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Recent advances in the development of ultra-compact semiconductor lasers and technology of printed flexible
hybrid electronics have opened broad perspectives for the design of new pulse oximetry and photoplethysmog-
raphy devices. Conceptual design of optical diagnostic devices requires careful selection of various technical
parameters, including spectral range; polarization and intensity of incident light; actual size, geometry, and sen-
sitivity of the detector; and mutual position of the source and detector on the surface of skin. In the current study
utilizing a unified Monte Carlo computational tool, we explore the variations in diagnostic volume due to arterial
blood pulsation for typical transmitted and back-scattered probing configurations in a human finger. The results
of computational studies show that the variations in diagnostic volumes due to arterial pulse wave are notably
(up to 45%) different in visible and near-infrared spectral ranges in both transmitted and back-scattered probing
geometries. While these variations are acceptable for relative measurements in pulse oximetry and/or photoplethys-
mography, for absolute measurements, an alignment normalization of diagnostic volume is required and can be
done by a computational approach utilized in the framework of the current study. ©2019Optical Society of America

https://doi.org/10.1364/AO.58.009398

1. INTRODUCTION

Nowadays, diffuse light spectroscopy is used extensively in
quantitative characterization of biological tissues [1]. The
diffuse reflective spectra of skin and other biological tissues
contain valuable information about concentration and spatial
distribution of major chromophores, such as oxy- and deoxyhe-
moglobin, melanin, bilirubin, carotene, water, etc. The use of
light in visible (400–700 nm) and/or near-infrared (NIR, 700–
1400 nm) spectral ranges provides an opportunity to conduct
such measurements non-invasively and in real time [2].

Diffuse reflectance measurements are used in a number
of diagnostic technologies in the form of steady-state dif-
fuse reflectance spectroscopy [3] in visible and NIR ranges,
diffusing-wave spectroscopy (also called diffuse correlation
spectroscopy) [4,5], fluorescence spectroscopy [6,7], laser

Doppler flowmetry (LDF) [8], photoplethysmography (PPG)
[9], pulse oximetry [10], etc., as well as spatially resolved
hyperspectral methods based on the described spectroscopic
technologies [2,11]. Novel diagnostic wearable devices open
new horizons for application of the different modalities of
diffuse spectroscopy. This group of measurement techniques
ensures simplicity of realization of such devices and their
compactness [12].

An actual design of optical/NIR probe for a particular
diagnostic application requires careful selection of optimal
source–detector parameters and their mutual position on
the skin surface. The spatial distribution of detector depth
sensitivity within biological tissue, known also as diagnostic
or sampling volume, is typically used for assessment of the
efficiency of experimental detection [13,14]. The knowledge
of diagnostic volume is also extremely important in terms of
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functional interpretation of the results with respect to
physiological variations occurring within biological tissues.

In general, the sampling volume approximates a region of a
biological tissue with a significant number of effective optical
paths of the detected photons [15]. The PPG approach provides
information on a particular type of vascular bed involved in
formation of the detected signal [16,17]. Technical parameters
of the employed diagnostic system (probing geometry and
wavelength of probing radiation), as well as optical parameters
of the medium, are major factors that influence the resolution
and light distribution in biological tissues. When carrying out
optical measurements, it is necessary to take into account the
presence of various physiological and neurophysiological oscil-
latory processes in the blood microcirculation system [18]. The
strongest fluctuations in blood perfusion of tissues are caused
by changes in the arterial pulse waves. Recently, pronounced
pulse oscillations were detected even in the capillary bed [19].
Moreover, the respiratory, myogenic, neurogenic, and endo-
thelial mechanisms of regulation can also modulate blood flow.
Therefore, parameters such as blood volume and oxygen satu-
ration level are also not constant [20]. Consequently, any single
measurement can occur at both the maximum and minimum
of the amplitude of the oscillations of the measured parameters,
which significantly complicates the interpretation of such “one-
off” indicators [21]. On this basis, an alteration of the blood
volume fraction, as well as oxygen saturation level, can affect the
size of the sampling volume. The absolute quantified analysis
of collected reflectance spectra of skin is complicated due to the
fact that the blood content of tissues can vary in the spatial and
volumetric distribution. These measurements require under-
standing the vascular beds, which are primarily responsible for
the variations in the detected signal.

Thus, the aim of the current study is to explore the variations
in diagnosis volume caused by arterial blood pulsation, as well as
to evaluate the effective depth of penetration of probing light at
different spectral bands. One of the possible ways to formalize
quantitative evaluation of the sampling volume is the assessment
of spatial distribution of detector depth sensitivity. The sam-
pling volume is formed by the so-called effective optical paths,
i.e., the paths that probing light propagates from the source
to the detector. The quantity is defined as the gradient of the
optical density with respect to absorption coefficientµa at each
pixel r in the scattering medium [15]:

Q(r )=−
∂

∂µa (r )
ln

(
I
I0

)
, (1)

where µa (r ) is the absorption coefficient, I0 is the incident
intensity of probe radiation, and I is the intensity of detected
radiation.

Here, it should be pointed out that changes in the sampling
volume are inseparably linked to changes in the value of the
signal on the detector. For example, an increase in blood volume
fraction of biological tissue leads to an increase in its optical
absorption properties and as a consequence, to a decrease in the
signal registered by the detector.

Radiation transfer theory (RTE) is widely applied to describe
light propagation within turbid tissue-like scattering media
[22]. The main problem of the RTE solution is to determine the

diffuse component of light intensity, since the scattering of pho-
tons is random. Several approximations have been proposed,
including the theory of probabilistic photon migration [23],
Kubelka–Munk theory [24], diffusion approximation [25],
and their combinations. Analytic models have an advantage of
providing a relatively simple form of the theoretical solution.
However, they require certain boundary conditions that very
often cannot be defined due to the complexity of the internal
structure of biological tissues. In fact, there is a “gold standard”
approach, which involves numerical solution of the RTE known
as the Monte Carlo (MC) method [26,27]. The MC technique
is able to provide a realistic distribution of light propagation in
biological tissues.

2. MONTE CARLO MODELING

MC simulation consists of a sequential generation of trajectories
of so-called photon packets from the site of photons’ entrance
into the medium (“source”) to the area where the photon leaves
the medium (“detector”). In this study, a GPU-accelerated MC-
distributed online computational platform that implements
an object-oriented concept [27,28] was used for a routine sim-
ulation of detector depth sensitivity (known also as “sampling
volume” or diagnostic volume). This approach allows for repre-
sentation of photon packets and tissue structural components
as the objects and defines their mutual interactions. Thus, the
object–photon packet propagates through a turbid-tissue-like
scattering medium, represented as a set of objects, such as cells,
blood vessels, collagen fibers, etc., and interacts with them. The
object-based representation of the turbid medium makes it
possible to develop realistic models of various biological tissues
presenting 3D spatial variations in structural malformations
associated with a particular disease.

Thus, the MC model of biological tissue is represented as a
3D grid, divided into individual (elementary) voxels. To assess
the probability density function of the effective optical paths,
each photon packet trajectory is processed voxel by voxel, and
the sampling volume in a particular voxel is calculated as

Q(r )=−
∂

∂µa (r )
ln

(
I
I0

)
=

Nph∑
i=1

li (r )Wdi

l0

Nph∑
i=1

Wdi

, (2)

where Wdi corresponds to the final weight of the i -th detected
photon, Nph is the number of photon packets satisfying the
detection conditions, li is a pathlength of the i -th photon packet
in a pixel with a center located at r , and l0 is the size of the pixel.

When a photon packet is registered by the detector, its final
statistical weight is found according to

Wd =W0 exp

(
−

∑
k

µaklk

)
. (3)

Here, Wd corresponds to the statistical weight of the detected
photon packet,µak is the absorption coefficient of the k-th pixel
(the medium is represented by a number of pixels), lk is the total
path length of the photon packet in the k-th pixel, and W0 = 1 is
the initial statistical weight of the photon packet.
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Fig. 1. (a) Absorption coefficients of tissue layers: 1–Stratum corneum, 2–epidermis, 3–papillary dermis, 4–upper blood net dermis, 5–reticular
dermis, 6–deep blood net dermis, 7–subcutaneous tissue. (b) Scattering coefficients: 1–Stratum corneum, 2–epidermis, 3–dermis, 4–subcutaneous
fat. (c) Scattering anisotropy factor: numerical designations correspond to the designations described for the absorption coefficients. (d) Refractive
index: numerical designations correspond to the designations described for the scattering coefficients. Optical properties were derived from a number
of sources described in the text.

For the quantitative assessment, we consider a cross section
of Q(r ) in terms of x and z coordinates (Q(x , z)), where x is
the horizontal axis referring to the center-to-center of the source
and detector position, and z is the depth. The sampling volume
is estimated up to 10−3 of the detected intensity of light, which
corresponds to the dynamic range of the conventional detectors
available commercially [1]. A modified multilayered tissue
model was used to assess the sampling volume for the reflectance
and transmittance experimental systems typically used in pulse
oximetry and PPG measurements. This skin model employed
in our study has been used and tested by the authors previously
[10,15,29,30]. A good agreement with the experimental data
has been demonstrated. This type of model takes into account
variations in the absorption and scattering properties, including
depth variations in blood and melanin content, blood oxygen
saturation, hematocrit, and water content within the skin.
The other input parameters of the model are the size of the
light source and the detector, the distance between them, the
tilt of the light source, and the detector’s numerical aperture.
The thicknesses of the layers were selected based on the aver-
age values following earlier publications [17,31,32] aimed at
computational modeling of light propagation in the skin with
a similar multilayered skin model. The absorption property of
biological tissue usually refers to the value of average absorption
coefficient µa , since the molecular composition of the tissue is
not well specified. Thus, the total absorption of the tissue can be
expressed through the volume fraction of the tissue component
Ci and the absorption coefficient of this componentµai :

µa (λ)=
∑

i

Ciµai (λ). (4)

Thus, the absorption coefficients of the tissue layers [Fig. 1(a)]
were calculated by taking into account the concentration
of blood Cblood, oxygen saturation S, water content Cwater,
hematocrit Ht , melanin fraction Cmel, and fat content Cfat.

The scattering coefficient of each layer within the current
study [Fig. 1(b)] is represented by a combination of Mie and
Rayleigh theories [33], derived from a number of sources [34–
37]. The scattering anisotropy factor g for each layer [Fig. 1(c)]
was extrapolated depending on the blood concentration, and
the reference experimental data for skin [38] and blood [39].
The refractive index is considering a functional dependence
on the wavelength [Fig. 1(d)] and for each of the layers was
obtained from a number of sources [40–42]. The optical prop-
erties of the bone were taken into account in modeling of the
diffuse transmission following the optical parameters published
earlier [10,43–45].

A. Back-Scattered Probing Configuration

A previously reported theoretical model of the formation of the
PPG reflectance signal originates from the compression of skin
tissue components due to arterial expansion and the resulting
changes in the dermal opto-mechanical properties [46,47]. We
represent the pulse wave by an addition of an extra arterial layer
within the upper and deep blood net dermis [48]. This approach
allows to take into account the change not only in absorption,
but also in scattering.

The thickness of the arterial layers varied by 0–25 µm and
0–50 µm, respectively, and then the papillary dermis and
reticular dermis were compressed to compensate for the overall
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Fig. 2. Typical layout of diffuse (a) reflectance and (b) transmittance measurements and skin tissue layers; (c) PPG function of changes in the arte-
rial layer thickness taken into account in the MC model.

Table 1. Parameters of the Diffuse Reflectance Model
[30,36,39]

Layer Thickness,µm
Blood Volume

Fraction, Cblood, %

Stratum corneum 20 0
Epidermis 80 0
Papillary dermis 100 5
Upper blood net
dermis

80 20

Reticular dermis 1620 4
Deep blood net
dermis

200 10

Subcutaneous fat 6000 7

change in thickness. When the thickness of the papillary dermis
and reticular dermis decreased, the volume fraction of blood
increased proportionally in order to maintain the same total
amount of blood volume in these two layers, before chang-
ing the thickness of the added arterial layers. Alteration of the
arterial layer thickness was completed using the PPG func-
tion. The maximum thickness of the additional arterial layer
corresponded to systole and the minimum to diastole [Fig. 2(c)].

Diffuse reflectance measurements can be performed by
different instruments, e.g., with spectrometers with a diffrac-
tion grating and fiber-optical probes being the most common
[Fig. 2(a)]. In this study, the sampling volume for the diffuse
reflectance QR400 series probe (Ocean Optics, Inc., USA) was
modeled and analyzed. The probe has six emitting fibers and one
collecting fiber. Both types of fibers are 400µm in diameter with
a numerical aperture of 0.22. Separation between the collecting
and emitting fibers is set as 480 µm. To assess the sampling vol-
ume, a seven-layer model of skin was used. The main parameters
of the model are presented in Table 1.

The calculations were carried out for the following wave-
lengths: 450 nm, 532 nm, 660 nm, 800 nm, 860 nm, and
940 nm.

B. Transmittance Probing Configuration

Pulse oximeters are popular devices that realize the measurement
of diffuse transmission [Fig. 2(b)]. A typical design of a pulse
oximetric sensor is a light source or matrix with several sources
and a radiation receiver. The recorded signal represents the
radiation transmitted through the tissue. For the purpose of
simulation, the source and detector sizes of 1 mm and 3 mm
were set, respectively. To assess sampling volume an 18-layer
model of a finger 12 mm thick was used. The main parameters
of the model are outlined in Table 2.

The calculations were carried out for 660 nm and 940 nm.
When simulating transmission in addition to the pulsating

Table 2. Parameters of the Diffuse Transmittance
Model

Layer Thickness,µm
Blood Volume

Fraction, Cblood, %

Nail 500 0
Papillary dermis 100 5
Upper blood net dermis 80 20
Reticular dermis 600 4
Deep blood net dermis 200 10
Subcutaneous fat 1050 7
Arterial layer 1000 100
Subcutaneous fat and
muscle

1050 7

Bone tissue 2500 2
Subcutaneous fat and
muscle

1300 7

Arterial layer 1000 100
Subcutaneous fat 1540 7
Deep blood net dermis 200 10
Reticular dermis 600 4
Upper blood net dermis 80 20
Papillary dermis 100 5
Epidermis 80 0
Stratum corneum 20 0
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layers of the upper and deep blood net dermis, an additional pul-
sating layer was added to the arterial layer of the subcutaneous
tissue. Its thickness varied within 0–100µm. In this study, sam-
pling volume was calculated on the basis of 109 detected photon
packets.

3. RESULTS

The results of MC modeling of the sampling volume for the
back-scattered diffuse reflectance source–detector configuration
[Fig. 2(a)] for the plane passing through the center-to-center of
the receiving and detecting fibers are presented in Fig. 3.

These results are also presented in the form of animated
graphs showing the dynamics of sampling volume changes
due to arterial pulse wave propagation (see Visualization 1).
It is clearly seen that for 450 nm, the probing depth does not
exceed 700 µm, whereas for the NIR spectral range, it reaches
up to 2.5–3 mm. The results show that in blue and green spec-
tral ranges, the epidermis, papillary dermis layer, upper blood
net dermis, and a very shallow part of the reticular dermis are
probed, whereas in the red-NIR band of the spectrum, the
probing light is able to sense even subcutaneous tissues.

The relative changes in sampling volume for different wave-
lengths during the arterial pulse wave period are presented in
Fig. 4(a). As one can see, an increase in blood content can lead
to a significant change in the sampling volume (45% at 450 nm
and 37% at 532 nm). The relative changes were evaluated by the
values of the sampling volume between systole and diastole.

The most resistant to changes in blood content is the 660 nm
light (less than 1%). The light of 940 nm is often used in
conjunction with 660 nm light in pulse oximetry sensors.
Meanwhile, the sampling volume at 940 nm light is notably
distinguished compared to the sampling volume at 660 nm, and
is the subject of significant variations along the arterial pulse
wave (7%). At the same time, taking into account the larger
sampling volume for the red-NIR band, its absolute changes
are comparable for the visible and NIR bands. For example,
for 450 nm sampling volume, changes are 0.24 mm3, and for
940 nm, they are 0.21 mm3.

In comparison to the back-scattered diffuse reflectance prob-
ing configuration (Fig. 3), the results of sampling volume mod-
eling for the diffuse transmittance configuration are presented in
Figs. 5(a) and 5(b); see also these results in the form of animated
graphs (Visualization 2).

Fig. 3. Sampling volume for the back-scattered diffuse reflectance probe, schematically presented in Fig. 2(a). The wavelengths of light used in the
modeling are: (a) 940 nm, (b) 860 nm, (c) 800 nm, (d) 660 nm, (e) 532 nm, and (f ) 450 nm (see Visualization 1).

https://doi.org/10.6084/m9.figshare.9552812
https://doi.org/10.6084/m9.figshare.9552806
https://doi.org/10.6084/m9.figshare.9552812
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Fig. 4. (a) Relative changes in sampling volume distribution for different light wavelengths during the arterial wave pulse period; (b) light penetra-
tion depth at 10−3 of the incident light intensity.

Fig. 5. Sampling volume obtained for the transmittance configuration of the source and detector, schematically presented in Fig. 2(b) for the wave-
lengths (a) 660 nm and (b) 940 nm (see Visualization 2). (c) Relative changes in sampling volume.

As one can see, at 660 nm, the sampling volume [Fig. 5(a)]
shows the largest variations compared to the back-scattered
diffuse reflectance configuration (3%) presented in Fig. 3.
Arguably, this is due to the large absorbing properties of the
arterial layer of the subcutaneous tissue. Changes in sampling
volume at 940 nm light reach up to 10%.

4. DISCUSSION

In general, a phenomenological relationship for the sampling
volume and the rise in effective penetration depth of light with
the increasing wavelength can be deduced [Fig. 4(b)]. It should
be pointed out that for the probing of deep vascular plexuses in
the skin, the most optimal range of wavelengths is revealed to be
between 800 nm and 970 nm, since the diagnostic volumes, as
well as the light penetration depths are quantitatively similar in
this range of spectrum (Figs. 3 and 4).

The results of sampling volume modeling show that pulse
oximetry or PPG signal formation is significantly dependent on
the contribution of venous or arterial vascular beds. As the blood
volume and oxygen saturation of blood in the particular vascular
bed in human skin can vary significantly along the arterial pulse
wave propagation, for diagnostic purposes, an averaging of mea-
sured signal recorded during a certain period of time is required.
From this point of view, in light of further development of this
approach, it seems quite logical to evaluate the average value of
each variable, as well as to monitor frequency and amplitude of
their oscillations [19,49,50].

It also should be pointed out here that in addition to the
dynamic range of the detector, the sampling volume and the
effective probing depth are influenced greatly by a specific
source–detector configuration. In particular, the detector
depth sensitivity is highly influenced by the source–detector
separation [13–15]. The probe also is required to be prop-
erly positioned on the skin surface to prevent uncertainties
associated with the mechanical pressure that eliminates the
signal from superficial capillary loops [51,52] and introduces a
systematic error in the interpretation of the experimental results.

While PPG and pulse oximetry are widely used in biomedical
optics, currently available devices are based on an empirical
calibration that does not work properly, especially for the low
oxygen saturation of blood [53,54]. Therefore, currently avail-
able pulse oximetry and/or PPG devices are used for relative
measurements only, whereas for absolute measurements, an
alignment normalization of diagnostic volumes is required,
e.g., by using the MC approach utilized in the current study.
Thus, the accuracy of pulse oximetry/PPG devices can be sig-
nificantly improved and extended for absolute measurements of
oxygen saturation of blood within skin tissues for variable sensor
geometry. This can be extremely useful for oxygen saturation
measurement in critically ill patients because the empirical
calibration of pulse oximeters is based on examinations of
healthy volunteers and is not necessarily applicable to criti-
cally ill patients or for fetal pulse oximetry—a new blood flow
diagnostic paradigm where taking into account the low oxygen
saturation of blood is critical [55].

https://doi.org/10.6084/m9.figshare.9552806
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However, the absolute quantified analysis of collected
reflectance spectra of skin is complicated due to the fact that the
blood content and oxygen saturation level are not constant and
can vary in spatial distribution. Changes in the sampling volume
during pulse influence the contribution of different types of
vessels of venous or arterial vascular beds to the detected signal.
This affects the measured values of oxygen saturation of blood.
While these variations are acceptable for relative measurements
in pulse oximetry and/or PPG, for the absolute measurements,
an alignment normalization of diagnostic volume is required
and can be done by a computational approach utilized in the
framework of the current study.

The possibility of applying the unified MC computational
tool to theoretical evaluation of the calibration curve for pulse
oximetry was shown in the works [10,56]. The results obtained
in the current study indicate the need to take into account the
effect of changes in the sampling volume on the recorded signals
when calculating the calibration curve. The use of correction
factors will compensate for the inaccuracy in the measurement
of blood oxygenation associated with changes in the sampling
volume. This will improve the theoretical calibration approach
in pulse oximetry/PPG techniques.

5. CONCLUSION

To sum up, utilizing a unified Monte Carlo computational tool,
we explore the variations in diagnostic volume due to heart
pulse wave for typical transmitted and back-scattered probing
configurations used at the pulse oximetry and PPG measure-
ments in a human finger. The results of computational studies,
presented in the form of 2D maps of sampling volume Q(x , z),
show that the variations in diagnostic volumes due to arterial
pulse wave are notably (from 1% up to 45%) different in visible
and NIR spectral ranges in both transmitted and back-scattered
probing geometries. The developed MC-based computational
approach for assessment of sampling volume is available online
(see [28]) and can be routinely used for quantitative assessment
of detector depth sensitivity of various back-scattered diffuse
reflected and transmitted source–detector configurations.
Development of PPG and pulse oximetry sensors includes the
selection of optimal wavelengths, source and detector con-
figuration, and other technical parameters. The use of the MC
technique utilized in the current study can contribute signifi-
cantly to the design of such sensors with a primary aim to achieve
better accuracy in measured signal. The developed technique
can also help in the interpretation of physiological variations in
blood content, oxygen saturation, malformations in anatomical
structures, and other factors associated with particular diseases
and/or treatment procedures.
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