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Abstract
Analysis of concentration of components in skin tissue, such as melanin, blood, oxygen saturation, is important in medical 
or cosmetic fields. Some researchers have developed methods to estimate the components. However, almost all the research 
has not considered a depth dependency of blood concentration and oxygen saturation, which is actual characteristic of skin 
tissue. Although there has been a method considering the depth dependency, the method does not have capability to estimate 
oxygen saturation. In addition, there is a problem in the methods that it is possible that the estimation is disturbed by shad-
ing which is on skin surface. Therefore, in this paper, we propose a method solving those problems of the methods, that is 
to estimate melanin concentration, blood concentration, and oxygen saturation in skin tissue layers with independence of 
shading considering the depth dependency. The proposed method is evaluated on the estimation accuracy with simulation 
comparing previous methods. The result indicates preferred capability of the proposed method.

Keywords  Skin tissue · Melanin · Blood · Hemoglobin · Oxygen saturation · Monte Carlo simulation · Spectral reflectance

1  Introduction

Skin is one of the most important factors in human from 
a standpoint of medical or cosmetic. Skin is the largest 
organ in human body, which is covers an entire surface of 
a human body with a thickness of several millimeters. Skin 
has a part of roll to interact with ambient environment such 
as thermoregulation and cutaneous sensation. In addition, 
skin chiefly determines apparent impression of age, health, 
or beauty. In spite of the importance, skin much more likely 

to suffer from an injury or a disorder due to the exposure to 
ambient environment. Thus, there is a need of an objective 
and quantitative method to diagnose skin. The solution to 
the needs would be monitoring skin components which are 
melanin concentration, blood concentration, and oxygen sat-
uration. It is because that skin disorders cause abnormality 
of those skin components, since skin disorders occur mainly 
in an epidermis layer or dermis layer of skin tissue where 
there are those skin components [1].

There are various methods to estimate those skin com-
ponents [2–6]. In terms of required information to estimate 
those skin components those methods are divided into two 
methods, which are RGB-based method or spectral-based 
method. Spectral-based method is indicated to have capa-
bility of more accurate estimation than RGB-based method 
due to difference of the amount of information [3–7]. The 
spectral-based method proposed by Akaho et al. have most 
accuracy of estimation [7]. However, in Akaho's method, 
there could be influence of shading as noise since the method 
estimate shading due to a shape of the measurement location 
and lighting unevenness along with skin components. Thus, 
it is desirable to solve the limitation on shading.

In addition, there is another important limitation in those 
RGB-based or spectral-based methods, which is on structure 
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of assumed skin model. In those methods, it is assumed that 
there are simply two layers in skin tissue: epidermis or der-
mis which uniformly distribute melanin or blood, respec-
tively. However, blood is distributed in multiple layers: 
papillary dermis, upper blood net dermis, reticular dermis, 
deep blood net dermis, or subcutaneous dermis, which have 
different blood fluctuation in each layer [8]. Here, Iuchi et al. 
have proposed a method based on Akaho's method to con-
sider unevenness of blood concentration depending on depth 
in skin tissue. However, Iuchi’s method do not have capabil-
ity to estimate oxygen saturation, because skin model con-
structed in the research is set to constant oxygen saturation. 
In addition, as with Akaho's method, there could be influ-
ence of shading as noise, since the method estimate shading 
due to a shape of the measurement location and lighting 
unevenness along with skin components. Thus, it is desirable 
to solve the limitation on oxygen saturation and shading.

Therefore, in this research, we propose a method to 
estimate melanin concentration, blood concentration, and 
oxygen saturation in skin tissue considering depth depend-
ency of blood concentration with independence of shading. 
In addition, the conventional method that assumes that the 
blood distribution is uniform regardless of depth has merit 
that it can be estimated with only small amount of wave-
length information and small computational cost compared 
to a method that considers the difference in blood distribu-
tion depending on the depth. Therefore, it is preferable to 
handling of the blood layer according to its applications. 
Therefore, in this research, two models with different han-
dling of blood layers are constructed. Furthermore, the pro-
posed method is evaluated on the estimation accuracy with 
simulation comparing previous methods.

2 � Method to estimate components 
concentration of skin tissue

In this Chapter, we describe the proposed method to estimate 
melanin concentration, blood concentration and oxygen sat-
uration in skin tissue with considering depth dependency 
of blood concentration with independence of shading. The 
proposed methods is based on machine learning so that it 
is need to learn based on a dataset. To construct a data-
set, we obtain various sets of components concentration in 
skin tissue and corresponding spectral reflectance based on 
Monte Carlo simulation of light transport in multi-layered 
tissue (MCML) proposed by Wang et al. [9]. Specifically, 
the proposed method consists of the following three phases. 
As first phase, for conducting MCML, it is necessary to con-
struct an optical skin model. As a base of an optical skin 
model, a seven-layered skin model is constructed. next, we 
construct two types of optical skin models with different 
setting of blood layers in skin tissue based on the 7-layered 

skin model. As second phase, a dataset is constructed with 
each of the two skin models based on MCML. This dataset 
is composed of sets of components concentrations as expla-
nation variable and a corresponding spectral reflectance 
as a target variable. As third phase, we estimate melanin 
concentration, blood concentration and oxygen saturation 
in skin tissue with independence of shading based on the 
constructed dataset.

2.1 � Construction of a seven‑layered skin model

For conducting MCML, it is necessary to define an opti-
cal skin model. In this research, two types of optical skin 
models which have different setting of blood layers in skin 
tissue is constructed based on a seven-layered skin model. 
There are five parameters set for each layer: thickness d , 
refractive index n , anisotropic parameter g(�) , scattering 
coefficient �s(�) , and absorption coefficient �a(�) . Here, 
� represents a wavelength [nm]. In a skin layer structure 
model, an anisotropic parameter g(�) and a scattering coef-
ficient �s(�) are generally considered not to vary depending 
on layers [1, 7, 8]. Next, the values of each parameter are 
explained in detail. Table 1 shows the seven-layered model 
of skin and the containing components, thickness and refrac-
tive index of each layer [10, 11]. The absorption coefficient 
�a(�) are subscripted to distinguish the values of each layer. 
The subscripts of str are for stratum corneum, liv for living 
epidermis, pap for papillary dermis, upp for upper blood 
net dermis, ret for reticular dermis, dee for deep blood net 
dermis, and sub for subcutaneous dermis. Figure 1 shows 
the anisotropic parameter g(�) [8, 12]. Figure 2 shows the 
scattering coefficient �s(�)[13]. The absorption coefficients 
of each layer are given by Eqs. (1), (2), (3), (4), (5), (6), and 
(7), respectively. [8, 10, 11, 14]:

(1)�a,str(�) = �a,base(�),

(2)�a,liv(�) = [Mel] × �a,Mel(�) +
(
1 − [Mel] × �a,base(�)

)
,

(3)

�a,pap(�) =

{
[StO]pap ×

[
Oxy-Hb

]
pap

× �a,Oxy-Hb(�) +
(
1 − [StO]pap

)

×
[
DeOxy-Hb

]
pap

× �a,DeOxy-Hb(�)

}

+

{
1 −

([
Oxy-Hb

]
pap

+
[
DeOxy-Hb

]
pap

)}
× �a,base(�),

(4)

�a,upp(�) =

{
[StO]upp ×

[
Oxy-Hb

]
upp

× �a,Oxy-Hb(�) +
(
1 − [StO]upp

)

×
[
DeOxy-Hb

]
upp

× �a,DeOxy-Hb(�)

}

+

{
1 −

([
Oxy-Hb

]
upp

+
[
DeOxy-Hb

]
upp

)}
× �a,base(�),
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(5)

�a,ret(�) =
{
[StO]ret ×

[
Oxy-Hb

]
ret

× �a,Oxy-Hb(�) +
(
1 − [StO]ret

)

×
[
DeOxy-Hb

]
ret

× �a,DeOxy-Hb(�)
}

+
{
1 −

([
Oxy-Hb

]
ret

+
[
DeOxy-Hb

]
ret

)}
× �a,bas(�),

Table 1   Contained components, 
thickness, and refractive index 
of each layer in a seven-layered 
skin model

Name of layer Chromophore Thickness [ �m] Refractive index

Stratum corneum None 20 1.5
Living epidermis Melanin 90 1.34
Papillary dermis Oxy-hemoglobin

Deoxy-hemoglobin
175 1.4

Upper blood net dermis Oxy-hemoglobin
Deoxy-hemoglobin

90 1.39

Reticular dermis Oxy-hemoglobin
Deoxy-hemoglobin

1500 1.4

Deep blood net dermis Oxy-hemoglobin
Deoxy-hemoglobin

100 1.38

Subcutaneous dermis Oxy-hemoglobin
Deoxy-hemoglobin

6250 1.44

Fig. 1   Anisotropy factor

Fig. 2   Scattering coefficient

Fig. 3   Absorption coefficient of melanin
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Here, assuming that the entire volume of each layer is 
100 [%], [ Mel ] is melanin concentration, [ StO ] is oxygen 
saturation, 

[
Oxy-Hb

]
 is oxy-hemoglobin concentration, and [

DeOxy-Hb
]
 is deoxy-hemoglobin concentration. The sub-

scripts of each component concentration are str for stratum 
corneum, liv for living epidermis, pap for papillary dermis, 
upp for upper blood net dermis, ret for reticular dermis, dee 
for deep blood net dermis, and sub for subcutaneous dermis. 
The subscripts of the absorption coefficient �a are mel for 
melanin, Oxy-Hb for oxy-hemoglobin, DeOxy-Hb for deoxy-
hemoglobin, and base for baseline, respectively. Here, the 
baseline is an absorption coefficient of the skin tissue in the 
area where there are no components [11, 14]. Figure 3 shows 
the absorption coefficient of melanin �a,mel(�), the absorption 
coefficient of eumelanin, and the absorption coefficient of 
pheomelanin [11, 14]. Figure 4 shows the absorption coef-
ficient �a,base(λ) of baseline [15]. The absorption coefficient 
�a,Oxy-Hb of oxy-hemoglobin and the absorption coefficient 
�a,DeOxy-Hb of deoxy-hemoglobin are shown in Fig. 5 [7, 8]. 
Oxygen saturation is defined by Eq. (8):

(6)

�a,dee(�) =
{
[StO]dee ×

[
Oxy-Hb

]
dee

× �a,Oxy-Hb(�) +
(
1 − [StO]dee

)

×
[
DeOxy-Hb

]
dee

× �a,DeOxy-Hb(�)
}

+
{
1 −

([
Oxy-Hb

]
dee

+
[
DeOxy-Hb

]
dee

)}
× �a,base(�),

(7)

�a,sub(�) =
{
[StO]sub ×

[
Oxy-Hb

]
sub

× �a,Oxy-Hb(�) +
(
1 − [StO]sub

)

×
[
DeOxy-Hb

]
sub

× �a,DeOxy-Hb(�)
}

+
{
1 −

([
Oxy-Hb

]
sub

+
[
DeOxy-Hb

]
sub

)}
× �a,base(�).

(8)Oxygen saturation =

[
Oxy-Hb

]

[
Oxy-Hb

]
+
[
DeOxy-Hb

] .

2.2 � Construction of two skin models based 
on the seven‑layered skin model

As mentioned above, in this research, to make it possible to 
manage skin models with different setting of blood layers 
depending on applications, two skin models are constructed. 
Furthermore, the proposed method is established based on 
each of the models. Here, the skin models to be constructed 
is based on the seven-layered skin model described in the 
previous section.

Along with the previous method [3, 5–7, 14, 15], the four-
layered skin model approximates distribution of blood in 
skin tissue to be uniform regardless of the depth. Thus, pap-
illary dermis, upper blood net dermis, and reticular dermis 
in the seven-layered skin model constructed in Sect. 2.1 are 
comprehensively considered as a layer of dermis. Therefore, 
the four-layered model to be constructed is consisted of the 
stratum corneum layer containing no components, the epi-
dermis layer containing melanin, the dermis layer containing 
blood, and the subcutaneous dermis layer.

The five-layered skin model is a model in which a blood 
layer excluding subcutaneous tissue in skin tissue is divided 
into a papillary layer and a reticular layer as with several 
studies which analyze the blood layer divided into two parts 
[8, 16, 17]. Thus, papillary dermis and upper blood net der-
mis in the seven-layered skin model constructed in Sect. 2.1 

Fig. 4   Absorption coefficient of baseline

Fig. 5   Absorption coefficient of hemoglobin

Table 2   Combinations of components set in four-layered skin model 
to construct dataset of four-layered skin model

Name of 
layer

Component Range [%] Sampling 
interval 
[%]

Total number

Epidermis Melanin 1.0–10.0 0.50 19
Dermis Blood 0.10–1.0 0.050 19

Oxygen 
saturation

40–100 10.0 7
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are comprehensively considered as a papillary layer, and 
reticular dermis layer and deep blood net dermis in the 
seven-layered skin model are comprehensively considered 
as a reticular layer. Therefore, the five-layered model to be 
constructed is consisted of stratum corneum containing no 
components, epidermis layer containing melanin, the papil-
lary layer, reticular layer, and subcutaneous tissue containing 
blood.

In both models, the parameters such as the thickness d of 
each layer, refractive index n , anisotropic parameter g(�) , 
scattering coefficient �s(�) , absorption coefficient �a,pigment 
of each component, absorption coefficient �a,layer of each 
layer are based on the 7-layered skin model described in 
Sect. 2.1.

2.3 � Construction of dataset with the two sin models 
based on MCML

In this section, datasets are constructed based on the four-lay-
ered skin model or five-layered skin model. First, we conduct 
MCML to obtain spectral reflectances corresponding combi-
nations of components concentration in skin tissue. The com-
binations of components concentration are shown in Tables 2 
or 3 for the four-layered skin model or five-layered skin model, 
respectively. The total number of combinations is 2527 or 
25,000 for the four-layered skin model or the five-layered skin 

model, respectively. The spectral reflectances are obtained at 
31 wavelengths which is sampled at 10 [nm] intervals between 
the visible light range from 400 to 700 [nm]. Figure 6 shows 
the obtained spectral reflectance data.

2.4 � The method to remove influence of shading

This section describes a processing method which is per-
formed onto the constructed datasets so as to remove influ-
ence of shading on the estimation of skin components con-
centration. Assuming the absorber and scatterer in skin tissue 
are oxy-hemoglobin, deoxy-hemoglobin, and melanin and an 
absorption by those absorbers is Z(�) , an absorbance Abs(�) 
of any skin can be described in Eq. (9) based on Modified 
Lambert–Beer's law [2, 7, 8]:

Here, k is a shading component due to a shape of the 
measurement location and lighting unevenness. Assuming 
the spectral sensitivity of the sensor, the spectral transmit-
tance of the sensor, and the spectral distribution of the light 
source are normalized, the shading component k is inde-
pendent of wavelength. Taking this fact into consideration, 
as shown in Eq. (10), by normalizing an absorbance Abs(�) 
of any skin into a relative value ReAbs(�) from a certain 

(9)Abs(�) = Z(�) + k.

Table 3   Combinations of 
components set in five-layered 
skin model to construct dataset 
of five-layered skin model

Name of layer Chromophore Range [%] Sampling interval 
[%]

Total number

Epidermis Melanin 1.0–10.0 1.0 10
Papillary dermis Blood 0.10–1.0 0.10 10

Oxygen saturation 40–100 15.0 5
Reticular dermis Blood 0.10–1.0 0.10 10

Oxygen saturation 40–100 15.0 5

(a) 4-layered skin model dataset (b) 5-layred skin model dataset

Fig. 6   Spectral reflectances acquired based on MCML
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reference value, information of shading component k can be 
excluded from an absorbance Abs(�) of any skin:

Here, Fnc() a function (hash function) which takes arbi-
trary data as input and takes a value (hash value) encapsulat-
ing the data as output by a specific algorithm. In Eq. (10), 
inputting an absorbance Abs(�) of an arbitrary skin to the 
hash function Fnc() , the absorbance Abs(�) is converted to 
the relative value ReAbs(�) . Here, as an instance of an algo-
rithm of the hash function Fnc() , a method is conceivable 
to extract an absorbance of a specific wavelength from an 
input absorbance data. However, if the hash function Fnc() 
is dependent on a specific one wavelength, the hash func-
tion could have weak capability of noise robustness, because 
noise of absorbance of the wavelength is diffused through-
out a relative absorbance due to the conversion due to the 
conversion of normalization based on the hash function and 
Eq. (10). Therefore, in this study, as the algorithm of the 
hash function Fnc() , we adopt a method to calculate an aver-
age value of an absorbance of all wavelengths within an 
input absorbance data. In this method, even if noise is on one 
specific wavelength, the influence of the noise is reduced by 
calculating the average value of the absorbances of all wave-
lengths. Thus, there is improvement of robustness against 
noise in averaging method. This is formulated as Eq. (11). 
N is a constant indicating the number of wavelengths. An 
absorbance of any skin converted by the algorithm shown in 
Eq. (11) is called relative absorbance ReAbs(�).

The conversion to relative absorbance removes the partial 
information of chromophore such as melanin, oxy-hemo-
globin, and deoxy-hemoglobin, which is unnecessary for 
the estimation. This is because the information removed by 
the conversion is the component immutable against wave-
lengths, which includes shading information. The compo-
nent cannot be decomposed into chromophore information 
and shading information. Thus, the component is not neces-
sary for the estimation:

2.5 � The method to estimate components 
concentration in skin tissue

This section describes the proposed method to estimate mel-
anin concentration, blood concentration, and oxygen satura-
tion in skin tissue using the dataset constructed in Sect. 2.3.

First, spectral reflectance Ref(�) of skin, the inter-
nal reflectance Refdiffuse(�) , and the surface reflectance 
Refspecular(�) have a relation of Eq. (12) [7, 8]:

(10)ReAbs(�) = Abs(�) − Fnc(Abs(�)).

(11)Fnc(Abs(�)) =
1

N
×
∑

�

Abs(�).

In this method, specular reflectance reflected by skin sur-
face is supposed to be removed by the method of Ojima et al. 
[18], because this method considers diffuse reflectance of 
skin tissue. Thus, Ref(λ) = Refdiffuse(�) based on Eq. (12). 
The conversion shown in Eq. (13) is applied to the spectral 
reflectance data of the dataset to convert it into absorbance 
data:

Second, the absorbance data are converted to the relative 
absorbance data according to the method to remove an influ-
ence of shading described in Sect. 2.4.

Third, based on the constructed dataset of relative 
absorbance data and corresponding combinations of com-
ponents concentration in skin tissue, we create a function 
that inputs melanin concentration, blood concentration and 
oxygen saturation, and outputs the corresponding relative 
absorbance. This function is called the relative absorb-
ance function RA() . The function is created by perform-
ing polynomial regression including higher order in which 
explanation variable is components concentration in skin 
tissue and target variable is relative absorbance. For the 
four-layered skin model, the relative absorbance function 
is based on the polynomial model shown in Eq. (14), and 
the loss function is shown in Eq. (15). In the five-layered 
skin model, the relative absorbance function is based on 
the polynomial model shown in Eq.  (16), and the loss 
function is shown in Eq. (17):

(12)Ref(�) = Refdiffuse(�) + Refspecular(�).

(13)Abs(�) = − log (Ref(�)).

(14)

RA
(
[Mel], [Bld],

[
Oxy

]
, �
)
=

order∑

i=0

order∑

j=0

order∑

k=0

an

× [Mel]i × [Bld]j ×
[
Oxy

]k
,

(15)

RSSfunc =

2527∑

i=1

[
ReAbs(�, i) − RA

(
[Mel], [Bld],

[
Oxy

]
, �
)]2

,

(16)

RA

(
[Mel],

[
Bldpap

]
,
[
Oxypap

]
,[

Bldret
]
,
[
Oxyret

]
, �

)

=

order∑

i=0

order∑

j=0

order∑

k=0

order∑

l=0

order∑

m=0

an × [Mel]i ×
[
Bldpap

]j

×
[
Oxypap

]k
×
[
Bldret

]l
×
[
Oxyret

]m
,

(17)

RSSfunc =

25,000∑

i=1

[

ReAbs(�, i) − RA

(
[Mel],

[
Bldpap

]
,
[
Oxypap

]
,[

Bldret
]
,
[
Oxyret

]
, �

)]2
,
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where order is the order of the polynomial model, n is the 
number of terms in the polynomial model, [Mel] is melanin 
concentration in epidermis.[Bld] is blood concentration in 
dermis, and 

[
Oxy

]
 is oxygen saturation in dermis in 4-layered 

skin model. 
[
Bldpap

]
 indicates blood concentration in papil-

lary layer, 
[
Oxypap

]
 indicates oxygen saturation in papillary 

layer, 
[
Bldret

]
 indicates blood concentration of reticular layer, 

and 
[
Oxyret

]
 indicates oxygen saturation of reticular layer in 

5-layered skin model. The order of the polynomial model 
order is a hyperparameter in this method. The optimization 
of the order of the polynomial model is discussed in chapter. 
3.

Forth, we describe the method to estimate melanin con-
centration, blood concentration and oxygen saturation in 
skin tissue based on the constructed relative absorbance 
function RA(�) . In the four-layered skin model, based on 
a loss function Eq. (18), the least-squares method is con-
ducted to estimate melanin concentration in the epidermis 
layer [Mel] , blood concentration [Bld] and oxygen satura-
tion 

[
Oxy

]
 in the dermis layer. Here, as the wavelengths, 

560, 570, 590 and 610 [nm] are adopted according to the 
report of Akaho et al. [7]. In the five-layered skin model, 
based on a loss function Eq. (19), the least-squares method 
is conducted to estimate melanin concentration in epider-
mis layer [Mel], blood concentration 

[
Bldpap

]
 and oxygen 

saturation 
[
Oxypap

]
 in papillary layer, and blood concentra-

tion 
[
Bldret

]
 and oxygen saturation 

[
Oxyret

]
 in reticular layer. 

Here, as the wavelengths, 31 wavelengths sampled at inter-
vals of 10 [nm] between a range of 400 [nm] to 700 [nm] 
are adopted, according to the report of Iuchi et al. [9]:

(18)

RSSest =
∑

�

(
ReAbs(�) − RA

(
[Mel], [Bld],

[
Oxy

]
, �
))2

,

3 � Optimization of relative absorbance 
function

In this chapter, we compare the estimation accuracy of rela-
tive absorbance functions of different orders to select the 
best order for creating relative absorbance functions.

To select the most appropriate order for creating the 
relative absorbance function, we create relative absorb-
ance functions of different orders and compare the estima-
tion accuracy of these functions. The estimation accuracy 
is calculated using tenfold cross-validation. As an evalua-
tion index we adapt mean relative error (MRE) [%], which 
is average of relative errors calculated by cross-validation. 
Relative error is defined by Eq. (21). Here, RelativeError 
denotes relative error, GroundTruth denotes ground truth, 
and EstimatedValue denotes estimated value based on the 
method.

Figure 7 shows the results of comparing each order of 
polynomial model for the four-layered skin model and five-
layered skin models. Figure 7a shows the comparison of 
the estimation accuracy of the relative absorbance function 
based on different orders for the four-layered skin model, 
showing that fourth or fifth order has the lowest relative 
error for all components. Therefore, fourth order is consid-
ered to be the best for the four-layer skin model consider-
ing computational cost. Figure 7b shows the comparison of 
the estimation accuracy of the relative absorbance function 
based on different orders for the five-layered skin model, 

(19)

RSSest =
∑

�

(

ReAbs(�) − RA

(
[Mel],

[
Bldpap

]
,
[
Oxypap

]
,[

Bldret
]
,
[
Oxyret

]
, �

))2

.

(a) Based on four-layered skin model dataset (b) Based on five-layered skin model dataset

Fig. 7   Results of comparing each order of polynomial model
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showing that fourth order has the lowest relative error for 
all components. Therefore, fourth order is considered to be 
the best for the five-layer skin model.

4 � Accuracy evaluation

In this chapter, we compare the estimation accuracy between 
the proposed method and the previous methods proposed 
by Akaho et al. and Iuchi et al. [7, 8]. Here, the amount of 
data in dataset and the underlying skin model are different 
between our method and the previous method. In addition, 
in the method proposed by Iuchi et al., it is impossible to 
estimate oxygen saturation, and there are some immature 
points about the dataset, such as the fact that blood is not 
added to the layer where blood actually exists 8. Therefore, 
in this verification, the dataset is fixed to that of our method.

The accuracy verification is performed by tenfold cross-
validation. To consider the influence of shading, shading 
is randomly added to the test data by Eq. (20) [7]. Here, 
Ref(�) indicates the spectral reflectance, Refsha(λ) indicates 
the spectral reflectance after added shading, and k indicates 
the shading. The shading k has a random value in the range 
from 0 to 1 [7].

As an evaluation index we adapt Mean Relative Error 
(MRE), which is average of relative errors calculated by 
cross-validation. Relative error is defined by Eq. (21):

(20)Refsha(�) = Ref(�) × exp (−k),

(21)RelativeError =
|||
|

GroundTruth − EstimatedValue

GroundTruth

|||
|
.

Figure 8a shows the evaluation result of the estimation 
accuracy of the four-layer skin model. This shows that the 
proposed method has improved accuracy compared to the 
previous method. Figure 8b shows the verification result of 
the estimation accuracy of the five-layer skin model. This 
indicates that the proposed method has improved accuracy 
compared to the previous method.

Comparing Fig. 8a, b, the estimation accuracy is rela-
tively high in the five-layer skin model and the estimation 
accuracy is relatively small in the four-layer skin model. 
This result could be due to the difference of the number 
of the wavelengths used for the estimation. As we have 
described in Chapter 2, the number of the wavelength is four 

(a) Based on four-layered skin model dataset (b) Based on five-layered skin model dataset

0

1

2

3

4

5

M
RE

Blood Melanin Oxygen 
saturation 

Shading

Proposed method

[Akaho et al., 2018]

0

1

2

3

4

5

M
RE

Blood 

Melanin 

Oxygen saturation 

Shading Papillary 
dermis 

Reticular 
dermis 

Papillary 
dermis 

Reticular 
dermis

Proposed method
[Akaho et al., 2018]

Fig. 8   Accuracy verification results
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for the four-layered skin model or 31 for the five-layered skin 
model. The greater number of the wavelengths means the 
greater number of the explanatory variables for the creation 
of the relative absorbance function based on the multiple 
regression. The greater number of the explanatory variables 
for multiple regression means the more accurate description 
of the relationship between the explanatory variable and the 
objective variable.

Besides, the comparison of Fig. 8a, b shows that the five-
layered skin model is the higher improvement rate of the 
estimation accuracy than the four-layered skin model com-
pared with the conventional method. This result could be 
caused by that in five-layered skin model shading error much 
more have influence on estimation of components concentra-
tion than in four-layered skin model since the five-layered 
skin model requires to detect small differences in absorbance 
compared to the four-layered skin model. This considera-
tion is supported by the fact that there is a report that the 
main part of detected skin reflectance becomes localized in 
the topical skin layers including papillary dermis and upper 
blood net dermis [10].

In the four-layered skin model, the estimation accuracy of 
the melanin concentration is lowest in the components. This 
is considered to be due to the small difference among the 
absorbances of the used wavelengths. As shown in Fig. 9, 
the absorption coefficient of melanin has smaller variation 
depending on the wavelength than the one of oxy-hemo-
globin or deoxy-hemoglobin within the range of the wave-
lengths used for four-layered skin model. This fact means 
that smaller feature of melanin is provided to the estimation 
based on the relative absorbance function than the one of 
oxy-hemoglobin or deoxy-hemoglobin.

The difference of the magnitude relationship of the esti-
mation accuracy between the skin models is considered to 
be due to the similarity of the absorbance of the papillary 
dermis and reticular dermis. In the four-layered skin model, 
the components to be estimated have different the absorption 
coefficient as shown in Figs. 3 and 5. On the other hand, in 
the five-layered skin model, the part of the components to 
be estimated have the same absorption coefficient: the blood 
concentration or oxygen saturation in papillary dermis and in 
reticular dermis. This fact makes the estimation of the blood 
concentration and oxygen saturation in the five-layered skin 
model more difficult than the four-layered skin model.

5 � Conclusion and future work

In this research, we have proposed the method to estimate 
melanin concentration, blood concentration and oxygen 
saturation in skin tissue with independence of shading con-
sidering depth-dependency of blood concentration. We have 

constructed two types of skin model based on seven-layered 
skin model due to the tradeoff between the simplicity of 
skin model and the resolution of skin model. In addition, 
we have optimized the order of polynomial model. Finally, 
we have compared the estimation accuracy with the method 
proposed by Akaho et al. or by Iuchi et al., which have the 
highest accuracy of the methods to estimate components 
concentration in skin tissue based on two types of optical 
skin model. As a result, it has been shown that the proposed 
method had better capability of accurate estimation than the 
previous methods. As a future work, we chiefly have three 
tasks. First, we need verify applicability of the proposed 
method to actual measurement. In this research, we have 
verified the proposed method in simulation, but we have 
not verified the proposed in actual measurement. The final 
goal of this research is to apply this method to medical and 
beauty applications. Second, we need verify robustness of 
the proposed method to differences between constructed skin 
model and actual skin. In actual measurement, there is vari-
ous differences between constructed skin model and actual 
skin such as thickness of skin tissue. Third, we need verify 
applicability of the proposed method to continuous measure-
ment. The components concentration has temporal variation, 
which have rich information such as heart rate.
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