
  

 

Abstract— In optical mapping for imaging brain activity, the 

effect of blood flow changes in superficial tissues such as the 

cerebrospinal fluid (CSF) and skin layers should be considered. 

However, it is difficult to know those changes in in vivo 

experiments. To investigate the influence of blood flow changes 

in CSF and skin layers on optical mapping, we perform 

numerical simulations of optical mapping by solving the photon 

diffusion equation for layered-models simulating human heads 

using the finite element method (FEM). The results show that 

mapping images of activated region in the gray matter layer are 

affected by the existence of blood vessels in CSF layer and by the 

blood flow changes in the skin layer. The increases in both the 

vessel size and vessel absorption coefficient reduce the 

sensitivity of the mapping images to the brain activity in the 

gray matter. On the other hand, the increase in the vessel 

volume fraction in the skin layer increases the sensitivity of the 

mapping images. 

I. INTRODUCTION 

Functional brain imaging is realized with near-infrared 

spectroscopy by measuring hemodynamic responses to 

neuronal activation in the cerebral cortex. Optical mapping 

can image brain activation two-dimensionally along the head 

surface by detecting the intensity changes of light that passes 

through the brain [1-2].
 
Changes in the intensities of the light 

detected by pairs of source and detector optical fibers can be 

used to estimate regional brain activation. Due to its cost 

efficiency, its less restriction on the subjects and more 

compact system setup than other modalities, optical mapping 

has a high potential as a neuroimaging technology. 

A major disadvantage of optical mapping comes from the 

need of irradiating near-infrared light through the superficial 

tissues, such as the skin, skull and CSF layers over the brain. 

Previous studies have shown that the variations in thicknesses 

of the skin, skull and CSF layers affect the optical mapping 

images [3-4].
 
In addition, optical mapping is sensitive to 

blood vessels in the superficial tissues because oxygenated 

and deoxygenated hemoglobins are the dominant 

chromophores in the near infrared window. The existence of 

the blood vessels and the hemodynamic changes in the 

superficial layers should be taken into account, in particular, 

the existence of the pial vessel in the CSF layer, and the 

change in the blood volume fraction induced by the 

vasodilation and vasocontraction in the skin layer.  
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Several methods have been proposed to eliminate the effect 

of the blood flow changes in the skin layer, including multiple 

source-detector distance and independent component analysis 

(ICA) [5-6]. The sensitivity of the NIRS signal to the 

hemodynamic changes in the skin layer was found to be 

dependent on the source-detector distance and the model used 

for estimation
 

[7-9]. Optical mapping, in which the 

source-detector distance of 30mm is known to be the 

optimum distance for near-infrared light to penetrate into the 

brain, cannot tell what layer the changes in the detected light 

come from. Numerical simulation of optical mapping is an 

effective way to assess the sensitivity of detected signal to the 

brain activation, because the signals specifically arising from 

the brain tissue cannot be detected experimentally. In contrast, 

the origins of the signals can be estimated by numerical 

simulation. 
 Previous reports of numerical simulations of optical 

mapping assumed that only the light absorption in the brain 
changed due to brain activation and that the optical properties 
of the superficial layers unchanged [3.4]. The purpose of  this 
study is to investigate the influence of blood flow changes in 
the cerebrospinal fluid (CSF) and skin layers on mapping 
images by numerical simulations. Three-dimensional (3D) 
head models are constructed to calculate light propagation in 
the head. The influences on the mapping images are discussed 
and used to evaluate the mapping images quantitatively. 

II. METHOD OF NUMERICAL SIMULATION 

A. Theory of optical mapping 

In optical mapping, the change in the intensity of the 
detected light is measured to obtain the absorption change in 
the brain. Source light (λ) irradiates a head surface and is 
detected at the distance of about 30mm from the source 
position. The optical density at the wavelength of λ, OD(λ), is 
defined by (1),[10] 
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where Φ0(λ) and Φ(λ) are the source and detected light 
intensities, respectively. Optical mapping uses the measured 
data of the differences in the OD between the activation and 

rest states of brain, OD(), which is given by (2), 
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Where λ is the wavelength of light, Φ is the measured light 

intensity, and the subscripts “a” and “n” indicate the activation 

and rest states, respectively. By use of the modified 

Beer-Lambert law, △OD(λ) is related to the concentration 

changes in the oxy- and deoxy-hemoglobin as in (3),  
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Where ε(λ) is the molar extinction coefficient [mm-1mM-1], 
C is the molar concentration [mM], l is the effective 
pathlength [mm], and the subscripts “Hb” and “HbO2” denote 
oxy- and deoxy-hemoglobin, respectively. 

In optical mapping, measurements of △OD(λ) are made 

at two wavelengths of λ = λ1 and λ2, and the values of △CHbO2∙l 

and △CHb∙l are obtained by solving the two simultaneous 

equations of (3) for λ1 and λ2. These values of △CHbO2∙l, 

△CHb∙l or △CHbt∙l (=△CHbO2∙l +△CHb∙l) are allocated at the 

midpoints between the neighboring source and detector 

positions which are called the data points. Then these values 

at the data points are used to construct 2-D mapping images 

by interpolation. In this study, light with a single wavelength 

of λ3 = 805 nm which is the isobestic point of the absorption 

spectra of Hb and HbO2 (i.e., εHbO2(λ3) =εHb(λ3)) is used, and 

only the mapping images of △CHbt∙l ∙εHb(λ3) = △OD(λ3) are 

given for simplicity. 

B. Modeling of optical mapping 

The arrangement of the source and detector probes in the 

simulation is shown in Fig. 1. Sixteen probes with eight 

sources and eight detectors are used. The separation of each 

source-detector pair is fixed at 30mm. The whole area where 

the probes cover is the square of 90 mm by 90 mm. A total of 

24 data points are allocated as the midpoints between the 

neighboring source and detector for the arrangement of 8 

source-detector pairs. The area of simulation of light 

propagation is 150 mm by 150 mm as the result of 30mm 

extension at all sides of the area that the probes cover.  

Figure 1.  Arrangement of the sources and detectors, data points, and active 

regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Light propagation in tissues is assumed to be governed by 

the steady state photon diffusion equation, (4) 
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where r is the position vector,  is the fluence rate, D(r) = 

1/(3μs') is the diffusion coefficient, μs' and μa are the reduced 

scattering and absorption coefficients, respectively. A 

commercially available software (COMSOL Multiphysics) 

was used to solve (4) by FEM. The number of FEM elements 

was 10
5
. 

C. Models of human head with activated region, blood vessel 

in the CSF and blood flow changes in the skin 

The simulation model of the human head for optical 

mapping is shown in Fig. 2. The head model consists of five 

layers, skin, skull, CSF, gray matter and white matter layers. 

When the brain is activated, we assume the existence of 

activated regions in the gray matter with a higher absorption 

coefficient than that of the surrounding brain tissues and with 

the size of 10 mm×10 mm×3.5 mm [11]. 

To illustrate how the existence of a blood vessel in the CSF 

layer affect the optical images of active region in the gray 

matter, we used four head models of (C1) with no blood 

vessel in the CSF layer, (C2) with a 1mm-side square blood 

vessel having μa of 0.13 mm
-1

 in the CSF layer, (C3) with a 

1mm-side square blood vessel having μa of 0.27 mm
-1

 in the 

CSF layer, (C4) with a 1mm×2mm rectangular blood vessel 

having μa of 0.13 mm
-1

 in the CSF layer, and (C5) with a 

1mm×2mm rectangular blood vessel having μa of 0.27mm
-1

 

in the CSF layer. The blood vessels are all located above the 

center of the active region. 

Figure 2.  Simulation models of human heads having five layers; skin, skull, 

CSF, gray matter, and white matter layers. 

 

 

 

 

 

 

 

 

 

To study how the blood flow changes in the skin layer 

influence the mapping images, we assume that the blood 

vessels are homogeneously distributed in the skin layer with a 

small volume fraction and that the change in the blood flow is 

represented by the changing the blood volume fraction (fB) 

and blood oxygenation which result in the change in the 

absorption coefficient of the skin layer. Three cases are 

assumed; i.e., case (S1) where μa of the skin layers is 0.030 

mm
-1

 without including the blood vessel, case (S2) where μa 

is 0.037 mm
-1

for a standard fB of 10% and blood oxygen 

saturation (SO2) of 70%, and case (S3) where μa is 0.046 mm
-1

 

for an increase in fB to 18% with SO2 of 81 % in the skin layer 

[12-14]. The standard optical properties of each layer at the 

wavelength of 805nm are listed in Table 1.  

TABLE I.  OPTICAL PROPERTIES OF THE HEAD LAYERS  

Layer a(mm-1) s’ (mm-1) 

Skin 0.03 0.73 

Skull 0.012 1.8 

CSF layer 0.002 0.3 

Gray matter 0.036 2.3 

White matter 0.014 9.1 

Activated region 0.052 2.3 
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III. RESUITS AND DISCUSSIONS 

A. Influence of the blood vessel in CSF layer on mapping 

images 

Fig. 3(A) shows the simulation results of the mapping 

images (A) case (C1) without the blood vessel, (B) case (C2), 

(C) case (C3), (D) case (C4) and (E) case (C5) with blood 

vessels. Compared to case (C1) without the vessel, the 

existence of the vessel, cases (C2), (C3), (C4) and (C5), 

reduced the sensitivity of the mapping images to the brain 

activity. When μa increased from 0.13 mm
-1

 for case (C2) to 

0.27 mm
-1

 for case (C3) with the same 1mm-side square 

vessel, the sensitivity of the mapping images reduced as μa 

increased. Keeping μa constant as 0.27 mm
-1

, the sensitivity of 

the images of case (C5) with the 1mm×2mm rectangular 

blood vessel decreased from case (C3) with the 1-mm-side 

square blood vessel. In addition, with the approximately 

equal blood volume for the case (C3) and (C4), the mapping 

images are almost the same. This results show that the effect 

of blood vessel in CSF layer on mapping images is dependent 

on the whole blood volume. 

To show the effect clearly, Fig. 3(F) displays the lateral 

profile of △OD along the horizontal lines through the centers 

of the active region as indicated in Fig. 3(A).ΔOD for case 

(C1) is the largest among all the cases. Increasing both the 

absorption coefficient and size of the vessel decreases the 

value of ΔOD.  

Figure 3.   Influences of the existence of a blood vessel in the CSF layer, (A) 

case (C1) without a blood vessel, (B) case (C2) with a 1mm-side square 

blood vessel with a = 0.13 mm-1, (C) case (C3) with a 1mm-side square 

blood vessel with a = 0.27 mm-1, (D) case (C4) with a 1mm×2mm 

rectangular blood vessel with a = 0.27 mm-1, (E) the profiles of OD along 

the horizontal lines through the center of the active region, as indicated in 

(A). 

 

 

It can be said that the existence of a blood vessel in the 

low-scattering and low-absorbing CSF layer affects light 

passing through the gray matter. If μa of the vessel increases 

by some reasons, the probability of light passing through the 

gray matter decreases, therefore resulting in the decrease in 

the sensitivity of the mapping images to the brain activation. 

B. Influence of blood flow changes in skin layer in mapping 

images 

Fig. 4(A), (B) and (C) shows the simulation results of the 

mapping images for cases (S1), (S2) and (S3) where μa of the 

skin layer changes. Comparing with case (S1) without the 

vessel in the skin layer, ΔOD increased for cases (S2) and 

(S3) where the blood volume fraction, fB, increased. With the 

activation of blood vessel, μa of the skin layer increases from 

case (S2) to case (S3), and the sensitivity of the mapping 

images increases. 

Fig. 4(D) shows the lateral profiles of ΔOD along the 

horizontal lines through the center of the active region. The 

peak values of ΔOD increased with the increase in fB in the 

skin.  

Figure 4.  Influences of the change in a of the skin layer. (A) case (S1) with 

a = 0.030 mm-1, (B) case (S2) with a = 0.056 mm-1, (C) case (S1) with a = 

0.086 mm-1, and (D) the lateral profiles of OD for cases (S1) (green), (S2) 

(red) and (S3) (black). 

 

 

 

 

 

 

 

 

 
The simulation results show that the mapping images 

have a strong dependency on the change in the blood volume 

fraction in the skin layer. The increase in μa of the skin layer 

increases the sensitivity of the mapping images to the brain 

activity in the gray matter. Intuitively, these results look 

unreasonable because light penetration to the deeper tissues is 

blocked more by higher absorption by the skin layer. In order 

to understand these results, ODa and ODn measured at the 24 

data points are plotted in Fig. 5(A), and ΔOD = ODa - ODn in 

Fig. 5(B) for the three cases (S1), (S2) and (S3). The abscissa 

corresponds to the number of the data points shown in Fig. 1. 

As seen from Fig. 5(A), the differences between ODa and 
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ODn with the same μa of the skin layer are very small 

compared to their magnitudes, and ODa and ODn look almost 

the same although their magnitudes greatly decrease with the 

increase in μa of the skin layer. However, Fig. 5(B) shows that 

ΔOD increases with the increase in μa of the skin layer 

resulting in the higher sensitivity of the mapping images to 

the brain activity. 

These results may be phenomenologically understood as 

follows. By increasing μa of the skin layer, the contribution of 

the skin layer to the attenuation of the measured light 

intensities relatively decreases compared to those of the 

deeper layers. Then the change in the absorption in the gray 

matter leads to larger ΔOD than that with lower absorption in 

the skin layer. This qualitative estimation can be confirmed 

quantitatively by calculating the photon pass probability 

between the source and detector positions for future study. 

 

Figure 5.  (A) Φn and Φa and (B) OD at the 24 data points for cases (S1), 

(S2) and (S3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV. CONCLUSION 

Both the pial vessels in the CSF layer and blood flow 

changes in the skin layer affect the images of optical mapping. 

In particular, it has been found that the increase in the blood 

volume fraction in the skin layer increases the sensitivity of 

the mapping images to the brain activity while the existence 

of the blood vessel in the CSF layer decreases the sensitivity 

of the mapping images to the brain activity. To extract the 

true activity of brain from optical mapping images, these 

influences from the superficial layers should be eliminated. 

Future studies are needed to remove the influences and 

improve the performances of the mapping images.  
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