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Abstract

We present a technique for fabricating realistic breast phantoms for microwave imaging
experiments. Using oil-in-gelatin dispersions that mimic breast tissue dielectric properties at
microwave frequencies, we constructed four heterogeneous phantoms spanning the full range of
volumetric breast densities. We performed CT scans and dielectric properties measurements to
characterize each phantom.
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1. INTRODUCTION

Microwave breast imaging is a non-ionizing molecular imaging technique that senses the
endogenous -- and possibly exogenously influenced -- dielectric properties of breast tissue.
Microwave imaging shows much promise as a safe, low-cost, three-dimensional
tomographic imaging modality. Potential applications include early-stage breast cancer
detection, breast density evaluation, and cancer treatment monitoring. Definitive,
quantitative validation of microwave imaging techniques is a critical component in the
development of this technology. Clinical studies with human subjects provide the ultimate
test domain but also pose the most challenging validation scenario due to the fact that the
true in vivo properties are not known. This emphasizes the important role of realistic
physical phantoms in pre-clinical validation studies. Phantoms have the potential to provide
an anthropomorphic test domain with known structure and known dielectric properties that
reasonably mimic tissue in the breast.

Table 1 summarizes the features of numerous breast phantoms that have been reported over
the past decade. The shape and structural complexity of the phantoms vary considerably,
ranging from simple geometrically defined volumes with predominantly homogeneous
interiors to realistically shaped volumes with heterogeneous interiors. The materials in these
phantoms range from those with dielectric properties which roughly approximate breast
tissue properties at select frequencies to tissue-mimicking (TM) materials [1] that closely
match the dielectric properties of certain tissues in the breast over a wide frequency range.
However, none of the phantoms reported to date include fibroglandular mimicking materials
with properties that match those reported in the large-scale Wisconsin-Calgary study of
breast tissue [2].
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Our present investigation is motivated not only by the need for individual realistic breast
phantoms that accurately model the shape, structural complexity, and microwave-frequency
dielectric properties of fatty and fibroglandular tissue in the human breast, but also by the
need for sets of realistic breast phantoms that span the full range of volumetric breast
densities observed in the general patient population. Breast density refers to the percentage
of fibroglandular tissue in the breast. High breast density is one of the strongest predictors of
breast cancer risk [3] and also impedes mammaographic screening [4]. Accordingly, it is of
great interest and importance to evaluate the performance of microwave imaging across the
full range of breast densities.

In this paper, we present a method for constructing stable, heterogeneous anthropomorphic
breast phantoms with realistic dielectric properties. We illustrate the approach by
constructing four phantoms with different breast densities. We select oil-in-gelatin TM
materials that accurately model the dielectric properties of skin, fat, and fibroglandular
breast tissues. The percentage of fibroglandular TM material is varied to create low and high
breast density phantoms. CT images of the completed phantoms are obtained to confirm the
interior spatial distribution of the various TM materials. We confirm the integrity of the
dielectric properties distribution by cutting each breast phantom in half and conducting
direct dielectric-properties measurements of the different regions of the interior.

The remainder of this paper is organized as follows. In Section 2 we discuss the TM
materials employed in constructing the phantoms, the phantom construction method, and
dielectric measurement techniques. In Section 3 we report the measured dielectric properties
and CT-imaged structural composition of the constructed phantoms. Our conclusions are
presented in Section 4.

2. MATERIALS AND METHODS

2.1 Design of tissue-mimicking materials

We created the TM materials from oil-in-gelatin dispersions reported by [1]. The TM
materials are composed of water, gelatin, oil (1:1 mixture of kerosene and safflower oil), and
preservatives. Varying the concentration of oil alters the dielectric properties. Higher oil
concentrations result in materials with dielectric properties that are similar to those of lower-
water-content tissue, while lower oil concentrations result in materials that mimic higher
water-content tissues. These materials are relatively inexpensive to fabricate, can conform to
any shape, and have stable dielectric properties even when placed in direct contact with
other TM materials. In addition, the fabrication procedure may be altered to allow for the
inclusion of contrast agents, such as carbon nanotubes [14].

The TM materials in our breast phantoms were designed to achieve a close match to the
breast tissue properties reported in [2] and wet and dry skin properties reported in [15]. [2]
categorized breast tissue into three different groups based on adipose composition; hereafter
we refer to these groups as fibroglandular (0-30% adipose), heterogeneous mix (31-84%
adipose), and fat (85-100% adipose). We designed one or two TM materials for each of
these groups of breast tissue, and one TM material for skin. An even greater level of
dielectric heterogeneity in the phantom may be achieved by designing two or more distinct
TM materials (e.g., with different oil concentrations) for each breast tissue group.

2.2 Dielectric characterization of tissue-mimicking materials

We conducted two sets of dielectric characterization measurements. The purpose of the first
set was to design the TM materials, as described above. The purpose of the second set was
twofold: 1) to investigate the within-sample variability of the dielectric properties of a given
TM material, and 2) to investigate the stability of the dielectric properties of each TM

Microw Opt Technol Lett. Author manuscript; available in PMC 2011 August 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mashal et al.

Page 3

material when placed in contact with other TM materials, in an environment similar to that
of the constructed phantom. A portion of each TM material fabricated during the phantom
construction phase of this study was set aside for the second set of experiments.

Two multi-layer cylindrical test volumes were constructed, each from a different batch of
the TM materials, as follows. A 1-cm-thick layer of the skin-mimicking material was poured
into a 10-cm-diameter cylindrical container and allowed to congeal. Layers of 4-cm-thick
fat-, heterogeneous-mix-, and fibroglandular-mimicking materials were added one-by-one in
a similar manner, yielding a 13-cm-high test volume. After one week, each test volume was
removed from its cylindrical container and the layers were separated. We note that the ease
of separation served as one indication that no osmosis had occurred between adjacent layers.

We measured the dielectric properties at three different locations on each surface (top and
bottom) of each TM material layer from each of the two test volumes. Thus we obtained
dielectric properties data from a total of 12 measurement sites for each TM material. The
dielectric measurements were conducted using the wideband open-ended coaxial probe
technique described in [16].

2.3 Phantom construction

Each breast phantom was constructed in three stages using an outer and inner mold. The
outer mold (~ 400 mL volume) was shaped similar to the human breast in a prone position;
identical outer molds were used for all four phantoms. The inner mold was unique to each
phantom as it was used to control the volume of the heterogeneous mix and fibroglandular
content in relation to the fat content. In addition, the inner mold was configured to provide a
unique structurally complex interface between the fat and fibroglandular regions.

In the first stage of phantom construction, we created a thin skin layer (1-2 mm) on the
inner surface of the outer mold by pouring a small amount of the skin-mimicking material
into the outer mold in its liquid state and rotating the mold as the TM material cooled and
congealed on the inner surface of the mold. The skin-mimicking material was also used to
create a slightly thicker layer at the anterior end of the mold. This feature provided a
reasonably good model of the areola. The skin layer was allowed to fully congeal for 5 hours
before proceeding to the next stage.

In the second stage, the fat layer was added on the top of the skin layer. This was
accomplished by suspending the inner mold inside the outer mold and pouring the fat-
mimicking material into the space between the inner and outer molds. The volume of each
inner mold was chosen to achieve a representative breast density for that phantom class. For
example, for a class | phantom (mostly fat), the volume of the heterogeneous mix and
fibroglandular content was chosen to be approximately 10% of the total breast volume.
Similarly we chose inner-mold volumes to be approximately 30%, 50%, and 70% of the
total breast volume to construct class Il (scattered fibroglandular), class I11 (heterogeneously
dense), and class 1V (extremely dense) phantoms, respectively.

In the final stage, after allowing the fat layer to congeal for 12 hours, the heterogeneous-
mix-mimicking material was added to the void left by the removal of the inner mold.
Randomly shaped pieces of already congealed fibroglandular-mimicking materials were
added to the heterogeneous mix as it was poured. Once the phantom was completed, it was
covered by a thin sheet of polyethylene material and allowed to set for approximately one
week before it was removed from the outer mold.
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3. RESULTS AND DISCUSSION

3.1 Dielectric properties characterization of TM materials

The dielectric properties of the TM materials used for the construction of the four different
phantoms are shown in Figures 1 and 2. In these figures, each curve with vertical bars
represents the average properties (relative permittivity or effective conductivity) of 12
measurements made on the different cylindrical TM samples described in Section 2.2. The
vertical bars span the maximum and minimum values at specific frequencies. The small
variability across measurements of each TM material demonstrate the spatial uniformity and
stability of the dielectric properties of the TM materials even when placed in contact with
TM materials of different oil concentrations.

We used 20% and 30% -oil TM materials to represent fibroglandular tissue, 40%-oil to
represent the heterogeneous mix, and 80%-oil to represent fat. Figure 1 shows that these TM
materials closely mimic the dielectric properties of the corresponding breast tissue types
reported in [2] across the 1-6 GHz frequency range. For all the breast tissue types, the
dielectric properties of the TM materials fall within the range of the 25th and 75th percentile
of the breast tissue group they represent.

A 30%-oil TM material was chosen to represent skin tissue. Figure 2 shows the dielectric
properties of wet and dry skin tissue types [15] and 30%-oil TM material. The relative
permittivity of the skin-mimicking material falls between that of wet and dry skin in the 1-6
GHz frequency range. The effective conductivity of the skin-mimicking material is slightly
higher than that of wet skin. This small discrepancy in conductivity should have a negligible
effect on microwave scattering since the skin layer is only 1-2 mm thick.

3.2 Phantom characterization

Figure 3 shows a photograph of one of the four completed phantoms after the outer mold has
been removed. The height of the phantom is approximately 8 cm. The diameter at the base is
approximately 12 cm. A CT scan of each of the four phantoms was acquired approximately
one week after construction. Figure 4 shows a sagittal and coronal CT image of a central
cross-section of each phantom. These images confirm the integrity of each of the spatial
features of the phantoms. For each phantom, the CT images clearly show the presence of
skin and areola (medium grey), fat (black), heterogeneous mix (medium grey), and
fibroglandular tissue (light grey). In addition, the CT images show the variations in
fibroglandular tissue density across the four different phantoms. The small dark circles in
the images are air bubbles (typically less than 1 mm in diameter) that are introduced
unintentionally during fabrication of the TM materials. The dielectric properties of the
various TM materials inside the phantom were verified by making a coronal cross-sectional
cut through each phantom and making measurements at approximately 1 cm intervals along
a trans-sectional line across the exposed coronal plane. Figures 5(a),(b) and 6(a),(b) show
the dielectric properties in the 1-6 GHz range at various trans-sectional positions for the
class I and class IV phantoms. This data confirms that a large dielectric contrast (>5:1 in
some cases) between fatty and fibroglandular content is present, as desired. Parts (c) and (d)
of Figures 5 and 6 show the dielectric properties of the phantoms at 3 GHz as a function of
position. These graphs provide a spatial snapshot of the interior heterogeneity as well as the
increasing fibroglandular density with phantom class number. For example, a comparison of
Figures 5(c),(d) and Figures 6(c),(d) shows that there is significantly more higher-water-
content TM material in the class IV phantom (extremely dense) than the class | phantom
(mostly fat), as desired.

These phantoms are well suited for experimental imaging tests. The phantoms are relatively
sturdy and are not easily damaged during gentle handling. In addition, the TM materials
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used to construct these phantoms have been shown to be stable over a nine-week period as
long as they are not exposed to air for long periods of time [1]. The TM materials are also
stable in oil (1:1 mixture of kerosene and safflower oil); this is an important feature for
experiments that require the phantoms to be immersed in a coupling medium.

4. CONCLUSIONS

We have described the construction of four different realistic breast phantoms, each
representing a different volumetric breast density classification. The phantoms were
constructed using TM materials that accurately represent the dielectric properties of various
breast tissues. The phantoms were heterogeneous, each with a skin layer and a complex
network of fibroglandular and fatty tissues. We verified the integrity of the internal structure
of the phantom by obtaining CT images. The dielectric properties of the phantom
constituents were verified by cutting the phantoms in half and measuring the dielectric
properties of the phantom cross-section. These phantoms were constructed using simple
techniques and have long term stability when not exposed to air for long periods of time.
The techniques described here may be easily modified to construct phantoms with malignant
lesions.
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Figure 3.
Photograph of a breast phantom after construction.
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(9)

Figure 4.
CT images of sagittal (left) and coronal (right) cross-sections of four phantoms: (a)—(b) class

I (mostly fat), (c)—(d) class Il (scattered fibroglandular), (e)—(f) class 11 (heterogeneously
dense), and (g)—(h) class IV (extremely dense). Features present in each phantom include a
skin layer and areola (medium grey), fat (black), heterogeneous mix (medium grey), and
fibroglandular (light grey) tissue.
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Dielectric properties at nine positions along an interior trans-sectional line through the class
| phantom. (a)—(b) Dielectric properties across the 1-6 GHz frequency range. (c)—(d)
Dielectric properties at 3 GHz as a function of position.
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