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Abstract—In brain function measurement by fNIRS, reducing 

the effect of the hemodynamic change on the signal is important. 

In this study, a depth-selective filter, which is one of the 

reduction methods, was applied to the brain function 

measurement and its reduction effect was verified. A Stroop 

GO/NO-GO task, which is expected to produce a response in the 

frontal region was used. The experiments showed the 

effectiveness of reducing the hemodynamic changes with the 

depth-selective filter. It can be used as a preprocessing tool for 

estimating the activated region. 

I. INTRODUCTION 

Functional near-infrared spectroscopy (fNIRS) is a method 
to calculate the change in hemoglobin concentration by using 
the wavelength dependence of the absorption coefficient on 
the oxygenated and the deoxygenated hemoglobin. In the 
topography method, the light attenuation due to the change in 
cerebral blood flow according to the brain activity is estimated 
to occur at the midpoint of light source and detector. [1]. 
FNIRS is widely used in daily environments due to its 
portability and noninvasiveness. In particular, the frontal 
region that controls higher-order emotional and decision-
making processes, is expected to be applied to measurement. 
The easiness of sensor fixing without affected by hair is also 
an advantage as the measurement. 

Here, we consider the characteristics of the blood 
metabolism in the forehead region. When the oxygen required 
for brain activity is supplied to the capillaries of the brain 
tissue, a large influx of arterial blood simultaneously occurs, 
leading to an increase in oxygenated hemoglobin and a 
decrease in deoxygenated hemoglobin since the change in the 
vessel diameter of the capillaries is very small [2]. On the other 
hand, the hemodynamic changes especially large in the 
forehead area cause parallel changes in the oxygenated and 
deoxygenated hemoglobin concentrations in the forehead [3]. 
Thus, it is necessary to selectively detect and to reduce the 
superimposed hemodynamic changes for improving 
measurement accuracy.  

For selectively detecting the hemodynamic change, short-
distance source-detector (SSD) pairs are used to detect the 
hemodynamic changes in the superficial layer. SSD pairs are 
used in several methods, such as multisource detector 
separation approach [4] and double-density detector 
arrangement [5]. A depth-selective filter [6] is proposed as one 
of the suppression ways to detect the hemodynamic changes in 
the superficial layer. 
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In this study, we apply the depth-selectivity filter to the 
measurement of the brain activity using a Stroop GO/NO-GO 
task [7]. We analyze the effect of the hemodynamic change on 
the signal according to the brain activity. The purpose of this 
study is to improve the accuracy of the measured signal and to 
estimate the brain active reason by fNIRS.. 

II. FILTER ALGORITHM 

The filter algorithm consists of three processes: A forward 
problem (i.e., preparing the sensitivity), an inverse problem 
(i.e., obtaining data representation in the inverse space), and a 
filter process (i.e., removing unwanted signals). 

In the forward problem, we considered the case in which 
the absorption coefficient, µa, varies spatially and the reduced 
scattering coefficient, μ′s, is homogeneous in a semi-infinite 
space. Using the Rytov approximation for small perturbations 
of the absorption coefficient [8], the perturbed fluence, Φ(rs, 
rd), at the detector position, rd, is expressed as 

 Φ(𝒓s, 𝒓d) = Φ0(𝒓s, 𝒓d)exp⁡[Φpert(𝒓s, 𝒓d)] , (1) 

where rs is the source position and Φ0 is the unperturbed 
fluence for the baseline optical properties. Φpert(rs, rd) is the 
perturbation caused by a change in the absorption coefficient 
and is represented by 

 𝛷𝑝𝑒𝑟𝑡(𝒓s, 𝒓d) 

= −𝛷0(𝒓s, 𝒓d)
−1 ∫

δ𝜇a(𝒓)

𝐷
𝛷0(𝒓s, 𝒓)𝐺(𝒓, 𝒓d)𝑑𝒓

3 , (2) 

where D = 1/(3μ′s) is the diffusion coefficient, G(r, rd) is the 
Green function, and δμa is a small perturbation in the 
absorption coefficient. Here, we implicitly assume that the 
source is a unit impulse and 𝛷0(𝒓s, 𝒓d) = 𝐺(𝒓s, 𝒓d) . 
Furthermore, if the spatial variation in μa is assumed to be 
piecewise-constant in the region of interest, the integral of Eq. 
(2) is discretized into a summation as 

 𝛷𝑝𝑒𝑟𝑡(𝒓s, 𝒓d) 

 = −∑
δ𝜇a,𝑗

𝐷𝑗 𝐺(𝒓s, 𝒓d)
−1𝐺(𝒓s, 𝒓)𝐺(𝒓, 𝒓d)𝛥𝑉 (3) 

where δμa,j is the perturbation of the absorption coefficient of 
the jth voxel and 𝑉𝑗  denotes the volume of the jth voxel. 

Accordingly, the ith measured data 𝑏𝑖, observed by the ith SD 
pair, are expressed according to the sensitivity Ai,j, and the 
elements of the absorption-coefficient perturbation xj, as 
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 𝑏𝑖 = ∑ 𝐴𝑖,𝑗𝑥𝑗 ⁡𝑗  (4) 

where xj is expressed as  𝑥𝑗 =
𝛿𝜇a,𝑗

𝜇a
                               (5) 

By creating a matrix of all of the observation data, b, for all 
SD pairs and solving it for the elements of the absorption-
coefficient perturbation, x, as 

 𝒃 = 𝑨𝒙. (6) 

In the inverse problem, we adopted the Moore–Penrose 
inversion to estimate the elements of x. The solution with 
regularized analysis xR is given by 

 𝒙R = (𝑨T𝑨 + 𝜆𝑰)−1𝑨T𝒃, (7) 

where I is the identity matrix and λ is the Tikhonov 
regularization parameter. We fixed λ by the L-curve method. 

Then, the sensitivity matrix, A, and a window matrix, W, 
were applied to xR to calculate the observation data after 
suppressing the superficial changes, bR: 

 𝒃R = 𝑨𝑾𝒙R . (8) 

Here, W is an identity matrix with a part set to 0 to extract the 
changes in the target layer by masking the changes in the 
superficial layer. Then, bR was solved using the observation 
data b: 

 𝒃R = 𝑨𝑾(𝑨T𝑨 + 𝜆𝑰)−1𝑨T𝒃. (9) 

This solution was finally reconstructed into a two-dimensional 
space to obtain a topographic image. 

III. MEASUREMENT METHOD 

A. Experimental task 

For evaluating the separation effect of hemodynamics by 
the depth-selective filter, we used the Stroop GO/NO-GO task 
[7] designed to estimate the response in the prefrontal cortex. 
Figure 1 shows the experimental procedure. Japanese red, 
blue, and white hiragana characters were presented in a 
random order. A GO/NO–GO task shows unmatched colored 
letters presented at approximately 60% frequency and a GO 
task shows letters presented in red Each task displayed 3 s with 
3s interval. The subject pressed the button when the color 
letters did not match. Each stimulus appeared alternately 32 
times. The average correct answer rate was 80 %. 

B. Measurement system 

The experiments were conducted using a prototype system 
(Electro-Design Corp.). A multi-modulated two-wavelength 
semiconductor lasers were used as the light sources. The 
detected change in the light absorption were demodulated with 
5.6 Hz sampling frequency. In order to reduce high frequency 

noise, 1-Hz-LPF was applied. Then, the proposed depth-

selective filter was applied. Furthermore, the change in the 
oxygenated hemoglobin concentration (OxyHb) and 
deoxygenated hemoglobin concentration (DeoxyHb) were 
calculated from the change in the light absorption according to 

the modified Beer-Lambert law. Then, for reducing noise and 
monitoring the response to according to the experimental task, 
32 addition averaging of 18 s was applied. 

For analyzing the signal characteristics, cross-correlation 
coefficient was used [9]. The cross-correlation coefficient of 
OxyHb between channels was used for estimating the 
hemodynamic change and the cross-correlation coefficient of 
OxyHb and DeoxyHb of the individual channel was used for 
estimating the brain activity. 

The sensor arrangement is shown Fig. 2. Ten light sources 
and eight detectors are located in an area of 60 x 75 mm. The 
midpoint between the light source and the detector is 
considered the location of the topographical signal source. The 
normal SD signals measured at a distance of 30 mm are 
channels 1 to 24. The SSD signals measured at a distance of 
15 mm distance are channels 25 to 30. The sensor holder was 
placed directly above the eyebrows, with a 0 mm position 
between the eyebrows. 

 

 
Figure 1.  Configuration of the experimental task. 

 

 

Figure 2.  Sensor arrangement. 

 ①-㉔: SD channel (30 mm) and ㉕-㉚: SSD channel (15mm). 

IV. MEASUREMENT AND ANALYSIS 

Written informed consent was obtained from 11 healthy 
subjects (males 20±0.5). Results were confirmed for 10 of the 
11 subjects, excluding one with large noisy signal. The correct 
answer rate in the GONO-GO section of the experimental task 
ranged from 77 to 98.5%, with an average of 86.6%. 

GO/NO
-GO

GO

   button

0.6 sec×5=3 sec 
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Therefore, it is considered to be appropriate as a task to 
promote brain activation. 

An example of the temporal changes of oxygenated 
hemoglobin concentration (OxyHb) and the deoxygenated 
hemoglobin concentration (DoxyHb) after applying the LPF is 
shown in Fig. 3 (Subject I). Focusing on the OxyHb change, 
the SD signals including the brain functional response and the 
SSD signals mainly including the superficial hemodynamic 
change are similar. When the cross-correlation coefficient 
between the SD signal and SSD signal of OxyHb was 
calculated, 17 out of 24 channels showed a high correlation of 
0.8 or more with the nearby SSD signal. Similarly, high 
correlation of 0.8 or more in an average of 77 % was shown 
when calculating the cross-correlation coefficient between the 
SD signal and SSD signal of OxyHb for 10 subjects. These 
observation show that the hemodynamic change is dominant 
in the measurement of the frontal region and the reduction of 
the hemodynamic change is required.  

 

   
Figure 3.  Change of oxygenated and the deoxygenated hemoglobin 

concentration (Subject I). 

The temporal changes of OxyHb and DoxyHb after 
applying the depth-selective filter is shown in Fig. 4. When the 
oxygen required for brain activity is supplied to the capillaries 
of the brain tissue, a large influx of arterial blood 
simultaneously occurs and it leads to an increase in the 
oxygenated hemoglobin and a decrease in the deoxygenated 
hemoglobin. This tendency is observed in channels 11, 16 and 
22. In these channels, the cross-correlation coefficient between 
OxyHb and DeoxyHb is -0.8 or less. 

The spatial registration of NIRS channels is shown in Fig. 
5. The spatial registration of NIRS channels can be projected 
to MNI space without MRI using 3D digitizer by NIRS-SPM 
[10]. According to the anatomical labeling for NIRS channels 
of this subject, channels 11, 16 and 22 are correspond to the 
frontopolar cortex that controls decision-making, and the 
dorsolaterdal prefrontal cortex that plans for complex 
cognitive behavior. These responses are considered to be 
reactions due to the Stroop GO/NO–GO task. 

 

Figure 4.  Change of oxygenated and the deoxygenated hemoglobin 

concentration after after applying the depth-selective filter (Subject I). 

The spatial registration of NIRS channels is shown in Fig. 
5. The spatial registration of NIRS channels can be projected 
to MNI space without MRI using 3D digitizer by NIRS-SPM 
[10]. According to the anatomical labeling for NIRS channels 
of this subject, channels 11, 16 and 22 are correspond to the 
frontopolar cortex that controls decision-making, and the 
dorsolaterdal prefrontal cortex that plans for complex 
cognitive behavior. These responses are considered to be 
reactions due to the Stroop GO/NO–GO task. 

 
Figure 5.  Sspatial registration of fNIRS channels (Subject I). 

Another example of the temporal change in OxyHb and 

DeoxyHb before and after applying the depth-selective filters 

is shown in Fig. 6. In this subject, the hemodynamic change 

was smaller than that in the previous subject, and the pattern 

according to the brain activity (the increase of OxyHb and the 

decrease of DeoxyHb) were observed in channels 3 and 4 

before applying the depth-selective filter. Also, unlike the 

previous case, the patterns showed two peaks corresponding 

to the GO/NO–GO task and the Go task. After applying the 

filter, the patterns similar to channels 3 and 4 were observed 

in several channels such as 2, 6 and 23. On the other hand, 

several channels (e.g. channel 10) showed an inverse trend of 

the patterns of OxyHb and DeoxyHb. It is considered that the 

change in blood flow dynamics is small so that the correction 

effect by the depth-selective filter was excessive. 

 The spatial registration of NIRS channels is shown in Fig. 

7.The channels 3 and 4 correspond to the orbitofrontal area. It 

is considered that the response to receive information from 

the visual cortex, that is, the response to the presented visual 

stimulus was reflected. 
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Figure 6.  Change of oxygenated and the deoxygenated hemoglobin 

concentration (a) before and (b) after applying the depth-selective filters 

(Subject D). 

 

Figure 7.  The spatial registration of fNIRS channels (Subject D). 

The cross-correlation coefficient in each channel between 

OxyHb and DeoxyHb after applying the depth-selective filter 

are summarized in Fig. 8. The number of subjects with a 

coefficient of -0.8 or less are shown in below the channel 

number. Although the sensor arrangement varies by subject, 

5 or more cases fall into the category in the channels in 11, 

12, 13, 14, 15 and 21. It shows that many responsive channels 

on the right and upper area, and this is consistent with 

previous studies [11].   

On the other hand, there are few channels with the 

coefficient of -0.8 or less in lower area of the forehead, while 

the change in OxyHb is large before applying the filter. This 

indicates that the hemodynamic change is dominant in this 

area and that the main response in this area is a reaction by a 

visual stimulus having two peaks as shown in Fig. 6.  

 

Figure 8.  The cross-correlation coefficient with the depth-selective filter. 

V. CONCLUSION 

We applied the depth-selective filter to brain function 

measurement and showed the filter is effective in separating 

the hemodynamic change to acquire signals. The advantage 

of this method is that the number of SSD signal acquisition 

channels are less than that of the SD signals acquisition 

channels, and the arrangement with double density is not 

always necessary. Therefore, this method can be easily 

applied to the preprocessing for estimation of the brain 

activated region. We used the Stroop GO/NO–GO task to 

measure the brain function. Estimating from the position of 

the measured signal change, it is considered that the responses 

regarding the decision-making and the visual stimuli were 

obtained. Therefore, the Stroop GO/NO–GO task is useful for 

analyzing brain activity of the forehead area. 
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