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Abstract 

 
 The physical basis for microwave breast cancer detection is the dielectric-properties contrast between 

malignant and normal breast tissue. The Wisconsin-Calgary study showed that this contrast is as high as 10:1 in 

fatty breast tissue but no more than 10% in fibroglandular tissue. We are investigating the feasibility of air-filled 

microbubbles as contrast agents for enhancing the malignant-to-normal dielectric contrast. Our initial numerical 

studies suggest that the presence of moderate volume fractions of microbubbles reduces the effective dielectric 

properties of the tumor by as much as 30%, potentially improving detection efficacy via differential imaging. 

 
1. Introduction 

 
 Emerging microwave breast cancer detection techniques seek to exploit a large dielectric-properties 

contrast between malignant and normal breast tissues. Our recently-completed large-scale dielectric 

characterization study of human breast tissue samples conducted over the 0.5-20 GHz frequency range 

demonstrated that the dielectric-properties contrast between malignant and normal adipose-dominated breast 

tissues is as large as 10:1, while the dielectric-properties contrast between malignant and normal fibroglandular 

tissues is no more than approximately 10% [1]. Since the vast majority of breast tumors originate within 

fibroglandular breast tissue, our results suggest that the malignant lesion is a weakly scattering target within a 

high clutter environment. To address this challenging imaging scenario, we are assessing the feasibility of using 

dielectric or conducting micro- and nano-particles as contrast agents for enhancing the dielectric-properties 

contrast between the tumor and surrounding normal fibroglandular tissue. The specific particles we have chosen 

for this analysis are air-filled microbubbles, such as the ones used as ultrasound contrast agents, and metallic 

nanoparticles. Once introduced into the breast, the particles are assumed to accumulate in the malignancy via 

passive and/or active mechanisms [2]. The efficacy of tumor detection is expected to be enhanced via 

differential imaging of the breast. In this paper we present the results of our initial numerical studies of 

dielectric-properties contrast enhancement for the case of air-filled microbubble contrast agent particles. A 

comparison between experimental and numerical results is also presented. 

 
2. Methodology 

 
 The accumulation of contrast agent particles in a breast tumor is modeled as a binary mixture consisting 

of a certain volume fraction (VF) of inclusions (microbubbles) in a background medium (malignant breast 

tissue). We implemented both a 2D quasi-static finite-element method (QS-FEM), as well as a 2D finite-

difference time-domain (FDTD) approach. The advantages of the former method are that it is simple and fast. 

However, it does not account for the physical size of the inclusions, but simply assumes that the particles are 

much smaller than the wavelength of the electromagnetic wave in the mixture. Since size-related effects, such as 

skin depth, are particularly important for finite-conductivity inclusions, such as metallic nanoparticles, we 

conducted full-wave FDTD simulations to validate the QS-FEM technique and obtain supplemental information. 

Here we address the simpler case of air-filled microbubble inclusions, since the results for this case are not 

confounded by skin depth and percolation effects. 

 

 For both numerical approaches, the dielectric properties of the background medium in the computational 

domain [Figures 1(a) and 2(a)] were set to those of malignant breast tissue at 5 GHz ( br ,ε =50.65, bσ =4.84 

S/m) [1]. The dielectric properties of the air-filled microbubbles were set to those of free space ( ir,ε =1, iσ =0 

S/m). The randomly-positioned inclusions were allowed to touch, but not overlap. For simplicity, the particles 

did not intersect the edges of the computational domain. For every VF of inclusions (5, 10, and 20%), 100 

geometries with random particle locations were generated and simulated in order to capture the effects of 

different inclusion distributions in the ensemble average of effective dielectric properties values. For every VF, 

an average effective dielectric constant and conductivity was computed. 



 
2.1. QS-FEM approach 

 
 The 2D QS-FEM approach, based on [3], was implemented using the partial differential equation 

toolbox in Matlab. The QS-FEM solved Laplace’s equation for the geometry and boundary conditions of Figure 

1(a). Once the electrostatic potential )(rφ  was computed at every point r  in the computational domain, the 

stored and dissipated energies in the capacitor of Figure 1(a) (henceforth referred to as a complex stored energy) 

were found using [ ]∫ ∇= ∗∗
rrr

22
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 is the complex 

permittivity at every point in the computational domain, 0ε  is the permittivity of free space, ω  is the angular 

frequency, and 1−=j . Assuming that the complex stored energy of the capacitor in Figure 1(a) is equivalent 

to that of Figure 1(b), the effective dielectric properties in 1(b) were found using ( )2
eff 0 02Wε ε φ∗ ∗= . 

 

 The top plate of the capacitor in Figure 1(a) was held at a constant potential of 0φ =1 V, while the 

bottom plate was held at 0 V. In order to avoid fringing fields at the edges of the structure, Neumann boundary 

conditions were enforced on the left and right sides of the computational domain [Figure 1(a)]. The size of the 

computational domain was 100 by 100 units, while the radius of the inclusions was 2 units (the actual physical 

dimensions are irrelevant). A mesh conformal to the geometry was automatically generated by the solver.  

 

φ=0

φ=φ
0

ε*=ε
b

*

ε*=ε
i

*

dφ
dn
=0 dφ

dn
=0

 

φ=φ
0

ε*=ε
eff

*dφ
dn
=0

dφ
dn
=0

φ=0  
(a)      (b) 

Figure 1. (a) Diagram of the geometry simulated using QS-FEM. (b) Effective medium formulation. εb: 

background dielectric properties, εi: inclusion dielectric properties, εeff: effective dielectric properties. 

 
2.2. FDTD approach 

 
 The 2D TEz FDTD formulation used to simulate the TEM parallel-plate waveguide of Figure 2(a) was 

similar to that of [4]. The computed field components were Ex, Ey, and Hz. This polarization was chosen to 

match the polarization of the QS-FEM simulations. The FDTD-computed Ey was recorded at 10 equally-spaced 

grid cells along the y-dimension of the waveguide at observation planes 1 and 2 [see Figure 2(a)]. Next, we 

calculated the attenuation ( sα ) and propagation ( sβ ) constants (assuming that the TEM mode in the mixture 

“slab” was not perturbed) using the FDTD-computed Fourier transforms of Ey at planes 1 and 2. Finally, we 

extracted the effective dielectric properties of the mixture from the attenuation and propagation constants. For 

every simulation, the effective dielectric properties calculated from data at the ten observation points along the 

y-dimension were averaged. 
 

 We used a modulated Gaussian source, with a center frequency of 5 GHz, and a 1/e width of 

approximately 318 ns. Every simulation was run as long as necessary to sufficiently dissipate the energy inside 

the grid. The TEM mode was excited within the waveguide by assigning a current source to the Ey components 

along the source plane [see Figure 2(a)]. 

 

 The plate separation was Ny=50 grid cells. The mixture “slab” of width Nx=100 grid cells was placed in 

the center of the waveguide, where L1=L2=50 grid cells. The waveguide was terminated with perfectly matched 

layer absorbing boundary conditions. The top and bottom walls of the waveguide were assumed to be perfect 

electric conductors. Since the microbubbles used as ultrasound contrast agents are approximately 1-5 µm in 

diameter, we set the diameter of the particles in the FDTD simulations to be 5 µm. In order to properly resolve 

the particles, the grid cell size was 1.0 µm. We used the Yu-Mittra technique [5] to compute the local dielectric 

properties for the electric-field components that cross the edges of the inclusions. 
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Figure 2. (a) Diagram of the parallel-plate waveguide simulated using FDTD. (b) Effective medium formulation. 

 
2.3. Comparison with experimental studies 

 
 In addition to comparing the QS-FEM numerical results with FDTD, we compared our numerical results 

with experimental data for the cases of 5% and 10% by weight mixtures of air-filled microbubbles in ethylene 

glycol [6]. For this comparison, the dielectric properties of the background medium in the QS-FEM simulations 

were set to those of ethylene glycol at 5 GHz. The density of the glass-shell, air-filled microbubbles (average 

diameter: 18 µm) is 0.6 g/mL, so the VF of microbubbles in the 5% and 10% by weight mixtures were 

approximately 8.3% and 16.7%, respectively. Ethylene glycol was chosen as an inexpensive, readily available 

reference liquid, with dielectric properties representative of those of biological tissues. Immediately after 

mixing, the dielectric properties of the mixture were measured from 0.5 to 20 GHz using an open-ended coaxial 

probe [6]. The measurements were repeated five times for three different probe positions within the 

measurement beakers, and the dielectric properties recorded for all trials were averaged. 

 
3. Comparison between QS-FEM and FDTD simulations 

 
 Table 1 shows the numerically computed effective dielectric properties, averaged over 100 iterations, of 

three different mixtures (VF=5%, 10%, and 20%) of microbubbles in a background medium representing 

malignant breast tissue. For every VF of inclusions, the variability in the effective dielectric properties across 

iterations is very small, no more than about 7%. In addition, we found excellent agreement between the QS-

FEM-computed and FDTD-computed effective dielectric properties of the mixtures. In fact, for all three VFs 

investigated in this study, the QS-FEM-computed effective dielectric properties were within approximately 1% 

of the FDTD-computed effective dielectric properties, indicating that the simpler QS-FEM formulation is very 

accurate for modeling the dielectric-properties changes due to microbubble inclusions. Furthermore, we found 

that moderate VFs of microbubbles have noticeable effects on the effective dielectric properties of malignant 

breast tissue (Table 1). For example, a 20% VF of microbubbles resulted in an approximately 30% reduction in 

the effective dielectric properties of the tissue.  

 

Table 1. Comparison between QS-FEM-computed and FDTD-computed effective dielectric properties of 

mixtures of air-filled microbubbles in breast tumor. 

 Effective dielectric constant at 5 GHz Effective conductivity at 5 GHz (S/m) 

VF (%) QS-FEM FDTD % change QS-FEM FDTD % change 

0 50.65 50.65 -- 4.84 4.84 -- 

5 46.09 45.87  -9 4.39 4.36  -10 

10 41.76 41.81  -17 3.96 3.96  -18 

20 34.46 34.16  -32 3.23 3.22  -33 

 
4. Comparison between numerical and experimental studies 

 
 Figure 3 shows the effective dielectric properties of a 5% and 10% by weight mixture of microbubbles in 

ethylene glycol. The solid and dotted lines represent experimental data, while the symbols represent QS-FEM-

computed effective dielectric properties at 5, 10, and 15 GHz. We found excellent agreement between the 

experimental and numerical results – the QS-FEM-computed results are within about 8.5% of the experimental 

results. This small discrepancy can be attributed to the simplified, 2D nature of the QS-FEM simulations and the 

uncertainties in the actual VF of inclusions in the mixtures and the exact dielectric properties of the 

microbubbles. The fact that the actual dielectric properties of the microbubbles are slightly higher than the 



assumed value of free space and are spherical rather than cylindrical may explain why the QS-FEM-predicted 

decrease in the effective dielectric properties is somewhat larger than the experimentally measured decrease. 
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Figure 3. Experimentally-measured and QS-FEM computed effective (a) dielectric constant and (b) conductivity 

of mixtures consisting of 5% and 10% by weight air-filled microbubbles in ethylene glycol. 

 
5. Conclusions 

 
 We have conducted numerical studies to investigate the effects of air-filled microbubbles on the 

dielectric properties of malignant breast tissue. We demonstrated that the QS-FEM technique accurately models 

the change in dielectric properties of a dielectric medium representing malignant breast tissue due to the 

presence of microbubbles. We found that a 5-20% VF of microbubbles can lower the dielectric properties of 

malignant tissue by as much as 30%.  Through another research effort in our group, we have explored the 

impact of this dielectric properties reduction on microwave images generated for 3D anatomically realistic 

numerical breast phantoms using an inverse scattering algorithm. Results from those studies demonstrate the 

feasibility of tumor detection via differential (pre- and post-contrast-agent) imaging. 
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