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Abstract

For a long time microwave engineers have dreamed of using non-ionizing electromagnetic waves to image the
human body in order to detect cancer. Over the past several years, significant progress has been made
towards making this dream a reality for breast cancer detection. In the next decade, microwave systems are
likely to become viable diagnostic option for many women and men alike. More so than for any other cancers,
breast tumors have electrical properties at microwave frequencies that are significantly different from those of
healthy breast tissues. The breast can easily be accessed from outside, while internal organs are much less
accessible. Normal breast tissue is also more translucent to microwaves than many other tissues, such as
muscle or brain. Phenomenal progress in computers and numerical techniques during the past decade allows
us to effectively process data acquired through measurements. This work proposes a new methodology for
analyzing malignant tumors. The methodology will be based on finite volume time domain (FVTD) modeling
approach. In the past finite difference time domain modeling schemes have been used to detect tumors.
However, though it is simple and has wide frequency coverage, its main drawback is that it is computationally
intensive. To overcome this drawback finite volume time domain (FVTD) is proposed as a suitable modeling
technique for the problem.
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1.0 Introduction

There is considerable recent debate as to whether or not women under 50 years of age should have X-ray
mammaograms. This debate arises from the need to detect breast cancer in its earliest stage. Early detection
leads to longest survival and greatest patient comfort. While mammaography is recognized as the preferred
method to detect breast cancer, it fails to detect as many as 20% of the malignant tumors. Further, it may be
uncomfortable or threatening to many of the patients, especially with the public perception that repeated X-
ray mammograms increase the risk of cancer. Other modalities such as ultrasound and magnetic resonance
imaging (MRI) are either less effective or too costly. Pulsed confocal microwave technology can complement
mammaography by remedying most of the above noted deficiencies.

1.1 Physical Basis of the Method

The confocal, microwave breast cancer detection technology is based upon two fundamental properties of
breast tissues at microwave frequencies. Microwaves interact with biological tissues primarily according to the
tissue water content. This is a different interaction mechanism than for X-rays. The relevant physical
properties contrast between malignant tumors and normal breast tissues is significantly greater for
microwaves than for either X-rays or ultrasound, approaching an order of magnitude. This large dielectric
contrast causes malignant tumors to have significantly greater microwave scattering cross sections than
normal tissues of comparable geometry.

Microwave attenuation in normal breast tissue is less than 4 dB/cm up to 10 GHz. This may permit existing
microwave equipment having standard sensitivity and dynamic range to detect tumors located up to about 5
cm beneath the skin. The microwave attenuation and phase characteristic of normal breast tissue is such that
constructive addition is possible for wide-bandwidth backscattered returns using broad aperture confocal-
imaging techniques. The confocal technique suppresses returns from spurious scatterers such as a vein
interposed between the tumor and the surface of the breast.

1.2 Breast Tissue Dielectric Properties

Dielectric Contrast between Malignant Tumors and Surrounding Normal Breast Tissue

Measurements of 30 different tissue types by Gabriel et al. [1]-[4] indicate that the relative dielectric
permittivity e ,, and conductivity o, of high-water-content tissues (such as muscle or malignant tumors) are
about an order of magnitude greater than those of low-water-content tissues (such as fat or normal breast
tissue). As illustrated in figures 1 and 2, this contrast between high- and low-water-content tissues persists
over the entire radio frequency (RF) spectrum from power frequencies through millimeter waves.

Joines et al. [5] measured to 0.9 GHz the € , and o of freshly excised tissues from the colon, kidney, liver, lung,
breast, and muscle. Each tissue sample was taken from four to seven different patients, and each sample was
measured at three different positions. Chaudhary et al., [6] measured to 3GHz the € ;, and o of normal and
malignant breast tissues obtained from 15 patients. The data of Joines et al., at 0.9

GHz indicates that of malignant breast tumors exceeds that o of normal breast tissue by 6.4: 1, and € ; of
malignant breast tumors exceeds that of normal breast tissue by 3.8: 1. Joines et al. further found that for
breast tissues of the same type, the dielectric contrast between malignant and normal tissues is greatest for
the mammary gland. The data of Chaudhary et al. up to 3 GHz indicate corresponding malignant tumor-to-
normal breast tissue ratios of 4.7: 1 and 5: 1, in good agreement with Joines et al.

1.2.1  Malignant Tumor Properties

Foster and Schepps [7], Rogers et al. [8], and Peloso et al. [9] separately measured € , and o of malignant
tumors and found values above 1 GHz that are almost the same as for normal high-water-content tissues such
as muscle. In some cases, €, and ¢ for malignant tumors were significantly greater than for normal muscle
tissues, especially at frequencies below 1 GHz [10].
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Figure 1: Comparison of the permittivity of high-water content tissue such as muscle with low- water content
tissue such as fat as a function of frequency according to Gabriel et al
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Figure 2: Comparison of the conductivity of high-water content tissue such as muscle with low- water content
tissue such as fat as a function of frequency according to Gabriel et al.

Swarup et al. [10] studied the onset of the high values of € , and o in malignant tumors by measuring MCA1
fibro sarcoma mouse tumors at 7, 15, and 30 days after inception. No significant variation of ¢, and o was
seen with tumor age. While the larger tumors exhibited a necrotic interior, they showed little difference in €,
and o above 0.5 GHz.

Surowiec et al. [11] performed measurements of cm-size malignant human breast tumors and adjacent tissues
and found an increase in € , and o of the normal breast tissue near malignant tumors. This effect may be
caused by infiltration or vascularization. It could enlarge the microwave scattering cross-section and thereby
aid in the confocal microwave detection of the tumor.

1.2.2  Skinand Veins

Gabriel et al. found that, for either wet or dry skin, 30 <& ,<40and 1< o0 < 10 S/m from 1-10 GHz. While some
dielectric property data exist for blood, none can be found for vein walls. For computational models, you can
assume that the dielectric properties of a vein are the same as those of muscle.

1.2.3  Breast Geometry

The depth of a typical normal, non-lactating human breast is about 5 cm [12]-[14]. This suggests that a mildly
compressed breast would span less than 5 cm between the skin surface and the rib cage. Further, almost 50%
of all breast tumors occur in the quadrant near the armpit where the breast is less than about 2.5-cm deep.
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1.3 Finite Difference Time Domain (FDTD)

The FDTD technique is used in solving electromagnetic scattering problem, because it can model an
inhomogeneous object of arbitrary shape. It is a time domain numeric electromagnetic technique for solving
Maxwell's equations. The Maxwell's equations are discretized in space and time. This is accomplished by
mapping the volume of interest onto rectangular grid where the unknown field components are located in
each cell. FDTD algorithm explicitly solves Maxwell's curl equations using central finite differences in both time
and space. The FDTD grid is composed of rectangular boxes (called Yee cells). Each box edge is an electric field
location, and the material for each mesh edge can be specified independently of other edges and each face is a
magnetic field location. Assigning different materials to different mesh edges forms the geometry. Regular grid
is chosen since making calculations for each grid is extremely fast. This allows precise approximations to the
actual physical geometry.

FDTD method is a time stepping procedure. Inputs are time-sampled analog signals. By alternately calculating
the electric and magnetic fields at each time step, fields are propagated throughout the mesh. The time-

dependent differential form equations are given by,
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1.3.1  2-D FDTD Analysis of a Pulsed Microwave Confocal System for Breast Cancer Detection

1.3.2  Modeling of the Fixed Focus Elliptical System

As the first step in the systems analysis, a fixed focus confocal microwave system employing a metal elliptical
reflector was computationally modeled in two dimensions using the finite-difference time-domain (FDTD)
solution of Maxwell’s equations, for the transverse magnetic case. The reflector was specified with one focal
point at a monopole antenna element and one in a breast half-space 3.8 cm below the surface. (In such two-
dimensional (2-D) models, all material structures in the computational space, including the antenna, are
assumed to be infinitely long. Thus, there is no ground return for the antenna and it is termed a “monopole”.

Figure 3 illustrates the FDTD model of this system. This model used a uniform grid with square unit cells as fine
as 0.2 mm in the highest-resolution simulations. The reflector was assumed filled with lossless dielectric (g, =
9, o = 0) matching the nominal breast permittivity, and was located at the surface of a half-space of normal
breast tissue (e . =9, o = 0.4 S/m). No skin layer was modeled. The monopole antenna was excited by a 270-ps
Gaussian pulse multiplying a 6-GHz sinusoid that passed through zero at the peak of the Gaussian. This signal
has zero dc content and a Gaussian, double sideband (DSB) suppressed-carrier spectrum symmetric about 6
GHz. The full-width spectral bandwidth at half-maximum extends from 4 to 8 GHz. A circular tumor extends
from 4 to 8 GHz. A circular tumor (g, =50, o =7 S/m) was assumed located at the in-breast focus.

Figure 3: 2-D FDTD Computational model of the elliptical reflector system showing the heterogeneous breast
tissue model and 0.5cm diameter tumor located at the in breast focus 3.8cm beneath the surface

1.3.3 £ 10% Random Heterogeneity of the Normal Breast Tissue
To simulate the heterogeneity of the normal breast tissue as measured by Joines et al. [5] and Chaudhary et al.
[6], 10% random fluctuations of € , and o were assigned to the breast tissue half-space in a checkerboard
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pattern. Specifically, as shown in Fig.3, each square block of grid cells spanning 5x5mm was randomly assigned
avalue of e ; and a value of o in a 10% range centered about the nominal. This resulted in random, peak 20%
jump discontinuities of the normal breast- tissue € ; and o at the scale of the tumor diameter. FDTD modeling
was performed for a) no tumor present, to establish the background clutter; b) variable location of a tumor
having a 0.5-cm fixed diameter; and c) variable diameter of a tumor having a fixed location at the in-breast
focal point. The signal-to-clutter (S/C) ratio was obtained by comparing the peak backscattered responses of
the heterogeneous breast model with and without the presence of the tumor.

Figure 4 depicts the calculated time waveforms of the backscattered power response for this model with and
without the 0.5-cm-diameter tumor present at the in-breast focus 3.8 cm below the surface. Upon forming the
ratio of the peak back scattered pulse amplitude with the tumor present to the peak back scattered pulse
amplitude without the tumor present, the S/C ratio is found to be 12dB. Figure 5 graphs the calculated S/C for
the 0.5-cm diameter tumor as a function of the tumor’s lateral position from the focus for a constant depth of
3.8 cm. We infer from this figure that the lateral resolution in locating the tumor in the presence of the clutter
is about 0.5 cm. Figure 6 graphs the calculated S/C for a tumor fixed in position at the in-breast focus as a
function of the tumor’s size. We infer from this figure that tumors having diameters as small as 0.2 cm can
yield responses that are 12 dB above the background clutter due to the random +10% tissue heterogeneity.

1.3.4  +20% Random Heterogeneity of the Normal Breast Tissue

The above study was repeated for an increased heterogeneity of the normal breast tissue of + 20% about the
nominal, more than twice which experimentally was observed by Joines et al. [5] and Chaudhary et al. [6]. This
resulted in random, peak +40% jump discontinuities of the normal-breast-tissue € ; and o at the scale of the
tumor diameter. While the computed S/C ratios were reduced by 5-6 dB relative to the +10% heterogeneity
case, the S/C remained greater than 6 dB for tumor diameters of 0.2 cm or larger. Further, the systems lateral
resolution was unchanged (about 0.5cm).
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Figure 4: FDTD-computed time domain waveforms of the backscattered response with and without the 0.5cm
diameter tumor present at the in-breast focus
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Figure 5: Signal to clutter (S/C) ratio for the back scattered response of the 0.5cm diameter tumor as a function
of the tumor's lateral distance from the in-breast focus
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Figure 6: Signal to clutter (S/C) ratio for the backscattered response of a tumor at the in-breast focus as a
function of tumor's size

14 Finite Volume Time Domain

The Finite-Volume Time-Domain (FVTD) method, as a general time-domain field solver, has successfully been
applied to a variety of electromagnetic structures. The advantage of an unstructured mesh with tetrahedral
volume elements places the FVTD method somewhat in between the Finite Element Time-Domain (FETD)
method and the Finite-Difference Time- Domain (FDTD) method. Since the FVTD method is still in its infancy in
computational electromagnetic application — at least in comparison to the FDTD method — the potential of this
relatively new approach has not been fully unfolded yet. Although several authors have illustrated the
capability of the FVTD method for the analysis of large scale problems [15] or problems with fine details
surrounded by curved linear boundaries [16], the achievable accuracy for the FVTD method in particular for
problems requiring a large dynamic range, has not been demonstrated so far. The FVTD method is inherently
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applied in unstructured meshes and thus is able to approximate complex geometries naturally without
additional effort. In contrast, methods using structured meshes, e.g. a classic stair casing FDTD approach, may
need to incorporate artificial treatment of boundaries to meet certain accuracy requirements.

1.4.1  Electromagnetic Wave Diffraction using a Finite Volume Method

Simulation of near fields scattered by an aircraft illuminated by an incident plane wave will be discussed. An
exciting Gaussian pulse in the time domain is used for the following example in the computational time
interval. The scatterer is assumed to be perfectly conductive. In Figs. 7 and 8, we present the meshes used for
the numerical simulations. For the FDTD, the computational domain is composed of 4144000 volumes and for
FVTD, the discretization leads to 79361 volumes with the same minimum mesh size. The results presented in
Fig. 9 shows the x-component of the electric field and the y-component of the magnetic field computed at
points A and B with the two methods. In this example the use of FVTD permits an important gain in memory
and a gain of 3 in time compared with FDTD, despite a smaller time step to ensure the scheme’s stability and a
larger number of operations in FVTD than in FDTD.

Figure 7: FDTD meshing

Figure 8: FVTD meshing
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Figure 9: Comparison between FDTD and FVTD

15 Conclusion
The finite volume technique seems to be an interesting approach for the study of electromagnetic wave

diffraction. Scatterers with ‘complex’ surfaces can be treated. The higher computational time required in FVTD
can be compensated by a conformal unstructured meshing of the objects allowing local refinement mesh
easier than in FDTD. Moreover with the finite volume scheme, thin material with finite conductivity and

dielectric part can be taken into account easily.
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