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Conformal Microwave Imaging for Breast Cancer Detection

ABSTRACT

An important feature of our Gauss—Newton iterative scheme for microwave breast image reconstruction is that only the
heterogeneous target zone within the antenna array is represented using the finite-element method, while the surround-
ing homogeneous coupling medium is modeled with the boundary-element (BE) method. The interface between these
two zones may be arbitrary in shape and position with the restriction that the BE region contains only the homogeneous
coupling liquid. In this paper, we demonstrate through simulation and phantom experiments, as well as in patient ex-
aminations, that the detection of tumor inclusions can be enhanced as the target zone approaches the exact breast pe-
rimeter. It is also shown that central artifacts that often appear in the reconstructed images that may potentially con-

found the ability to distinguish benign and malignant conditions have also been reduced.
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1. Introduction

AMERICAN cancer statistics indicate that breast cancer
is the most common nonskin malignancy in women and
the second leading cause of female cancer mortality [1].
One of the important strategies for increasing the likeli-
hood of successful treatment and long-term survival is
the detection of breast tumors at an early stage. Although
recognized currently as the most effective tool for
screening breast cancer, X-ray mammography still suffers
from a high callback rate of roughly 11% [2] and a sig-
nificant false-negative detection rate, ranging from 4% to
34% [3]. Alternative imaging modalities that produce
functional information about the breast in terms of tissue
property distributions are being developed in an effort to
improve detection and reduce unnecessary biopsies. For
instance, a study is being conducted for breast cancer
detection at Dartmouth College, Hanover, NH, which
includes four different modalities, i.e., microwave imag-
ing spectroscopy (MIS), electrical impedance spectros-
copy (EIS), near infrared imaging (NIR), and magnetic
resonance elastrography (MRE). Due to significant con-
trasts between normal and malignant tissue available for
these imaging modalities [8—12], diagnoses may be en-
hanced considerably with their use.

Among the early studies on microwave imaging, pas-
sive radiometric detection of the thermal emissions asso-
ciated with nonpalpable breast tumors has been studied
and has demonstrated a positive predictive value when
combined with mammography to reduce noncancerous
breast biopsies [13,14]. For active microwave breast im-
aging, confocal microwave imaging has been studied in
simulation for the application of active ultra-wide-band
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backscatter microwave radar technology in breast imag-
ing [15,16]. Near-field model-based imaging techniques
have achieved encouraging results in simulation, labora-
tory scale experiments, and preliminary clinical exams
[17-20]. Initial exams on a small number of volunteer
subjects reported by Meaney et al. [4] have successfully
demonstrated the recovery of breast electrical properties
at microwave frequencies using a model-based im-
age-reconstruction approach.

An important feature of this imaging technique is that
the model for the forward solution portion of the recon-
struction algorithm is a coupling of two numerical ap-
proaches representing two separate two-dimensional (2-D)
zones. The first zone is the target region located within
the antenna array and is conveniently modeled using a
finite-element (FE) approach because of its heterogene-
ous nature during the reconstruction process [21]. (In
terms of the inverse procedure, a more coarse reconstruc-
tion mesh is superimposed over this grid [22].) The sec-
ond zone is the homogenous space surrounding the target
region, which encompasses the antenna array elements
and extends to infinity. This is conveniently represented
with the boundary-element (BE) method and requires
discretization of only the integration path along the FE
mesh boundary [21]. Coupling of these two solutions
provides an efficient and accurate approach to compute
the forward solution without unnecessary FE discretiza-
tion of space beyond the target zone and without de-
pendence on approximate boundary conditions, respec-
tively.

Exploiting the flexible nature of this representation, the
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20 Conformal Microwave Imaging for Breast Cancer Detection

FE mesh can assume any arbitrary shape and position
within the array. For general imaging purposes, defining
the target zone as a full concentric space within the cir-
cular antenna array is appropriate. However, for
site-specific applications such as breast imaging, it may
prove useful to conform the FE and property reconstruc-
tion meshes to the exact breast perimeter. In principle,
this allows for a property step function to be imposed in
the forward model (the algorithm assumes a homogene-
ous property distribution outside of the target region) [21]
at the breast/background medium interface. It also facili-
tates deployment of all reconstruction parameter nodes to
locations only within the breast, as opposed to some oc-
cupying space corresponding to the coupling medium
where the property values are already known. Implemen-
tation of this idea requires two steps—defining the imag-
ing target boundary and reconstructing the image within
the conformed boundary. In this paper, we focus on the
latter by examining the feasibility of conforming the im-
aging zone to known boundaries (e.g., simulated or ex-
per- imental phantomswith known sizes and posi-
tions).We study the effects on image quality as a function
of the mesh approaching the exact object perimeter as a
way of assessing how accurately the object boundary
must be known. Results from an actual clinical case are
also presented using this technique with the breast— cou-
pling-medium interface identified from the reconstructed
image for the same exam data utilizing a fixed circular
target zone. Enhanced images with respect to tumor de-
tection demonstrate the benefits of this approach.

Interestingly, recent homogeneous simulation and
phantom imaging experiments with this approach have
exhibited some unwanted artifacts within the recon-
structed object. It is important that artifacts be minimized
so that they do not obscure diagnostically relevant fea-
tures or falsely indicate nonexistent abnormalities. A
numerical study described in the final portion of this pa-
per demonstrates that these artifacts can be significantly
diminished by reducing the background/breast electrical
property contrast.

2. METHOD

2.1. Imaging Reconstruction Scheme

We recover the relative permittivity and conductivity
distributions of the imaging object using a Gauss—Newt-
o-n iterative scheme, which minimizes the squared dif-
ference between the TM electric-field measurements and
the field values calculated by a 2-D scalar full-wave
computational model (forward solution) [23]. Our exist-
ing forward algorithm divides the modeling task into two
natural partitions, i.e., the heterogeneous imaging zone
and homogeneous surrounding region with the exact in-
terface being somewhat arbitrarily defined. The elec-
tric-field distribution for combined areas is obtained
through a hybrid of the FE method for the target region
and the BE method for the surrounding homogeneous
zone, respectively, which are coupled to form a complete
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forwa- rd-solution hybrid-element (HE) method [21]. An
important feature of this forward model approach is the
elimination of approximate boundary conditions. The
appr- oach is also efficient since the FE mesh is discre-
tized over a relatively small space and the discretization
of the BE region is only required about the perimeter of
the FE grid. The antennas are positioned within the BE
region where all electrical properties and trans-
mit-receive characteristics remain constant during the re-
construction process. In order to reduce the number of
reconstruction parameters while maintaining computa-
tional accuracy in the forward solution, we have applied a
dual-mesh scheme to the reconstruction algorithm, where
the electric property distribution is recovered on a less
densely discretized mesh superimposed exactly over the
FE zone mesh [22].

A fundamental requirement for the HE approach to pro-
duce an accurate solution of unbounded electromagnetic
field propagation problem is that the BE zone should
contain only homogenous saline and no portion of the
imaging object. With this condition met, the actual FE
grid and associated dual (property) mesh can be con-
structed in any shape and positioned arbitrarily within the
antenna array. The electric fields computed within the
area of interest (e.g., imaging target) on different FE
meshes do not change, except possibly for slight im-
provements in accuracy since the mesh is more densely
discretized over the smaller zone. This provides the op-
portunity to conform the FE mesh perimeter exactly to
the object boundary in the ideal situation, and essentially
maximizes the number of parameter nodes used to repre-
sent the object.

In our iterative image-reconstruction scheme, we have also
employed a filtering of the recovered image to reduce un-
desired high-frequency spatial variation [24]. This effec-
tively prevents the algorithm from converging to an un-
wanted local minimum; however, it significantly reduces
the spatial resolution by smoothing the coupling medium
and breast properties at their interface [see Figure 1(a)]
when this boundary resides within the imaging zone. The
idea of conforming the mesh to the exact breast perimeter
allows us to apply a property step function at the object
coupling-mediuminterface in the forward solution to accu-
rately imitate the experimental configuration [see Figure
1(b)] and eventually reduce the smoothing effects due to
the high contrast at the object perimeter. Finally, this con-
cept also enables us to improve the correlation analysis
procedure with images from the NIR and EIS breast imag-
ing systems. These modalities are contacting imaging sys-
tems where the breast is illuminated via direct contact of
the optical fibers or electrodes, respectively. The recovered
property distributions in those mo dalities represent only
the area containing the breast. Therefore, it will be easier
to compare NIR and EIS images with the microwave
results using the conformed imaging domain technique
than with the original antenna-concentric perimeter mesh.
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Figure 1. Conceptual illustration of relative permittivity profile of actual breast and reconstructed breast in saline back-
ground medium for the: (a) concentric mesh, which also contains portions of saline background and (b) conformal

mesh,which contains only the imaged breast.

2.2. Phantom Fabrication and Data Acquisi-
tion System

Phantom experiments were performed using agar gel
with varying concentrations of low dielectric solutions
mixed with agar powder to control the relative permittiv-
ity. The most convenient low-permittivity liquid was
corn syrup with €=13 and 6=0.2S/m at 900MHz.M ix-
tures of corn syrup and water in varied proportions can
be produced with g, ranging from 13 at the low end to 77
in liquid form. However, because the ability of agar to
gel degrades significantly at higher corn-syrup propor-
tions, a practical lower bound on the permittivity of the
gel is roughly €=35 at 900MHz. These values are hig-
her than published data for ex vivo breast permittivities;
however, in terms of assessing the capabilities of this
newgeneral approach, the properties are adequate. The
recipe for this phantom material was 78% corn syrup,
21% water, and 1% agar, which produced a gel with

&=35 and 6=0.7S/m at 900MHz. The gel was formed in
a 1000-mL glass beaker heated to 120° C for 40 min in
an autoclave. The electrical properties were measured by
using an Agilent 85070B Dielectric Probe Kit in the
conjunction with an Agilent 8753C Network Analyzer. It
should be noted that the gelling action had the unwanted
consequence of significantly increasing the conductivity
with respect to the initial liquidmix-ture, which was con-
siderably higher than the values reported for the breast.
Subsequently, we have not only included simulation ex-
periments, which mimic those agar gel values, but have
also presented data for cases that more closely represent
published breast properties in Section 3. Phantom ex-
periments and breast examinations were performed using
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the clinical prototype microwave imaging system fabri-
cated by Meaney et al. [4]. It is a saline-coupled non-
contacting clinical interface with a 16-monopole-antenna
array operating over a broad bandwidth of 300-1000
MHz. Data (electric-field magnitude and phase) are col-
lected at 144 (16 transmitters X9 receivers per trans-
mitter) measurement sites as inputs for the HE element
image-reconstruction algorithm.

3. Results

For the purpose of exploring the feasibility of this new
approach, the conformal-imaging scheme was initially
evaluated in simulation and phantom tests with known
boundaries. Following that, a complete two-step confor-
mal-imaging process is demonstrated in a patient breast
exam where the precise breast/background interface is
unknown. Finally, additional simulation studies are in-
cluded to demonstrate that the image recovery improves
progressively as the mesh approaches the actual target
contour, which occurs for both high- and low-contrast b-
ackgrounds. This provides a guide for determining the
accuracy of the target contour needed to achieve a certain
degree of image-quality improvement. Results presented
in these sections compare images obtained with the fixed
mesh and the new conformal-domain approaches. It
should be noted that the results shown here only included
image data at 900 MHz, but that similar findings have
been observed over the spectral range of 300-1000 MHz.

3.1 Imaging-Reconstruction Scheme

1) Simulations: Simulation experiments presented here
were performed at 900 MHz with a saline background

medium having £&=77 and 6=1.6SS/m. An 8.2-cm-diam-
eter object was placed centrally within an imaging array
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22 Conformal Microwave Imaging for Breast Cancer Detection

with electrical properties of €=35 and 6=0.7S/m. To
simulate the problem of detecting a tumor-like abnor-
mality within a breast, we have inserted a 1.9-cm-diame-
ter inclusion offset 2.3 cm from the center with electrical
properties identical to the background medium. Note that
using saline as the inclusion approximates the contrast
ratio that may be presented in an actual breast with a
tumor based on ex vivo electrical property studies [8—10].
Figure 2(a) and (b) shows the recovered relative permit-
tivity (left-hand side) and conductivity (ri- ght-hand side)
images for the cases with the general concentric and
conformed domain mesh, respectively. Longitudinal
transects (relative permittivity and conductivity counter-
parts) of these images are presented in Figure 2(c). Com-
parisons are performed between the actual and recon-
structed values for the two mesh approaches.

The images in Figure 2(a) show the cylindrical object
with gradual property gradients at the object/saline inter-
face for both permittivity and conductivity cases. The
saline inclusion is, at best, discernible only as a minor
perturbation in the right of the object perimeter. Corre-
spondingly smooth profiles [solid plus lines in Figure
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2(c)] provide little information about the presence of the
heterogeneity, except for the fact that longitudinal tran-
sects of the distributions through the actual inclusion
appear slightly asymmetric. The images using the con-
formal mesh approach present a much different picture.

They reveal a uniform g, distribution excluding a sig-
nificant property increase corresponding to the saline
inclusion location and a conductivity counterpart with
similar behavior where the inclusion is again quite obvi-
ous. An important feature illustrated here is that the large
low-permittivity object appears to be smaller in the con-
ductivity image than the corresponding permittivity im-
age. This accounts for the appearance of some gradients
surrounding the periphery of the conductivity object
evenwith the conformal mesh technique. Generally,
proper ties are recovered more accurately with the con-
formal mesh method than with the fixed concentric mesh
approach.

2) Phantom Experiments: Figure 3 shows the imaging
results for the same case demonstrated in Figure 2, ex-
cept using actual measured data. The longitudinal tran-
sects through the property distributions of the recovered
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Figure 2. 900-MHz reconstructed images of a simulated 8.2-cm-diameter breast equivalent object with a 1.9-cm-diameter-
tumor inclusion for two different FE meshes. (a) Fixed concentric FE mesh. (b) Conformal FE mesh. (c¢) Electric property
profiles along longitudinal transects through the object and inclusion. In the conformal mesh case, transects terminate at the

actual breast object/background interface
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Figure 3. 900-MHz reconstructed images of a 8.2-cm-diameter agar phantom with a 1.9-cm-diameter tumor inclusion for two
different FE meshes using measured data. (a) Fixed concentric FE mesh. (b) Conformal FE mesh. (¢) Electric property pro-
files along longitudinal transects through the object and inclusion

object are far closer to the actual profile for the confor-
mal mesh approach. For the general fixed-mesh approach,
shown in Figure 3(a), very smooth images were recov-
ered similarly to the previous simulation results in Figure
2(a), which indicate good consistency between the
measured and simulated data. As in the simulation study,
the object in the conductivity image is smaller than its
permittivity counterpart, which is also the case with the
general concentric mesh approach. This produces a ring
of slightly higher conductivity surrounding the image.
Despite the ring effect, the conformal mesh image is
quite uniform, except for the inclusion, and clearly con-
tains more information than the image from the general
concentric mesh case.

3.2. Initial Patient Exam

Similarly to the phantom results of Section III-A.2, Fig-
ure. 4(a) and (b) shows the en face reconstructed images
for the first three antenna positions (at 1-cm increments
with position 1 being closest to chest wall) of the
900-MHz right-breast exam of a 36-year-old patient us-
ing the fixed and conformal mesh imaging approaches,
respectively. The patient had ra- diographically dense
breasts and an ultrasound exam detected a 17-mm-dia-
meter mass in the outer right breast, closer to the nipple.
Due to the difficulty in determining the exact breast pe-
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rimeter, a best-fitting ellipse (determined empirically)
was chosen for each conformal mesh image plane. As
with the phantom cases, the recovered images using the
general concentric mesh are very smooth over the
breast/coupling medium interface, and suggest only a
minor indentation on the left-hand side near the breast
perimeter. However, these images do provide qualitative
breast perimeter information at eac position with which
conformal meshes can be constructed. The solid elliptical
traces superimposed on the images in Fig. 4(a) define
estimated breast/saline-solution interfaces over which the
new conformed mesh image is computed. Observations
are consistent with the previous phantom experiments in
that the images are enhanced and the mass is detected in

the upper outer quadrant where a significant localized &,
increase occurs compared with the rest of the relatively
uniform breast. Unlike the phantom experiment, the
conductivity images do not demonstrate significant im-
provement using the conformal mesh approach in this
case, which may be the result of increased three-dimens-
ional (3-D) wave propagation effects that are exacerbated
in this instance since the breast does not generally re-
semble a semi-infinite cylinder, as in the phantom ex-
periments. It is interesting to note the appearance of
slightly decreased permittivity around the edge of the
position-3 images using the conformal mesh. In general,
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Figure 4. 900-MHz reconstructed permittivity and conductivity images for three different antenna array positions for the
right breast of the 36-year-old patient using: (a) the fixed concentric mesh and (b) the conformal mesh.

the appearances of these effects indicate that the mesh
was reduced too much in size, allowing the mesh pe-
rimeter to reside partially in the tissue area instead of
solely in the background medium. Nonetheless, the im-
provements in the permittivity images are significant.

3.3. Mesh Boundary Convergence

In this study, a 2-D simulated elliptical breast cross sec-
tion with 10-cm major and 8-cm minor axes, respectively,
was centered within the array. It was oriented at 20° with
respect to the horizontal axis to accentuate its nonuni-
form (i.e., not circular) geometry in the image field of
view. To facilitate systematic studies on image quality as
the reconstructionmesh converges to the exact breast
boundary, a series of images were recovered on recon-
struction meshes consisting of different sized ellipses: (a)
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13%11 cm, (b) 12x10 cm, (¢) 11x9 cm, and (d) 10x8 cm,
with the major axes of each oriented identically to that of
the actual breast phantom. The properties used for the
breast were £=23 and 0=0.18S/m, respectively. Addi-
tionally, to facilitate the study of image artifacts as a
function of breast/background mediumcontrast, a range
of background relative permittivities were used: =80
and 40 (with a fixed conductivity of 1.7 S/m) in order to
demonstrate the robustness of the conformal mesh ap-
proach in both low- and high-contrast situations. A sec-
ond set of simulation experiments were performed for
the same object and background media, except for a
1.9-cm-diameter tumor inclusion with electrical prope
ties of £=57 and 6=1.18S/m.

Figure 5(a) shows the sequence of recovered images
for the homogeneous breast phantom for the four recon-
struction meshes with a high contrast background (£,~8

CANCER



Conformal Microwave Imaging for Breast Cancer Detection 25

0). The gradient surrounding the object perimeter is con- meshes, but with a much lower background contrast
siderably diminished as the mesh approaches the breast. (€/~40).1t is clear that, in all cases, especially for those
A similar set of images for the breast with tumor inclu- where the mesh more closely matches the actual breast
sion [see Figure 5(c)] demonstrates increased resolution size, that the artifacts are considerably less discernible.
of the tumor as the mesh approaches the breast , which is This observation is also confirmed in the set of profile
consistent with the simulation results in Section III-A. comparisons between the actual and recovered values
Note that, in all cases, there are undesired artifacts in when using the two different background media [see
both image components. Figure 5(b) and (d) shows a Figure 5(e) and (f)], where the properties within the ob-
similar sequence of images for the same reconstruction- ject boundaries for the lower contrast background deviate
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Figure 5. (a) 900-MHz reconstructed permittivity and conductivity images for a 10x8 cmhomogeneous elliptical breast cross
section using different reconstruction meshes with a background medium having £=80 and =107 S/m. (b) 900-MHz recon-
structed permittivity and conductivity images for a 10x8cm homogeneous elliptical breast cross section using different recon-
struction meshes with a background medium having €=40 and 0=1:7 S/m. (¢) 900-MHz reconstructed permittivity and con-
ductivity images for a 10x8 cm elliptical breast cross section with tumor-like inclusion using different reconstruction meshes
with a background medium having =80 and ¢=1:7 S/m. (d) 900-MHz reconstructed permittivity and conductivity images
for a 10x8 cm elliptical breastcross section and tumor-like inclusion using different reconstruction meshes with a background
medium having =40 and 0=1:7 S/m. (e) 900-MHz electric property profile along the major axes through the different-sized
reconstruction meshes for the homogeneous elliptical breast. (f) 900-MHz electric property profile along the inclusion-origin
center line through the different sized reconstruction meshes for the elliptical breast with tumor-like inclusion
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less from their true value. For the cases where the mesh
is physically larger than the breast, a considerable por-
tion of the profile with a high-contrast background is
engaged in representing the steep gradient between the
background medium and breast. Additionally, in Figure
5(f), for the larger mesh cases and both backgrounds, the
recovered inclusion location in the conductivity images
is misaligned somewhat with respect to the actual loca-
tion. As the mesh size is gradually conform to the breast
perimeter, the recovered inclusion location improves
considerably. This illustrates that the image quality can
be improved significantly even with only a good estimate
of the object boundary. (In practice, it may prove diffi-
cult to define the exact object contour.) This observation
appears to be consistent for both the high- and low-co-
ntrast situations.

4. Conclusions

Our model-based noncontacting microwave imaging
system allows for an arbitrarily shaped imaging domain
within the antenna array. Using a Gauss—Newton itera-
tive image-reconstruction approach based on a hybrid of
the FE and BE methods, we have shown that it is feasible
to conform the imaging domain to or close to the actual
target tissue. This facilitates deployment of the reconstr-
uction parameters solely to the zone occupied by the oj-
ect, which can improve spatial resolution considerably.

Implementation of the conformal-imaging approach
involves two steps, i.e., identifying the imaging object
boundary and recovering its dielectric properties on the
conformal mesh. Provided that the boundary can be
identified, the reconstruction can be performed in a
similar fashion as the fixed concentric mesh method.
Currently, two strategies have been suggested for local-
izing the object/saline interface based on our existing
data acquisition system. The first strategy utilizes projec-
tion information of the measured electric-field magnitude
and phase to construct an approximate perimeter as the
imaging object is illuminated by the transmitted micro-
wave signals from multiple directions. This requires ad-
ditional boundary information preprocessing, but gener-
ally consumes only a small portion of the computation
time when compared with the overall reconstruction
costs. The second strategy defines the target boundary by
analyzing the image recovered on the fixed concentric
mesh, essentially creating a two-step image-reconstruc-
tion scheme where breast boundary information is de-
rived from the images obtained in the first step. This was
the procedure used in the patient exam described in Sec-
tion III-C. We have presented results here that demon-
strate the feasibility of the imaging approach and have
left the task of implementing an automated procedure for
identifying the breast/background boundary for further
investigation.

Implementation of the conformal mesh facilitates a
property step function at the breast background interface,
which accurately mimics the signal illumination condi-
tion of the breast within the antenna array. In this way,
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the problem of recovering the step gradients at the object
perimeter is eliminated and more reconstruction parame-
ters can be deployed to representing the object property
distributions. Additionally, removal of the gradients on
the image perimeter will enhance correlation of these
images with the other alternative imaging modalities
being developed at Dartmouth College (NIR and EIS),w-
hich utilize contacting fiber cables or electrodes and do
not take into account the fields outside of the breast.

Although we have also observed object artifacts in
some homogenous phantom images that could be inter-
preted as false positive detections in an actual patient
examination, simulation results presented here illustrate
that, if the electrical property contrast between the back-
ground medium and breast is reduced, the conformal
mesh approach can be used successfully with only mi-
nimal artifacts while retaining the improved inclusion
detection characteristics associated with the conformal
mesh technique. Related improvements afforded by re-
ducing the background contrast have also been observed
in a recent study of 3-D artifacts (controlled experiments
utilizing our 2-D imaging system to image 3-D targets
such as spheres and cones) [25].
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