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We optically characterized agar, muscle, and Zerdine phantoms mimicking human tissues. To the best
of our knowledge, optical parameters for agar, muscle, and Zerdine phantoms have not been optimally de-
termined in the literature. For this reason, this novel study makes significant contributions to the litera-
ture and there is an important innovation and originality in the optical characterization of these materials.
With this research based on the phantoms, in this article we make important contributions to possible future
studies, including optical device design and imaging technique development, system validation studies, etc.
In other words, characterization studies on materials that imitate tissue in light-tissue interactions can pro-
vide important information to researchers and practitioners. In optical characterization, basic parameters
such as the absorption coefficient, reduced scattering coefficient, and anisotropy factor, are evaluated as
distinguishing characteristics, and these are referred to as microscopic optical properties in the literature.
In this study, the optical properties of the aforementioned three different phantoms were experimentally in-
vestigated and compared with each other’s. First, the macroscopic optical properties of the phantoms, in-
cluding the absorbance, transmittance, reflectance, refractive index, and attenuation coefficient, were meas-
ured using a single integrated sphere and a spectrometer equipped with a broadband white light source
within the wavelength range 200 to 1000 nm. Then, using the Kubelka—Munk function method, microscopic
optical properties, which are the absorption coefficient, scattering coefficient, and reduced scattering coeffi-
cient, were determined based on the data of these macroscopic properties.

Keywords: agar, Zerdine, and muscle phantom, microscopic and macroscopic optical properties, spec-
trometer, single integrating sphere, broadband white light source.
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Hccnedosanvl onmuueckue ce0ticmea mpex pasiudnvlx anmomos us azapa, mviuy u Zerdine — ma-
mepuanos, umumupyrowux mrans. C uCnoib308anuem 00HOU UHMeZPUPOBAHHOU chepbl U Chekmpomempa,
OCHAWEHHO20 WUPOKONOJIOCHLIM UCTMOYHUKOM benoeo ceéema 8 ouanaszone oaun goan 200—1000 um, usme-
PeHbl MAKPOCKONUYeCKue ONMu4ecKue c6oUCmed Qanmomos. no2noujenue, nPonyCKaHue, Oompaicameibhas
CnocobHOCMb, nOKazamenb nperoMieHus u kodpguyuenm zamyxanus. C ucnoavzosanuem @ynkyuu Kyben-
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Introduction. Light and optical techniques have had profound effects in modern medicine, and these ef-
fects continue today. Optical technologies are increasingly used in every field of medicine because of the
non-invasive nature of the lights they use. Currently, there are a variety of applications for optical devices
used in clinical practice to assess health and treat diseases. Light technologies are intensively used in all
medical applications including diagnosis, surgery, and treatment. The following optical devices and applica-
tions can be given as examples in the diagnostic field: control of the external ear canal and eardrum with
an otoscope; eye control with an ophthalmoscope and a retinoscope; a laryngoscope used in intubation;
a head mirror used as a light-collecting and -focusing tool during a medical examination; pulse oximetry;
endoscopy; colonoscopy; optical coherence tomography; spectroscopy; visualization of blood vessels and
microcirculation; monitoring of blood oxygenation and tissue metabolism; imaging of skin cancer, drug
tracking, micro-vessel and particle distribution; and photoacoustic imaging. Some examples of optical appli-
cations used in the field of surgery are also as follows: tissue laser ablation; tissue coagulation and cutting;
refractive correction in the eye; dermatological laser treatments; removal of dental caries and cardiovascular
plaques; and laser hair removal. Last, the following examples can be given of the light technologies and ap-
plications used in the field of treatment: blue light phototherapy, UV therapy, photodynamic therapy, low-
level laser therapy, intense pulsed light therapy and LED therapy [1-3].

There are many publications in the literature on the optical properties of a wide variety of biological tis-
sues, such as skin, brain, breast, bone, liver, kidney, lung, muscle, heart, blood, bowel, tumor, prostate, and
fatty tissues [4-8]. It is difficult to measure the optical properties of biological tissues because they are turbid
in terms of optical transparency. Accurate measurement of the optical properties of turbid media is vital for
the development of biomedical diagnostic and therapeutic devices. Turbid media are described by fundamen-
tal optical properties, such as scattering and absorption components. For this, the light distribution in the tur-
bid medium is modeled using parameters such as the absorption coefficient (u.), scattering coefficient (L),
anisotropy factor (g), and reduced scattering coefficient (ps") [9—11].

To measure the optical properties of tissues, there are two types of experimental techniques: direct and
indirect. Direct methods rely solely on the experimental results. However, indirect (inverse) methods require
a theoretical light-scattering model to be used in the experiment. In direct experimental methods, either the
reflection emitted from the sample or the light transmittance passing through the sample is measured [10].
In the literature, tissues are characterized as in vitro using techniques such as the solution of the radiative
transfer equation, integrating sphere spectroscopy, the Kubelka—Munk (KM) model, inverse adding-
doubling, and inverse Monte Carlo simulation methods [1, 11-16].

Phantoms or tissue-mimicking materials (TMMSs) have been widely used as test objects for many years
in education, in imaging and therapeutic applications, and in medical research because they simulate proper-
ties that are highly similar to those of actual biological tissues. TMMs play a vital role in medical research as
idealized tissue models for designing and testing methods, systems, and clinical tools [17, 18]. Phantoms, or
tissue-mimicking materials, are materials that are used as reference test objects, particularly in preclinical
testing, owing to their ability to simulate soft tissues and the advantages of being inexpensive and reusable.
In the medical field, phantoms are used in fields such as device development, device performance evalua-
tion, medical device testing, calibration, and clinical training. The fact that phantoms can be used repeatedly
by imitating the properties of living tissues provides great advantages, particularly in medical research
[19-28]. The phantoms are anticipated to be characterized and developed for their intended use. According
to their intended use, phantoms can be characterized in various ways, including optical, thermal, mechanical,
acoustic, and electrical properties. Although parameters such as sound velocity, characteristic acoustic im-
pedance, and acoustic attenuation coefficient are examined in the acoustic characterization, optical parame-
ters such as absorption coefficient, scattering coefficient, and anisotropy factor are measured in optical char-
acterization. Phantoms should be created with the functions of the regions they will serve in mind. For in-
stance, if they will be used in the ultrasonic field, their acoustic characterizations must be performed, and if
they will be used in the optical field, their optical characterizations must be performed. Moreover, they must
be manufactured according to the desired characteristics of the tissues and/or organs to be used [29, 30].

Phantoms are employed in the optical field for various purposes, including imaging technique develop-
ment and image-guided interventions, system validation, optimization, stability evaluation, and medical de-
vice verification [31-33].

The KM model is a well-known theoretical reflectance model in optics. According to this model, some
light passing through a homogeneous sample is scattered and absorbed in two directions, resulting in a re-
duction in light. The KM model is a two-flux approach to the theory of universal radiation transfer. The KM
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scattering and absorption coefficients, denoted S and K, respectively, characterize the propagation of upward
and downward fluxes. Radiation transfer models have frequently been employed to define the optical proper-
ties of light-scattering materials. One of the most successful and easy models is the KM model. This model,
which employs the effective absorption and scattering coefficients of the material, can be used to calculate
the optical properties of particulate films under diffused light. Examples of applications for the KM model in
materials analysis include paints, decorative and protective coatings, pigmented plastics or polymers, solar-
absorbing pigments and paints, human tissues, leaves, biological systems, crystalline materials, solids, pow-
ders, fibers and wool, papers, thermal insulation, and optical properties. In this method, the optical properties
of the coating are represented by two constants: the absorption and scattering coefficients [34—37]. The key
variables controlling light propagation in tissues are the absorption coefficient (u.), scattering coefficient
(us), and scattering anisotropy factor (g). Both the tissue structure (scattering) and chromophore concentra-
tion (absorption) determine the degree of these properties [38]. In optical characterization, three essential pa-
rameters are considered distinguishing characteristics: the absorption coefficient, the reduced scattering coef-
ficient, and the anisotropy factor, which are known as microscopic optical qualities in the literature [39].

The purpose of this article is to provide more in-depth quantitative measurements of the optical properties
of various tissue-mimicking phantoms and conduct an extensive investigation. In short, the optical properties
of three distinct phantom materials, agar, Zerdine, and muscle phantom, were investigated and their results
were compared in this study. First, the macroscopic optical properties of the phantoms, including absorb-
ance, transmittance, reflectance, refractive index, and attenuation coefficient, were acquired using a single
integrated sphere and a spectrometer equipped with a broadband white light source within the wavelength
range 200 to 1000 nm. Then, using the KM function method, microscopic optical properties, which are the
absorption coefficient, scattering coefficient, and reduced scattering coefficient, were determined based on
the data of these macroscopic properties.

Methodology. Three distinct types of phantoms, agar, Zerdine, and muscle phantom were used. The
agar phantom was prepared with 125 mL of distilled water, 6.8 g of ZnCl, and 2.5 g of agar [40]. The thick-
ness of the agar phantom was 22 mm. The Zerdine® phantom was manufactured using the formulation de-
scribed in Zerhouni and Rachedine’s patent document. The thickness of the Zerdine phantom was 12 mm [41].
A muscle phantom identical to that published by Gutierrez et al. [42] was produced using 2.3 g of agar,
10.7 g of aluminum oxide and 125 mL of distilled water. The thickness of the muscle phantom was 20 mm.

Optical characterization setup. The optical equipment included a compact spectrometer (Thorlabs,
CCS200/M) with a wavelength range from 200 to 1000 nm, a broadband stabilized fiber-coupled white light
source (Thorlabs, SLS201L/M), and a single integrating sphere (Thorlabs IS200 type 2 integrating sphere).
Computations were realized by using Thorlabs OSA software and MS Excel. After the light was sent to the
measuring system, the continuous flow of data was recorded by pausing each measurement within 5 s. In ad-
dition, all optical measurement experiments were carried out under controlled laboratory ambient conditions
(temperature was 23.5+0.2°C and relative humidity was 45.0£5.0%rh).

Assessment of the optical data. During the measurement, the spectrum of the incoming light was obtained
first. The light spectrum was obtained in the absence of the phantom material in the experimental setup. To
remove background noise in the dark environment, the same measurement was repeated by closing the light
cover of the single integrating sphere. The primary signal was thus obtained by subtracting the signal of the
dark environment from the “incoming light” signal obtained at the beginning. The phantom was then placed
into the system and the spectrum of the phantom was recorded. The dark background noise was again elimi-
nated to produce a real phantom signal. The [y data are represented by the main signal, whereas the [ signal is
represented by the real phantom signal. From the acquired Main Signal (Light-Dark) and Real Phantom
(Phantom—Dark) data, macroscopic and microscopic optical properties were finally obtained.

Calculation of optical properties. Optical properties, such as absorbance, transmittance, reflectance, re-
fractive index, and linear or total attenuation coefficient, were measured and calculated using equations:

R+T+A=1o0r%R+%T+ %4 =100% [43], (1)
A =—log(Ilp) = —log(T) = 2 — log(%T) [44], )
T= 1/, [44], (3)
R=1-(4+T)[43], 4)

2
g =) [43], (5)

(n + 1)2
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[45], (6)
where # is the refractive index; 7 is transmittance; R is reflectance; p is the linear or total attenuation coeffi-
cient.

The KM function is characterized by [46]:

2
F(R):U;II:) =k/s, (7

where £ is the absorption coefficient; s is the scattering coefficient.
The total attenuation coefficient is described by [47]:

H=H, = Hy R, ®)
where L, is the absorption coefficient, and s is the scattering coefficient. That, is £ = p, and s = s can be
matched using Egs. (7) and (8).

The reduced scattering coefficient (u;) is defined by the following equation [48]:

ue =(1-g)m,, ©)
where g is the anisotropy factor.
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Fig. 1. The measured averaged curves of absorbance graphs of agar (a), muscle (b),
and Zerdine (c) phantoms, respectively.

Results and discussion. The measurement results for the macroscopic and microscopic optical parame-
ters are presented as follows. A minimum of six measurements were conducted while measuring the optical
properties of phantoms. For example, the averaged curves of the absorbance graphs of all the studied phan-
toms are shown in Fig. 1. Because the experimental conditions did not change, a single averaged curve for
the absorbance graph of phantoms was given. In these measurements, the individual maximum points were
determined, and the average peak values were calculated for each phantom. Using the absorbance values at
the peak values in each single measurement for each phantom, all other optical parameters were calculated
for this peak value of each phantom by means of the given Egs. (1)—(9). As a result, the mean and standard
deviation values were calculated for each optical parameter in the six measurements obtained for each phan-
tom, and the results are presented here.
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The macroscopic optical characteristics of all the phantoms are shown in Figs. 2 and 3. Figure 2 shows
the determined peak wavelengths, and absorbance, transmittance, and reflectance values of all phantoms at
the peak wavelengths. Figure 3 shows the determined refractive indices and linear attenuation coefficient
values of all phantoms at the peak wavelengths.

Peak wavelengths, nm a Absorbance, a. u. b
800 645.55 bl 0.8 _— 0.71
600 444.04 0.6 0.54
400 04
200 0.2

0 . 0 ;

Agar Zerdine Muscle Agar Zerdine Muscle
Transmittance, a. u. c Reflectance, a. u. d
0.29 0.20 YT 0.17
0.3 Eei 0.20 0.16 0.09
0.2 0.12
0.08
0.1
0.04
0 0
Agar Zerdine Muscle Agar Zerdine Muscle

Fig. 2. The determined peak wavelengths of all the phantoms (a), and absorbance (b), transmittance (c),
and reflectance (d) values determined at the peak wavelengths.

Refractive indices. 1 a Linear attenuation coefficient, mm™' b
03 2.42 0.12 s
2.14 i 0.082
1.87 0.067 Ty
’ 0.08 |
1 0.04 I
0 Agar Zerdine Muscle 0 Agar Zerdine Muscle

Fig. 3. The refractive indices (a) and linear attenuation coefficient (b) values of all the phantoms
at the peak wavelengths.

By using these macroscopic optical properties, microscopic optical properties such as the absorption co-
efficient, scattering coefficient, and reduced scattering coefficient determined at the peak wavelengths were
calculated with the help of the KM function approach. p, is calculated from Eq. (6) and the known R value
(Eq. (4)) is the reflectance value. Then, Eqgs. (7) and (8) are solved together, and . and p are found sepa-
rately. Anisotropy factor value g = 0.98 for the muscle phantom and g = 0.9 for the agar and Zerdine phan-
toms have been used to find the reduced scattering coefficient in the calculations.

Figure 4 shows the typical determined microscopic optical characteristics of the phantoms, such as the
absorption coefficient, scattering coefficient, and reduced scattering coefficient at peak wavelengths.
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Absorption coefficient, mm™ a Scattering coefficient, mm™ b
0.067 0.04
0.08 0.068 0.034
0.05 ] 0.03
0.06 0.017 0.014
0.04 0.02 J
0.02 0.01
: 0 .
Agar Zerdine Muscle Agar Zerdine Muscle
Reduced scattering coefficient, mm™! c
0.003
0.003
0.002
0.002
0.001 0.0003
L
0
Agar Zerdine Muscle

Fig. 4. The determined absorption coefficient (a), scattering coefficient (b), and reduced
scattering coefficient (c) values of all the phantoms at the peak wavelengths.

The macroscopic and microscopic optical properties of agar, Zerdine, and muscle phantoms were inves-
tigated using a spectrometer with a single integrated sphere and a broadband white light source within the
wavelength range 200—1000 nm. In fact, the spectra were originally obtained between 200 and 1000 nm.
However, because the resolution of the signals was so high, so was the noise level. The moving average of
the data was used to reduce the noise level and obtain smoother signals. For this reason, the spectrum range
in the graphics was obtained between 400 and 1000 nm.

For optical characterization, the absorption coefficient was used as a reference, and the results were
evaluated. Absorbance peak values for the agar phantom were determined within the range 645.55+61.05 nm
and the absorption coefficient was found to be 0.050+0.008 mm™'. This value is compatible with those re-
ported in [49]. Again, the absorbance peak values found for the muscle phantom were within the range
733.10+57.33 nm and the absorption coefficient was found to be 0.067+0.014 mm™'. This value is also in
good agreement with the values reported in the literature. For example, the absorption coefficients found for
muscle tissue (e.g., porcine muscle and bovine muscle) in an in vitro study on animal tissues ranged from
0.053 to 0.065 mm™' [50]. For the Zerdine phantom, the absorbance peak values were within the range
444.04+46.96 nm and the absorption coefficient was found to be 0.068+0.005 mm™'. However, no other
study was found in the literature for the Zerdine phantom other than our group’s study. For comparison,
an evaluation can be made from the refractive index obtained in our previous publication [51]. The refractive
index of the Zerdine phantom at 635 nm using the homogeneous medium measurement method in our previ-
ous study was found to be 1.994+0.41. This value corresponds to a refractive index of between 1.58 and 2.4.
However, the refractive index found in the stated study is between 2.36 and 2.48, but the present study must
be evaluated at wavelengths of 444.04+46.96 nm. Therefore, it can be said that there is a slight overlap in the
refractive index values.

Conclusions. With the latest optical technologies developed, the optical properties of living tissues
alone can provide sufficient information to identify diseases, especially cancer, or to monitor tissue metabo-
lism. Recently, a variety of techniques for determining tissue optical properties have been developed. Visible
and near-infrared wavelengths of light are frequently used in these techniques. It is well known how chal-
lenging it is to determine optical properties of tissues in vivo. Numerous errors have a major impact on the
measurements. For this reason, studies performed on phantoms by isolating specific tissue types are general-
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ly considered as a reliable technique in the field of research. For successful and safe applications in optics-
related medical treatments, it is necessary to determine the optical properties of biological tissues, such as
the absorption coefficient (l,), reduced scattering coefficient ('), scattering coefficient (i), anisotropy fac-
tor (g), and refractive index (). Therefore, it is crucial to optically characterize tissue-mimicking phantoms
before using them under real conditions. In this study, macroscopic and microscopic optical properties of
agar, Zerdine, and muscle phantoms were determined for the first time by the current research, using the
Kubelka—Munk function approach method. This study allows the investigation of optical parameters based
on different wavelengths. Our proposed approach investigates the values of the optical parameters along
a spectrum rather than searching for optical parameters at a particular wavelength. That is why this study,
which was carried out based on spectroscopy, makes the investigation of optical properties unique. As a re-
sult, optical characterization of phantoms can be easily performed using this method, and this method can be
applied to many different types of phantoms in future studies.
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