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Numerical study of the influence of oxyhemoglobin, deoxyhemoglobin,
and methemoglobin content on the reflection, absorption, and
transmission spectra of human blood
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The Monte Carlo method was used to numerically investigate the effect of human blood oxygenation and
methemoglobin content on the reflection, absorption, and transmission spectra in the wavelength range of

400—1100 nm.

It was established that replacing oxyhemoglobin with deoxyhemoglobin causes major spectral

changes in the reflection, absorption, and transmission within the wavelength ranges of 450—520, 590—780, and
780—1100 nm, while replacing deoxyhemoglobin with methemoglobin leads to significant changes in the ranges
of 520—590, 590—780, and 780—1100nm. It was found that within the 520—590 nm range, with a peak at
580 £ 5nm, replacing oxyhemoglobin with deoxyhemoglobin does not significantly alter reflection, absorption, or
transmission, whereas changes in methemoglobin content result in an increase in reflection and transmission in
this spectral range while decreasing absorption. Numerical analysis demonstrated that decreasing blood oxygen
saturation leads to increased transmission (optical clearing) in the 450—520 and 780—1100 nm wavelength ranges,
while the presence of methemoglobin causes optical clearing in the 520—590 nm range.
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Introduction

Blood performs vital functions, including transporting
oxygen and nutrients, maintaining body temperature, and
participating in immune responses [1]. Plasma and cellular
elements (erythrocytes, leukocytes, platelets) are its main
components. Erythrocytes make up about 99% of all
cellular elements of the blood, hemoglobin accounts for
25% of the volume of erythrocytes, leukocytes and platelets
are present in much smaller quantities. Plasma makes
up approximately 55% of blood volume, while cellular
elements account for about 45% of blood volume [2]. The
hematocrit, which reflects the volume fraction of red blood
cells in the blood, averages 40% for women and 45% for
men. The plasma composition is dominated by water (about
92%), proteins, nutrients and dissolved gases, which plays
an important role in maintaining the body’s homeostasis [3].

Red blood cells containing hemoglobin are key partici-
pants in the transport of oxygen and carbon dioxide. Their
size, shape, and concentration have a significant effect on
the optical properties of blood. It is known that the
refractive index of red blood cells is higher than that of
blood plasma, and the difference in their values is the
main source of light scattering [4]. The size and shape
of red blood cells determine their scattering ability: when
red blood cells aggregate, the number of diffusion surfaces
decreases, which leads to a decrease in the backscattered
signal. The concentration of red blood cells also directly
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affects the absorption and scattering of light by the blood,
as it determines the intensity of light exposure to it [5].

The possibilities of modern optical, including laser,
medical technologies are limited by the small depth of light
penetration into biological tissues [6]. In this regard, the
task of increasing the depth of light penetration, or, in other
words, the task of biological tissues and body fluids optical
clearing, including blood, is very relevant.

Blood optical clearing methods based on immersion
techniques can reduce scattering and increase blood trans-
parency by reducing the difference in refractive indices
between plasma and red blood cells. Osmotically active
solutions such as saline, glucose, glycerin, propylene gly-
col, dextran and radiopaque substances are used for this
purpose. These substances change the properties of the
plasma, which helps to harmonize the refractive indices
and reduce scattering [S]. The matching of the refractive
indices of erythrocytes and plasma can also be achieved
by local hemolysis by introducing hypoosmotic solutions,
which leads to the destruction of erythrocytes and the
release of hemoglobin into plasma, in addition, injections of
a hemoglobin solution into biological tissues can also change
their optical properties [7-9]. Blood optical clearing makes
it possible to expand the areas for research and improve
the quality of diagnostics using optical methods. However,
immersion techniques are limited by the diffusion time of
immersion liquids, which means that a sufficiently long
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period of time is required to clear the tissue to a significant
depth [10].

At the same time, the clearing effect can be achieved not
only through the use of immersion, but also by changing the
composition of the components of the biological tissue itself.
It is known that blood can change its composition when
heated due to the thermal transformation of hemoglobin.
Thus, at temperatures of 46—48°C, oxyhemoglobin is
converted to deoxyhemoglobin, and at 65—70°C, deoxy-
hemoglobin is oxidized to methemoglobin [11]. Methe-
moglobin, being a dysfunctional form of hemoglobin, has
unique optical characteristics. The absorption spectrum
of methemoglobin differs significantly from the absorption
spectrum of deoxyhemoglobin in the visible region in
the range of 415—-630nm and in the infrared region
in the range of 800—1200nm, which can significantly
affect the absorption spectrum of whole blood, in which
deoxyhemoglobin is replaced with methemoglobin [12]. The
influence of laser heating of blood on its optical properties
is also discussed in Ref. [13, 14]. Unfortunately, there is
currently no comprehensive, including numerical, analysis
in the literature of the relationship between the reflection,
absorption, and transmittance spectra of blood in the visible
and near-infrared regions of the spectrum with the dynamics
of its content of deoxyhemoglobin, oxyhemoglobin, and
methemoglobin, which makes the study of this relationship
relevant, especially in the context of laser multiwave
technologies for the treatment of vascular diseases the skin.

Multi-wavelength laser technologies for the treatment of
vascular skin diseases involve the use of laser radiation with
one wavelength to create optimal conditions for exposure
to biological tissue radiation with a different wavelength.
Thus, in laser sclerosis of telangiectasias, the most effective
treatment is achieved when exposed first to a wavelength
of 585nm, and then to a wavelength of 1064nm [15].
Obviously, this may be due to laser-induced changes in
blood composition, which significantly alter the optical
properties of blood, and this should be taken into account
to achieve optimal results of laser treatment. The optimal
result in this case can be achieved by monitoring the optical
properties of the biological tissue during laser exposure
with one wavelength and controlling the parameters of
laser radiation with another wavelength when the optical
characteristic of the biological tissue reaches the optimal
value for laser exposure at this wavelength, i.e. when used
feedback system in a laser.

Feedback systems play an important role in improving
the safety and accuracy of energy dosing in case of the laser
exposure [16]. In the absence of accurate dosing of laser
exposure, undesirable effects may occur, such as perforation
of biological tissues, burns, hypo- or hyperpigmentation,
necrosis. Feedback systems can reduce the risk of these
complications by changing the power, wavelength, exposure
time, and more. The feedback mechanisms most common
in laser medical systems today control the temperature
of the working end of a fiber-optic instrument [17,18].
However, temperature cannot fully characterize the changes
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in biological tissues that occur under the influence of laser
radiation, including due to the inertia of the thermal field
and the technical difficulties associated with measuring
temperature in the area of laser exposure or inside the
biological tissue [19]. Feedback based on optical methods
makes it possible to evaluate the result of laser exposure to
tissues in real time. For example, monitoring the intensity of
reflected light at the wavelengths most sensitive to changes
in the state of chromophores in biological tissue can make
it possible, by assessing the content of chromophores in
biological tissue, to adapt the parameters of laser exposure
in real time to achieve the desired treatment result. Thus,
monitoring changes in reflected light in the content of
deoxyhemoglobin and methemoglobin in the blood of a
tissue when it is heated can determine the moment in time
when, in a certain spectral region, the tissue becomes most
transparent (clear) due to the thermostimulated substitution
of these blood chromophores with each other. It is obvious
that at present, the development of an adequate algorithm
for operation and the construction of any feedback in a
laser medical system, including one based on measuring
the optical characteristics of biological tissue, is impossible
without performing careful numerical simulation.

Using numerical simulation, it is possible to determine
the wavelengths that are most effective for a particular
laser treatment. For example, the wavelengths in the
visible range of the spectrum absorbed by deoxyhemoglobin
(420—450 and 590—800nm) are well suited for effective
photothermolysis, but do not allow laser energy to be
delivered to deep tissue layers without damaging surface
structures [20]. In this regard, in the context of creating
an effective feedback system in medical laser systems, a
comprehensive analysis of reflected, absorbed and trans-
mitted light both at the wavelength of laser radiation
and in a wide spectral range is very relevant. In some
cases, diffuse reflectance spectroscopy and RGB imaging
methods are effectively used to detect the state of biological
tissue, which make it possible to noninvasively determine
chromophore concentrations from diffuse reflectance spectra
of the biological tissue under study or its image [21,22].
This allows, for example, to separate groups of patients with
different levels of hemoglobin in the blood, as was done in
Ref. [21]. This approach makes it possible to evaluate laser-
induced changes in the optical properties of biological tissue
in real time, which is critically important for optimizing the
parameters of laser exposure.

Blood, as the main chromophore of blood-filled soft
tissues, plays a key role in the formation of their optical
properties.  Reflection, absorption, and transmittance of
light by blood are very well studied [5,23]. Numerical
optical modeling of blood makes it possible to identify key
wavelengths that are most sensitive to changes in methe-
moglobin saturation and concentration, which opens up
wide opportunities for optimizing laser medical technologies
and developing feedback systems. Such systems can adapt
laser exposure in real time, minimizing tissue damage and
increasing the effectiveness of treatment. It is important that
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numerical simulation allows taking into account the pecu-
liarities of the composition of biological tissues and blood,
which is critically important for the development of modern
medical technologies. Changes in the concentrations of
oxyhemoglobin, deoxyhemoglobin, and methemoglobin in
the blood can characterize the state of biological tissues
during laser exposure. The identification of spectral ranges
that are most sensitive to changes in the concentration of
various forms of hemoglobin makes it possible to improve
the accuracy of diagnostic and therapeutic procedures,
including feedback technologies. However, the lack of
information on the effect of changes in the concentration
of methemoglobin in the blood during laser heating on its
optical parameters, including the reflection, absorption and
transmittance spectra, limits the capabilities of modern laser
technologies, including the treatment of deep-lying tissues.
As a part of this work, it is proposed to fill this gap
by numerically evaluating the behavior of light reflected,
absorbed and transmitted through the human blood layer at
various wavelengths with changes in the concentration of
deoxyhemoglobin, oxyhemoglobin and methemoglobin.

Thus, in the context of optimizing the laser effect on
blood and its containing tissues and searching for an optimal
algorithm for the operation of a feedback laser system, the
purpose and objectives of this study were to develop a
computer model of an experimental setup to evaluate the
powers of reflected, absorbed and transmitted light fluxes
through a human blood layer and determine, as a result
of numerical simulation, the wavelengths at which these
powers vary as much as possible with changes in blood
oxygen saturation and the concentration of methemoglobin
in the blood, as well as the wavelengths at which the powers
of these light streams do not change with changes in the
same parameters.

Materials and methods

A computer simulation of the experimental setup for
estimating the power of reflected, absorbed and transmitted
light streams through the human blood layer is shown in
Fig. 1. The thickness of the blood layer was chosen to
be 150, 300, and 1000 um, which is comparable to the
size of small, medium, and large telangiectasias in human
skin [24). A numerical optical model of human blood
presented in Ref [25] was used to describe the processes
accompanying the interaction of light with blood.

Optical numerical 3D simulation was performed in the
»IracePro 7.0.1“ program (Lambda Research Corporation,
USA) using the Monte Carlo method. The light source
emitted in the wavelength range of 400—1100nm. It
was a completely transparent in the wavelength range
of 400—1100nm hollow infinitely thin cylinder with a
diameter of 10mm, which was located at a distance of
20 mm from the surface of the blood layer facing it (Fig. 1).
The light from the source normally fell to the surface of the
blood layer with a diameter of 50 mm and was a parallel

Combinations of concentrations of oxyhemoglobin (Cryo, ), deoxy-
hemoglobin (Cpp) and methemoglobin (Cyern) in blood used in
numerical simulation

Ne Chvo,, % Chp, % ChMetHb, %0
1 100 0 0
2 80 20 0
3 60 40 0
4 40 60 0
5 20 80 0
6 0 100 0
7 0 80 20
8 0 60 40
9 0 40 60

10 0 20 80

11 0 0 100

beam of rays with a diameter of 10 mm. The beam diameter
was selected in accordance with the data on radiation
parameters for laser telangiectasia sclerosis presented in
Ref. [26]. The spectral and spatial distribution of radiation
in the source beam was uniform. 10,000rays were used
in the simulation, the total power of which was 1 W. The
reflected and transmitted light power after interaction with
the blood layer was intercepted by corresponding detectors
with a diameter of 100 mm and evaluated using the built-in
software tools of ,,TracePro 7.0.1“ as a result of integration
over the area of the spatial distribution of the luminous flux
power, which reached and was completely absorbed by the
detector. The light power absorbed by the blood layer was
calculated by subtracting the reflected and transmitted light
fluxes from the power of the light source.

The numerical simulation used eleven combinations of
concentrations of various forms of hemoglobin, shown in
the table. The selected combinations cover a wide range
of physiological and pathological conditions, which makes it
possible to approximate the results of numerical analysis
of changes in the optical characteristics of blood to the
results that may occur in a clinic setting. The combinations
Ne 1—6 describe changes in blood saturation without the
formation of methemoglobin, which corresponds to both
normal physiological processes, such as blood oxygen
saturation or the development of hypoxia, and pathological
ones, when blood oxygen saturation decreases as a result of
temperature exposure [11,21,27]. Combinations of No 7—11
correspond to the substitution of deoxyhemoglobin with
methemoglobin, which is observed when exposed to ther-
mal, including laser-induced or chemical factors [28,29].

As a result of numerical simulation, the power spectra of
reflected (R(1)), absorbed (A(1)) and transmitted (T (1))
through the blood layer of light in the wavelength range of
400—1100nm were calculated with various combinations
of concentrations of oxyhemoglobin, deoxyhemoglobin and
methemoglobin according to the table. Further, the follow-
ing equations were used to determine the parameters dR(1),

Optics and Spectroscopy, 2025, Vol. 133, No. 5



Numerical study of the influence of oxyhemoglobin, deoxyhemoglobin, and methemoglobin content... 529
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Figure 1. Ray path in the diagram of the computer model of the experimental setup for evaluating the power of reflected, absorbed and
transmitted light streams through the human blood layer (for the combination No 1 according to the table, the wavelength is 800 nm).
Red rays — for each such ray, the proportion of 1/10000 of the light source power ranges from 100.0 to 66.6%, green rays — from 66.6

to 33.3%, blue rays — from 33.3 to 0.1%.

dA(A) and dT(2):
dR(A)var = R(A)var — R(A)1, (1)

where R(A)y,r is the calculated power of the light reflected
from the blood with parameters Cpypo,, Chp and Cermp for
combinations Ne 1—11 according to the table, R(1); is the
calculated power of the light reflected from the blood layer
for the combination Ne 1 according to the table;

dA(/l)var = A(ﬂ-)var - A(ﬂ-)l’ (2)

where A(2)y, is the calculated power of the light absorbed
by the blood with parameters Cupo,, Cup and Cuemn for
combinations Ne 1—11 according to the table, A(1); is the
calculated power of the light absorbed by the blood layer
for the combination Ne 1 according to the table;

dT(/’L)var = T(ﬂ-)var - T(;l')lv (3)

where T(1)y,y is the calculated power of the light trans-
mitted through the blood with parameters Cupo,, Cupb
and Cpyegp for combinations Ne 1—11 according to the
table, T(1); is the calculated power of the light transmitted
through the blood layer for the combination Ne 1 according
to the table.

The analysis of parameters dR(1), dA(1) and dT (1) was
used to evaluate changes in the spectra of R(1), A(%)
and T (1) with various combinations of oxyhemoglobin and
deoxyhemoglobin concentrations and methemoglobin ac-
cording to the table relative to the spectrum R(1), A(1) and
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T(4) of the blood layer consisting only of oxyhemoglobin
(table, combination Ne 1) and allowed determining the
wavelengths at which the intensities of reflected, absorbed
and transmitted through the blood layer, the light changes as
much as possible with changes in blood oxygen saturation
and the concentration of methemoglobin in the blood, as
well as the wavelengths at which the intensity of these
light streams does not change with changes in the same
parameters.

Results and discussion

Fig. 2 shows the spectra of reflection R(1) (Fig. 2,a),
absorption A(1) (Fig. 2, b) and transmittance T (1) (Fig. 2,¢)
of a human blood layer with a thickness of 150 um with
different levels of oxyhemoglobin, deoxyhemoglobin and
methemoglobin and spectra of parameters dR(1), dA(1) and
dT(4), demonstrating changes in the reflection, absorption
and transmittance of this layer of blood associated with
changes in its composition relative to the initial one, for
which the content of oxyhemoglobin is 100%, deoxyhe-
moglobin 0% and methemoglobin 0%.

It can be seen that when oxyhemoglobin is replaced
by deoxyhemoglobin in a blood layer with a thickness
of 150um, the most noticeable changes in reflection,
absorption, and transmittance relative to the blood layer
with Cppo, = 100% occur in the wavelength regions of
450—520, 590—780 and 780—1100 nm. Attention should be
paid to the fact that the replacement of oxyhemoglobin with
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Figure 2. Spectra R(1)var and dR(A)var (@), spectra A(4)var and dA(4)var (b) and spectra T (4)var and dT (4)var (¢) of @ human blood layer
with a thickness of 150 um with different levels of oxyhemoglobin, deoxyhemoglobin and methemoglobin, where var is the combination
number according to the table; R(4)var, A(4)var and T (4)var — solid curves, dR(4)var, A(4)var and dT (1)var — dashed curves.

deoxyhemoglobin practically does not change the absorption
of the blood layer at the wavelengths of 400—420, 430, 450,
500, 569, 586 and 795nm, ie. the absorption of oxyhe-
moglobin is equal to the absorption of deoxyhemoglobin at
these wavelengths (isobestic points of blood). It is reported
in Ref [30] that the isobestic points of blood can include
wavelengths 410, 430, 450, 500, 569, 586 and 805nm.
The authors of Ref. [31] attribute the wavelengths of 259.9,
339.5, 390.0, 422.0, 452.4, 500.1, 529.2, 545.3, 570.2, 584.1

and 796.8 nm to the isobestic points of blood. It should be
noted that the results of simulation within the framework of
the computer model developed in this work for assessing
the power of light fluxes reflected, absorbed, and passing
through a layer of human blood are in good agreement with
the data of the above-mentioned works for isobestic points
of blood, and minor discrepancies in the wavelengths of
isobestic points of blood are associated with the contribution
of scattering, which is taken into account in the computer
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model of the experimental setup and leads to a shift in
the absorption band maxima in the blood layer when its
thickness changes.

It should also be noted that when deoxyhemoglobin is
replaced by methemoglobin, the absorption of the blood
layer does not change at wavelengths of 430, 455, 520, 603,
660 and 760 nm, which also agrees well with the known
isobestic points of methemoglobin [32,33].

The reflection exhibits a maximum increase by 0.34%
(A = 476 nm) in the region of 450—520 nm with an increase
in the content of deoxyhemoglobin in the blood from 0
to 100%, it practically does not change in the region of
520—590 nm, it decreases as much as possible by 6.50% in
the region of 590—780 nm, while the maximum corresponds
to A = 640 nm, while the reflection increases by a maximum
of 1.73% (1 = 1020 nm) in the area of 780—1100 nm. This
result is consistent with the data from Ref. [25], in which
exposure to blood to laser radiation with wavelengths of
450 or 980 nm led to a decrease in reflection at wavelengths
from the range of 590—780 nm, associated with a decrease
in blood oxygen saturation, that is, with the replacement
of oxyhemoglobin with deoxyhemoglobin. The absorption
decreases maximally by 16.63% (4 = 475nm) in the region
of 450—520nm with an increase in the deoxyhemoglobin
content from 0 to 100%, it practically does not change
in the region 520—590nm, it is maximized by 41.76%
(2 = 606 nm) in the region of 590—780 nm, and it exhibits
a maximum decrease by 10.25% (1 = 1000nm) in the
region of 780—1100nm. The transmittance exhibits a
maximum increase by 16.30% (4 = 475nm) in the region
of 450—520nm with an increase in the deoxyhemoglobin
content from 0 to 100%, it practically does not change in
the region of 520—590 nm, it exhibits a maximum decrease
by 37.29% (A =604nm) in the region of 590—780nm,
and it increases maximally by 8.71% (4 = 1000 nm) in the
region of 780—1100 nm. Thus, the replacement of oxyhe-
moglobin with deoxyhemoglobin in human blood leads to
a directly proportional change in reflection and transmit-
tance relative to each other and an inversely proportional
change in absorption. Obviously, when deoxyhemoglobin
is replaced by oxyhemoglobin, changes in the spectra will
demonstrate the reverse of the dynamics described above,
i.e. its decrease will be observed in those wavelength regions
where an increase in one or another of the above optical
characteristics was observed.

It can be seen that when deoxyhemoglobin is replaced by
methemoglobin in a blood layer with a thickness of 150 um,
the most noticeable changes in reflection, absorption, and
transmittance relative to the blood layer with Cypo, = 100%
occur in the wavelength regions of 520—590, 590—780 and
780—1100 nm. The reflection practically does not change in
the region of 450—520 nm, with an increase in the content
of methemoglobin from 0 to 100%, it exhibits a maximum
increase by 0.43% (1 = 580 nm) in the region 520—590 nm,
it exhibits a maximum decrease by 8.23% (1 = 640nm) in
the region of 590—780 nm, and it decreases by a maximum
of 591% (2 =1100nm) in the region of 780—1100 nm.
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The result obtained is in good agreement with the data
presented Ref. [34], where a decrease in the intensity of
light reflected by the skin with a wavelength of 980 nm was
recorded during laser heating and an associated increase
in the concentration of methemoglobin in the skin’s blood.
Also, similar changes in the reflection spectra of a blood
solution associated with the conversion of oxyhemoglobin
to deoxyhemoglobin and methemoglobin as a result of
heating were demonstrated in Ref. [35], where the issue
of reflection changes during liver surgery using a laser
was studied. The absorption practically does not change
in the region of 450—520nm with an increase in the
content of methemoglobin from 0 to 100%, it exhibits a
maximum decrease by 24.90% (4 = 578 nm) in the region
of 520—590 nm, it exhibits a maximum increase by 62.25%
(A = 629 nm) in the region of 590—780 nm, and it exhibits a
maximum increase by 27.97% (2 = 1070 nm) in the region
of 780—1100nm. The transmittance practically does not
change in the region of 450—520nm with an increase in
the content of methemoglobin from 0 to 100%, it increases
by 2447% (2 =578nm) in the region of 520—590 nm,
it exhibits a maximum decrease by 54.50% (1 = 629 nm)
in the region of 590—780nm, and it exhibits a maxi-
mum decrease by 22.55% (1 = 1070nm) in the region of
780—1100nm. Thus, the replacement of deoxyhemoglobin
with methemoglobin in human blood leads to a directly
proportional change in reflection and transmittance relative
to each other and an inversely proportional change in ab-
sorption. Obviously, when methemoglobin is replaced with
deoxyhemoglobin, changes in the spectra will demonstrate
the reverse of the dynamics described above, ie. in those
wavelength regions where an increase in one or another of
the above optical characteristics was observed, its decrease
will be observed.

Fig. 3 shows histograms reflecting the effect of the
thickness of the blood layer on the reflection, absorption
and transmittance of light by the layer in the wavelength
regions noted above when oxyhemoglobin is replaced by
deoxyhemoglobin and Cyety = 0% in the blood.

The previously noted trends reflecting the effect of oxy-
hemoglobin replacement on deoxyhemoglobin in the blood
persist and do not change with changing layer thickness. It
can be seen that in this case, dR(1), dA(1) and dT (1) reach
zero at a thickness of 1000 um as a result of the increase
in layer thickness in the wavelength regions of 450—520
and 520—590nm. An increase in thickness leads to a
decrease of dR(1) in the wavelength range of 590—780 nm,
a nonlinear decrease of dA(1), and an increase in dT(2).
An increase in thickness leads to an increase of dR(1), a
decrease of dA(1), and an increase of dT(4) in the wave-
length range of 780—1100nm. The nonlinearity in the
above dependencies can be attributed to the fact that with
the increase of the wavelength thickness, the maxima of
the studied ranges shift, for example, the maximum of
the absorption band of 590—780nm shifts from 606 nm
with a thickness of the blood layer of 150 um by 670 nm
at a thickness of 1000um. It becomes clear from the
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Figure 3. Effect of blood layer thickness on dR(1) (a), Figure 4. Effect of blood layer thickness on dR(1) (a),

dA(A) (b) and dT(1) (c¢) in the wavelength regions of
450—520 (476/475/475), 520 —590 (560/560/560), 590 —780
(640/606/604) and 780—1100nm (1020/1000/1000 nm) when
oxyhemoglobin was replaced in the blood by deoxyhemoglobin
and Cwmemy = 0% (the wavelengths in the studied spectral region
are indicated in parentheses, at which dR(1), dA(1) and dT (1) ,
respectively, had maximum values with a blood layer thickness of
150 ym).

presented data that the wavelength ranges of 590—780 nm
and 780—1100 nm are best suited for detecting the degree
of blood oxygenation by analyzing the light reflected from
it, since the value of dR(A) is significantly (> 1%) above
zero in these spectral regions. The decrease in oxygenation
(replacement of oxyhemoglobin by deoxyhemoglobin) is
accompanied by a decrease in dR(1) in wavelength range

dA(A) (b) and dT(1) (c¢) in the wavelength regions of
450—520 (476/475/475), 520 —590 (580/578/578), 590 —780
(640/629/629) and 780—1100nm (1100/1070/1070 nm) when
deoxyhemoglobin was replaced in the blood by methemoglobin
and Cipo, = 0% (the wavelengths in the studied spectral region
are indicated in parentheses, at which dR(1), dA(1) and dT (1),
respectively, had maximum values with a blood layer thickness of
150 um).

of 590—780 nm, and in the region of 780—1100 nm, on the
contrary, it leads to an increase in dR(1) and these changes
only increase with the increase of the thickness of the blood
layer.

Fig. 4 shows histograms reflecting the effect of the
thickness of the blood layer on the reflection, absorption
and transmittance of light by the layer in the wavelength
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regions noted above when deoxyhemoglobin is replaced in
the blood by methemoglobin and Cypo, = 0%.

The previously noted trends reflecting the effect of
deoxyhemoglobin replacement on blood methemoglobin
persist and do not change with changing layer thickness.
It can be seen that in this case that an increase in layer
thickness in the wavelength regions of 450—520nm and
520—590 nm leads to the fact that dR(1), dA(1) and dT (1)
reach zero at a thickness of 1000 um. In the wavelength
range of 590—780nm, an increase in thickness leads to a
decrease in dR(1), a nonlinear change in absorption dA(1)
(an increase in the thickness of the blood layer from 150 um
to 300 um and decrease with increasing thickness from 300
to 1000um) and nonlinear change dT (1) (decrease with
increasing thickness of the blood layer from 150 to 300 ym
and increase with the increase of the thickness from 300
to 1000 um). An increase in thickness leads to a decrease
in dR(1) in the wavelength range of 780—1100nm, a
nonlinear change in dA(A) (an increase in the thickness of
the blood layer from 150 to 300um and a decrease in an
increase in thickness from 300 to 1000 um) and a nonlinear
change in dT (1) (decrease with an increase in the thickness
of the blood layer from 150 to 300 um and increase with
an increase in thickness from 300 to 1000um). The
nonlinearities in the above dependences in this case, as well
as with changes in saturation, can be attributed to the fact
that with increasing wavelength thickness, the maxima of
the studied ranges shift.

It becomes clear from the presented data that the
wavelength ranges of 590—780nm and 780—1100 nm are
best suited for detecting the presence of methemoglobin
in blood by analyzing the light reflected from it, since the
value of dR(A) is significantly (> 5%) above zero in these
spectral regions. The replacement of deoxyhemoglobin with
methemoglobin is accompanied by a decrease in dR(1)
in the wavelength range of 590—780nm, while a drop
in dR(1) is observed in the range of 780—1100nm, in
contrast to the trend observed in case of replacement
of oxyhemoglobin with hemoglobin, when hemoglobin
is replaced by methemoglobin, and these changes only
increase with the increase of the thickness of the blood
layer.

Analysis of the presented spectra of the blood layer
with a thickness of 150 um allows identifying a band in
the wavelength range of 520—590 nm with a maximum of
580 £ 5nm, in which changes in the reflection, absorption
and transmittance spectra of human blood are associated
only with a change in the content of methemoglobin in
it. In this range, according to the simulation presented
above, replacing oxyhemoglobin with deoxyhemoglobin in
the blood does not significantly change dR(1), dA(1)
and dT(1), while dR(1) and dT(A) increase in case of
replacement of deoxyhemoglobin with methemoglobin and
dA(A) drops. Thus, the appearance of methemoglobin in the
blood can lead to its brightening in the above wavelength
range (520—590nm), which can be used for diagnostic
or therapeutic purposes in medicine, while the content of
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methemoglobin can be controlled by analyzing the dynamics
of light reflected from biological tissue in this spectral range.
At the same time, changes in blood oxygen saturation can
also have a noticeable effect on blood transmittance in
some cases, for example, when oxyhemoglobin is replaced
with deoxyhemoglobin, leading to optical clearing in the
wavelength ranges of 450—520 nm and 780—1100 nm.

Conclusion

As a part of a numerical optical model of human
blood, the effect of blood oxygenation and the content of
methemoglobin in it on the reflection, absorption and trans-
mittance of light in the wavelength range of 400—1100 nm
by a layer of blood of various thicknesses has been studied.
As a result of numerical simulation, it was found that when
oxyhemoglobin is replaced by deoxyhemoglobin, the blood
light absorption does not change at 400—420, 430, 450,
500, 569, 586 and 795nm, and when deoxyhemoglobin
is replaced by methemoglobin the blood light absorption
does not change at wavelengths of 430, 455, 520, 603, 660
and 760 nm, which is in good agreement with the data on
isobestic points presented in the literature. It was found
that when oxyhemoglobin is replaced by deoxyhemoglobin
in a blood layer with a thickness of 150 um, the main
changes in reflection, absorption and transmittance occur
in the wavelength regions of 450—520, 590—780 and
780—1100nm, and when deoxyhemoglobin is replaced by
methemoglobin the main changes in reflection, absorption
and transmittance occur in the wavelength ranges of
520—590, 590—780 and 780—1100nm. The replacement
of oxyhemoglobin with deoxyhemoglobin and deoxyhe-
moglobin with methemoglobin in human blood leads to a
directly proportional change in reflection and transmittance
and an inversely proportional change in absorption. A
thickness change of the blood layer from 150 to 1000 um
does not significantly affect the trends noted above although
it leads to a deformation of the spectra. The replacement
of oxyhemoglobin with deoxyhemoglobin in the blood
does not significantly change reflection, absorption and
transmittance in the wavelength range of 520—590 nm with
a maximum of 580 + 5nm, while when the content of
methemoglobin changes, the reflection and transmittance
increase in this region of wavelengths and the absorption
decreases. The results obtained in the study can be used in
the development of feedback mechanisms in laser medical
systems to optimize the treatment of biological tissues and
organs.
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