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A novelty technique for the fabrication
of biomedical optics phantoms with
cyst-mimicking inclusions

PA Pardini, JA Pomarico and DI Iriarte

Abstract

The construction of standardised phantoms for biomedical optics experiments is still a developing research field.
Particularly, the application of diffusive optics techniques to tissues with low or non-scattering heterogeneities, such as
cysts, where the diffuse approximation does not apply, has been studied during the last years. The reported phantoms for
mimicking cysts have inclusions that consist of hollow cylinders filled with low or non-scattering fluids, being thus more
representative of a 2D geometry rather than a 3D geometry. We present here an innovative proposal, to our knowledge not
reported before, for the manufacture of solid diffusive phantoms with spherical, liquid inclusions, with low or non-
scattering properties, intended to reproduce cysts. To this end, we used the inverse spherification technique from the
molecular gastronomy. The constructed phantoms were optically characterised by two approaches, namely whole field
continuous wave transmittance imaging and time-resolved experiments, both in the near infrared at A =785nm. After
optical characterisation, the phantoms were also dissected, showing that the inclusions remained in place and preserved

their shape after the whole fabrication process. Some results were also validated by Monte Carlo simulations.
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Introduction

Light propagation in turbid media, such as biological
tissue, has become increasingly interesting during the
last two decades, and special attention has been paid
to its potential application for the study and character-
isation of mammary tissue, joints and brain. Thus,
this technique constitutes an important, non-invasive
tool for the diagnosis of some diseases and their
treatment.

The propagation of light in diffusive media is gener-
ally described by the diffusive approximation (DA),
which corresponds to the lower order of the
Boltzmann transport equation (BTE).! Even when
this approximation is capable of reproducing accurate
results in many practical situations, it is not valid on the
low and non-scattering regime, which is the case for
cysts, cerebrospinal fluid and synovial fluid in
joints.>> To overcome these limitations, different
approaches have been proposed based on the BTE,
Monte Carlo (MC) simulations, finite element methods,
or higher-order approximations following the diffuse
approximation.>*¢8

Whichever the case, to evaluate their applicability to
real tissue, these approaches need to be contrasted with
experiments performed on phantoms, which are tissue-
like constructions of known and controlled geometry
and composition, commonly used in the development
and characterisation of imaging systems and recon-
struction algorithms. These phantoms can be either
solid or liquid. The solid phantoms are frequently
made of resins, plastics or gels, while liquid ones are
fabricated of distilled water mixed with some scattering
agent, such as Intralipid® or milk, and an absorbent
agent, generally pre-diluted ink.” '3

From a pure academic point of view, modelling light
propagation in biological tissues containing low or
non-scattering heterogeneities is important to study
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their influence on the solution of inverse problems, to
include all the possible clinical situations, and when
considering cysts, joints, synovial fluid, void regions
on stomach, oesophagus, intestine and bladder, which
have low or non-scattering properties.>®!¢18
Additionally, there is particular local interest, related
to the parasite Echinococcus granulos, that generates
hydatid cysts. These parasites can be found in almost
every country, but are hyperendemic in South America,
particularly in Argentina where it constitutes the prin-
cipal zoonotic disease, as is also the case in some coun-
tries of Asia and Africa, while it is endemic in the rest of
the world."” The development of drugs against this dis-
ease requires infecting small animals, which are then
sacrificed to evaluate the cyst reduction due to the
action of the drug. Therefore, to avoid or reduce the
number of sacrificed animals, it is of high importance to
rely on imaging techniques to localise and characterise
cyst-like inhomogeneities, allowing in vivo evaluation of
the action of different antiparasitic drugs. Cyst emulat-
ing phantoms are thus important for the development
of these imaging techniques.

In this work, we present a novel procedure for con-
structing solid phantoms based on agarose, containing
spherical liquid inclusions, with low or non-scattering
properties. Inclusions were elaborated using a tech-
nique from the area of molecular gastronomy called
inverse spherification,”® to our knowledge never
reported before for the construction of phantoms.
The whole procedure is simple, fast and of low cost,
and it is well suited to be used in conjunction with dif-
fuse optical imaging systems.

The paper is organised as follows: in the Phantom
fabrication section, we describe the procedure used for
the phantom manufacturing. In the next two sections,
we describe the methods followed for their evaluation
and we discuss the results obtained. Finally, a summary
of the main conclusions is presented.

Phantom fabrication

Manufacturing the phantoms described here requires at
least two steps, namely, (1) the preparation of the liquid
inclusion, and (2) the elaboration of the solid host,
which we chose to be made of agarose, containing the
liquid cyst-like spherical inclusion. Both steps are
described in detail below.

Optical properties of turbid media are given by the
reduced scattering coefficient (1), which is the inverse
of the transport mean free path, and the absorption
coefficient (), which is the reciprocal of the mean
path travelled by a photon before it is absorbed. For
obtaining the desired ones of both, host and inclusions,
we used a mixture of distilled water, whole milk (3%
fat) as the scattering agent and ink as the absorber
(Powertec® HP PIG4844 black http://www8.hp.com/
cl/es/products/oas/product-detail.html?0id=12882).
For example, by taking proportions 35:65:3 x 1077
(milk:water:ink) resulted in p’; ~ 10cm™" and p, ~ 0.

lem™', which are typical values for healthy living

tissue’! and which were used in this work for the
host. Additionally, since we are interested in inclusions
with low or non-scattering and low absorption coeffi-
cients, these proportions were conveniently varied. For
this work, we used inclusions made from three different
mixtures, namely (4), containing only distilled water,
(B) with proportions 10:90:0 (milk:water:ink) and (C)
35:65:6 x 10~ (milk:water:ink). Type (4) and (B) inclu-
sions are intended to simulate cysts with non-
scattering and low scattering, respectively, while type
(C) inclusions represent tumour-like lesions, with
the approximate host scattering and increased
absorption.

Since type (A4) inclusions consisted only of distilled
water, their reduced scattering coefficient can be taken
as i (A4) = 0 and the absorption coefficient can be taken
from Taroni et al.,”* being u = 0.02cm~'. For inclu-
sions of type (C), which were diffusive but containing
double the ink proportion than the host, the optical
properties were measured from a Time-Resolved (TR)
diffuse transmittance experiment. The TR setup and fit-
ting procedure for obtaining the optical properties of a
homogeneous medium are explained in detail in the
Characterisation of the phantoms section. Using this
approach, the optical properties measured for type (C)
inclusions were w/(C)=1041cm™" and (@ = 0.2+
0.02cm~!. The optical properties of type (B) inclusions,
however, could not be measured directly from diffusion
experiments because of their low scattering which pre-
cluded the use of the diffusion model for obtaining
them. Instead, we inferred these optical properties by
extrapolation of calibration curves of u) vs milk pro-
portion, assuming that linearity held for low milk pro-
portions. The resulting optical properties were thus
wi(B)=25+03cm™! and p® =0.15+ 0.02cm™'.
Although these values may not be very precise, it
should be noted that it is not the main goal of this con-
tribution to retrieve the actual optical properties of the
inclusions, but to demonstrate that the proposed fabri-
cation method produces phantoms of practical
relevance.

1. Fabrication of the inclusion: the inverse spherifica-
tion technique from the molecular gastronomy

The spherical inclusions with a thin gel membrane
and liquid inside were fabricated with the inverse spher-
ification technique from the so-called molecular gas-
tronomy, and then introduced into the host of
agarose, while this last one still remained liquid.

The components required were sodium alginate, a
natural gelling agent extracted from brown algae, and
calcium lactate, which is a calcium salt.

The inverse spherification consisted of the following
three steps:*

(1) First, a solution (S1) for the inclusion was prepared
and mixed with 1.5% in weight of calcium lactate.
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(i1) A bath of distilled water with 0.4% in weight of
sodium alginate (solution S2) was prepared and left
to rest for about thirty minutes.

(iti) In this last step, the spheres were formed by select-
ing a desirable volume for the inclusions taken
from solution S1 (for example using a syringe)
and introducing it, all at once, into the bath of
solution S2. After about 2min, a thin spherical
shell formed around the volume of solution SI,
leaving it trapped inside, which constituted the
desired inclusion. Then inclusions could be taken
out from the bath and used in the phantom.

As an example, some spheres obtained using this
method are shown in Figure 1: Figure 1(a) shows two

@ (b)

Figure 1. Examples of inclusions obtained by the inverse spher-
ification technique with (a) water and (b) water:milk {3:0:1): The
volumes of the solution inside the inclusions were chosen to obtain
the desired diameters.

type (A) inclusions and Figure 1(b) is the picture of a
single inclusion from type (B). Note that type (A4) inclu-
sions were completely transparent, since they contained
no scattering agent, while the inclusion of type (B) was
not, due to the milk inside it.

2. Host fabrication and phantom assembly

The host where the inhomogeneities were to be intro-
duced consisted of a block made of the mix of distilled
water, milk and ink in the proportions 35:65:3 x 107>
(milk:water:ink), as already described, and 1.5% in
weight of agarose (Biodynamics SRL; http://www.
biodynamics.com.ar).

The final assembly of the whole phantom was
reached through the following steps (please refer to
Figure 2(a) for the geometrical details):

1. The desired solution with optical properties for the
host was mixed with the agarose, and heated up to
90°C while being stirred carefully, so that the agar-
ose was completely dissolved. Then, this hot solution
was poured into a mould with the shape of the phan-
tom up to the desired depth of the inclusions (coord-
inate z, indicated in Table 1).

2. While the solution with agarose was still liquid
(~45°C), the inclusions were placed on its sur-
face at the desired (x,y) positions, as indicated in
Table 1.

(a) 14 cm

14 cm

\V’\
=

¥

un 1
N
-

un p1
)(I
u 1

(b)

Figure 2. Phantom outline (a) showing the geometry used for all experiments and cut of phantoms P4 and P6 (b).
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Table 1. Characteristics of the six constructed phantoms, iden-
tifying the number of inclusions, their type and location relative to
the centre of the phantom.

No. of Diameter Position Inclusion
Phantom inclusions (cm) (x.1,2) (cm) type
P1 1 ®,: 1.0 1: (—0.3, —0.3, 0) A
P2 1 ®,: 1.0 1: (=0.2, 0, 0) B
P3 2 ®,;:1.0  1:(—1.2,02, —0.5) A
d,:1.0  2:(1.7,02, —05 A
Py 2 ®,;:1.0 1:(-1.2,0,—03) A
d,: 06  2: (1,0 —0.2) A
P5 2 ®;:1.0 1:(—0.2, —0.5,0) A
®d,: 0.6 2: (1.2, —0.5, 0) A
P6 2 ®d,: 1.0 1: (—0,8, 0.2, —0.2) C
d,: 1.0 2: (1.4, 0.2, —0.2) A

Note: Refer to Figure 2(a) for geometry.

3. After some minutes, when the exposed surface of the
bulk cooled down and started to solidify, the rest of
the agarose solution was poured into the form, leav-
ing the inclusions trapped inside the agarose bulk.

After complete cooling down to room temperature,
the phantom was ready and was taken out from the
mould. The cooling down process took up to a couple
of hours depending on the total volume, and could be
accelerated by placing the phantom in a refrigerator.

Characterisation of the phantoms
General considerations

To determine if the phantoms constructed as proposed
above are suitable to be used in biomedical optics
experiments, we describe in this section some different
procedures for their optical characterisation. The first
one consists of whole field continuous wave (CW)
transmittance imaging, allowing a rapid location of
the inclusions. Next, TR experiments are presented
which account for the low or non-scattering properties
of the inclusions.

In all experiments, the light source was a ps semi-
conductor laser (Becker & Hickl — BHLP700, http://
www.becker-hickl.com/pdf/redlaser3.pdf), operating at
A=785nm and 50 MHz, producing 70 ps pulses at an
average power of 6 mW. Though this source was used
specifically for the TR experiments, it was also suitable
for performing CW imaging, since the integration time
of the camera (~1s) was long enough to include many
pulses. Light from the laser was properly launched into
a 600 um core diameter optical fiber, with numerical
aperture NA =0.39 which distal end illuminated the
entrance face of the phantom.

(a) MS

Camera
Laser
D "O.F. 785 nm

Figure 3. Set-up for continuous wave transmittance (CW) experi-
ments: (a) schema and (b) photography of the actual experiment
(P: phantom, MS: movable stage, O.F.: optical fibre, with
collimator).

With reference to the geometry presented in
Figure 2(a), six phantoms with different inclusions
were constructed accordingly with the details given in
Table 1. In all cases, the diameters of the inclusions
were measured previous to embedding them in the
agarose host.

In Figure 2(b) are shown, as an example, cuts of
phantoms P4 and P6 through the plane containing
the diameters of the inclusions. These photographs
demonstrated that both the size and the shape of the
inclusions were preserved when they were embedded in
agarose. This is a mandatory condition if calibrated
inclusions are to be introduced into the host.

CW imaging

For this experiment, we used the set-up shown in
Figure 3. The whole phantom, a slab of lateral dimen-
sions l4cm x 14cm and thickness s=4cm (see
Figure 2(a)), was mounted inside an acrylic frame
which was attached to a two-axis motorised translation
stage with micron resolution (Zaber Technologies
TGLSM200A200A), shown as MS in Figure 3. This
allowed precise and repeatable 2D positioning of the
phantom in the (x, y) plane, parallel to the surface
imaged by the camera. Light emerging from the optical
fibre impinged on one face of the phantom, at the point
(x, ¥, 2)=(0, 0, —s/2). The diffuse transmitted light
emerging at the opposite face was imaged by an
EMCCD camera (Andor iXon Ultra 987 http://www.
andor.com/scientific-cameras/ixon-emccd-camera-series/
ixon-ultra-897), resulting in an image I(x,y,s/2). The
imaged region of the phantom surface had an approxi-
mate area of 6.3 x 6.3cm?. Images were analysed fol-
lowing the method described in the work by Carbone
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et al.?® Briefly, in that contribution, images of the
medium containing the inclusions were normalised by
dividing them, pixel by pixel, by a homogeneous back-
ground (ideally the same medium imaged but without
inhomogeneities). This procedure emphasised the subtle
intensity variations which occured due to the inclu-
sions, making evident their presence. Clearly, in prac-
tical cases, the inhomogeneities cannot be removed to
produce the background. Instead, we proceeded by
acquiring several images of the phantom, /;(x,y).
Between different images, the phantom was translated
parallel to its surface. By averaging these images, the
influence of blurring of the inclusions was minimised,
and this averaged image was used as the normalisation
background. Thus, the resulting normalised image,
IY(x, y), of the medium is given by

Ii(x,y)
Nx,y) = —2 7" 1
J (’C y) A]_/[ j]ﬁl I,(x,y) ( )

being M the total number of images. Note that in the
regions far from the inclusions, each image was almost
equal to the average normalisation background and as
a consequence IJN (x,y) — 1 in those regions.

We applied this procedure by moving the phantoms
with the help of the motorised stage in x and y direc-
tions, in steps of 0.5cm, obtaining a grid consisting of
81 images, scanning the complete area of the phantom.
The whole set of measurements, took about 5min.

In order to quantify the contrast of these normalised
images, we took from each image a horizontal profile
P(x) along the x axis, through the diameter of the inclu-
sions and we defined the contrast in percentage, relative
to the background by

Cew(x) = [P(x) — 1] x 100 )

Note that this percentage contrast was calculated
using the value one as a reference, since it was the
value of P(x) far from the inclusion. This definition of
the contrast also allowed comparison to the TR meas-
urements, as will be clear later. With this definition of
the contrast, regions of the phantom without inhomo-
geneities will have C¢ep(x) = 0, while regions where the
inhomogeneities were detected produced contrasts
Cew(x) >0 or Cew(x) <0 for inhomogeneities less
absorbing and more absorbing than the host,
respectively.

Additionally, a MC simulation for the phantom P1
was performed to validate the result from the CW ima-
ging. The MC simulation used a self-developed code
which is explained in detail in Carbone et al.** To over-
come the drawback of the intrinsic time-consuming
nature of MC simulations, for simulations in turbid
media containing inhomogeneities, a very fast MC
algorithm was used that performs computing on GPU
instead of using the CPU, and is based on Compute
Unified Device Architecture (CUDA). Due to the par-
allel processing capability of GPU, and depending on

the graphics card used, calculation times can be reduced
by up to several orders of magnitude. The GPU used
was a GForce® 8600GT Nvidia (Santa Clara,
California, USA) graphic card installed in a personal
computer with a Core 2 Duo, 2.66-GHz CPU.

The code allows a flat geometry configuration con-
taining spherical inhomogeneities. Photons bundles
were launched normal to the entrance face of a slab
of thickness S at the origin and the inclusion was
located at 2cm depth and at 2cm from the laser repro-
ducing the configuration of Figure 3, and they were
tracked until they were ecither absorbed, or exited the
medium at the opposite face of the phantom within a
defined detection area. Fresnel reflections at the
entrance were considered. However, taking into
account Fresnel reflections at the bulk—inclusion
boundary can be very time consuming, since when a
photon reaches this interface, the incidence angle
must be evaluated, which in turn depends on the
chosen geometry for the inclusion. Instead, in this pro-
posal, these reflections were considered according to the
suggestion of Ripoll and Nieto-Vesperinas,” in which
the actual reduced scattering coefficient of the inclusion
was replaced by an effective one defined by
/’L,(eff) = ngglﬂga being Nyel = nbulk/ninclusion- Diﬁusely
transmitted photons were collected on a grid at the
emerging surface emulating the CCD detectors. The
optical properties of the turbid bulk were taken from
those used for the phantom experiments. The scattering
coefficient of the type (A4) inclusion was considered null
and its absorption coefficient, i, =0.02cm™!, was
taken from the absorption of water at A =785nm.*
Two diffuse transmittance images were generated,
namely one with the inclusion inside the turbid
medium and one without it. This last one provided
the normalisation background. The procedure followed
for analysing the image was the same as for the
experiments.

Time-resolved measurements

For a more detailed characterisation of the phantoms,
we performed measurements in TR transmittance
geometry. The experimental set-up is shown in
Figure 4. The ps laser source illuminated the phantom
via the optical fiber as described previously, and the
light emerging at the opposite face of the phantom
was collected by a 1/8inch (3.175 mm) diameter optical
fiber bundle. This was mounted coaxially to the source
fiber, and its distal end was connected to a photomulti-
plier (Becker & Hickl PCM-100-20 http://www.becker-
hickl.de/pdf/dbpmc.pdf, shown as PMT in Figure 4).
Its electrical output was connected to a Time-
Correlated Single-Photon Counting board (Becker &
Hickl SPC 130 http://www.becker-hickl.com/pdf/
dbspc130-2.pdf, shown as TCSPC in Figure 4), where
the detected photons were collected in a series of time
channels of different delays with respect to the syn-
chronism signal sent by the laser when a pulse was
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ps pulse
A
! Laser

\

OF 785nm
50 MHz - 70ps

Bundle

MS

Figure &. Set-up for time-resolved imaging (TR) experiments (P:
Phantom, PMT: photomultiplier, TCSPC: time correlated single
photon counting board, MS: movable stage).

emitted. The results are the so-called distributions of
time-of-flight (DTOFs). To retrieve the optical proper-
ties of the bulk, the obtained DTOFSs, which are typic-
ally a few ns wide, were fitted using the theoretical
model proposed by Contini et al.! for turbid media
slabs. The expression for the diffuse transmittance
T(s,p,t) per unit time and unit area, for a slab of thick-
ness s, reduced scattering coefficient 'y and absorption
coefficient p,, for a medium that fulfils the diffusion
approximation, results:

(s, p, 1)
2
_ exp(_Mth - ﬁ)
2(4nDv)* 25/

. _Z%,m _Z%,m
X m;m Z1,m €Xp m — Z2,m €Xp 4Dyt

()

where D=G,+p,) '~ @By~ is the diffusion
coefficient, v=cn~" is the speed of light in the
medium, and zy,,=s(1-2m)—4mz,—zy, z2,,=s(1 —
2m)—(@m—2)z,4+z,. For a refractive index of
n=1.4, which is an approximate value for agarose
with milk, the extrapolated distance z., where the dif-
fuse intensity vanishes, results in z, ~ 2.05(w,)~". In
equation (3), p is the lateral offset between the source
and the detector, which for this work was taken as zero
in all cases. The measured DTOFs, together with the
corresponding Instrument Response Function (IRF)
for the experimental setup are given as inputs in a
self-developed Levenberg—Marquardt routine, imple-
mented in open source Python Ilanguage (www.
python.org), which in turn gives the set of optical par-
ameters that minimises quadratic errors. Briefly, the
algorithm begins with some initial values for the optical
properties, constructs a curve accordingly with equa-
tion (3), convolves it with the IRF and compares the
result with the experimental curve. The optical proper-
ties are automatically varied until convergence is
reached.

The optical properties of the host were measured
after the construction of the phantom. To this end,
the fibres were properly placed, far enough from the
inclusions. They were measured on different positions
to check if the two steps fabrication process of the
phantom negatively affected the homogeneity of
the host.

Another experiment performed, aiming to study the
variation of the DTOFs in several positions of detec-
tion on the phantom due to the presence of inhomo-
geneities, was a TR transilluminance scanning. The
scanning was performed along horizontal lines in x dir-
ection. Please refer to the geometry of Figure 2. Using
the same experimental set-up shown in Figure 4 and
with the help of the translation stage (MS in the
figure), a set of DTOFs were collected by horizontally
scanning the surface of the phantom from x =—4cm to
x=4cm in 2mm steps (40 measurement points). The
procedure was repeated for five different heights,
namely y=—1cm to y=1cm step 0.5cm. Since vari-
ations of the DTOFs curves are related to changes in
the optical properties, we analysed these temporal pro-
files to associate their changes with the presence of the
inclusions along the scanning positions. The analysis
was made by dividing the DTOF’s into 10 time-sec-
tions, each containing an equal number of photons,
called “*deciles”. A reference DTOF (far from the inclu-
sion) was used to determine the time points f that
defined the deciles.

It is a well-established fact that, for a given DTOF,
its rising edge (early photons, contained in the first
decile (t9<t<t;)) is more sensitive to changes in the
reduced scattering coefficient, while the behaviour of its
tail (photons inside the eighth decile (17 <t<1tg)) is
dominated by the absorption coefficient.”® The situ-
ation is sketched in Figure 5, where the first and
eighth deciles are shown in a typical DTOF
(Figure 5(a)) together with the most probable [avarage
paths for the photons in each of these deciles (Figure
5(b)). Note that the early photons follow shorter aver-
age paths, while late photons go through larger trajec-
tories, thus spending longer time inside the medium,
with the consequent increase of the absorption prob-
ability. Although this procedure did not allow a quan-
titative determination of the optical properties of the
inhomogeneous medium containing the inclusions, it
provided a useful tool to detect variations, being sensi-
tive to increments as well as reductions in the effective
optical properties resulting from the combination of
those of the host with those of the inclusions. For
example, an increment in the reduced scattering coeffi-
cient will retard the DTOF, thus reducing the number
of photons in the first decile. On the contrary, if pu
decreases, the entire DTOF shifts to smaller times,
increasing the number of early photons. Similar reason-
ing applies to the eighth decile if changes in the absorp-
tion coefficient are considered.

We also studied the behaviour of the normalised
integrated intensity (NII) of each DTOF.
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Figure 5. Scheme of a distributions of time of flight (DTOF) showing the construction of the deciles (a), and the most probable average

paths followed by photons inside the turbid medium (b).

The normalisation reference was taken at a point far
from the inclusions.

The number of photons in the first and eighth dec-
iles, as well as the NII was obtained for each scanning
position, and their changes were analysed in the so-
called transilluminance profiles, which present the
values of these three parameters as a function of the
X position.

The change in percentage for the transilluminance
profiles Crg is defined as

110
T\' 9 ,[ d[
Crr(x) = M—l « 100 @
j;)m Tfar(s, P, t)dt
where the subscript x denotes the DTOF for

the corresponding x position and Ty,(s,p,t) 1is
the transmittance profile acquired far from the inclu-
sions; the information achievable from the NII results is
comparable to the CW measurements already
described.

Results and discussion

We present here the discussion of the main results
obtained for the characterisation of the phantoms of
Table 1, accordingly to both methods described
previously.

CW experiments: transmittance images

In Figure 6, we present the normalised images for the
centre position (x, y) = (0, 0) of each phantom, and the
corresponding contrast profiles along the x direction
and at the vertical coordinate y where the nominal loca-
tion of the inclusion occurs accordingly with Table 1.
For example, the image at the top left corner corres-
ponds to phantom P1, for which, as shown in Table 1, a
Type (A4) inclusion was located at (x, y, z)=(—0.3,

—0.3, 0)cm. The horizontal profile is thus drawn at
y=—0.3cm.

In all cases shown, the presence of the inclusions,
either absorbing or not, and their relative absorption
with respect to the host can be assessed. It is important
to mention that using this analysis, it was not possible
to determine the optical properties of the inclusion
itself, but it detected the effective absorption variation
of the whole medium (host and inhomogeneities). The
positions of the extremes (maxima or minima) visible in
the contrast profiles matched with fairly good agree-
ment the actual positions of the inclusions in the
respective phantom, as indicated in Table 1. The
shifts of the spots representing the inclusions were
due to the fact that they were not positioned on the
optical axis of the source-camera system.

Looking at the contrast profiles vs. x in Figure 6,
plotted in the centre-y position of the controlled inho-
mogeneities, shown below the corresponding image, it
was possible to distinguish the difference in values for
the different types and sizes of inhomogeneities.
Looking at P1 and P2 contrast Ccy, given by equation
(2), the maximum value for the first case was 40%,
while for the second it was 20%, which is consistent
with the fact that Pl contained a non-scattering
inhomogeneity, type (4), compared to the non-scatter-
ing in P2, type (B). Evaluating the images obtained for
P3, P4 and PS5, the presence of the two non-scattering
inclusions, type (4), can be distinguished. The contrast
for the smaller inclusions, with a diameter of 0.6 cm,
contained in P4 and PS5, was up to 20% smaller com-
pared to the contrast of the inclusions of 1 cm of diam-
eter contained in the same phantoms. Taking into
account Figure 5(b), this reduction in contrast can be
explained because for a smaller inclusion there is a
lower volume of the photon paths that is affected by
the presence of the inclusion. Consistently with this
previous statement, for the case of P3, with two inho-
mogeneities of the same sizes and the same optical
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Figure 6. Centre images after dividing them by the background. Additionally, the percentage contrast profiles centred at the diameter of

the inclusions.

properties, the contrast due to each of them is almost
equal.

Finally, with reference to the last picture in Figure 6,
the presence of the high-scattering and double absorp-
tion inclusion, type (C), on the left side in P6 can be
assessed, even in the presence of the high contrast due
to the non-scattering inclusion, type (4), on the right
side of P6. The negative contrast value for the first one
was —12%, indicating the absorbing nature of this
inclusion, while for the inclusion on the right, the con-
trast value was +40% due to the low-absorbing and

non-scattering nature of it, relative to the host. Note
that this value for the positive contrast is of the order of
the other contrasts found for all the cases of these types
(A) of inclusions of 1cm diameter.

Considering the MC simulation, in Figure 7 there is
presented the centre image for the phantom P1, with
the inclusion in the position and with dimensions indi-
cated in Table 1. The normalisation was performed by
dividing the image obtained for the simulation with the
inclusion in the medium by the background simulated
image, without inclusion. Comparing it to the
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experimental image, the position and value of the max-
imum contrast showed very good agreement, since the
value of Ccy matched with the experimental value of
40% according to equation (2) and the position was
shifted from the actual position in 0.2cm to the left,
which was lower than the experimental shift of
0.4cm. As an independent evaluation, the MC result
validated the experimental procedure and the results
obtained for this kind of phantom.

TR experiments: bulk optical properties and
transilluminance profiles

As a first basic characterisation of the phantoms, we
investigated the homogeneity of the agarose host. To
this end, we used the theoretical model proposed by
Contini et al.' accordingly to equation (3) to fit the
DTOFs measured at four different positions far from
the known location of the inclusions. The resulting
average optical properties are shown in Table 2
together with the four individual measurements for
each case. The good homogeneity and low dispersion

1 2 3

T T T T
-3 -2 -1

X (::m)

Figure 7. Normalised image obtained from Monte Carlo (MC)
simulation performed for P1.

of the average values for each phantom validated the
elaboration process, indicating that there was no sig-
nificant alteration of the homogeneous agarose host if it
was constructed in two steps as proposed (see Section
Phantom fabrication). The reproducibility of the optical
properties for the host phantom was within 10%, which
is a typical value for agarose preparations.”®

In Figure 8 we present the change in percentage for
the transilluminance profiles along the x direction in
2mm steps and at the height corresponding to the
centre of the inclusions. As mentioned in the previous
section describing the methods of characterisation,
from the DTOFs obtained for each point, we analysed
the variations of the NII, defined above, and the first
and eighth deciles (1stD and 8thD) vs. x. Thus, in the
figure there are plotted three symbols for each position
of the optical fiber. The percentage changes defined by
equation (4) are presented in the figure as follows: the
black dots represent the NI, the blue star is the nor-
malised total number of photons inside the first decile,
and the hollow red triangles represent the normalised
number of photons in the eighth decile. The scales of
the graphics were properly selected for each case, in
order to obtain the best visualisation.

In general, from the comparison of the parameters
presented in Figure 8, it can be assessed that the 1stD
gave the highest variation, thus indicating that it was
the most sensitive to the relative scattering changes.
Phantom PS5 was a good example, since it included
two inhomogeneities close to each other, and the 1stD
clearly defined them, better than the NII, while the
8thD decile failed to resolve them.

Analysing the percentage change of the transillumi-
nance profiles in Figure §, comparing phantoms P1 and
P2, both containing one inclusion of the same size, but
the first with non-scattering, type (4), and the second
one with low-scattering characteristics, type (B), the
maximum values found were noticeably higher for the
first phantom. Accordingly, to equation (4), P1 pre-
sents a NII 35% higher than P2; consistently the
value of the 8thD was10% larger than the one for P2,
and the value of 1stD was 70% larger. The 1stD pre-
sents the highest change, consistent with a higher

Table 2. Optical properties of the host, for each phantom, obtained by fitting the distributions of time of flight (DTOF) taken in the four
positions (x, y) indicated, and the corresponding average value and standard deviation.

(% ¥ (5cm; 5¢cm) (5cm; —5cm) (=5cm; 5¢cm) (—=5cm; —5cm) Average

Phantom /s (cm™") p, (em™Y) wo(em™) pu (em™) W (em™) pu (em™) W (em™)  p, (em™)  paolem™)  wgolem™?)
P1 8.61 0.098 8.34 0.091 0.0920.01 8.6+

P2 6.89 0.091 6.71 0.090 6.79 0.091 6.89 0.091 0.09+ 6.8+

P3 8.86 0.091 8.63 0.092 0.09+ 8.7+

P4 8.81 0.083 8.75 0.084 8.11 0.082 8.93 0.085 0.08+ 8.7+

P5 7.43 0.089 7.67 0.087 7.45 0.086 7.56 0.086 0.08+ 7.6+

P6 8.17 0.090 8.73 0.092 0.09+ 8.5+
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Figure 8. Results for time resolved imaging (TR) experiments. In all cases, the percentage change in the profiles corresponding to NII, and
to the number of photons in the first and eighth deciles is presented. Normalisation is performed relative to their values far from the
inclusions. The scales have been properly extended to have a better visualisation.

relative change on the scattering properties of the whole
phantom.

Observing the profiles obtained for P3 and P4, both
containing non-scattering inclusions of different sizes,
the values for the integrals presented much lower max-
imum values for P4, for the three analysed parameters.
This can be ascribed to the fact that P4 contained an
inclusion with half of the diameter, producing a smaller
local reduction in the relative scattering and absorption
coefficients.

Finally, the analysis of the percentage change of the
transilluminace profile corresponding to phantom P6
presented the maximum value corresponding to the
non-scattering inhomogeneity, showing that the most
important change on 1stD corresponding to a larger
change for the relative scattering. The percentage pro-
file also showed a region with values lower than those at
the position of the inclusion with double absorption,
showing both deciles and the N/I had the same approxi-
mate change. Note that these variations were not as
pronounced as the ones due to the non-scattering

inclusions. This can be explained because of the fact
that the relative absorption change was only of a
factor of two relative to the host, while for the case
of non-scattering inhomogeneities, this change on the
relative scattering coefficient was much higher.

As mentioned in the previous section, the contrast
profiles obtained from CW images (Figure 6), given by
equation (2), provided information equivalent to the
NII transilluminance profiles (Figure 8, black spot).
Concerning the ability of the TR approach to properly
locate the lateral positions of the inclusions, we have
represented in Table 3 the shifts Ax of the extreme
positions from the actual x position (presented in
Table 1), and the corresponding maximum values
obtained from the contrast profiles obtained by CW
imaging and transilluminance profiles in the TR
approach. Note that the shifts for the TR results were
|Ax| < 0.15cm, that is smaller than the scanning step
size of 2mm., thus confirming the ability of properly
localised inhomogeneities of this approach. The shift on
the CW was due to the fact that the emitting fibre was
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Table 3. Comparison of contrast values obtained for the contrast profiles in continuous wave transmittance (CW) with the
transilluminance profiles obtained in time-resolved imaging (TR).

Inclusion #1 Inclusion #2

Ax(cm) Extreme value Ax(cm) Extreme value
Phantom cw TR CCW CTR W TR CCW CTR
P1 —0.45 0.00 41% 41%
P2 —0.40 —0.05 20% 16%
P3 —0.35 +0.05 53% 116% +0.50 0.00 45% 55%
P4 —0.55 —0.05 37% 116% +0.70 —0.15 12% 23%
P5 —0.55 —0.15 33% 6% +0.50 —0.15 19% 4%
P6 +0.05 —0.05 —12% —16% +1.00 0.00 40% 43%

Note: The lateral shift relative to the actual position of the inclusions, Ax, is also given.

not located in the centre of the inclusions, while in the
case of the transilluminance configuration, the emitting
and detecting fibres were placed in a common axis, and
moved together during the scanning. Regarding the
values of the extremes, they did not match in all
cases, being the most apart for each approach, CW
and TR, for the cases with two non-scattering inclu-
sions (P3, P4 and P5). This can be ascribed to noise
introduced by the bigger intensity due to the non-scat-
tering and low absorbing inclusions in the acquisition
of the corresponding DTOFs, which are highly sensitive
to the noise.

Conclusions

We have presented an innovative technique, using a
tool from the molecular gastronomy, called inverse
spherification, for the fabrication of solid phantoms,
with liquid spherical inclusions for their use in biomed-
ical optics experiments. These phantoms mimicking
cystic inclusions, to our knowledge never reported
before, show potential applicability and reliability for
their use in the development of optical techniques for
the detection of heterogeneities with very low and non-
scattering and/or low absorption coefficients. They can
be constructed easily, fast and at low cost, and allow
realistic 3D geometries to be considered to study in
transmittance configurations, with both continuous
wave and time-resolved set-ups.

The constructed phantoms were characterised by
measuring optical properties of the bulk, analysing
the transmittance images and the corresponding con-
trast profiles, and studying the time-resolved transillu-
minance profiles. These studies show that the proposed
construction technique for both, bulk and inclusion,
preserves the geometry of the inclusion thus demon-
strating its practical feasibility. The optical properties
of the inclusion relative to the ones of the background
could be determined by both the CW approach and the
TR experiments. However, the actual optical properties
of the inclusions cannot be retrieved since both
approaches can only give information about the effect-
ive optical properties along the total thickness of the

phantoms. Besides, the lateral locations of the inclu-
sions in the plane (x, y) can be assessed, by both
kinds of experiments presented. Due to diffusion, the
CW experiments produce errors in these locations of
about twice the positioning step, while the TR transil-
luminance approach gives errors below these steps.
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