i | University
OPEN ’ACCESS e of Dundee

University of Dundee

Fabrication of agar-based tissue-mimicking phantom for the technical evaluation of
biomedical optical imaging systems

Kim, Mingyu; Im, Seonghui; Park, Inyoung; Kim, Donghyeok; Kim, Eun Su; Joseph, James

Published in:
Current Applied Physics

DOI:
10.1016/j.cap.2024.02.013

Publication date:
2024

Licence:
CC BY-NC-ND

Document Version
Publisher's PDF, also known as Version of record

Link to publication in Discovery Research Portal

Citation for published version (APA):

Kim, M., Im, S., Park, I., Kim, D., Kim, E. S., Joseph, J., & Yoon, J. (2024). Fabrication of agar-based tissue-
mimicking phantom for the technical evaluation of biomedical optical imaging systems. Current Applied Physics,
61, 80-85. https://doi.org/10.1016/j.cap.2024.02.013

General rights

Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 16. Jul. 2024


https://doi.org/10.1016/j.cap.2024.02.013
https://discovery.dundee.ac.uk/en/publications/b5c9d364-d04e-423c-b5ad-68b32cd660fc
https://doi.org/10.1016/j.cap.2024.02.013

Current Applied Physics 61 (2024) 80-85

FI. SEVIER

Contents lists available at ScienceDirect Current
Applied
Physics

Current Applied Physics

journal homepage: www.elsevier.com/locate/cap

L)

Check for

Fabrication of agar-based tissue-mimicking phantom for the technical e
evaluation of biomedical optical imaging systems

Mingyu Kim “, Seonghui Im °, Inyoung Park > Donghyeok Kim ", Eun Su Kim ?, James Joseph “¢,

Jonghee Yoon ™"

& Department of Physics, Ajou University, Suwon, 16499, South Korea

b Department of Energy Systems Research, Ajou University, Suwon, 16499, South Korea

€ School of Science and Engineering, University of Dundee, Dundee, DD1 4HN, United Kingdom

d Centre for Medical Engineering and Technology, University of Dundee, Dundee, DD1 4HN, United Kingdom

ARTICLE INFO

Keywords:
Tissue-mimicking phantom
Light-tissue interaction
Optical system

Technical evaluation

Soft tissue

ABSTRACT

The development process of the optical systems for various biomedical applications typically involve evaluations
of technical performance. One popular evaluation method is to use a reference object such as a phantom that
exhibits similar optical properties of tissue. Fabrication of a consistent phantom with known optical properties,
such as scattering and absorption, is essential for accurate technical evaluation of the optical system. This paper
presents a protocol for fabricating an agar-based tissue-mimicking phantom, offering practical guidance to
ensure consistent and reproducible phantom creation. In addition, optical setups that measure light information
required for quantifying the optical properties via an inverse adding-doubling (IAD) method are discussed. We
demonstrated the fabrication of phantoms with diverse scattering and absorption properties, and the IAD method
successfully quantified the optical properties. Moreover, we employed the phantom to assess the imaging depth
limitation of a hyperspectral imaging system, demonstrating potential usage of phantoms for performing tech-

nical evaluation.

1. Introduction

Biomedical optics technologies exploit light-tissue interactions for
disease diagnosis and treatment, which can be broadly classified into
two categories: label-free and label-based methods [1]. Label-free op-
tical methods harness intrinsic optical properties of biological tissues,
comprising cells, blood vessels, extracellular matrix (e.g., collagen), and
various biochemical molecules [2]. From an optical perspective, the
structural complexity of tissues introduces uneven refractive index dis-
tribution, causing light reflection and refraction at refractive index
discontinuities. Biochemical molecule composition determines optical
absorption properties, exhibiting distinct features wavelength depen-
dent light absorption. Nonlinear phenomena such as multiphoton ab-
sorption, second harmonic generation, and Raman scattering, induced
by biochemical molecule structures, further contribute to optical fea-
tures [3]. Consequently, tissue structural and biochemical features can
be estimated from the measured optical properties, enabling the iden-
tification of tissues with pathological alterations during disease pro-
gression. For example, in the case of cancer, rapid cell proliferation
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results in changes in cell density, angiogenesis, and inflammatory re-
sponses, modifying tissue absorption and scattering properties [4-6].
This alteration in optical properties facilitates cancer diagnosis. Accu-
rate measurement of tissue optical properties enables the assessment of
structure and biochemical constituents, making label-free optical tech-
niques invaluable for disease diagnosis and treatment. In contrast,
label-based techniques employ fluorescent dyes, nanoparticles, and
external agents to enhance target contrast [7]. Utilizing
antigen-antibody reactions or other affinity-based interactions, these
techniques precisely observe specific targets. This capability is particu-
larly advantageous for measuring complex biological tissues that are
challenging to assess due to their complex composition.

To harness the diverse light-tissue interactions for biomedical ap-
plications, several label-free and label-based optical imaging technolo-
gies have been developed [8]. Each imaging technique is designed to
capture specific light-tissue interactions, and approaches for the optical
system development typically involves theoretical and experimental
demonstration of their utility for biomedical applications. Recently,
several promising optical technologies have emerged, including:
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hyperspectral imaging (HSI) method which measures the morphology
and spectral information for mapping the structural and biochemical
features from biological tissues [9,10]. HSI enables disease diagnosis not
achievable through conventional optical imaging methods. Another
modality called spatial-frequency domain imaging (SFDI) utilizes
structured illumination to measure absorption and scattering co-
efficients on a large scale [11]. On the other hand, photoacoustic im-
aging measures ultrasound signals generated by the absorption of light
energy [12]. It is particularly useful for vascular imaging and cancer
diagnosis, providing detailed information about tissue composition and
vasculature distribution. Laser speckle imaging focuses on the temporal
dynamics of scattered light signals caused by variations in the medium
[12]. This allows for the quantitative analysis of blood flow, providing
insights into physiological processes [13].

Although a variety of optical imaging devices have been reported,
the clinical translation of these technologies often comprises the usage
of robust technical validation frameworks. The technical validation of
optical imaging technologies primarily involves simulation and experi-
mental methods [14]. Simulation methods rely on computational ap-
proaches to predict precise optical characteristics through theoretical
analysis [15,16]. While simulations are powerful tools for anticipating
optical behavior, they have limitations in accurately assessing complex
errors that may arise in the actual optical system. In contrast, experi-
mental validation methods utilize tissue-mimicking phantoms that are
designed to have similar optical properties of biological tissues [14,
17-19]. These phantoms serve as invaluable tools for assessing optical
systems under various conditions, providing a practical means of vali-
dating the technologies for comprehensive understanding of optical
systems in real-world conditions.

Biological tissue-mimicking phantoms are artificially created to
replicate the optical properties of actual biological tissues. They can be
broadly categorized into water-based and non-water-based phantoms
[14,17]. Water-based phantoms are relatively easy to fabricate and offer
the advantage of using various substances to control their optical
properties. However, they have the drawback of evaporation over time,
limiting their stability and suitability for long-term experiments. On the
other hand, non-water-based phantoms involve a more complex
manufacturing process, but they offer the advantage of long-term sta-
bility without significant changes in their properties. This makes them
particularly useful for extended longitudinal experiments and studies.
To control scattering in these phantoms, substances like lipid, titanium
oxide, and polymer microspheres can be employed, while absorption
coefficients can be adjusted using substances like natural tissue chro-
mophores or synthetic chemical dyes [17]. Additionally, depending on
specific experimental requirements, fluorescent materials can be incor-
porated into the phantoms.

Considering the diverse optical properties exhibited by different
biological tissues, the creation of tissue-mimicking phantoms with
tailored optical properties becomes essential for precise validation of
optical systems. These phantoms enable researchers to mimic specific
experimental conditions relevant to their research objectives, ensuring
accurate performance testing of optical systems under a variety of
circumstances.

Therefore, creating a consistent tissue-mimicking phantom with
known optical properties is essential for harnessing the utility of phan-
toms for various applications. This paper provides a detailed description
of water-based phantoms, along with the necessary techniques and in-
sights required for their fabrication. Additionally, the paper presents a
protocol for the performing computations using the inverse adding-
doubling (IAD) method, which enables the measurement of the optical
properties of the created phantoms. Although many protocols of tissue-
mimicking phantom creation and IAD methods were proposed, the de-
tails and practical issues were usually omitted. In this context, this paper
particularly elaborates on crucial considerations for manufacturing a
safe and reliable phantom and reports the optical measurements per-
formed for the IAD based calculations. Specifically, the proposed
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protocol created a phantom with optical properties similar to those of
the esophagus and stomach tissues (absorption coefficients of 0.1-2.5
cm’l, reduced scattering coefficients of 0.5-20 cm ! at 550 nm) [20,
21]. Furthermore, the study included applied research exploiting the
created phantoms to investigate the depth limits of hyperspectral im-
aging technology. This finding contributed to a better understanding of
the capabilities and limitations of hyperspectral imaging and its poten-
tial applications.

2. Material and methods
2.1. Protocols for tissue phantom creation

An agar-based tissue-mimicking phantom was created in this study.
Agar powder (05039, Sigma Aldrich) was used as the base material of
the phantom. Agar concentration determines the stiffness of the phan-
tom; thus, concentration could be adjusted for the stiffness of the target
tissue [22]. Intralipid 20% emulsion (68890-65-3, Sigma Aldrich) and
Nigrosin (8005-03-6, Sigma Aldrich) were used to adjust the scattering
and absorption features of the phantom, respectively. Nigrosin stock
solution was prepared by dissolving in distilled water to have a cen-
tration of 0.5 mg/mL. Fig. 1 shows overall phantom creation procedures,
and the details of the protocols are as follows.

Stepl weigh agar powder using an electric scale and add it into the
bottle filled with distilled water (in this protocol 1.5% agar so-
lution was used)

Step2 gently shake the bottle to mix agar powder and water. And put
the bottle inside a microwave and microwave for 1-2 min to boil
the solution. The bottle cap should be loosely closed, or the
entrance of the bottle is covered by using a wrap to avoid
damaging the bottle due to vapor during boiling the solution. The
microwave heating process is repeated two to three times to
dissolve all agar powder. Once agar powder is completely dis-
solved in water, then the solution becomes clear.
place the bottle with the boiling solution on a heat plate setting
the temperature at 50 °C to cool down the solution to approxi-
mately 50 °C. The high temperature might cause denaturation of
the intraplid and Nigrosine, resulting in detrimental effects on
obtaining optimal optical properties of a phantom. During cool-
ing down, the bottle should be closed to prevent evaporation.

Step4 Add the appropriate concentration of intralipid and Nigrosin
solutions into the bottle to adjust the optical properties of the
solution.

Step5 Mix the solution several times using a vortex to homogenize the
distributions of intralipid and Nigrosin within the agar solution.
And pour the mixed solution into the mold. Petri dishes or 3D-
printed structures are the most commonly used molds.

Step6 Cool down the solution in the mold at room temperature or inside
a refrigerator to allow the phantom to set. During the hardening
process, the mold can be wrapped to prevent the dehydration of
the phantom. The created phantom can be detached from the
mold after two — 3 h of the cool down process.

Step3

In this work, the phantoms were prepared using 35 mm Petri dishes,
and 5 mL of phantom solution was poured into the dishes to create a
phantom having thickness of 5 mm. The shape and thickness of the
phantom were determined based on the field-of-view of an imaging
system and the target tissue (the target tissue is gastric tissue in this
protocol, and its thickness is around 5 mm [23]), but those parameters
could be freely adjusted based on the optical system and characteristics
of the target.

2.2. Inverse adding-doubling method

The optical properties of the phantom should be carefully measured
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Step1: add agar powder and distilled
water into the bottle

Step2: put the bottle in the microwave and
microwave for 1 to 2 minutes to boil the solution
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Step3: put the bottle on a heat
plate (~50°C) to cool down
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Fig. 1. Schematic protocol of agar-based tissue mimicking phantom preparation.

prior to exploiting the tissue-mimicking phantom for the technical
evaluation of an optical system. The IAD method is a well-known re-
ported method to estimate absorption and reduced scattering co-
efficients. IAD relies on using the transmitted, reflected, and unscattered
light measured from the sample [24,25]. Monte Carlo simulation is
further performed using these measurement data to predict the optical
properties of the sample. Due to its simplicity and robustness, the IAD
method has been widely used in estimating the optical properties of
various materials, including phantom and biological tissues.

There are many optical systems available to measure optical signals
required for the IAD method. This study exploits the usage of a single
integrating sphere (3P-GPS-033-SL 3, Labsphere) and supercontinuum

(a) Total light intensity

Spectrometer

=

laser source (SuperK, NKT photonics). The integrating sphere allows a
homogenous distribution of the optical field across the internal surface
of the sphere thereby enabling the precise measurement of the trans-
mission and reflectance of the sample. As refractive index and absorp-
tion features vary as a function of wavelength, the supercontinum source
interfaced with an acoustic-optic tunable filter (AOTF, SuperK Varia,
NKT photonics) was exploited. This illumination system enables the
production of light output ranging from 450 nm to 800 nm with a
spectral bandwidth of 10 nm. This study involved the usage of 550 nm
illumination with 10 nm bandwidth for demonstrating the measurement
protocol of the IAD, but the same protocol can be applied for obtaining
optical properties at other wavelengths by the simply tunning center

(b) Sample transmission

)

Spectralon
M2

L1 port plug Phantom

(f= 150 mm) Integrating
sphere
(c) Sample reflection (d) Unscattered transmission
Phantom Phantom L3
(f =35 mm)
— Light without interacting with a phantom === + Light interacted with a phantom

Fig. 2. Light intensity measurement for the inverse adding doubling method. Each schematic optical setup is for the measurement of (a) total light intensity, (b)
transmission, (c) reflectance, and (d) unscattered transmission. Solid and dashed arrows indicate light with and without the interaction with a phantom, respectively.
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wavelength of the supercontinuum source.

Fig. 2 shows the optical setup and methods used to measure trans-
mission, reflection, and unscattered light from a phantom used in this
study. The beam size of the collimated laser was decreased by half via a
4f system made of two plano-convex lenses (f = 150 mm and f = 75 mm).
A 4-inch integrating sphere with three ports was aligned to make the
laser pass through the two ports without light reflection at the internal
surface of the integrating surface. A fiber-coupled spectrometer was
connected to the port located at the top to capture the reflected light
inside the integrating sphere. First, the total power of the incoming laser
signal was measured by blocking the exit port with a port plug coated
with spectralon (Plug, Port, 1.0", Spectralon, Labsphere), which allows
the reflection of all incident laser power. In this step, the exposure time
of the spectrometer should be carefully adjusted to make the measured
signal close to the saturated level, which provides a sufficient signal-to-
noise ratio of transmission and reflection signals at the phantom, even
though there exists high light attenuation. Once the exposure time of the
spectrometer was determined, transmission and reflection signals from
the phantom were measured by placing the phantom at the entrance and
exit ports, respectively (Fig. 2(b) and (c)).

After the acquisition of transmission and reflection, the unscattered
signal was measured by modifying the optical setup as shown Fig. 2(d).
The integrating sphere was removed, and a spectrometer was posi-
tioned. The collimated light is focused into the spectrometer by using an
additional plano-convex lens (f = 35 mm). Then, the exposure time was
adjusted to avoid the spectrometer saturation due to the high intensities
experienced while performing the direct measurement of the focused
laser beam. The phantom was then placed in front of the first lens, which
allowed the measurement of unscattered light signals. As the spec-
trometer was aligned to measure only the collimated laser, the scattered
signals from the phantom could not reach the spectrometer. Dark signals
for each exposure time were measured without laser illumination.

Based on measured transmission, reflection, and unscattered light,
absorption and reduced scattering coefficients were estimated using the
IAD method [25].

3. Results and discussion

3.1. Estimation of the optical properties of phantoms using the IAD
method

To demonstrate the feasibility of the protocols of tissue mimicking
phantom fabrication and the IAD method, two different sets of tissue
phantoms were fabricated. The first set of phantoms were created by
changing intralipid concentration while maintaining Nigrosin concen-
tration, which adjusted scattering properties without altering the ab-
sorption properties. The other set of phantoms were fabricated with
varying absorption properties but the same scattering property. Each set
consists of four tissue phantoms, and the composition is summarized in
Table 1.

Fig. 3 shows the images of each sample and their optical properties
computed using the IAD method at 550 nm. Phantoms with increasing
concentrations of intralipid were indistinguishable in photos (Fig. 3(a)).
But IAD measurement showed increased reduced scattering coefficients
with an increase in the intralipid concentration. On the other hand,
absorption properties were similar in these phantoms, indicating that
intralipid does not change the absorption property of the phantom.

Table 1
Details of the composition of tissue-mimicking phantoms.
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However, phantoms become darker with increasing Nigrosin concen-
tration as shown in Fig. 3(b). Quantification of optical properties of the
phantoms with varying Nigrosin concentration revealed that absorption
coefficients were increased as the Nigrosin concentration increased.
However, there was also a rapid decrease in the reduced scattering co-
efficients between the Nigrosin concentration of 3.1 pg/mL and 4.7 pg/
mL. These results indicate that Nigrosin can adjust the absorption
property of a phantom, but high Nigrosin concentration might affect the
quantification accuracy of the scattering property. Thus, further study is
required to determine whether Nigrosin affects the quantification of the
reduced scattering coefficient or decreased light intensity due to high
absorption in the phantom affects the quantification accuracy of the
scattering coefficient.

Although there was an issue in measuring consistent reduced scat-
tering coefficients in the phantoms with the same intralipid concentra-
tion, the feasibility of tissue phantom creation with varying optical
properties was demonstrated, and the IAD was proved to be versatile to
estimate the optical properties of the phantom.

3.2. Application of a phantom for evaluating penetration depth limitation
of HSI

To test the applicability of a tissue-mimicking phantom in the tech-
nical evaluation of biophotonics tools, we applied the phantom to assess
the imaging depth of an HSI system. A drawback of HSI methods is the
limited imaging depth, as optical penetration is affected by absorption
and scattering in tissue [26,27]. Thus, current HSI methods applications
mainly examine diseases in organs that can be easily accessed via optical
imaging systems [28]. Knowing the depth limitation of an HSI system is
significant as it is directly related to the disease diagnostic capability of
lesions located under the surface [29]. Therefore, we applied phantoms
with various thickness to assess the imaging depth of the HSI system. An
HSI system was implemented via a spectral scanning method using a
liquid crystal tunable filter (LCTF, KURI OS-VB1, Thorlabs) (Fig. 4(a)).
The LCTF, placed in front of a CMOS camera (Grasshopper3
GS3-U3-41C6M, FLIR), allows the electronic adjustment of the filter
property to transmit a light signal at a specific wavelength, enabling the
acquisition of spectral images. We performed HSI of a color chart by
illuminating a broadband diffuse light source (LEDP260C, Godox),
allowing the acquisition of spectral information at visible wavelength
ranges from 450 nm to 700 nm. Phantoms with three thicknesses (1.5
mm, 3.0 mm, and 7.0 mm) were put on the top of the color chart to
investigate the depth limitation of the HSI system. Phantoms were
created with concentrations of intralipid (0.83%) and Nigrosin (3.1
pg/mL) to have similar optical properties of the skin [30].

Fig. 4(b) shows the effect of phantom thickness on the target in HSI.
The RGB image without the phantom clearly shows four colors (red,
yellow, green, and blue), and they have a distinct reflectance at visible
wavelength, ranging from 450 to 700 nm. However, RGB images became
vague and white as the phantom’s thickness increased from 1.5 mm to
7.0 mm. Moreover, the discrimination of each color based on reflectance
is challenging due to indistinguishable spectral features under thick
phantom conditions. These results indicate that thick phantoms result in
higher light extinction, which makes it difficult to measure the accurate
spectral features of the underlying target. Interestingly, the reflectance
of each color around 600-700 nm is still discernible even though the
thickness of the phantom is 7 mm. This is because longer wavelengths

Intralipid varying phantoms

Nigrosin varying phantoms

Agar powder (g) 0.15 0.15 0.15

Distilled water (mL) 9.730 9.522 9.314
20% intralipid solution (mL) 0.208 0.416 0.624
5 mg/mL Nygrosin solution (mL) 0.062 0.062 0.062

0.15 0.15 0.15 0.15 0.15

9.106 9.553 9.522 9.491 9.460
0.832 0.416 0.416 0.416 0.416
0.062 0.031 0.062 0.093 0.124
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Intralipid: 0.83%, Varying Nigrosin concentration
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] o
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Fig. 3. Optical properties of tissue-mimicking phantoms created under various conditions. (a, ¢) Photographs of tissue-mimicking phantoms with various concen-
trations of intralipid and Nigrosin, respectively. (b, d) Absorption and reduced scattering coefficients of tissue phantoms shown in a and c calculated via the
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Fig. 4. Evaluation of penetration depth of a hyperspectral imaging system using tissue-mimicking phantoms. (a) Optical setup for the hyperspectral imaging system
implemented via a spectral scanning method. (b) RGB images of a color chart sample with phantoms at various thicknesses. Bottom graphs show average spectral
profiles for each color from measured hyperspectral images. Line colors correspond to each color in the color chart sample above. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

are attenuated less when compared to shorter wavelengths in agreement
with the lower Nigrosin absorption and scattering at longer wave-
lengths. These results show a consistent tendency with a previous report
that HSI with longer wavelength enables the measurement of targets
with enough contrast [31].

Although the scale of measured reflectance is decreased as the
thickness of the phantom increases, the shapes of reflectance curves
were maintained for image acquisition of the phantom with 3 mm
thickness. This indicates that this HSI system can be used to detect a
pathological condition located under 3 mm from the surface.

4. Conclusion

This paper reports a protocol for creating an agar-based tissue-
mimicking phantom that enables the tuning of scattering and absorption
properties by changing intralipid and Nigrosin concentrations, respec-
tively. Moreover, practical guidelines were also provided for enabling
consistent and reproducible phantom fabrication. Optical setups were
proposed to measure transmission, reflection, and unscattered light in-
formation from a phantom, which is required for characterizing the
optical properties of a phantom using the IAD method. We found that
measuring unscattered light is significant to obtain accurate calculation
of the optical properties.

As many optical systems have been developed to examine the
gastrointestinal tract due to easy accessibility of useful optical tools, this
study specifically targeted the fabrication of tissue-mimicking phantoms
with absorption and scattering properties similar to the esophagus and
gastric tissues. Various phantoms were created with different

concentrations of intralipid and Nigrosin, and the IAD method success-
fully quantified the optical properties of phantoms that are consistent
with intralipid and Nigrosin concentrations. For the representative
application of a tissue-mimicking phantom in the technical evaluation of
biomedical optics system, we implemented the HSI system via the
spectral scanning method. The phantoms with different thicknesses
enabled the analysis of the depth limitation of the HSI system, which can
be used for identifying the maximal depth of disease tissue that can be
diagnosed via the HSI system.

When the proposed protocol is combined with a 3D printer tech-
nology, its applicability can significantly increase [32,33]. The 3D
printer provides a mold that can mimic complex biological structures
such as vessel networks, allowing the technical evaluation of optical
systems under actual biological tissue conditions. In addition,
combining 3D printer technology and fluidic channels enables the
assessment of functional imaging capabilities such as blood flow and
oxygen saturation monitoring [34,35].  Collectively, the
tissue-mimicking phantom is an essential tool for evaluating biomedical
optical systems, and it can also be used for the standardization of optical
imaging techniques that can be used for a variety of biomedical
applications.
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