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Abstract: Laser-based medical techniques for evaluating blood flow (BF), such as laser Doppler
flowmetry, laser speckle contrast imaging, etc., are known, but expensive and have some disad-
vantages. Recently, we have proposed a new technique—incoherent optical fluctuation flowmetry
(IOFF), which is realized using a LED-based optical probe. This work aims to theoretically study the
dependence of BF registered by IOFF on the source-detector distance (SDD) in the probe. For this
purpose, we developed a three-layer optical model of skin and used Monte Carlo (MC) simulations
of light propagation. All computations were performed for a wavelength of 810 nm and several SDDs
from 1 to 14 mm. MC results showed that the BF depends nonlinearly on the SDD. Herewith, the BF
is strongly correlated with the mean photon path length in a tissue (R = 0.92). Thus, flowmeters with
different SDDs can give different BF values on the same patient. Based on the study results, to stan-
dardize BF measurements, it has been justified that BF magnitudes measured should be normalized
to the exponential function of the SDD in the used optical probe in the form of [1 — exp(—b-SDD)],
where b is a constant.

Keywords: optical; non-invasive; flowmetry; blood flow; Monte Carlo simulation; source-detector
distance; skin

1. Introduction

Optical methods for evaluating blood flow (BF) in biological tissues for medical
purposes are well known today. Most of them use lasers as a source of light. Such methods
include laser Doppler flowmetry (LDF), laser speckle contrast imaging, diffuse correlation
spectroscopy, etc. [1,2]. One of the most used methods among them is the LDF, which is
based on the Doppler effect induced by moving red blood cells at a coherent illumination [3].
A laser Doppler instrument’s output usually is BF, velocity, and /or concentration of the
moving red blood cells, which are extracted from the spectrum of photocurrent power
fluctuations produced by optical fields’ beatings of backscattered light on a surface of a
square-law detector [3,4]. However, the LDF technique has some disadvantages. One of
the significant limitations of the method is the small diagnostic volume in a tissue, which
makes it possible to explore only superficial skin vessels. As a result, the method has a low
reproducibility of basal skin BF recorded at rest [5]. In general, LDF has low diagnostic
significance when making a diagnostic conclusion for one person. It does not yet allow the
use of this technology for a wide clinical practice [6]. Moreover, the LDF technique is quite
expensive due to the use of lasers and optical fibers. In addition, it is an operator-dependent
technology due to the ambiguity and complexity of fiber positioning on the patient’s skin
surface [7,8].

A simpler and cheaper optical technique can be realized with the use of incoherent
light to illuminate skin. In this case, fluctuations in the blood volume in the skin lead
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to corresponding fluctuations in the optical properties of the skin (mainly absorption),
which, in turn, modulates the intensity of optical radiation backscattered by the skin [9].
In particular, the photoplethysmography (PPG) technique, in which a pulse wave signal
is recorded, is based on this principle [10]. The registered PPG signal consists of a slowly
varying component (DC), due to the absorption of light by motionless tissue structures as
well as by an average blood volume, and a variable (alternating) component (AC), which is
formed due to blood volume fluctuations.

Recently, we have proposed a new method to record BF in skin based on incoherent
illumination and a spectral analysis of AC components similar to the LDF technique [11].
The method was named “Incoherent Optical Fluctuation Flowmetry” (IOFF). It is close
to the PPG technique with the flowmetry function [12], i.e., with the calculation of the
peripheral perfusion index (PFI), but differs from that in the data processing algorithm.
The term BF (or perfusion) describes the amount of blood delivered to the capillary bed of
tissues in a certain period of time [13]. Since blood flows nonuniformly, but with pulsations,
any movement of blood will lead to blood volume changes. Thus, in IOFF the considered
BF is proportional to the rate of the blood volume increment in a tissue per unit time. BF is
computed as the first moment of the AC photocurrent amplitude spectrum normalized to
the DC photocurrent component [11]:

% _ kO ZZ:l fk'iac,k

BF ~
At ldc

@
where k) is the proportional coefficient, 7 is the total number of all low-frequency harmonics
in the registered AC photocurrent, i, is the AC photocurrent amplitude of the k-th har-
monic, f is the frequency of this k-th harmonic, i4. is an amplitude of the DC photocurrent
component. The frequency range of the registered signal is from 0 Hz to about 10 Hz. It
includes approximately 5-8 harmonics [11] and all of them should be taken into account.
Thus, the data processing algorithm in IOFF is closer to the LDF computations, but unlike
all known laser-based flowmetry techniques, IOFF does not require any optical fibers,
lasers, or coherent light, and makes it possible to obtain a signal from a larger diagnostic
volume of tissues (tens of mm?3) [14].

However, when developing a tissue optical probe for the IOFF or other similar tech-
nologies, it is necessary to select and substantiate the basic design parameters of the probe,
i.e., to select wavelengths for probing radiation, to determine the distance between a light
source and a photodetector, etc. It is well known, that to implement a flowmetry technique,
one of the isosbestic points is preferable as the light source wavelength because, near this
point, the absorption of light by oxy-hemoglobin (HbO;) and de-oxyhemoglobin (Hb) is
practically the same [11]. This is necessary to eliminate the difference in measured results
associated with unequal light absorption by arterial and venous blood. The wavelengths
of ~525, 568, and 805 nm can serve as such points [14]. For example, due to different
penetration depths, the green light at wavelengths of 525 and 568 nm can be used to register
superficial skin BF, whereas IR light at a wavelength of ~805 nm can be used to analyze
deeper subcutaneous BF [15].

At the same time, the problem of the most effective source-detector distance (SDD) in
the optical probe for the IOFF technique has not yet been studied at all. In particular, this
problem was studied in LDF earlier [16]. It was shown in a number of experiments with
the use of different phantoms that BF measured by LDF grows nonlinearly with increasing
SDD. However, measurements in LDF are usually limited to the distance of 1.4 mm between
emitting and receiving optical fibers [16,17]. Due to a small receiving aperture of an optical
fiber, a longer SDD leads to a large signal power loss. Therefore, in LDF short SDDs are
used, and this problem is not so important. However, the problem of optimal SDDs also
exists in cerebral BF measurements with the use of optical heterodyne detections combined
with interferometric diffusing wave spectroscopy [18].

The IOFF method makes it possible to separate a light source and a detector at a
greater distance due to the ability to use light-emitted chips and photodiodes directly on
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the surface of the skin. However, it requires an additional study of the backscattered signal
characteristics depending on the geometry of tissue illumination and a reasonable choice of
SDDs. A useful tool for this purpose is the Monte Carlo (MC) method, which allows us to
theoretically simulate the propagation of “photons” inside a tissue [19,20].

Our work aims to study the dependence of BF registered by the IOFF technique on
the geometry of tissue illumination (on the SDD in an optical probe) using numerical MC
simulations.

2. Materials and Methods
2.1. Optical Model of the IOFF Signal Formation

In this study, we consider the illumination of biological tissue in the backscattering
geometry in which a detector is located at some distance from a light source (see Figure 1).
We represented the skin as a three-layer heterogeneous medium consisting of the epidermis,
dermis, and deeper subcutaneous fat [21]. The epidermis is 0.2 mm thick, the dermis is
0.7 mm thick and the subcutaneous fat layer is semi-infinite [22]. Both the dermis and the
subcutis are also characterized by a level of blood volume V}, which can be considered as a
relative total hemoglobin fraction (Hb and HbO,) in the diagnostic volume of tissue [23].

SDD
<« >
LED source photodetector
epidermis
dermis

subcutaneous fat

Figure 1. The location of a light source and a photodetector at the simulation of light propagation in
the three-layer skin model. SDD—source-detector distance.

The epidermis does not contain blood vessels and consists of connective tissue,
melanin, and water. Thus, we can represent the absorption coefficient of the epidermal
layer as follows [24]:

P‘u,epi(}\) = Vmelyu,mel()‘> + le’lﬂ,w()‘) + [1 - (Vmel + Vw)].ua,baseline (/\) (2)

where A is a wavelength, V,,,; and V, are the volume fractions of melanin and water in
the epidermis, respectively, y, .1 and p4, are the absorption coefficients of melanin and
water, 1, paseline 1S the baseline absorption coefficient, which characterizes the absorption by
connective tissue in the absence of other chromophores. 1, poseine depends on a wavelength
and can be expressed by the following equation [25,26]:

Hapaseine (1) = 7.84 5 10° x 232 |em 1] ()

We computed the absorption coefficient of the dermal layer as in [27,28]:

ﬂa,derm(A) = Vb,A.ua,A ()‘) + Vb,V.uu,V(/\) + Vw.uu,w(/\) + [1 - (Vb,A + Vb,V + Vw)].ua,baseline (/\) (4)

where V}, 4 and V), y are the volume fractions of arterial and venous blood in the dermis,
respectively, y, 4 and i,y are the absorption coefficients of the arterial and venous blood.
The value of V} in the entire dermis, which is defined as the sum of V}, 4 and V},y, is 0.1 rel.
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units. p,; 4 and i, v, in turn, can be expressed in terms of arterial (S,0,) and venous (5,0,)
oxygen saturation, respectively, as [27]:

Ha,a(A) = SaO2pg 10, (A) + (1 = Sa02) pha bt (A) pa,v (A) = SuOapig Hpo, (A) + (1 — So02) g 1y (1) 5)

Ha,subcut (/\) =

where 1, 02 and i, gy are the absorption coefficients of HbO, and Hb.
Since the subcutaneous fat layer consists mainly of fat, we determine the absorption
coefficient of this layer as:

Vi, ata,a(A) + Vo v iav(A) + Votaw(A) + [1 = (Vo4 + Vov + Vo) ta far () (6)

where y, s is the absorption coefficient of fat.

To simulate BF according to Equation (1), it is necessary to model different increments
of V}, 4 with various spectral components in the dermal layer, since the main blood pulsa-
tions occur in the dermis. For this, we represented the time pulsations in the arterial blood
volume in Equation (4) inside the dermal layer as a sum of harmonic oscillations:

n
Vb,A(t) = VbO,A + AVb,A(f) = VbO,A (1 + Z my Sin(Q;J)) (7)
k=1

where Vi 4 is an average level of arterial blood volume, AV}, 4(t) is the variable component
of the arterial blood volume, 7 is the number of harmonics of V}, 4, 1y is a relative amplitude
of the k-th harmonic, () is the angular frequency of the k-th harmonic, my, is defined as
Ax/Vyo,a, where Ay is the absolute amplitude of this k-th harmonic.

2.2. Monte Carlo Simulation

We performed 3D MC simulations to calculate backscattered optical fluxes at different
levels of V}, 4 in the dermal layer. The numerical model applied uses a photon weighting
technique and is based on the well-known principles of MC simulation of photon transport
in biological tissues [29,30]. Laterally symmetrical skin model allows the use of detectors
with the square-form sensitive surface to improve computation accuracy [14,31,32]. At
the simulation, 10° photon packets were launched in the medium. A round source with
a diameter of 1 mm and a 1 x 1 mm square sensitive surface were used. The registered
flux was calculated relative to the incident one illuminating the tissue. Thus, the relative
backscattered flux was determined. The simulations were performed in Matlab R2022a
software (MathWorks, Natick, MA, USA).

We calculated the power of backscattered fluxes at the average arterial blood volume
of the dermal layer Vg 4 = 0.05 rel. units, and at different AV}, 4 which modeled harmonics
in (7). We simulated 5 harmonics with the following amplitudes my: 20, 10, 5, 2, and 1%.
These amplitudes correspond to the following increments of V}, 4 relative to the average
level: 0.01, 0.005, 0.0025, 0.001, and 0.0005 rel. units. Harmonic frequencies were set from
1 to 5 Hz with a step of 1 Hz. Calculations were carried out for SDDs from 1 to 14 mm with
a step of 1 mm. As a result, we have obtained a backscattered flux value for each SDD and
each harmonic. In addition, we detected the photon path length from a source to a detector
for each SDD. The mean optical path length (MPL) was calculated as the sum of all paths
of photons, registered by the detector, divided by their number.

It is known that the registered photocurrent is proportional to the power of the optical
flux incident on the surface of the square-law photodetector [4]. Thus, the power of the
backscattered flux at the average level of V}, 4 (Fluxger) corresponds to iy, and the difference
between Fluxgyer and the power of the backscattered flux at a k-th increment of Vj, 4 (Fluxy)
corresponds to i, in (1). Therefore, we can calculate the BF level that corresponds to the
k-th harmonic in (1) provided at ky = 1 as follows:

Plux”z)gr - Fluxk
BF, =
k Fluxaper

®)
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Finally, we calculated the total BF over all harmonics as:

5
BFiot = ) fi'BF )
k=1

where fi = {1, 2 ... 5} Hz are frequencies of these harmonics.

We also estimated the error of simulations. For this, we first calculated the error
of the power of backscattered flux at the average level of V}, 4 as a standard deviation
over 5 measurements. Let us denote X = Flux;per — Fluxi and Y = 1/Fluxger in (8) for
convenience. Assuming the errors of Fluxgy, and Fluxy are equal, the error of X was
defined as s(X) = ﬁ-s(F lux). Further, we calculated the error of each harmonic in the
following form:

s2(BF,) = s2(X)-s2(Y) + E2(X)s*(Y) + E2(Y)s*(X) (10)

where E(X) and E(Y) are the expected values of X and Y, respectively. Assuming that har-
monics are independent of each other, we finally calculated the error of total BF as follows:

2(BFjot) Z 2(BE,) (11)

2.3. Optical Properties of Skin Layers

In this study, we simulated the light propagation in the skin by MC calculations using
the developed three-layer model at the wavelength of 810 nm. Absorption coefficients of
melanin, oxyhemoglobin, deoxyhemoglobin, water, and fat were selected from literature
sources [27,33-36]. When calculating absorption coefficients of arterial and venous blood
according to (5), 5,0, was set at 97% and 5,0, was set at 30% lower, i.e., 67% [37]. The ratio
of volume fractions of arterial and venous blood in dermal and subcutaneous fat layers
was 1:1 [27]. The scattering coefficient of each layer was determined as a combination of
the Mie and Rayleigh theories [38]. The anisotropy factor and the refractive index were
assumed to be 0.8 and 1.4 correspondingly for all skin layers [39]. The anatomical and
optical parameters of skin layers are summarized in Tables 1 and 2, respectively.

Table 1. Anatomical properties of model skin layers.

Layer Thickness, Vmel,. Vi, . Vb,Ar. Vb,Vr'
mm rel. Units rel. Units rel. Units rel. Units
Epidermis 0.2 0.1 0.2 - -
Dermis 0.7 - 0.6 0.05 0.05
Subcutaneous fat 00 - 0.15 0.025 0.025

Table 2. Optical properties of tissue chromophores and model layers for the wavelength of 810 nm.

Chromophore
Optical Parameter . Arterial Blood  Venous Blood
Melanin Water (Hct = 45%) (Hct = 45%) Fat
ta, cm ™! 136.2 0.267 4.02 417 1.38
Layer
Epidermis Dermis Subcutaneous fat

s, cm ™! 183.9 111.1 102.7




Photonics 2023, 10, 190

6 of 10

3. Results and Discussion

Firstly, it is interesting to estimate the MPL at different distances between the source
and the detector. Figure 2 illustrates MPL and a registered flux calculated for different SDDs
at the average arterial blood volume Vjg 4 = 0.05 rel. units. As can be seen, MPL grows
linearly with the increasing SDD and strongly correlates with it. The Pearson correlation
coefficient between MPL and the SDD is 0.99. The registered flux decreases strongly with
the increasing SDD. It should be noted that similar results were obtained by S. Chatterjee
et al. earlier [27]. They investigated the optical path for photons in the application to PPG
at wavelengths of both 660 and 880 nm and obtained a similar linear dependence of the
optical path on the SDD at small distances.

5 T T g T ' T § T T T g T r T 3 10"

R =0.99 / 107
[ [2]
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] L 104 =
£ 34 A S
3] /' E10° é
1 / 3 =
o 2 ;-10‘5 ie]
S 2 i 0
e L107 &
F [@)]
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3 (e

| 107
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0 — T | S e — 10™°
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Figure 2. Mean optical path length (MPL) (black line, left scale) and the registered flux (gray line,
right scale) versus the source-detector distance (SDD) obtained by MC simulation at the average
arterial blood volume Vg 4 = 0.05 rel. units.

Further, we plotted the dependences of the BF level on the SDD for each of the blood
volume harmonics (see Figure 3a). As can be seen, the BF level increases with decreasing the
harmonic number. Herewith, the level of BF for all harmonics increases with the increasing
SDD. It reaches some maximum and drops to almost zero by a distance of 1.4 cm. The
total BF as a function of SDD is shown in Figure 3b. This dependence has a pronounced
maximum at the SDD of 1.1 cm. After 1.3 cm, BF rapidly drops to almost zero due to
the strong attenuation of the registered flux. At a distance of 1.4 cm, the registered flux
is 9 orders of magnitude less than the incident one (see the gray line in Figure 2). It is
also worth noting that, after a distance of 1.1 cm, the simulation error increases greatly. In
general, it can be concluded that the most sensitive measurements of BF can be performed
inside the SDD range from 0.8 to 1.2 cm.

Since the BF grows with the increasing distance in the range of 0.1-1.0 cm, most likely
this is due to the optical path growing when photons travel from the source to the detector.
Therefore, the dependence of BF level on the MPL is of interest. It was also computed in
our study. This dependence is presented in the form of a scatterplot in Figure 4. In addition,
we carried out both a linear and nonlinear approximation of the obtained dependence.
Nonlinear approximation was performed with the use of the exponential function of the
form a-(1 — exp(—b-MPL)). These approximation results are shown in Figure 4 with red and
blue curves. As can be seen below, the nonlinear function better reflects the dependence of
BF on the MPL than the linear one. The Spearman correlation coefficient between the BF
and the mean optical path is 0.92. The nonlinear fitting curve is given by the equation:

BFot = 0.1-(1 — exp(—1.04-MPL)) [rel. un.] (12)
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Figure 3. Dependence of BF on the SDD for: (a) individual harmonics BFy of V), 4 pulsations; (b) the
total BF. Amplitudes of the 1,2 ... 5th harmonics correspond to the following increments of V}, 4 in a
dermal layer: 0.01, 0.005, 0.0025, 0.001, and 0.0005 rel. units. The simulation error is shown as vertical
bars in (b).
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Figure 4. Dependence of the total BF on MPL at SDDs from 0.1 to 1.0 cm (black dots). The linear
fitting curve (red line) has the equation BF;,; = 0.034 + 0.022-MPL and the nonlinear fitting curve
(blue line) is determined by the equation BF;,; = 0.1-(1 — exp(—1.04-MPL)).

Since the MPL is strongly a linear function on SDD (see Figure 2), then the same expo-
nential relationship should exist between the BF and the SDD, but with other coefficients a
and b. As a result, we determined the dependence of BF on SDD by the following equation:

BFot = 0.1-(1 — exp(—2.9-SDD)) [rel. un.] (13)

As one can see in Figure 4, at SDDs up to 1 cm a level of BF increases with increasing
optical path length. This is a completely logical and physiologically justified result. It
is known that the greater the distance between the light source and the photodetector,
the deeper the light penetrates a tissue [40]. As a result, more vessels enter the area of
illumination (diagnostic volume). Since there are larger vessels in deeper layers of the
dermis, with deeper penetration of photons into tissues, the total BF registered increases
due to the entry of a larger number of vessels with larger diameters into the diagnostic
volume. As mentioned above, this effect was observed in LDF earlier [16]. All dependencies
plotted in [16] were limited to the SDD of 1.4 mm. At such distances, as was shown in [17],
the measurement depth is approximately 0.6-0.8 mm at the wavelength of 780 nm (in [17],
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calculations in the near IR region were carried out only for a wavelength of 780 nm, but
it is close to our 810 nm). In accordance with our model, in this case, the light does not
cover the deep vascular plexuses of the dermis. Moreover, such a small diagnostic volume
determines the well-known drawback of the LDF—the problem of the dependence of
device readings on the individual architecture of the microvascular bed in the examined
volume of tissues. Fredriksson I. et al. discussed this problem in [17] and proposed that the
model of homogeneous skin with a homogeneous vasculature may not be correct at such
small distances. However, the result obtained is close to ours.

The IOFF technique does not use fibers or lasers, and the SDD may be larger. In our
hardware realization [11] the SDD is deliberately chosen in the range of a few millimeters
to avoid the effect of inhomogeneity of the vessels” microarchitecture. Therefore, IOFF
allows us to evaluate the BF in deeper layers of skin, as well as to look even deeper—into
the subcutaneous tissue. That is why we studied by analogy a wider range of distances.
Nevertheless, we obtained a similar result. The main result of this study—the nonlinear
dependence of BF measured by IOFF on the SDD in optical probes—is the most important
for the usage of the IOFF method in clinical practice.

From the point of view of standardization of IOFF measurements, this is not an
inspiring result. It complicates the problem because IOFF instruments with different SDDs
in their optical probes can give different outputs. If we do not take into consideration
the problem of registering BF over all layers of the skin, then for the standardization and
unification of measurements it is necessary to require that all flowmeters have the same SDD.
Alternatively, it is necessary to do some kind of normalization when comparing results.

We tried to normalize the registered BFs by the exponential function:

f(SDD) =1 — exp(—2.9-5DD) (14)

These results are presented in Figure 5. As can be seen, after the normalization all
magnitudes of BFs measured converged approximately to the same level up to a distance
of 1 cm and become independent of SDDs. Thus, the normalization procedure is possible.
Within a short range of SDDs, inside the 0.3-1.0 cm interval, it allows standardized BF
measurements to be made regardless of the real SDDs used in flowmeters’ optical probes.

0.18 -
{ —=— before normalization|
0164 ' —e— after normalization |
0.14
_U_), 0.12 4
= 1
= 010
o
. 0.08 -
2
Th
oM 0.06 ]
0.04 4
0.02
1 T
0.0 02 04 06 08 1.0 1.2 14

SDD, cm

Figure 5. Dependence of the total BF on the SDD before (black line) and after (red line) normalization
to the exponential function of the distance in the form of 1 — exp(—2.9-SDD).

Indeed, such a result must be proven experimentally. But, this requires the creation
of additional equipment (various optical probes with different SDDs) and in vivo trials
in clinics. It is a long and complex process, but possible. We intend to do this in the next
phase of our research.
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4. Conclusions

We theoretically investigated the problem of dependence of the blood flow (BF) regis-
tered by the new IOFF technique on the source-detector distance (SDD) in the optical probe
used. A three-layer optical model of skin and the Monte Carlo simulation technique was
used for this purpose. The main result of the study is the nonlinear dependence of BF on the
mean optical path length and the SDD in optical probes. It was shown that the BF depends
on these quantities in the main form of the exponential function 1 — exp(—b-x), where b is
a constant. This makes it quite difficult to compare results for different flowmeters with
different SDDs. Therefore, we proposed the procedure for normalizing the registered BFs
to this function of the actual SDD in a probe. Within a short range of SDDs, inside the
0.3-1.0 cm interval, which is usually of interest in clinics for evaluation of cutaneous BFs,
it allows standardized BF measurements to be made regardless of the real SDDs used in
flowmeters’ optical probes. However, these theoretical results and proposals need to be
approved in further experimental trials.
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