate trend focusing. Note that the lines
connecting data points are a guide to the eye only.
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Fig. 11. Averaged amplitudes of oxy- (positive changes) and deoxyhemoglobin changes
(negative changes) as a function of flickering frequency. A central red line in each box
corresponds to the median, lower and upper boundary of the box correspond to 25th (q1)
and 75th (q3) percentiles respectively and the whiskers represent interquartile range.

In Fig. 12 the size of the area of stimulation as a function of checkerboard flickering frequency
for 8 subjects were shown. The biggest area of stimulation was noticed for the frequency of
8Hz [medians (25th–75th percentiles) [2.66(2.33–2.89) cm2], 10 Hz [2.71(1.67–3.19) cm2], 12
Hz [2.96(2.25–3.11) cm2]. However, no statistically significant differences in the dimension of
area of stimulation obtained for different checkerboard frequencies was observed χ2(6)= 8.83,
(p> 0.05).

Fig. 12. Size of the stimulation area as a function of checkerboard flickering frequency.
The central red line in each box corresponds to the median, lower and upper boundary of
the box correspond to 25th (q1) and 75th (q3) percentiles respectively and the whiskers
represent interquartile range.
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During the measurements most subjects reported perceiving various forms of illusions like
dots, circles, stars and stripes. These illusions were reported for the whole range of checkerboard
flickering frequency after the stimulus disappeared from the screen.

4. Discussion and conclusions

The main aim of this study was to investigate the influence of flickering frequencies of visual
stimulus in the range 4–16 Hz on amplitudes and spatial distributions of changes in hemoglobin
concentration at various source-detector separations. The use of HD-DOT method allowed to
derive spatial distributions of hemoglobin concentration changes in the visual cortex, which was
not evaluated with NIRS for such wide range of flickering frequencies. Our results demonstrate,
that the checkerboard flickering frequency has significant effect on oxyhemoglobin concentration
changes. This dependence was not statistically significant for changes in deoxyhemoglobin
concentration. In all subjects we observed an increase in the oxyhemoglobin and a decrease in the
deoxyhemoglobin during checkerboard-reversing visual stimulation in respect to the rest period
in which a grey screen was presented to the subject (see Fig. 5). Our results are in agreement with
results obtained with a similar approach with the use of high density optical imaging [33,38].

As expected the highest amplitude of oxy hemoglobin concentration changes was observed at
the checkerboard flickering frequency of 8 Hz (see Fig. 10 and 11). A similar phenomenon has
been reported for the visual stimulation with the use of checkerboard contrast-reversal in CBF
signals obtained by PET [41] and BOLD signals obtained by fMRI technique [11,12]. Many
authors report that the BOLD signal increases with stimulation frequency and reaches a plateau
at 8 to 12 Hz or higher frequencies, which is called the saturation effect. Moreover, we observed
the second peak for checkerboard flickering frequency of 16 Hz for four out of eight healthy
volunteers. This observation is in agreement with results of the study reported by Emir et al.
[16] in which the second and third peak at 16 Hz and 24 Hz were observed. Parkes et al. also
showed that during periodic stimulation the BOLD signal was reduced for frequency range from
10Hz to 15 Hz [17]. This difference in response to flickering frequency stems from the fact that
the length, type of stimulation and measured area was different.

We observed the highest amplitude of hemoglobin concentration changes at the source-detector
distance of 4.5 cm (see Fig. 7 and Fig. 8), which supports the expectation that a greater distance
between source and detector allows the light to penetrate the head tissues more deeply. Moreover
for such large interoptode distance a larger area of the cortex is penetrated by the photons and
the sensitivity of measurement changes in absorption of tissue located in the cortex is improved
[42,43]. We did not observe changes in hemoglobin concentration related to the visual stimulation
at the source-detector distance of 1.5 cm. It can be explained by the fact that at the short
source-detector distance themeasurement sensitivity to changes in absorption occurring in the
grey matter region a is too low to register changes related to the activation [37,44].
We observed the biggest area of stimulation for frequency level 8 Hz,10 Hz and 12 Hz, but

the differences in the size of the area of stimulation for various flickering frequency were not
statistically significant (see Fig. 12). Furthermore, we check if the contrast to noise ratio (CNR)
have an impact on the evaluation of the activation area. Analysis shows that the CNR change
is not enough to influence the activation area estimation. Toronov et al. conducted similar
measurements during visual stimulation with the use of NIRS and fMRI technique [31]. The
BOLD signal change are more in line with oxy- and total hemoglobin concentration changes in
comparison with deoxy-hemoglobin. The smallest activation area was reported at checkerboard
flickering frequency of 1 Hz, and the largest at 6 Hz for both imaging techniques. In the study by
Singh et al. [12]. the biggest area of activation was noted at 8 Hz. For higher frequencies the
area of activation decreases slowly.

The mode of stimulus presentation may have significant influence on the visual cortex response.
Wijeakumar et al. [45] performed the visual stimulation with the use of frequency-domain
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multidistance near infrared tissue oximetry (FDMD NIRS) in three different modes: contrast
reversal at the frequency of 7.5 Hz, ON/OFF presentation and a static checkerboard. They
observed changes for all three stimulus presentations but, a dynamic pattern presentation produce
larger hemodynamic responses. Moreover, Parkes et al. [17] found out that for frequencies of
10 Hz and 15 Hz the aperiodic stimulus induced a greater BOLD response in comparison with
periodic paradigm.

The visual stimulation paradigm was applied to validate usefulness of neuroimaging methods
like PET [14] and fMRI in neurophysiological studies [46]. The results of imaging human visual
cortex were well described in adults [47] and infants [48,49]. Interpretation of retinotropic
maps is simpler in comparison with regions of the brain that are responsible for higher cognitive
function. It is expected that information on respositivity of visual cortex to functional stimulation
can be used for clinical diagnosis of neurological disorders and monitoring of a course of disease.
In comparison with previously mentioned neuroimagimng methods, NIRS technique shows
particular potential of such diagnostic approach because of rather simple instrumentation and
ease of its utilization in clinical populations. Processing of visual stimulus from eye to the cortex
is a complicated process. In many diseases the visual pathway is damaged or is at risk of injury,
which may cause visual impairment or blindness. Ward et al. [50] conducted the measurement
with FDMD NIRS to indicate the influence of glaucoma and snoring on cerebral oxygenation.
They found that glaucoma patients and snores showed the attenuated hemodynamic response in
primary visual cortex. Interestingly, an opposite effect on cerebral oxygenation was found by
Aitchison et al. [20], during the measurements of visual cortical oxygenation in diabetic patients
in which a statistically significant higher amplitude of the hemodynamic response was noted in
diabetic patients than in non-diabetic group.
Human visual system has limited temporal and spatial resolutions. Critical flicker fusion

frequency (CFF), the frequency at which the flickering light is perceived as to be completely
steady, is widely used for evaluating temporal processing in visual system [51]. The CFF may be
affected by a number of physical factors such as stimulus luminance [51,52], color [52], size,
retinal eccentricity [51] as well as diseases e.g. hepatic encephalopathy [53], multiple sclerosis
[54] or eye diseases such as age related macular degeneration), cataract [55], glaucoma [56,57]
or amblyopia [58]. For healthy humans, critical flicker fusion frequency is typically between 40
Hz and 60 Hz [51,59] – in a range of frequencies much higher than frequency stimulation used
in our study (between 4 Hz and 16 Hz). Thus, for the whole range of frequencies used in our
stimulation volunteers reported perception of the flickering.

During the rest period between the cycles of checkerboard flicker stimulation, some volunteers
reported optical illusions such as wave interference, rotating stripes, stars and dots. It is well
known that the presence of flicker may affect visual perception. Especially, the flickering light may
evoke color illusions [60], illusory visual objects [61] or alter brightness of light (Brucke–Bartley
effect) [62]. Herrmann et al. also reported illusions in form of stars or stripes as well as color
illusions at frequencies between 12 and 16 Hz [3]. Moreover, Herrmann et al. found that for
flickering frequencies lower than 40 Hz all of the investigated volunteers reported experiencing
both form and color illusions [40]. The authors concluded that flickering of monochromatic
light (white LEDs) is sufficient to induce perceptual phenomena analogous with Fechner’s colors
[40]. Thus, based on above findings, one may expect that any rhythmic stimulation of visual
system may induce optical illusions, especially for stimulation frequencies below the critical
flicker fusion threshold.
The researchers are struggling with a convenient frequency choice. In most of the reported

NIRSmeasurement protocols the frequency choice was based on previous fMRI studies. Typically,
checkerboard flickering frequency of 8 Hz is considered as an optimal frequency for visual
stimulation paradigm. However, in the study by Ozus et al. [11] it is suggested that flickering
frequency of 4 Hz was optimal. This result was supported by the research by Hoge et al. [10], in
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which BOLD fMRI visual response of high stability was was obtained at flicker frequency of 4
Hz. Furthermore, this flickering frequency of 4 Hz was successfully used in fNIRS studies [63].
Our results might give a rise to an assumption that with the use of 4 or 6 Hz flickering frequency
it is possible to obtain the visible response, as shown in the Fig. 8.
Monitoring and imaging of the visual cortex oxygenation during flickering stimulation may

provide a clinically valuable information about the neural processing of visual inputs in many
conditions associated with optic nerve or visual pathway dysfunction (e.g. glaucoma, multiple
sclerosis) or abnormal higher cortical processing (e.g. amblyopia). Moreover, HD-DOT with its
non-invasiveness and ease of application at the bedside, make this method potentially useful in
evaluating the neural responses to visual stimulation in infants or uncooperative patients, where
often more informations are needed in order to better diagnose the observed visual deficits during
routine eye examination. Visual stimulations are used in therapy of hemianopic stroke patients
[64]. We show that the flickering frequencies can be used to modulate strength of the brain
response and as such utilized in neuro-rehabilitation or give a basic human-computer interface.
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