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H I G H L I G H T S

∙ We constructed anthropomorphic phantoms for Diffuse Optical Imaging.

∙ They simulate the optical and mechanical characteristics of a human breast.

∙ A new scattering agent was successfully introduced.

∙ Results of Diffuse Optical images are compared to Ultrasound images.

A R T I C L E I N F O A B S T R A C T
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This work presents a method for constructing phantoms suitable for diffuse optical mammography. They are 
based on Polydimethylsiloxane silicones, with the characteristic of being anthropomorphic, and having similar 
mechanical and optical properties as a real breast. These phantoms are useful for testing the performance of 
diffuse optical imaging devices in the near infrared, both in transmittance and reflectance geometries, since they 
can be constructed containing inclusions, to simulate breast tumors. An alternative component to be used as 
scattering agent, that is easier to handle than traditional scattering agents, is also studied.

The optical properties of the phantoms were tested varying the concentration of scattering and absorbing agents, 
while their mechanical properties were modified by adding a silicone fluid to the basic mixture.

Finally, the phantoms were tested by Diffuse Optical Imaging experiments, and these images were compared to 
the ones obtained by conventional ultrasound techniques.

Results show that the constructed anthropomorphic phantoms properly reproduce the optical and mechanical 
characteristics of human breasts, and are suitable to be used in Diffuse Optical Imaging.
1. Introduction

The use of near infrared light as a medical imaging tool has been 
a subject of study for the last four decades. The associated technique 
is known as Near Infrared Spectroscopy (NIRS) and it is capable of 
complementing other well established techniques such as X-Rays or ul-

trasound, specially for performing studies on soft, diffusive tissues, like 
breasts [1, 2, 3, 4]. It has been found useful because it provides valuable 
complementary clinical information, such as composition (concentra-

tion of hemoglobin, lipids, collagen, etc.) [5, 6] and tissue oxygenation 
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[7, 8]. Moreover, research has advanced to the point of designing and 
testing clinical prototypes [9, 10, 11, 12, 13, 14]. In this way, the de-

velopment of devices intended for clinical applications, such as early 
detection, diagnosis, or measurements of response to therapy, is one 
of the main research goals in Biomedical Optics. Because of all this, 
it is imperative to count with suitable and durable phantoms to per-

form tests [15], whether in prototypes or in the laboratory, as well as in 
the control and calibration of some types of devices used in the clinics. 
These phantoms have the function of reproducing, with different mate-

rials, the physical and optical characteristics of tissues interacting with 
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light and thus, they can be used either to compare results from different 
measurement approaches and algorithms or to track the performance of 
NIRS devices during their development under controlled experimental 
conditions.

In recent years the challenge has been to develop phantoms that 
meet not only the optical properties, but also have characteristics which 
adapt to different imaging modalities. That is, they include in their 
preparation the use of different chromophores (biologically compati-

ble if possible), and variations in their concentrations of water, lipids, 
collagen and hemoglobin. In the case of NIRS or Diffuse Optical Imag-

ing (DOI), several kinds of phantoms have been proposed [16], and they 
are commonly elaborated with epoxy resins [17, 18] or Polydimethyl-

siloxane (PDMS) silicones [19, 20, 21, 22]. Also, milk or Intralipid (IL) 
phantoms have been used before [23, 24], either liquid (consisting of 
milk or IL, water and an absorbing agent) or solid (with the addition of 
gelatin, agar or agarose powders) [23, 25, 26]. These milk based phan-

toms are versatile, of simple elaboration and their optical properties can 
be easily tuned, making them very useful for experiments where opti-

cal parameters need to be varied. However, their main disadvantage 
is that their lifetime is quite short, even if properly stored at low tem-

perature. On the other hand, although resin or silicone phantoms are 
more difficult to construct with the required optical parameters, they 
can be reused over long periods of time without modifying their initial 
properties.

Additionally, it is usual to construct both, liquid and solid phantoms 
with flat surfaces. This is a very useful approach that simplifies measure-

ments and preserves the nominal locations of the previously embedded 
inclusions. However, tests on clinical devices, and in particular those 
intended to emulate human breasts, may require phantoms that repro-

duce not only their optical properties, but also their shape and stiffness. 
In this way, it would be possible to consider the effects of compression 
and edges, and thus to reproduce, in a realistic way, clinical situations 
where the simulated tumors may be more difficult to detect with optical 
methods.

With all that in mind, in this work we develop and test anthropomor-

phic, human breast-shaped silicone phantoms (homogeneous and with 
inclusions) with variable hardness, and containing different concentra-

tions of the scattering and absorbing components, to be applied in DOI. 
Flat cylindrical phantoms have been also constructed for comparison 
purposes. Moreover, white acrylic paint is introduced as an alternative 
scattering agent in replacement of the usual titanium dioxide (TiO2) 
[19, 27].

The paper is organized as follows: in Section 2, Methods and Materi-

als, the procedure of construction of the phantoms, the materials used, 
and the characterization techniques, are detailed. Section 3 describes 
the main results and their discussion. Finally, in Section 4, the most 
important conclusions are given.

2. Methods and materials

2.1. General considerations

Polydimethylsiloxane (PDMS), commercially known as “silicone”, is 
an optically clear, non-toxic, and non-flammable polymer. Its applica-

tions range from the fabrication of contact lenses and medical devices 
to the elaboration of elastomers [28]. In general, PDMS is transparent at 
optical wavelengths in the range from 240 nm to 1100 nm [20]. How-

ever, some differences may appear depending on brand and model, and 
some silicones present an absorption peak at 900 nm. For manufactur-

ing the phantoms, Silcast 815 (Novarchem, Argentina) was selected, a 
platinum-catalyzed silicone rubber with a Shore hardness of 15. These 
systems consist of two components: A (the silicone) and B (the curing 
agent), which are to be mixed in equal quantities by weight or vol-

ume, and cured at room temperature, presenting negligible shrinkage. 
Besides, to allow the construction of phantoms with variable hardness, 
a silicone fluid (Silcast Fluid, Novarchem, Argentina) was added to the 
2

Fig. 1. Absorbance plot of Silcast 815, the silicone used in this work. It was 
measured without silicone fluid (black solid line) and for three different concen-

trations of the diluting fluid, namely 20%, 40% and 60% (weight percentage). 
No significant differences occur for these concentrations. Thus, only the curve 
for 60% (solid red) is shown, since it corresponds to the one which best repro-

duces the stiffness of a real breast. An absorption peak at 900 nm can be clearly 
seen.

two principal components. This non-reactive silicone fluid lowers the 
viscosity of the silicone rubber, and thus the hardness of the cured 
product. Fig. 1 shows a plot of the absorption spectrum, obtained us-

ing a spectrophotometer Shimadzu UV-1800, of the selected material as 
a function of wavelength in the range from 240 nm to 1100 nm. Despite 
the fact that a small absorption peak can be seen at 900 nm, very low 
absorption occurs within the whole NIR range. Although in our work 
this wavelength is not used, this phenomenon should be considered if 
the phantom is going to be measured at 900 nm, and thus, the propor-

tion of absorbing agent should be adjusted in accordance.

As light absorbing agent, black toner from laser printers was used. 
This material is commonly used for silicone and resin phantoms, and 
thus, its behavior is well known [17, 18]. Since it consists of very small 
particles, prone to agglutinate due to static electricity, and the needed 
amount is very small, a previous dilution of toner in part A of the PDMS 
system was made.

Regarding the scattering agent, although titanium dioxide (TiO2) 
is the most common material used, it presents several problems that 
hinder the reproducibility of the obtained phantoms, since it is diffi-

cult to be evenly distributed in the mixture and tends to create clusters 
which sediment at the bottom [16]. Several mechanisms to incorpo-

rate TiO2 to the silicone were attempted, such as high RPM mixers and 
long sonication times with different degrees of success. To avoid the 
cumbersome procedures required by TiO2, white acrylic paint (Monitor, 
number 801 “Titanium White”, Argentina) was used as an alternative 
scattering agent. It showed to simultaneously satisfy the desired condi-

tions, namely: it mixes very well and easily with the silicone, and the 
optical properties obtained are consistent and reproducible for the dif-

ferent constructed phantoms. The absorbance of this new material was 
measured in the spectral range that is of interest for Biomedical Op-

tics, using the spectrophotometer Shimadzu UV-1800. In Fig. 2 it can 
be seen that it has a flat peak around 550 nm, and its absorbance de-

creases almost linearly between 600 nm and 1000 nm.

Homogeneous Phantoms

For the fabrication of the phantoms, the general guidelines reported 
by Ayers et al. [19] were followed, although due to the difference in the 
silicone model and the chosen scattering agent, some procedures were 
modified. The concentration of both scattering and absorbing agents 
were selected to achieve optical properties similar to those of a healthy 
human breast, i.e. 𝜇𝑎 = 0.01 mm−1 and 𝜇′

𝑠
= 1 mm−1 [29].

The whole fabrication process can be summarized in the following 
steps:
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Fig. 2. Absorbance of white acrylic paint, diluted in water, in a concentration 
of 3.5 × 10−5 g/ml.

• Part A of the silicone was weighed in a disposable container to-

gether with the required amounts of diluted toner and silicone 
fluid. Correspondingly, on a different disposable container, the 
same amount of part B and the needed proportion of acrylic paint 
were weighed.

• Both compounds were mixed separately for approximately 10 min-

utes using a high-rpm mixer. They were placed in a vacuum desic-

cator in order to evacuate air bubbles generated during the mixing 
process.

• These two previous preparations were then combined and thor-

oughly mixed for several minutes, again using a high-rpm mixer, 
and placed in the vacuum chamber.

• The final completed mixture was poured in the selected mold (pre-

viously waxed to help removing the phantom from it once cured) 
and let to solidify at 20 ◦C for at least 24 hours.

The adding of the silicone fluid has the advantage of making the 
silicone less viscous, which, in turn, delays the solidification and also 
helps in the evacuation of air bubbles.

Two different types of molds were employed: a cylindrical one, of 
11 cm diameter, constructed with a 3D printer, and a second one, con-

sisting in a breast-shaped brassiere manikin.

Phantoms containing inclusions

Inhomogeneous phantoms were constructed by embedding inclu-

sions in the homogeneous ones. Three types of materials were used for 
making the inclusions, namely silicone, resin and 3D printers polylactic 
acid thermoplastic (PLA).

Silicone inclusions consisted of small cylinders of 9 mm diameter 
and 12 mm height; these were made following the procedure described 
previously. However, since breast tumors have a higher stiffness than 
the healthy tissue [30], the use of silicone fluid was omitted. Also, more 
absorbing agent (toner) was added to the preparation, in order to obtain 
an increased absorption relative to the background medium, thus mim-

icking the case of a malignant breast tumor [29]. A rectangular slab of 
110 × 70 × 25 mm3 was also created from the same mixture to allow 
measurement of the optical properties. To construct the anthropomor-

phic phantom, the breast shaped mold was taken with the nipple down 
and the inclusion (or inclusions) was (were) placed inside it, hold by 
a spanned thread at a depth of 10 to 25 mm, measured from the top 
surface, and the original (bulk) silicone preparation was poured in it.

Another set of cylindrical and breast-shaped phantoms was con-

structed containing resin inclusions of appropriate optical properties. 
These inclusions were made following the guidelines described in [31, 
32]. Briefly, the process consists in making rectangular slabs, whose 
optical properties are measured, and then machine-lathing them into 
spheres, with diameters between 6 mm and 13 mm; these resulted in 
volumes between 113 and 1150 mm3.
3

Fig. 3. Cylindrical silicone samples used to test the variation of the hardness 
with the adding of silicone fluid.

A third set of phantoms was made, containing a completely black 
plastic inclusion (built in a 3D printer, using black PLA), considered as 
a “best case scenario”, i.e. a situation where the inclusion can be easily 
detected with DOI.

2.2. Measurement of optical properties

Optical properties of the resulting phantoms were measured by time 
resolved (TR) techniques. First, a transmittance geometry was used for 
determining the optical properties of each inclusion (see previous sec-

tion), and for studying the behavior of the optical properties of the 
phantoms for different amounts of absorbing and scattering agents. 
Second, the reflectance geometry was employed to obtain the optical 
properties of the cylindrical and anthropomorphic bulk phantoms.

For the TR measurements, a Time-Correlated Single Photon Count-

ing (TCSPC) board (Becker & Hickl SPC 130) was used, together with 
a photomultiplier tube (Becker & Hickl PMC-100-20). A semiconductor 
laser (Becker & Hickl, BHLP-700), 𝜆 = 785 nm, operating at an aver-

age power of 2 mW and at 50 MHz repetition rate, producing 70 ps 
pulses was used as the light source. Its beam was delivered into the 
phantom via a 600 μm diameter multimodal optical fiber (Thorlabs, NA 
= 0.39). For the transmittance measurements, a 3 mm diameter opti-

cal fiber (Dolan Jenner, USA, NA = 0.55) was placed aligned with the 
source fiber at the opposite face of the slab; this detection fiber carries 
the emerging light to a photo-multiplier (PMT).

For the case of diffuse reflectance measurements, the 3 mm diam-

eter collecting fiber was placed on the same face of the phantom and 
at a distance 𝜌 = 30 mm from the illuminating fiber. Every time a pho-

ton is detected, the PMT sends an electrical pulse to the TCSPC board 
where the histogram of the times of arrival of the photons is built up 
[33]. From these Distribution of Times of Flight (DTOF), the optical 
properties can be inferred by fitting the data to the appropriate slab or 
semi-infinite model [34]. The refractive index of the silicone was mea-

sured, using a digital refractometer (Milwaukee Ma871), resulting in 
𝑛 = 1.39 ± 0.02.

2.3. Measurement of the mechanical properties

Since one of the goals of these phantoms is to reproduce the me-

chanical behavior of a real breast, the elastic properties were measured, 
following the approach by Lamouche et al. [35] and Ismail et al. [36]. 
To this end, five cylindrical test samples, each of 25 mm diameter and 
10 mm height, were fabricated for five different concentrations of sili-
cone fluid (i.e., different stiffnesses), namely: 0%, 10%, 20%, 40% and 
60%, and without absorbing agent. This process was repeated with the 
addition of the scattering agent in a concentration of 8 mg per gram of 
silicone, which is a concentration that produces a scattering coefficient 
similar to that of a healthy breast. A couple of these cylinders is shown 
in Fig. 3 as illustration.

The mechanical properties were measured using a universal test-

ing machine (Shimadzu Autograph DSS-10T-S). In the compression test, 
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Fig. 4. Experimental setup used to obtain (a) transmittance and (b) reflectance 
images of the phantoms.

each sample was located between the plates of the machine (twice the 
transverse section of the samples) and controlled pressure was applied. 
To assure the proper contact between the plates and the sample, a 
pre-charge of 50 g was applied for 30 s. After this, the silicone was 
compressed at constant rate of 1 mm/minute until reaching 25% of 
deformation. To avoid transverse efforts, high density oil was used be-

tween the silicone sample and the compression cell.

2.4. Imaging experiments

The phantoms were analyzed with two imaging techniques: i) Dif-

fuse Optical Imaging (DOI) and ii) ultrasound (US). For this last one, a 
commercial clinical device (General Electric Logiq F8) was used and the 
measurements were done by an experienced physician at a diagnostics 
center following the standard procedure for this technique.

The DOI experiments were performed by continuous wave diffuse 
transmittance and reflectance, following the procedures reported by 
Waks Serra et al. [24] and Carbone et al. [32]. The corresponding ex-

perimental setups are shown in Figs. 4 (a) and (b) for transmittance 
and reflectance geometries, respectively. For both cases, a CW laser 
(Thorlabs L785P25), operating at 𝜆 = 785 nm, was focused on one face 
of the phantom and images were taken by an EMCCD camera (Andor 
iXon Ultra 897). Images were acquired at several different positions by 
changing the illumination point moving the phantom horizontally and 
vertically by a two axes motorized translation stage (Zaber Technolo-

gies T-G-LSM200A). A background image was constructed averaging all 
these images. Each raw image was then divided by the background, for 
normalization.

For the transmittance geometry, the camera imaged the face of the 
phantom opposite to the illumination point (as seen in Fig. 4(a)). For 
the reflectance experiments, the camera looked at the same face being 
illuminated; also a small black stop was placed between the phantom 
and the camera to avoid saturation by the laser spot (see Fig. 4(b)).
4

Fig. 5. Photos of the resulting phantoms. (a) cylindrical, with a diameter of 100 
mm and a thickness of 40 mm, and (b) breast-shaped.

Table 1. List of the constructed phantoms. 𝐶 refers to a cylindrical phan-

tom and 𝐴 is used for the anthropomorphic ones. Note that phantom 𝐴1
contains no inclusions, i.e., it was constructed just for control purposes. 
Sizes and depths of the inclusions were chosen to lie inside the detectabil-

ity limits for DOI (see for example [32]). Diameters and depths are given 
in mm.

Name Nr incl Inclusion Diameter Depth 𝜇𝑎𝐼𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛∕𝜇𝑎𝐵𝑢𝑙𝑘

C1 1 black PLA 10 10 >10

C2 2 resin 10 - 13 10 - 20 1.8

C3 2 resin 10 - 10 10 - 20 3

A1 0 - - -

A2 1 black PLA 10 19 >10

A3 1 silicone 9 26 2.4

A4 1 silicone 9 12 5

A5 2 resin 13 - 6 18.4 -20.5 1.43 - 2

Each anthropomorphic phantom was compressed between two 
transparent glass sheets in order to achieve a plane surface to be im-

aged by the camera. The cylindrical ones were simply kept in place by 
a plastic frame.

3. Results and discussions

Several phantoms emulating both, healthy and pathological-like 
breasts, were elaborated and characterized following the procedures de-

scribed in Section 2. Fig. 5 shows examples of both, cylindrical (a) and 
anthropomorphic (b) phantoms.

Fig. 6 shows the three different types of inclusions that were embed-

ded inside the phantoms. Several combinations of phantom shapes and 
inclusion types were elaborated. In Table 1, a summary of all the made 
phantoms is detailed.

In the following subsections, the results of testing the optical and 
mechanical characteristics of the materials are shown, as well as the 
images obtained by US and DOI techniques.

3.1. Optical properties

As a new scattering agent was introduced, it is important to verify 
the reproducibility of the optical properties achieved in the phantoms 
when it is used. To this end, four slabs were constructed by preparing 
independent mixtures following the same recipe (i.e. adding the same 
amount of scattering and absorbing agents). The concentration of the 
absorbing agent was kept constant and set to reproduce the absorption 
coefficient of healthy tissue, while three concentrations of the scattering 
agent were considered: one aiming to reproduce the reduced scattering 
coefficient of healthy tissue (𝜇′

𝑠
= 1 mm−1), one to achieve twice this 

value, and a last one to obtain half the reduced scattering coefficient 
of healthy tissue. The resulting optical properties, measured using the 
TCSPC technique described in Section 2.2, are plotted in Fig. 7 as a 
function of the sample number.

The second test consisted in determining the behavior of the optical 
properties as the concentrations of the absorbing and scattering agents 
are varied. Again several slabs were fabricated and measured using the 
TCSPC technique described in Section 2.2. First, the concentration of 



M.V. Waks Serra, V. Noseda Grau, D.A. Vera et al. Heliyon 8 (2022) e10308

Fig. 6. Examples of the inclusions used to simulate tumor lesions in the phantoms: (a) silicone cylinder, (b) resin spheres, and (c) 3D printed black PLA sphere.

Fig. 7. Optical properties of four independent phantom samples to illustrate the reproducibility achieved with the scattering agent used in this work. Error bars were 
obtained as the standard deviation of 10 independent measurements, performed on each sample.

Fig. 8. (a) Absorption coefficient and (b) reduced scattering coefficient of the phantoms vs. concentration of the scattering agent. A well behaved linear increment 
can be observed beyond the usual range of 𝜇′

𝑠
for mammary tissue. Error bars were obtained as the standard deviation of 10 independent measurements, performed 

on each sample.
the acrylic paint, i.e. the scattering agent, was gradually increased, 
starting from 4.5 mg of acrylic per gram of mixture, with the addition of 
0.39 mg of absorbing agent per gram of silicone. Results, summarized 
in Fig. 8 (a), show that 𝜇𝑎 remains constant around an average value of 
0.026 mm−1. Fig. 8 (b) shows a very good linear behavior in the whole 
range of acrylic concentration that results in values of 𝜇′

𝑠
from below 

the average for mammary tissue (1 mm−1) and up to about twice this 
value.
5

The concentration of the absorbing agent was also varied in an inde-

pendent set of phantoms, for which the concentration of the scattering 
agent was kept constant, at 15 mg per gram of silicone. Results are given 
in Fig. 9, which shows a linear increase of 𝜇𝑎 with increasing toner con-

centration, while 𝜇′
𝑠

shows a slowly decreasing trend. This phenomenon 
has been observed before [22, 37, 38, 39] with some absorbing agents, 
and can be explained in terms of particle sizes. In fact, a small fraction 
of clusters of toner particles, which are larger than the single particles, 
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Fig. 9. (a) Absorbing coefficient and (b) reduced scattering coefficient of the phantom vs. toner concentration. The concentration of acrylic is the same in all the 
phantoms, approximately 15 mg per gram of silicone. Error bars were obtained as the standard deviation of 10 independent measurements, performed on each 
sample.
Fig. 10. Elastic modulus as a function of the silicone fluid content, for silicone 
without acrylic paint (black) and with 8 mg per gram of silicone (red). Error 
bars are calculated as the standard deviation of five independent measurements. 
In any case, the content of silicone fluid cannot exceed 70% since beyond this 
value the mixture will not properly cure.

can occur; these (relatively large particles) obey the Rayleigh scattering 
and, consequently, their anisotropy factor is increased, thus lowering 
the global reduced scattering coefficient.

3.2. Mechanical properties

Stress - strain curves were obtained for all samples containing dif-

ferent percentages of silicone fluid, and from them the corresponding 
elastic moduli were determined as the average value of five indepen-

dent measurements. Results are shown in Fig. 10.

It is shown that the elastic modulus of silicone decreases with the 
adding of silicone fluid, but in a non linear fashion. The elastic modulus 
is also affected by the addition of white acrylic paint, as it can be appre-

ciated in the figure. According to Ramião et al. [30] and Krouskop et al.

[40], the fatty and glandular tissues normally present an elastic mod-

ulus of approximately 24 kPa, a value that can be reached when the 
content of silicone fluid is near 60% and no acrylic paint is used. How-

ever, since the incorporation of this scattering agent is required, and it 
further lowers the stiffness of the PDMS, the percentage of fluid must 
be accordingly reduced. For example, for the amount of paint needed 
to obtain a scattering coefficient similar to that of a healthy breast, the 
optimal percentage of silicone fluid drops to 40% (see Fig. 10).

Note that, in some cases, when performing diffuse transmittance 
experiments, phantoms need to be compressed. This could lead to varia-

tions in the optical properties, depending on the degree of compression. 
6

To verify if that is the case, we measured the reduced scattering coeffi-

cient of a cylindrical phantom as it was stressed between 0 KPa and 40 
KPa. This range of compression reduces the thickness of the phantom 
by a factor of almost 2. For this test, the phantom was constructed with 
a stiffness reproducing that of a normal breast, i.e. using 40% of silicone 
fluid. No absorbing agent was added, leaving only the natural absorp-

tion of PDMS, which results in 𝜇𝑎 ≈ 0.0083 mm−1. The corresponding 
plot for 𝜇′

𝑠
is shown in Fig. 11, in which no significant changes, within 

the experimental error, were found.

3.3. Imaging experiments

In order to verify if the embedded inclusions are detectable in these 
types of phantoms, diffuse reflectance and transmittance experiments 
were performed following the procedures explained previously in Sec-

tion 2.4. Ultrasound images using a commercial medical device were 
also obtained for comparison purposes only. Note that, since inclusions 
emulating tumors were intentionally constructed to be always more ab-

sorbing than the surrounding medium, the presence of an inclusion in 
the imaging experiments produces a region which looks darker than the 
rest of the imaged area. To give a quantitative criterion for determining 
the detectability of the lesions, intensity profiles were taken on the fi-

nal images along a line across them and passing through the diameter of 
the detected darker region. This allows the calculation of the inclusion 
visibility as:

𝑉 =
|𝐼𝐵𝑢𝑙𝑘 − 𝐼𝐼𝑛𝑐𝑙|

𝐼𝐵𝑢𝑙𝑘 + 𝐼𝐼𝑛𝑐𝑙
,

where 𝐼𝐼𝑛𝑐𝑙 refers to the minimum intensity value inside the region of 
the inclusion and 𝐼𝐵𝑢𝑙𝑘 is the background intensity, far from the in-

clusion area. With this definition, a value of 𝑉 close to 1 means that 
the inclusion is highly detectable, whereas 𝑉 ∼ 0 means that it is ei-

ther barely detectable or not detectable at all. The absolute value in 
the definition of 𝑉 allows to include, in the same scale, the visibilities 
of the ultrasound images, which produce a high intensity value in the 
synthetic constructed “image” where the inclusion is found.

Cylindrical phantoms - From the analysis of the resulting images, 
summarized in Table 2, it can be observed that the visibilities produced 
by C1 are the highest; its inclusion is thus the most easily detectable, re-

gardless of the imaging method used. This is straightforward, since the 
inclusion is totally absorbing for NIR light, while for ultrasound imag-

ing, as the inclusion was made of a different material (PLA) than the 
bulk, the speed of sound greatly differs from that of the bulk, also giving 
a high contrast. Regarding phantom C2, which contains two absorbing 
inclusions, the resulting visibilities are the lowest for the cylindrical 
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Fig. 11. Optical properties vs compression for a cylindrical phantom. Red lines indicate the average values of 𝜇𝑎 and 𝜇′
𝑠
.

Fig. 12. Images of the phantom A5: (a) DOI in reflectance geometry, (b) DOI in transmittance geometry, and (c) US image. Subplots (d), (e) and (f) show the intensity 
profiles obtained for each image along the red dashed lines drawn in the respective upper Figures. To obtain smoother profiles, a low-pass filter was applied to all 
of the images.
Table 2. Visibility of inclusions embedded in the con-

structed phantoms. All phantoms were tested with 
DOI and US techniques.

Name Visibility

Reflectance Transmittance US

C1 0.09 0.48 0.86

C2 0.02 - ∼0 0.01 - ∼0 0.33 - 0.38

C3 0.06 - ∼0 0.07 - 0.16 0.56 - 0.56

A1 - - -

A2 0.1 0.44 0.38

A3 ∼0 ∼0 ∼0

A4 0.01 0.52 ∼0

A5 0.04 - ∼0 0.047 - ∼0 0.50 - 0.34

phantoms. The reason for this is that the ratio of the corresponding 
absorption coefficients is small, namely 1.8 (see Table 1). Opposite to 
this, for the ultrasound image, the inhomogeneities are still clearly de-

tected because of the different materials that constitute the bulk and 
the inclusion (PDMS and resin, respectively). Finally, the visibilities of 
the inclusions in phantom C3 are higher than those in phantom C2, be-

cause of the higher absorption ratio, 𝜇𝑎𝐼𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛∕𝜇𝑎𝐵𝑢𝑙𝑘 = 3.0, as showed 
in Table 1; ultrasound images have a good visibility, due to the different 
materials of the bulk and the inclusion.
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Anthropomorphic phantoms - The homogeneous phantom, A1, is 
not considered in this analysis, since it does not contain any inclusion. 
For A2, due to the fact that the inclusion is completely black, (much 
more absorbing than the bulk), and it is made of a different material 
(PLA) than the bulk, the inclusion is detected with good visibility by 
each of the three methods, even though it is placed at a depth of 19 mm. 
The rest of the phantoms, with shape and hardness similar to the hu-

man breast, present in general fair visibility, except for phantom A3. 
For this case the inclusion is not detectable by either of the techniques, 
since the absorption ratio, 𝜇𝑎𝐼𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛∕𝜇𝑎𝐵𝑢𝑙𝑘 = 2.3, is relatively poor for 
optical contrast and also the inclusion and bulk are made of the same 
material (poor ultrasound contrast). Phantom A4 has a silicone inclu-

sion as well, which is more absorbing than the bulk and is placed at 
only 12 mm depth. This results in a good visibility for the transmit-

tance image, although it is barely detected in diffuse reflectance and, as 
expected, it is not detected by ultrasound imaging. The last anthropo-

morphic phantom, A5, which contains two resin inclusions, is used to 
illustrate the whole procedure for assessing the detectability of the in-

clusions. Results are discussed in detail in the following with the help 
of Fig. 12. This case constitutes a challenging situation for DOI, since 
absorption ratios between the inclusions and the bulk are relatively low.
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Fig. 12 (a) shows a normalized image of phantom A5 obtained by 
DOI in reflectance geometry. Only the biggest inclusion (which is also 
the shallowest) is detected as a dark spot (please refer to Table 1). The 
corresponding intensity profile shown in Fig. 12 (d) presents only 4% 
of modulation. For DOI in transmittance geometry, the resulting image 
is shown in Fig. 12 (b) and its corresponding profile is plotted in (e). 
Again, only the biggest and shallower inclusion is detected, but now 
with a better modulation of about 8%. The other inclusion remains un-

detected. The ultrasound image, Fig. 12 (c) clearly shows the shallowest 
inclusion with visibility superior to the one achieved by DOI.

Although the main objective of this work is not to compare the good-

ness of the different imaging methods, the results of this section show 
that PDMS-based phantoms, either homogeneous or with inclusions, are 
suitable to be used in DOI experiments. Moreover, if the inclusions are 
made of a material different from silicone, the phantoms can be also 
used for ultrasound imaging.

4. Conclusions

In this work we have constructed and validated anthropomorphic 
breast-shaped phantoms based on PDMS to be used in Diffuse Op-

tical Imaging. Cylindrical phantoms were also made for comparison. 
Different types of inclusions, emulating lesions, were made and both, 
their materials and absorption coefficient relative to the bulk were var-

ied.

The mechanical stiffness of the phantoms was also considered as a 
main parameter. It was shown that the addition of 40% in weight of 
silicone fluid, together with the corresponding amount of acrylic paint 
to the PDMS components, reproduces the breast hardness reported in 
the literature.

𝑇 𝑖𝑂2, which is often used as scattering agent, was replaced by white 
acrylic paint, showing very good reproducibility and control over the 
resulting reduced scattering coefficient without the tendency of forming 
clusters.

Phantoms were validated by both DOI and US and a visibility crite-

rion was introduced to assess the detectability of the simulated lesions. 
In general, DOI of the cylindrical phantoms shows that embedded le-

sions with typical volumes of 0.5 cm3 and with absorption coefficient 
ratios relative to the bulk of 1.8 or higher can be detected at up to 
about 10 mm depth. For the case of the anthropomorphic breast phan-

toms, the fact that they can be compressed reduces the effective depth 
of the inclusions and thus, lesions were detected for absorption coeffi-

cient ratios down to 1.4.

It was also found that, when the inclusions are constructed with 
a different material than the bulk, they are detectable with ultrasound 
measurements. This is useful to compare the capability of different tech-

niques when finding potential tumors or cysts.
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