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Abstract. Photoplethysmography (PPG) is an optical technique for detection of
blood volume changes in the microvascular bed of a biological tissue. Many
aspects of the PPG signal formation are still unclear. In particular, itis not known
how the shape of a registered PPG signal depends on the geometry of tissue
illumination. The aim of this study is to model the PPG waveform using the
Monte Carlo (MC) method. For this, we developed a three-layer optical model of
the skin in a reflectance geometry and verified it experimentally for different
wavelengths (660, 810, and 940 nm) and source-detector distances (from 4 to
10 mm). The MC simulation results showed that the PPG waveform depends on
the source-detector distance. The most pronounced diastolic wave is observed
at the distance of 6 mm for the wavelength of 810 nm. The results obtained can
be used for the development of reflectance PPG sensors. © 2022 Journal of
Biomedical Photonics & Engineering.
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1 Introduction

Photoplethysmography (PPG) is a simple optical
technique for detection of blood volume changes in the
microvascular bed of a biological tissue [1]. The method
is based on illumination of tissue with incoherent optical
radiation in the visible and/or near-infrared range and
recording a signal that has passed through or
backscattered from the tissue [2]. The PPG signal
registered consists of a variable component (AC), which
is formed due to blood pulsations, and a slow varying
component (DC) related to the average blood volume in
a tissue [1]. Currently, PPG is actively used to assess
parameters of the cardiovascular system. Clinical
applications of PPG include monitoring of arterial
oxygen saturation (pulse oximetry), pulse rate and its
variability, cardiac output and respiration, assessment of
microvascular blood flow and tissue viability, endothelial
and vasomotor function, thermoregulation, etc. [1, 3].
However, morphological analysis of the pulse waveform
(PW) extracted from the AC component of the PPG
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signal provides other important information about the
state of blood vessels, for example, their stiffness, tone,
compliance, etc. [4]. Therefore, it is very important to use
a correct technique for recording and processing the pulse
wave signal.

As known, the pulse wave consists of direct systolic
and reflected diastolic waves, as well as a dicrotic notch,
which characterizes the moment of aortic valve
closure [4, 5]. Herewith, the PW registered in PPG
depends on many factors such as the wavelength of light
illuminating the tissue, the measurement site on the body,
the elasticity of vessel walls, etc. [6—8]. Many aspects of a
PPG signal formation cannot be studied experimentally
invivo, for example, how blood volume or the
concentration of different chromophores affects the signal.
Hence, many researchers use methods of theoretical
modeling of light propagation in tissues. One of these most
used methods is the Monte Carlo (MC) approach [9, 10].

S. Chatterjee et al. investigated the effect of blood
volume and oxygen saturation on optical path of light by
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MC modeling applied to the pulse oximetry
technique [11]. They also explored the optical parameters
to PPG (pathlength, penetration depth, absorbance,
reflectance and transmittance) as the functions of multiple
wavelengths and source-detector separations as well as the
contributions of different tissue layers and sublayers in the
formation of a PPG signal [12,13]. For this, they
developed a three-dimensional comprehensive MC model
of finger-PPG. Andreia V. Mogo et al. developed a
multilayered MC model of the skin to simulate the separate
contributions from skin layers containing pulsatile
arterioles to the PPG signal in the 450—1000 nm range [14].
V. Dremin et al. explored the variations in diagnostic
volume due to arterial blood pulsations [15]. However, the
shape of the PPG signal has not been explored in models
described above. As far as we know, there are no detailed
studies on how the registered PW depends on the geometry
of tissue illumination, for example, on the distance
between a source and a detector. This is important at the
development of PPG devices based on accurate
reproduction and analysis of the pulse wave signal. So, the
aim of this study is the MC modeling of the
photoplethysmographic PW and experimental verification
of simulation results.

2 Materials and Methods

2.1 Optical Model of the Tissue

We consider the illumination of biological tissue in a
reflectance geometry in which a detector is located at a
distance r from a light source. When developing an
optical model of the skin, we used the classical
volumetric approach to simulate the PPG signal [16]. It
assumes that the intensity of the signal backscattered
from the tissue is modulated by changes in the medium
absorption, caused, in turn, by variations in the tissue
blood volume. Thus, the key parameter of the model is
the blood volume. Based on this, the skin was presented
as a three-layer heterogeneous medium consisting of the
epidermis, dermis and deeper subcutaneous fat (see
Fig. 1). The epidermis is 0.2 mm thick, the dermis is
0.7 mm thick and the subcutancous fat is semi-
infinite [17]. The dermis and subcutaneous fat of the skin
are characterized by a level of blood volume V5, which
can be considered as the relative total hemoglobin
fraction (Hb and HbO») in the diagnostic volume of
tissue [18].

epidermis
dermis

subcutaneous fat

Fig. 1 Three-layer optical model of the skin.
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The epidermis does not contain blood vessels and
consists of connective tissue, melanin and water. Thus, we
represent the absorption coefficient of the epidermal layer
in the form [19]:

ua,@pi (}\’) = I/melua,mcl ()\’) + I/wp'a,w (}\') +
+ |:1 - (Vme/ + V:v ):| “’a,baseline (7\’) 2 (1)

where A is the wavelength, Ve and Vi are the volume
fractions of melanin and water in the epidermis,
respectively, amer and a,w are the absorption coefficients
of melanin and water, a,saseline 1S the baseline absorption
coefficient, which characterizes the absorption of
connective tissue in the absence of other chromophores.
Wa,baseline depends on the wavelength and can be expressed
by the following equation [20, 21]:

_ 8~ -3255r -1
“a,bﬂseline (}\') =7.84x10"x [Cm ] (2)

The optical properties of the dermis are highly
dependent on V5. Since the dermis, in turn, consists of
different layers, such as the papillary dermis, upper blood
net dermis, reticular dermis and deep blood net dermis, the
level of Vs in these layers varies. It is approximately
0.04 rel. units in the papillary dermis, 0.3 rel. units in the
upper blood net dermis, 0.04 rel. units in the reticular
dermis and 0.1 rel. units in the deep blood net dermis [22].
Thus, the average value of V» of the entire dermis is
approximately 0.1 rel. units. We write the absorption
coefficient of the dermal layer as [13, 23]:

Haton ()= Vo 1)Vt (1) Vb (1) 3
1=V Vs +V) e stne (V).

where V4 and Vi, y are the volume fractions of arterial
and venous blood in the dermis, respectively, a4 and pa,r
are the absorption coefficients of arterial and venous
blood. pa.4 and pe v, in turn, can be expressed in terms of
arterial and venous oxygen saturation S.”¥ and S.°Y,
respectively, as [13, 24]:

Mo 4 (}‘) = S;W”a,ﬂboz (}‘) + (1 - S:W)”uﬂb (}‘)’
Moy (;“) = ijy“a,/lboz ()“) + (1 - S\(')Xy)”a,ub ()“)’

4)

where W, ypo, and W, p are the absorption coefficients
of oxygenated and deoxygenated hemoglobin.

Since the subcutaneous fat layer consists mainly of fat,
we write the absorption coefficient of this layer as:

ua.subcul ()\‘) = Vb,AHa,A (7\‘)+ Vb,V““-V (}\')+ (5)
Vb (W) [ 1= (Vs V5 V) 1 (1),

where Lo is the absorption coefficient of fat.
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2.2 Optical Properties of Skin Layers

In this study, we simulated the light propagation in the
tissue by the MC approach using the developed three-
layer model for the 3 wavelengths, namely: 660 nm,
810 nm and 940 nm. The absorption coefficients of
melanin, oxyhemoglobin, deoxyhemoglobin, water, and
fat were used from the literature [13, 19, 25-28]. When
calculating the absorption coefficients of arterial and
venous blood according to Eq. (4), S«*® was set at 97%
and S, was set 30% lower, i.e. 67% [14]. The ratio of
volume fractions of arterial and venous blood in the
dermal and subcutaneous fat layers was 1:1 [13].

The scattering coefficient of each layer was determined
as a combination of the Mie and Rayleigh theories in the

foorm of an approximate dependence on the
wavelength [29]:
N -4
e
500(nm 6
o) (wm) (6)

RNl
=1 )

where g (4) is the reduced scattering coefficient, a’ is
the scaling factor, which is equal to p; at the wavelength
of 500 nm, fray is the fraction of Rayleigh scattering, busie
is the power of Mie scattering. The coefficients a’, fray
and buie for all layers were adopted in accordance with
the data of Salomatina et al. and used to calculate the
scattering coefficient by Eq. (6) [29, 30]. The anisotropy

Table 1 Anatomical properties of model layers.
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factor and the refractive index were assumed to be 0.8
and 1.4 correspondingly for all skin layers [30].

Anatomical and optical parameters of skin layers are
summarized in Tables 1 and 2, respectively.

2.3 Modeling of the Pulse Wave Signal

It is known that the AC component of the PPG signal is
formed due to arterial blood pulsations [31]. Thus, we
can represent the time change in arterial blood volume as
a sum of harmonic oscillations:

Via (t) =Viou +AV, (t) =Viou [1 + Zn:mk Sin(th)J’ (M

k=1

where V4 is a some average level of arterial blood
volume, AVsa(t) is the variable component of arterial
blood volume, n is the number of harmonics of V4
changes, m is the relative amplitude of the ™ harmonic,
Qi is the angular frequency of the & harmonic. m; is
defined as 4x/Vio.4 (A is the absolute amplitude of the k™
harmonic). Variations in V5.4 according to Eq. (7) lead to
variations in the absorption coefficients of the dermal and
subcutaneous fat layers in Egs. (3) and (5), which, in turn,
lead to amplitude modulation of the registered optical
radiation in the PPG. Thus, the shape of the pulse wave
can be unambiguously specified by setting the
amplitudes my and frequencies Q in Eq. (7).

Layer Thickness, Vmel,. Vi ) Vb,A,. Vs, v
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 o0 - 0.15 0.025 0.025

Table 2 Optical properties of tissue chromophores and model layers.

Optical Chromophore/ Wavelength, nm
parameter Layer 660 310 940
Ha, cm”! Melanin 269.4 136.2 83
Water 0.0032 0.267 0.36
Arterial blood (Het = 45%) 1.95 4.02 6.43
Venous blood (Het = 45%) 6.42 4.17 5.77
Fat 0.65 1.38 1.44
s, cm’! Epidermis 2274 183.9 161
Dermis 139.5 111.1 97.4
Subcutaneous fat 122.8 102.7 92
J of Biomedical Photonics & Eng 8(3) 030306-3 30 Sep 2022 © J-BPE
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In this study, we used two harmonics to approximate
the PW. The PW modeled in this way is shown in Fig. 2.
The amplitudes of harmonics m1 = 0.069 and m2 = m1/1.5
were adjusted so that the ratio of the variable component
AVh.4 to the average level Vo4 was equal to 0.2 [32]. The
frequencies of the first and second harmonics were set at 1
and 2 Hz, respectively.

0.06

systole

0.0551

diastolic
peak

dicrotic
notch

Vb 4, rel. units
o
o
A

0.0451

diastole

0.04
0

Time, s

Fig. 2 Simulated time dependence of the arterial blood
volume in the dermal layer, which is a pulse wave.
Veou=0.05, m1=0.069, mx=mi/1.5, Qi=2nrad,
Q2 =2xQy =4n rad.

The main blood pulsations occur in the dermis;
however, recent studies have confirmed that they are also
observed in the subcutaneous fat layer, in which larger
arterioles and arteries are concentrated [14]. Herewith, the
magnitude of V4 oscillations in the subcutaneous fat is
unknown from the literature, but it is known that it is less
than in the dermis. The ratio of the AV.4 to the Vo4 in the
subcutaneous fat layer was assumed to be 8%.

2.4 Monte Carlo Simulation

In this study, we performed MC simulations to calculate
the backscattered fluxes. 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 [33, 34]. Disk-detector
geometry was used to speed up the computation and to
improve its accuracy [35]. In the simulation
6x107 photon packets were launched in the medium. A
round source with a diameter of 1 mm and a 2x2 mm
square detector were used. The registered flux was
calculated relative to the incident flux illuminating the
tissue (i.e. the relative backscattered flux) and then
inverted relative to the flux at the diastole because the
backscattered flux is inversely related to blood volume.
At the first stage, we calculated the backscattered
fluxes at the moments of diastole and systole for all
3 wavelengths (660 nm, 810 nm and 940 nm) and for the
following source-detector distances: 4, 6, 8, and 10 mm.
Then, we calculated the AC/DC ratio of the PPG signal as:

Flux,, — Flux,
£ _ syst diast 100%’ (8)
DC Flux,
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where Fluxsys is the backscattered flux at the moment of
systole, Fluxaias: is the backscattered flux at the moment
of diastole.

At the second stage, we calculated the backscattered
fluxes for 4 characteristic time points of the pulse wave
(diastole, systole, dicrotic notch, and diastolic peak) at the
wavelength of 810 nm and for source-detector distances
from 2 mm to 10 mm with a step of 2 mm. Further, we
calculated the pulse waveform index (PWI) as the flux
difference between diastolic peak and dicrotic notch
divided by the flux difference between systole and
diastole:

F luxdia.w_ peak — F I UX jicr notch

Flux , — Flux,,,

syst

PWI = -100%, O]

where Fluxaias: peak 1 the backscattered flux at the
diastolic peak, Fluxaicr norch is the backscattered flux at the
dicrotic notch. This index characterizes the degree of
expression of the diastolic peak.

Fig. 3 Experimental setup for recording raw PPG signals
from a subject’s fingertip. 1 — rubber base, 2 — LED
source, 3 — photodiode, 4 — signal amplification board.

2.5 Experimental Setup

To verify our model, we developed the experimental
setup for recording raw PPG signals from a fingertip in a
reflectance geometry (Fig. 3). The setup consists of a
LED light source, a photodetector and a scheme of
amplification and processing of the registered PPG
signal. LED is controlled by the highly stable direct
current source (QJ3003C III, Ningbo JiuYuan Electronic,
China). The following LEDs were used as light sources:
red LED (L-934SRC-C, Kingbright, China) with a peak
emission wavelength of 660 nm and infrared (IR) LEDs

30 Sep 2022 © J-BPE
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(IR-810-350C1, Power Light Systems, Germany;
L-34F3C, Kingbright, China) with peak emission
wavelengths of 810 and 940 nm, respectively. As a
photodetector, a silicon photodiode (FD-10K, Russia)
was used. Raw PPG signals from tissue were amplified
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by AD8033 amplifier (Analog Devices, USA), digitized
by 16-bit analog-to-digital converter (ADS8320EB,
Texas Instruments, USA) at a sampling frequency of
320 Hz and acquired in LabView (National Instruments,
USA).
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Fig. 4 An example of PPG signals, recorded from one subject for different source-detector distances (4, 6, 8, and 10 mm)
at the wavelengths of 660 nm (a), 810 nm (b), and 940 nm (c).
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Fig. 5 The AC/DC ratio of the PPG signal for different
source-detector distances obtained using MC method and
from in vivo experiments for wavelengths of 660 nm (a),
810 nm (b), and 940 nm (c). The experimental AC/DC
ratio is presented as mean + standard deviation.

Raw PPG signals were recorded from the fingertips of
5 healthy subjects within one minute for each wavelength
(660, 810, and 940 nm) and source-detector separation (4,
6, 8, and 10 mm). Further processing of the recorded
signals was performed in LabView. The PPG signals were
filtered with the 3™ order Butterworth filter in the
frequency range from 0.5 to 5 Hz and normalized to the
DC component. The AC/DC ratio was calculated for each
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pulse, averaged over all pulses in the one-minute recording
and all subjects. The amplitude of the AC component was
calculated as the difference between systolic and diastolic
PPG signal levels.

Experimental procedures are consistent with ethical
principles of the Declaration of Helsinki and were
approved by the Independent Ethics Committee of
Moscow Regional Research and Clinical Institute named
after M. F. Vladimirsky (protocol No. 13). All persons
gave their informed consent prior to their inclusion in the
study.

3 Results and Discussion

Fig. 4 illustrates the PPG signals recorded on the
experimental setup for different wavelengths and source-
detector distances » from one subject. The signals are
presented as the ratio of the AC component to the DC
one. The AC/DC PPG signal increases with increasing
source-detector separation. It should be noted that the AC
and DC amplitudes of the PPG signal decrease with
increasing source-detector distance, which was shown by
Chatterjee S. et al. [13]. However, the DC component
falls faster than the AC one, thus, the AC/DC ratio
increases with increasing distance, which we obtained in
the experiment. As can be seen, the PW is very variable,
so it is very difficult to quantify it for different source-
detector distances.

The AC/DC ratio of recorded PPG signals in
comparison with the one obtained using MC simulations
for different wavelengths and source-detector distances is
shown in Fig. 5. Since the in vivo PPG signal is
physiologically variable, the experimental AC/DC ratios
are presented as mean and standard deviation, which was
calculated over the entire record and averaged for all
subjects. The difference between the experimental AC/DC
ratio and the theoretical one did not exceed 2% for all
wavelengths. The best fit was obtained for the wavelength
of 810 nm. To note, the directly proportional dependence
of the AC/DC ratio on source-detector distance is not a
surprise. Such behavior can be also obtained using the
modified Beer-Lambert law as was shown in our previous
study [36]. In general, the theoretical and experimental
values of AC/DC ratio for different wavelengths are
consistent with the data of other researchers [14].

Thus, the results of MC simulation have a good
agreement with the experimental data, which made it
possible to proceed to the next stage — PW modeling. The
PPG waveform was modeled for the isobestic wavelength
of 810 nm to eliminate the influence of oxygen saturation
on the results. The simulated PW in the form of time
dependence of V4 (see Eq. (7)) and the results for the
registered flux at characteristic points of the pulse wave
obtained through MC simulation for different source-
detector distances are presented in Fig. 6. As can be seen,
the values of the numerically calculated fluxes do not
exactly follow the analytical PW. This indicates the
dependence of the PW on the source-detector distance.
The best match of MC fluxes to the simulated pulse wave
signal was obtained for a distance of 6 mm.
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The obtained dependence of the PWI on source-
detector distance is presented in Fig. 7. As can be seen, the
maximum of the PWI is observed at the distance of 6 mm.
Thus, within our equipment configuration, this distance
should be used to register the backscattered PPG signal
with the most pronounced diastolic peak. It is important to
note that the problem of identifying the diastolic peak from
the PW is acute since many physiological indices are
calculated using it, such as the reflection index, the
stiffness index, the dicrotic index, etc. [5, 37]. Therefore,
researchers are looking for new approaches to best
distinguish the diastolic wave. In particular, Liang Y. et al.
investigated various types of filters and showed that the
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Chebyshev II filter of 4" order can improve the PPG signal
quality more effectively than other types of filters and can
be used for PPG signal processing to make the systolic and
diastolic waves more salient [38]. Our results show that the
diastolic wave can be more clearly identified at the stage
of recording the PPG signal before filtering, if one uses an
optimal distance between a source and a detector. In this
study, the optimal distance is 6 mm for the wavelength of
810 nm. But this distance can also depend on the
parameters of used equipment, in particular, the geometry
of the light source and photodetector and the light
wavelength. Further studies are needed to explore the
significance of each parameter.
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Fig. 6 The simulated PW (black line) and the fluxes at 4 time points of the pulse wave (blue dots) calculated by MC at
the wavelength of 810 nm for different source-detector distances. The MC scale (right) was adjusted so that the amplitudes
of the fluxes at the diastole and systole corresponded to the simulated signal.
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Fig. 7 The pulse waveform index (PWI) of the theoretical
dependence of V34 on time (black dotted line) and flux
values by MC at the wavelength of 810 nm (blue line) for
different source-detector distances.

4 Conclusions

In this study, we proposed a three-layer reflectance

doi: 10.18287/JBPE22.08.030306

photoplethysmographic PW. The model was verified in
the experiment for different wavelengths and showed a
good agreement with experimental data. Using MC
simulation, the main characteristic points of the pulse
wave (diastole, systole, dicrotic notch, and diastolic
peak) were modeled. It was found that the PW depends
on the source-detector distance. The most pronounced
diastolic wave is observed at a distance of 6 mm for a
wavelength of 810 nm. The results obtained can be used
for a deeper understanding of the formation of a PPG
signal at the development of reflectance PPG sensors.
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