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Abstract: Optical phantoms are used to validate optical measurement methods. The stability of
their optical parameters over time allows them to be used and stored over long-term periods, while
maintaining their optical parameters. The aim of the presented research was to investigate the
stability of fabricated porous phantoms, which can be used as a lung phantom in optical system.
Measurements were performed in multiple series with an interval of 6 months, recreating the same
conditions and using the same measuring system consisting of an integrating sphere, a coherent
light source with a wavelength of 635 nm and a detector. Scattering and absorption parameters were
determined on the basis of the measured reflectance and transmittance. The tested samples were
made of silicone and glycerol in various proportions.

Keywords: absorption; coefficient stability; optical parameters; optical phantoms; phantoms mimick-
ing tissue

1. Introduction

Due to constant development of new technological directions in the field of physics,
engineering, medicine and in the era of changing trends, instead of using live tissues,
optical phantoms have been used. Phantoms are made to reduce the need of natural
biological tissues by replacing them with objects that mimic their optical properties. They
are often used for non-invasive medical diagnostics, laser therapy and diagnosis of skin
cancer [1,2]. Phantoms exhibit optical parameters of tissues; hence they are used in research
to imitate the distribution of light in live tissue, including organs with an internal vascular
system [3–5]. They are developed and used for several purposes:

- recording reference measurement using optical measuring devices and techniques [6,7]
- calibration of optical devices
- planning the distribution of light using physical tissue geometry [6,8].

Currently, optical techniques are becoming more and more popular as non-invasive
tools for medical diagnostics. In addition to the basic parameters, such as absorption and
scattering, phantoms also have other practical properties. Among them we can distinguish
homogeneity, flexibility, durability, low cost, short production time, ease of production
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and possibility to create complex systems with internal heterogeneities, which include
microchannels or capillaries [9].

In practice, two types of phantoms are discerned depending on the way the light is
scattered inside of the material. These include internal scattering and scattering induced
by nanoparticles or microparticles [10,11].

In nanoparticles or microparticles based phantoms, obtaining the equivalent of the scat-
tering coefficient is controlled by the size, shape, concentration and type of nanoparticles,
such as alumina [12], polymer microspheres [6,13], titanium dioxide, zinc oxide [14–17].

The matrices for the above particles are polyurethane and polyester resin [18], polyvinyl
chloride plastisol [19], and silicone [12].

The resulting systems are not quite an integral system due to the uncontrolled hetero-
geneity of phantom properties, resulting from sedimentation or uneven concentration of
nanoparticles in the matrix space. Such features affect the uneven distribution of the scat-
tering centers. Opportunities affecting the resolution of these obstacles require additional
equipment, thus increasing the cost, scale of difficulty and the time of production of the
finished product in the form of a phantom. There are also particle-free forms with internal
scattering. They are an ideal example of phantoms due to their homogeneity and easier
production method. Phantoms having internal homogeneous dispersion were created
based on agarose, fibrin, or collagen matrix for encapsulation of the dispersed Intralipid
solution [6,20–22]. Particle-free phantoms are also remarkable in that they can serve as
models for porous biological tissues such as brain and lung [23–26]. For brain, pores size of
extracellular space medium is of approximately 1–4 µm [25]. The lung’s internal structure
within the respiratory parenchyma shows a gas exchange surface that is divided into a large
number of small subunits (alveoli) connected to a branched conducting airway system.
The mean alveolar number in humans is of 274–790 million with the mean size of a single
alveolus of 4.2 × 106 µm3 or approximately 200 µm in diameter. Air-filled lungs present
significant challenges for optical imaging including optical coherence tomography (OCT)
because of the large refractive-index mismatch between alveoli walls and the enclosed
air-filled region [23]. During OCT imaging, the light is strongly backscattered at each
air-tissue interface, such that image reconstruction is typically limited to a single alveolus.

At the same time, the filling of these cavities with an optical clearing agent (OCA),
to which water (physiological solution) can also be attributed, since its refractive index
is much higher than that of air will lead to much better tissue optical transmittance. For
the first time, this has been proven in [23] by using freshly excised, intact lungs from two
sheep and the experimental setup with the optofluidic OCT needle probe when lung areas
perfused with saline show a marked improvement in image quality and image penetration
depth.

The purpose of this study is to assess stability of optical parameters and to investigate
optical clearing of the porous phantoms, which is crucial during validation of optical
measurement methods and long-term measurements.

2. Materials and Methods

This study was conducted on optical phantoms produced on a basis of polydimethyl-
siloxane (PDMS, Sylgard® 184, Dow Corning, Midland, MI, USA) and glycerol, shown in
Figure 1.

The PDMS is a component of organic silicone and curing agent which solidifies at
room temperature over the period of 48 h. After curing, it is transparent in the visible-
near-infrared (VIS-NIR) range, non-toxic, non-flammable, stabling, and hydrophobic [6].
The samples composition differed in the amount of added glycerol. One includes 2 mL
of glycerol, while the other contains 5 mL. The production process was described in
elsewhere [6].
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Figure 1. Investigated optical phantoms, where: (a) sample with 5 mL of glycerol, (b) sample with 
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The PDMS is a component of organic silicone and curing agent which solidifies at 
room temperature over the period of 48 h. After curing, it is transparent in the visible-
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where [6]. 

The measurement system, shown in Figure 2, consisted of an integrating sphere 4P-
GPS-053-SL (Labsphere Inc., North Sutton, NH, USA) with a Spektralon® coating. This 
type of coating characterized by high diffuse reflectance (over the 250–2500 nm spectral 
range) with reflectance more than 99% for a wavelength range between 400 and 1500 nm. 
A laser diode module with a wavelength of 635 nm (red) was used as a light source and it 
operated with an optical power of 3 mW, while Luxmeter L-100 with a dedicated meas-
uring head (Sonopan, Białystok, Poland) was used as a detector.  

 

Figure 2. The experimental setup utilized in this study, where: 1—integrating sphere, 2—light 
source, 3—luxmeter. 

Optical parameters of the phantoms were examined in a series of measurements. The 
measurements were repeated six months later using the exact same samples and experi-
mental setup. The scattering and absorption parameters were determined based on the 
measured reflectance and transmittance.  

Figure 1. Investigated optical phantoms, where: (a) sample with 5 mL of glycerol, (b) sample with
2 mL of glycerol.

The measurement system, shown in Figure 2, consisted of an integrating sphere 4P-
GPS-053-SL (Labsphere Inc., North Sutton, NH, USA) with a Spektralon® coating. This
type of coating characterized by high diffuse reflectance (over the 250–2500 nm spectral
range) with reflectance more than 99% for a wavelength range between 400 and 1500 nm.
A laser diode module with a wavelength of 635 nm (red) was used as a light source and it
operated with an optical power of 3 mW, while Luxmeter L-100 with a dedicated measuring
head (Sonopan, Białystok, Poland) was used as a detector.
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Figure 2. The experimental setup utilized in this study, where: 1—integrating sphere, 2—light source,
3—luxmeter.

Optical parameters of the phantoms were examined in a series of measurements.
The measurements were repeated six months later using the exact same samples and
experimental setup. The scattering and absorption parameters were determined based on
the measured reflectance and transmittance.

The integrating sphere, light source and detector have been precisely mounted to
the optical breadboard (Thorlabs, Newton, NJ, USA), therefore enabling to construct a
stable system, which provides repeatability and accuracy of measurements. To simplify
calculations, only one integrating sphere was used in this measurement system. This was
further possible thanks to the mechanical design, allowing the sphere to rotate around its
axis. The design of the sphere itself, and more precisely the baffle located between the
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0 degrees and 90 degrees ports enabled the detector to be permanently installed in the
90 degrees port, as is presented in Figure 3.
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Figure 3. Principle of operation of a measurement system, (a) in reflectance mode and (b) in diffuse transmittance mode,
where: 1—light source, 2—luxmeter, 3—baffle, 4—sample port, 5—optical phantom, 6—unused plugged port [27].

In the described setup it was possible to take measurements of both transmittance
and reflectance with the light source and detector in a fixed placement. Depending on the
measurement mode, the sphere was rotated by exactly 180 degrees. To limit inaccuracy of
measurements all external factors that could affect the readings were eliminated, laser was
properly stabilized and a series of calibration measurements was performed.

To demonstrate designed phantoms applicability for modeling of lung tissue and
testing of different OCAs, collimated transmittance spectral measurements were conducted
using phantom samples with the initial thickness of 0.5 mm (Figure 1). Each sample was
fixed on a wire frame which was inserted into a glass cuvette with an OCA. A cuvette with
a sample was placed between two QP400-1-UV-VIS optical fibers (Ocean Optics, Orlando,
FL, USA) with a core diameter of 400 µm and 74-ACR collimators (Ocean Optics, USA).
Halogen lamp HL-2000 (Ocean Optics, USA) was used as a light source. All measurements
were carried out at room temperature (about 25 ◦C). The collimated transmittance spectra
of the skin were recorded every 30 or 60 s for up to 205 min of immersion using a USB4000-
Vis-NIR spectrometer (Ocean Optics, USA) in the wavelength range of 600–900 nm.

The collimated transmittance of the sample Tc(t) over time can be written as [28]:

Tc(t) ∝ 1− exp
(
− t

τ

)
, (1)

where:

τ =
l2

π2Da
, (2)

where: τ is the characteristic time of an OCA diffusion at its delivery through both sample
surfaces; l is the sample thickness, which is much less than its area, and Da is the effective
diffusion coefficient of the OCA. The diffusion of OCA molecules in phantoms (tissues)
can be considered as a process hindered by a complex material structure, which leads to
an increase in molecular path length caused by their interaction with these obstacles. This
hindered mobility in phantoms (tissues) relative to free medium (water or very diluted gel)
is quantitatively introduced as the tortuosity [25,26,29–32]:

ld
L

=

√
Dfree

a
Da

, (3)

where: Dfree
a is the diffusion coefficient of an OCA in a free medium and Da is the effective

diffusion coefficient accounting for elongation of diffusion path. Tortuosity is a measure
of the geometric complexity of a porous medium, such as phantom (tissue), and can be
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introduced as the ratio of the path length of the molecular flow between two points ld to
the direct distance between these points L.

From Equation (1) the OC efficiency (OCE), which is defined as a ratio of collimated
transmittance after OC TOC

c to its initial value T0
c , can be introduced:

OCE =
TOC

c

T0
c

. (4)

The transmission of a narrow collimated light beam through a sample thin layer of
thickness l is described by Bouguer−Beer−Lambert law [28]:

Tc =
I(l)
I0

= exp(−µtl), (5)

where: I0 and I(l) are the intensities of the incident and transmitted light, respectively;

µt = µa + µs, (6)

is the light attenuation (extinction) coefficient, µa is the absorption coefficient, and µs is the
scattering coefficient. For the soft tissues in the visible and near-infrared ranges, µs � µa,
the same is for designed phantoms.

For many soft tissues, composed of Mie scatterers, for which scattering anisotropy
factor g ≥ 0.9, diameter 2a and relative refractive index m = ns/n0 are in the range
5 < (2πa/λ) < 50 and 1.0 < m <1.1, respectively, reduced scattering coefficient is described
as [28,33]

µ′s = 3.28πa2ρs

(
2πn0a

λ0

)0.37

(m− 1)2.09, (7)

µ′s = (1− g)µs, (8)

where: ρs is the volume density of the scatterers, λ0 is the wavelength of the incident
light, ns and n0 are the refractive indices of the scatterers and the background medium,
respectively.

For porous media, for which m < 1.0, these equations are also applicable [28]. It follows
that for refractive index matching of the scatterers ns and the background medium n0, i.e.,
m→ 1 , both scattering µs and reduced scattering µ′s coefficients go down. Supposing that
at immersion of the sample in an OCA diameter 2a and density ρs of scatterers (partially air-
filled cavities) do not changed and only relative index of refraction m = ns/n0 is changed
with time t, from Equation (7) it is easy to get expression for scattering coefficient time
dependence µOC

s (t) as a function of relative refraction index mOC(t) in the course of OC:

µOC
s (t) ∼= [µs(t = 0)]×

(
mOC(t)− 1

m(t = 0)− 1

)2

, (9)

This expression can be used to evaluate OC efficiency (OCE) using Equations (4)–(6).
Refractive index of lung mucosal tissue n0 = nlung = 1.37 [28], thus for alveoli filled up by the
air ns = nair = 1, we have m(t = 0) = 0.73. At OC by filling up alveoli with water ns = nw = 1.33
we have mOC(t) = 0.97. Thus at OC µOC

s (t) ∼= 0.01× [µs(t = 0)], i.e., scattering coefficient
of lungs can be significantly decreased, up to 100 times. Indeed, this is an overestimation,
because it is difficult to expect that all alveoli will be filled up fully by water. Therefore,
experimental data for the appropriate phantom should be of great importance in testing of
different OCAs.

3. Results
3.1. Optical Parameters Measurements

In Figure 4a, there is presented the SEM of the internal structure of the silicone-glycerol
phantom [6], where cavities with mean diameter of ~4 µm size and partially filled up by
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air are well seen. Normally they provide its strong scattering and white colour appearance
as it well seen in Figure 1.
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Figure 4. (a) SEM of the internal structure of the nanoparticle-free silicone-glycerol phantom; (b)
the kinetics of collimated transmittance averaged for spectral band 600–800 nm and presented as
(mean ± SD) at impregnation of the sample by distilled water (b).

Figure 4b shows our experimental studies for collimated transmittance of phantoms,
which demonstrate well the possibility of optical clearing of porous medium using water
and therefore confirm the possibility of lung tissue modeling and testing of OCAs. The
initial thickness is 0.5 mm and weight of the sample was (0.10 ± 0.01) g and after 205 min
kept in a water bath it was swelled with the increased weight up to (0.20 ± 0.01) g,
but the turbidity is similar to that was at the beginning. For water, the optical clearing
efficiency OCE (Equation (4)) is estimated as (1.9 ± 0.5)-fold with the characteristic time
of approximately 12.5 min, determined by fitting experimental kinetic curve in Figure 4b
with Equation (1) in the time range from t = 0 to 25 min, where it is valid. For longer
impregnation time collimated transmittance was saturated and went back to the initial
state, which can be explained by sample swelling and relatively low refractive index of
water. The similar data was found for freshly excised sheep lungs at their impregnation by
saline and measurements using optofluidic OCT needle probe, where optical penetration
depth lt ∼= 1/µs was changed from approx. 150 µm to 300 µm [23].

For two other tested OCAs, such as 40% glucose and 50% DMSO with higher refractive
indices, OCE is much higher and saturated at much longer soaking times (Figure 5). In
particular, for 40% glucose OCE = 26 fold with τ = 50 min and for 50% DMSO OCE = 85 fold
with τ = 200 min at 900 nm. The high efficiency of DMSO is associated with its high
permeability to various materials. For glucose solution, the initial weight of the sample
was (0.14 ± 0.01) g and after 76 min kept in solution it was swelled with the increased
weight up to (0.20 ± 0.01) g, while for DMSO solution the initial weight of the sample
was (0.12 ± 0.01) g and after 205 min kept in solution it was swelled with the increased
weight up to (0.16 ± 0.01) g. In both cases, the turbidity is significantly less than it was at
the beginning.
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Figure 5. The kinetics of collimated transmittance at impregnation of the sample by: (a) aqueous 40%
glucose solution; (b) at impregnation of the sample by aqueous 50% DMSO solution. All experimental
errors expressed as SD were less than the size of point icons.

3.2. Optical Parameters Stability Measurements

The values obtained from executed measurements were used to calculate the diffuse
reflectance Rd and the diffuse transmittance Td, using the Formulas (10) and (11):

Rd =
PR sample

P re f erence
, (10)

Td =
PT sample

P re f erence
(11)

where: PRsample—the detected signal of the investigated phantom measured in the re-
flectance mode, Preference—the detected signal obtained from measurement of a calibration
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plate, PTsample—the detected signal of the investigated phantom measured in the transmit-
tance mode.

The values obtained from measurements allowed to determine the absorption co-
efficient µa and the reduced scattering coefficient µs

′ based on Kubelka–Munk model,
according to the formulas presented below [34]:

SKM =
1

d
√

a2 − 1
ln

1− Rd

(
a−
√

a2 − 1
)

T d

, (12)

AKM = (a− 1)SKM, (13)

µ′s =
4
3

SKM +
1
6

AKM, (14)

µa =
1
2

AKM, (15)

where: SKM –Kubelka–Munk scattering coefficient, AKM—Kubelka–Munk absorption coef-
ficient, d—sample thickness and:

a =
1− T2

d + R2
d

2Rd
, b =

√
a2 − 1.

The stability of the investigated phantoms was calculated from the following formula:

δ =

∣∣∣∣υM − υR
υR

∣∣∣∣× 100%, (16)

where: δ—stability, υM—measured value, υR—reference value.
Figure 6 presents stability of absorption parameters of optical phantoms.
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Each measurement series represents the stability of absorption coefficients of investi-
gated optical phantoms in relation to reference data. As shown in Figure 6, the stability of
phantoms with 5 mL of glycerol are almost 1.5 times bigger than the stability of phantoms
with 2 mL of glycerol. The maximum calculated stability of absorption coefficients for both
samples equals 34.7%.
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Stability of scattering parameters of optical phantoms is shown in Figure 7. Each
measurement series represents the stability of scattering coefficients of investigated optical
phantoms in relation to reference data.
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As can be seen in Figure 7, unlike the absorption parameters, the stability of phantoms
with 5 mL of glycerol are significantly lower than the stability of phantoms with 2 mL
of glycerol. The maximum calculated stability of scattering coefficients for both samples
equals 15.6%.

4. Conclusions

The presented values of the optical parameters of the phantoms, such as the scattering
coefficient and the absorption coefficient, were obtained by performing a series of measure-
ments with an interval of 6 months. The maximum stability of the absorption coefficient for
the sample with 2 mL of glycerol was 26.5% and for the sample with 5 mL of glycerol it was
34.7%, with respect to reference data. The values of stability of scattering coefficient were
2.8 and 15.6%, respectively. It was shown that at the wavelength of 635 nm, the investigated
optical parameters of phantoms are preserved. It also means that they can be stored for
a long time as they are not biodegradable. Phantoms are widely used in the calibration
and validation of optical measurement methods. The stability of their optical parameters
makes it possible to use them repeatably. In addition, it could be checked whether it is
stable with other light sources.

Designed phantoms can serve for mimicking of optical properties of the specific
porous tissues such as brain and lung, for testing of optical clearing agents and evaluation
of tissue perfusion by metabolic fluids.
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The author M.W. acknowledge the financial supported from the Faculty of Veterinary Medicine,
Warsaw University of Life Sciences. The author V.V.T. acknowledges the financial support from grant
of the Government of the Russian Federation for state support of scientific research conducted under
supervision of leading scientists in Russian institutions of higher education, scientific foundations
and state research centres of the Russian Federation (registration number 2020-220-08-2389).



Materials 2021, 14, 423 10 of 11

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available in a publicly accessible repository.

Acknowledgments: The author V.V.T. is thankful to student Anastasia Vlasenko for assistance in
measurements, to Alexey Popov for providing samples, and to Alexey Bashkatov for collaboration.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Feder, I.; Duadi, H.; Fixler, D. Experimental System for Measuring the Full Scattering Profile of Circular Phantoms.

Biomed. Opt. Express 2015, 6, 2877. [CrossRef] [PubMed]
2. Duadi, H.; Feder, I.; Fixler, D. Linear Dependency of Full Scattering Profile Isobaric Point on Tissue Diameter. J. Biomed. Opt. 2014,

19, 026007. [CrossRef] [PubMed]
3. Jacques, S.L. Optical Properties of Biological Tissues: A Review. Phys. Med. Biol. 2013, 58, R37–R61. [CrossRef] [PubMed]
4. Lu, G.; Fei, B. Medical Hyperspectral Imaging: A Review. J. Biomed. Opt. 2014, 19, 010901. [CrossRef] [PubMed]
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6. Wróbel, M.S.; Popov, A.P.; Bykov, A.V.; Tuchin, V.V.; Jędrzejewska-Szczerska, M. Nanoparticle-Free Tissue-Mimicking Phantoms

with Intrinsic Scattering. Biomed. Opt. Express 2016, 7, 2088. [CrossRef]
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