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Extensive research in the area of optical sensing for medical diagnostics requires development of
tissue phantoms with optical properties similar to those of living human tissues. Development
and improvement of in vivo optical measurement systems requires the use of stable tissue
phantoms with known characteristics, which are mainly used for calibration of such systems and
testing their performance over time. Optical and mechanical properties of phantoms depend on
their purpose. Nevertheless, they must accurately simulate speci¯c tissues they are supposed to
mimic. Many tissues and organs including head possess a multi-layered structure, with speci¯c
optical properties of each layer. However, such a structure is not always addressed in the present-
day phantoms. In this paper, we focus on the development of a plain-parallel multi-layered
phantom with optical properties (reduced scattering coe±cient � 0

s and absorption coe±cient �a)
corresponding to the human head layers, such as skin, skull, and gray and white matter of the
brain tissue. The phantom is intended for use in noninvasive di®use near-infrared spectroscopy
(NIRS) of human brain. Optical parameters of the fabricated phantoms are reconstructed using
spectrophotometry and inverse adding-doubling calculation method. The results show that
polyvinyl chloride-plastisol (PVCP) and zinc oxide (ZnO) nanoparticles are suitable materials for
fabrication of tissue mimicking phantoms with controlled scattering properties. Good matching
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was found between optical properties of phantoms and the corresponding values found in the
literature.

Keywords: Tissue-mimicking phantoms; optical properties; near-infrared spectroscopy; head
model.

1. Introduction

Noninvasive diagnostics is aimed to provide infor-
mation about internal parameters of living subjects,
which may revolutionize medical diagnostics. Thus
it is extensively studied for the purposes such as
disease detection, oximetry, hemodynamics, or im-
aging. A di®use near infrared spectroscopy (NIRS) is
one of such methods.1 It utilizes several optical
wavelengths to monitor parameters of tissues such
as oxygen saturation, changes in blood volume,
blood °ow and muscle O2. Such optical measure-
ment systems for biomedical applications rely on
tissue-equivalent phantoms for testing system design
and comparing di®erent measurement methods.2–9

Use of real human tissues is impractical since the
optical properties of such samples change in various
atmospheric conditions (i.e., humidity, temperature)
and rapidly degrade over time, thus they are unus-
able as standards with known and stable properties.
Therefore, optical properties of phantoms (scatter-
ing coe±cient �s, absorption coe±cient �a, scatter-
ing anisotropy factor g, refractive index n, and
thickness L) should be properly tuned to correspond
to that of tissues they mimic. Properties of phan-
toms di®er depending on the purpose they are
designed for, as various noninvasive optical diag-
nostic techniques utilize phantoms.5–14 The geome-
try of the head-mimicking phantoms used previously
is not complex being either in a form of a slab,15 a
cylinder,16 a container,17 a plastic skull.18 Phantoms
with more sophisticated geometry simulating a head
shape and the brain are under developed.19 The
structure of optical phantoms usually comprises
three parts.5,6,20 First, the matrix material, which is
chosen with regards to its mechanical properties,
refractive index, and stability over time. Another
constituent, the scattering component, is used to
a®ect scattering properties of the phantom. Scat-
tering depends on the particle refractive index and
size distribution. Most common scatterers are TiO2

nanoparticles,5,6,11 plastic microspheres,5,21,22 or
lipids.23–25 To a®ect absorption, absorbing agents
such as ink, whole blood,26 or dyes21 are used.

This paper is based on the previous research car-
ried out by our group27 where the ¯ber-based NIRS
system, designed for use during functional magnetic
resonance imaging (fMRI), utilized phantoms for
sensing purpose. These preliminary results were very
promising when comparison between the in vivo
(forehead location) and the multi-layered phantom
was performed at two wavelengths (830 nm and
905 nm), even though the phantom layers were pre-
pared to match the optical properties of the real tis-
sue at 900 nm only. The attenuation of the light at
di®erent source-detector separations were in excel-
lent agreement with Monte Carlo simulations.
However, at a current state of research, signi¯cant
discrepancies between theoretical investigations and
real measurements were evident. Thus, this paper is
exclusively focused on the process of developing
precise tissue-mimicking layered phantoms, with an
emphasis on calculating proper quantities of nano-
particles to a®ect the scattering, as well as measuring
optical properties of the manufactured phantoms.
We present a multi-layered phantom of head model
tissue layers representing skin, skull, cerebrospinal
°uid (CSF), and two distinct brain tissues: gray and
white matter. All the layers of the presented phan-
tom (besides CSF) were fabricated using polyvinyl
chloride-plastisol (PVCP) as a matrix material and
zinc oxide (ZnO) nanoparticles as a scattering agent.
The CSF-mimicking layer was made from silicone to
form an extremely transparent object. This phantom
is intended for further research focused on testing
and optimizing NIRS method.27–29 We will use it for
the application of di®use NIRS operating at 805–905-
nm wavelengths for monitoring brain activity. Con-
sequently, the optical properties are tuned to corre-
spond to those of the head speci¯cally at this spectral
range, with behavior at other wavelengths showed
for comparison.

2. Materials and Methods

Optical properties of head model tissue layers
(Table 1) were taken from the literature.29–35 Since
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the intended purpose of the phantom is NIRS of
brain, only the knowledge of the absorption coe±-
cient �a and the reduced scattering coe±cient � 0

s is
required for the di®use regime of light propagation
realized in the case of head.5,28–30 The following
equation is used to calculate the reduced scattering
coe±cient36–38:

� 0
s ¼ �sð1� gÞ; ð1Þ

where �s is a scattering coe±cient and g is a scat-
tering anisotropy factor.

In order to match the reduced scattering coe±-
cient of fabricated phantoms to those of tissues, it was
necessary to calculate the required concentrations of
zinc oxide (ZnO) nanoparticles according to the Mie
theory of scattering. First, we calculated g-factors
and the scattering e±ciency factors Qs for di®erent
ZnO particle sizes (Fig. 1) and predicted the resulting
g� value accounting for the ZnO particle size distri-
bution (theoretical g� ¼ 0:76). The scattering e±-
ciency factor is de¯ned as a ratio between the
scattering cross section �s and the geometrical cross
section �g: Qs ¼ �s=�g. Then, we fabricated and
measured PVCP phantoms without particles and
with low particle concentration (1.5mg/mL), so that

only single scattering occurs to retrieve g� value ex-
perimentally (g� ¼ 0:80). Knowing particles size
distribution, concentration N , scattering e±ciency
Qs (Fig. 1), and accounting for the fact that
�s ¼ �sN , we estimated the required concentration
of ZnO particles to match real � 0

s. Since g of the real
head tissues is larger than the obtained theoretical
parameters of the phantom, we focus on� 0

s calculated
to match � 0

s of the phantom and that of a tissue be-
cause we apply our phantoms for NIRS. Absorption
property of the intrinsic matrix of PVCP was used,
slightly surpassing the values for real head layers.

The matrix material used for phantom fabrica-
tion was PVCP (M-F Manufacturing Co., Fort
Worth, TX, USA), which becomes transparent due
to polymerization after heating at high tempera-
ture. Zinc oxide powder (Sigma-Aldrich, Germany)
with an average particle size of 0.34�m (Fig. 2) was
used as a scattering agent to obtain desired optical
properties. PVCP was thoroughly mixed with ZnO
to ensure homogenous distribution. The mixture
was sonicated for 15min to destroy clusters and
evenly distribute the particles in the suspension. It
was then poured into plane rectangular molds and
heated for 1 h at 180�C.
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Fig. 1. g-factor (a), and scattering e±ciency factor Qs (b), calculated for individual ZnO particles of di®erent sizes used for
phantom fabrication. The calculations are based on the Mie theory of scattering. Theoretical and experimental values of g�
correspond to the actual ZnO powder used for phantom fabrication and the size distribution is taken into account of the particles:
g� ¼ 0:76 (theory), g� ¼ 0:80 (experiment).

Table 1. Reduced scattering coe±cients, absorption, and thicknesses of head-
mimicking phantom layers corresponding to real tissue layers at 915-nm wavelength.

Tissue � 0
s [mm�1] �a [mm�1] g Thickness L [mm] References

Skin 1.44 0.05 0.88 3 31, 33
Skull 1.5 0.04 0.94 10 32
CSF 0.0001 0.001 0.999 2 30
Gray matter 2.40 0.03 0.96 4 34
White matter 7.80 0.01 0.87 20 35
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3. Results

A series of 0.5-mm-thick plain layers mimicking skin,
skull, gray, and white matter by their optical (but not
geometrical) properties, with pre-calculated ZnO
concentrations weremanufactured. Total re°ectance,
total transmittance, and collimated transmittance
were measured (Fig. 3) using OL-750 spectropho-
tometer system (Optronic Laboratories, USA) with a

Si high-sensitivity detector module OL 750-HSD-300

(wavelength 0.25–1.1�m) and integrating spheres;

the latter was used to account for scattering pro-

perties of the samples. The refractive index was

measured [Fig. 3(a)] using a DR-M2/1550(A) multi-

wavelength Abbe refractometer (Atago, Japan).

Spectral-domain Optical Coherence Tomography

system Hyperion (Thorlabs, USA) was used to
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Fig. 3. Measured refractive index (a), total re°ectance (b), total transmittance (c), and collimated transmittance (d), as input
(along with thickness) for inverse adding-doubling algorithms.
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Fig. 2. Scanning electron microscopy (SEM) image (a) and size distribution (b) of the used ZnO particles.
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con¯rm the refractive indexmeasurements at 930-nm
wavelength. Thickness L of the phantoms was also
measured using OCT (resolution in air: 5.8�m). The
optical properties of phantoms (�s and g) were then
reconstructed using inverse adding-doubling algo-
rithms36–40 (Fig. 4). Refractive index of the phantoms
was measured twice and the spectrophotometer
measurements were repeated three times on several

sites over each phantom (two phantoms for each set
of properties). Standard deviation in Figs. 3–5 is de-
¯ned from themeasurements averaged over the whole
set of measurements.

Di®erences in the refractive index (Fig. 3) of
phantoms with di®erent concentrations of ZnO are
smaller than the measurement errors. Therefore, no
reliable di®erences in the refractive index were
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Fig. 4. Reconstructed optical properties: scattering coe±cient (a) decreases linearly with wavelength; anisotropy factor g and (b)
remains constant (g ¼ 0:8) for the whole spectral range. For the white matter phantom, g was calculated to be 0.8 based on
additional measurements of thinner samples.
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Fig. 5. Reduced scattering coe±cients of the head-mimicking layers. Linear extrapolation based on the single-scattering phantom
measured at 900-nm wavelength (\Extrapolated"), and results of measurements of the fabricated phantoms, simulating skin (a),
skull (b), gray matter (c), and white matter (d).
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observed due to limited accuracy of measurement
methods. Spectrophotometric measurements show
clear distinction between the phantom layers. The
absorption coe±cient depends on the phantom
layer and changes slightly within �a ¼ 0:044 –
0.092mm�1; the g-factor remains the same (g ¼ 0:8)
for all phantoms for the whole spectrum. Since
collimated transmittance could not be measured for
the 0.5mm-thick white matter phantom layer, the
value for g ¼ 0:8 was used based on measurements
of thinner phantoms. Scattering properties of dif-
ferent head-mimicking layers di®er, which is clearly
demonstrated by Fig. 5.

Reconstructed reduced scattering coe±cient of
the phantom (Fig. 5) is in good agreement with the
linear extrapolation of the single-scattering phan-
tom properties and matches with those of real tissue
layers. Therefore, the presented calculations, the
fabrication method, and the measurements of tis-
sue-mimicking phantom layers are correct. Errors
arise from a series of factors, such as: inhomoge-
neous mixing of ZnO particles with PVCP, clus-
tering of particles due to insu±cient sonication of
the mixture, and particle sedimentation. Especially
in higher concentrations, the nanoparticles are dif-
¯cult to mix properly and they quickly sink to the
bottom of the mold, before PVCP solidi¯es. This
makes phantoms inhomogeneous, thus uncontrol-
lably changing the phantoms' optical properties.

4. Discussion

Accurate matching of optical properties by phan-
tom relies on the choice of materials used for their
fabrication. While matching the absorption coe±-
cient of phantoms can be simply achieved by addi-
tion of a speci¯c concentration of substances which
absorb light at required spectral range, accurately
matching the scattering properties is still a major
challenge. Several manufacturing techniques have
been so far employed for this purpose.5,6,20,22,41 One
of them, used for liquid phantoms, is the use of
aqueous intralipid suspensions of a certain concen-
tration. We previously employed such phantoms for
glucose sensing employing OCT, photoacoustics,
and time-of-°ight techniques.42–45 This fat emulsion
substance has known and reproducible scattering
coe±cients due to its uniform fabrication proce-
dure.46,47 However liquid samples cannot be formed
in desired shapes and are unsuitable for long-term
use; thus solid phantoms should be elaborated. Such

phantoms are made commonly using nanoparticles
of controlled size distribution suspended in a matrix
material. Careful choice of matrix material and
scattering nanoparticles is the basis for phantom
manufacturing using this approach, which was also
employed in this paper. Scattering particles di®er in
their size, shape, refractive index, and absorption
spectrum which a®ect the scattering coe±cient and
anisotropy of the particles. We have used ZnO
nanoparticles due to their higher anisotropy factor
(g ¼ 0:8 as presented in Fig. 1), which is much
closer to that of real human tissues than TiO2

particles.10,11 As an ultimate goal, we aim at making
phantoms having all three parameters (scattering
and absorption coe±cients, and a scattering an-
isotropy factor) matching those of relevant tissue
(head-mimicking layers) and potentially versatile
(suitable for any kind of optical technique). Despite
the commonly used di®use regime of light propa-
gation, where only reduced scattering and absorp-
tion coe±cients are needed to be taken into
account, biotissue-mimicking phantoms for optical
coherence tomography, where scattering anisotropy
(g-factor) is important, possess irrelevant g-factor
values and not discussed at all.48,49 In these papers,
the used particles of sub-micron size, thus resulting
in a relatively small g-factor value, much lower than
that of the biological tissues (0.9 or larger31). With
our choice of ZnO particles we managed to get the
g-factor as large as 0.80. However, since we focus on
the di®usion regime in this particular technique,
NIRS, it is su±cient to have only two values (re-
duced scattering and absorption coe±cients) close
to those of head-mimicking tissue layers.

Some studies employed the use of actual human
bones when the systems they were designed for re-
quired the simulation of bones.50,51 This approach
has several disadvantages, which limit their poten-
tial use. First, in real situation, the bones are wet
while inside the body. Bones changes their optical
properties signi¯cantly and uncontrollably when
dried, which is unacceptable for most applications.
The stability of phantom properties over time is
also an important factor. Thus, using real tissues as
phantoms is often unreliable due to their degrada-
tion. Moreover, the use of actual bones prohibits
one from controlling their thickness and their opti-
cal properties, which are di®erent when dealing with
child or adult bones and di®er among people.

Phantoms presented here are 0.5mm-thick. In
case of greater thickness and higher absorption and
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scattering coe±cients, light is strongly attenuated,
which prohibits the measurements of collimated
transmittance of such samples. In order to charac-
terize all the scattering properties of the materials
(�a; �s; �

0
s; g), lack of collimated transmittance

measurements makes retrieval of the anisotropy
factor impossible, and consequently the �s. We focus
on a single wavelength of the near-infrared spec-
trum, as a representative of the radiation spectrum
used in our NIRS system.27 As our preliminary tests
showed, the phantoms look promising for the 830-
nm radiation and also in the NIRS system. And we
used an even more extended spectral range to see
how the phantom optical properties match those of
the values of real head layers. While characterizing
the phantoms with the thickness of real tissues and
speci¯c geometry, which re°ects real tissue mor-
phology, not all optical properties can be measured.
This is a crucial factor that has to be taken into
account with the development of phantoms. Several
technical di±culties are associated with fabrication
of phantoms using nanoparticles, such as: sedimen-
tation, clustering, and inhomogeneous mixing of
nanoparticles. This is mostly evident while phan-
toms are made in larger volumes or in intricate
shapes. That is why a controlled manufacturing
procedure based on precise calculations of required
nanoparticles concentrations was employed, with
the possibility of creating thicker phantoms from
stacked smaller layers with known optical proper-
ties. When the materials with suitable optical
properties are obtained, the real shapes of the head-
mimicking layers would be of high importance, even
though other studies show little dependence of brain
morphological structure on light propagation.30 In
this case, magnetic resonance imaging (MRI) data
can be used in combination either with mechanical
fabrication or 3D printing of molds.

In conclusion, we tested our phantoms for their
stability, which should surpass that of the liquid
phantoms. Our data show that the optical proper-
ties were stable at least for four months of storage in
light-protecting conditions (UV and blue light
component induce formation of free radicals52,53

that can change optical properties of phantoms).

5. Conclusion

We have produced phantom layers mimicking head
layers such as skin, skull, gray, and white matter
with controlled optical properties. PVCP was used

as a matrix material and zinc oxide as a scattering
agent. The desired concentrations were based on
measurements of single-scattering PVCP with ZnO
phantom, compared with PVCP and extrapolated.
The optical properties of phantoms were measured
using a spectrophotometer and calculated using in-
verse adding-doubling algorithms. Produced phan-
tom layers proved the extrapolation calculations,
with properties matching those of real tissues at 915-
nm wavelength, as intended. The phantoms will be
used for testing and development of our laboratory
in-house made NIRS measurement system, and
the measured optical properties will be used for
Monte Carlo simulations of light propagation in
multi-layered head model to optimize measurement
geometry.
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