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Abstract

Microwave breast imaging (using electromagnetic waves of frequencies around 1 GHz) has
mostly remained at the research level for the past decade, gaining little clinical acceptance. The
major hurdles limiting patient use are both at the hardware level (challenges in collecting accurate
and noncorrupted data) and software level (often plagued by unrealistic reconstruction times in the
tens of hours). In this paper we report improvements that address both issues. First, the hardware
is able to measure signals down to levels compatible with sub-centimeter image resolution while
keeping an exam time under 2 min. Second, the software overcomes the enormous time burden
and produces similarly accurate images in less than 20 min. The combination of the new hardware
and software allows us to produce and report here the first clinical 3-D microwave tomographic
images of the breast. Two clinical examples are selected out of 400+ exams conducted at the
Dartmouth Hitchcock Medical Center (Lebanon, NH). The first example demonstrates the
potential usefulness of our system for breast cancer screening while the second example focuses
on therapy monitoring.
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[. Introduction

Biomedical imaging is experiencing an increased interest among research institutions,
pharmaceutical companies, and hospitals due to unique properties such as noninvasiveness,
wide applicability range, and potential high sensitivity and high specificity. Most clinical
imaging modalities are currently based on the interaction of either electromagnetic or

acoustic waves with body tissues and fluids [1]. In the realm of electromagnetic waves, a
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large portion of the spectrum has already been exploited, from very high frequencies
(positron emission tomography, X-ray/computed tomography), to lower and nonionizing
frequencies such as infrared, near-infrared, terahertz, and low megahertz regions where
magnetic resonance (MR) operates. A portion of the spectrummuch less investigated is that
of microwave frequencies, from a few hundreds of megahertz to several gigahertz.
Electromagnetic waves, the means by which microwaves transport power and information,
are well understood and their propagation can be accurately simulated in a large variety of
environments. The interaction of electromagnetic waves and matter depends on dielectric
properties which can be directly related to various types of biological constituents due to
their varying degree of water content: bone, fat, muscle, etc. This specificity can be
exploited in different tissue types and even offers the rationale for detecting tumors: ex vivo
studies have revealed varying degrees of contrast in the dielectric properties between normal
and malignant tissue [2]-[5]. The permittivity is normally high at lower frequencies due to
the insulating effect of cell membranes, and decreases over higher frequencies due to
dispersion and relaxation. Low water content tissues include for example fat, bone, and lung,
whereas high water content tissues include muscles, brain, blood, internal organs, and
tumors. For low water-content tissues such as the breast, studies indicate that tumor versus
normal tissues property contrast can range from 10% to 400%, sufficiently large to be
captured by microwave imaging.

Among various possible applications, breast cancer imaging remains a high research priority
because of its vast incidence. Roughly 200 000 new cases of breast cancer are typically
diagnosed in the U.S. every year, with an estimated 25%-30% of women dying from the
disease making it the second largest cause of female cancer deaths in the U.S. [6]. There
have been numerous reports demonstrating that early detection is the single most significant
predictor of long term survival [7], [8]; therefore, improvements in detection may help
reduce the current high mortality rates. Mammaography is the front line screening modality
but its weaknesses in terms of sensitivity and specificity are well documented [7]. Largely
because of cost, magnetic resonance is limited primarily to screening for high risk patients
and staging for treatment. Ultrasound provides very good resolution but is especially
operator dependent and time consuming, generally limiting its role to the diagnostic setting.
Notwithstanding, the morphology of breast tissue is ideal for microwave imaging:
fibroglandular tissue has been shown to have higher dielectric properties than fat but with
properties that are still lower than tumors in most cases. Furthermore, studies have shown
that the amount of fibroglandular tissue can vary widely from fattier breasts (very little) to
denser breasts (much larger proportions with highly heterogeneous tissue mixture)
suggesting that the baseline electrical properties of the normal breast may be highly variable

[9].

The microwave imaging techniques presently being pursued are generally either radar or
tomography. With respect to radar technology, the most advanced concepts appear to be
confocal microwave imaging [10]-[13] and near field synthetic focusing [14]. Studies of
microwave tomography also exist and include reports by Bolomey et a/. [15], [16], Liewei et
al. [17], Souvorov et al. [18], Bulyshev et al. [19], Meaney et al. [20], [21], Ciocan et al.
[22], among others. Most of these efforts are occurring at the simulation and prototype
stages where the goal is to identify and optimize the design rather than report on electrical
characteristics of breast tissues per se. In addition, most of the microwave breast cancer
detection algorithms currently used in conjunction with actual hardware are burdened with
significant computational times which currently limit their clinical utility. For example, it is
not uncommon to wait tens of hours or even days for a single 3-D microwave tomographic
image [23].

IEEE Trans Med Imaging. Author manuscript; available in PMC 2013 September 07.
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In contrast to these limitations, we present our new microwave imaging system which
achieves an exam time of under 2 min and produces 3-D tomographic images in minutes.
Our new ultra-fast system is based on a unique synergy between hardware and software
where both have been jointly optimized to yield near real-time imaging without sacrificing
accuracy. The hardware has been designed for state-of-the art performance, incorporating
features such as cross-plane data acquisition and patient comfort, while the surrounding tank
can be customized for special applications such as integration within an MR chamber for
simultaneous MR and microwave exams. The software takes advantage of the weak field
disturbances introduced by the antennas, due to both their low profile and the lossy liquid
within which they are immersed. The scattering effects, therefore, arise dominantly from the
biological tissues which can be efficiently modeled as lossy dielectric scatterers by the
discrete dipole approximation (DDA). The system thus created is capable of taking patient
data and producing 3-D microwave tomographic images in minutes, and is already in use at
the Dartmouth Hitchcock Medical Center (DHMC). Our validation campaign has included
studies using simulated data and measured phantom configurations, as well as measured
clinical data on patients taking part in our preclinical studies. Initial results from a pilot
diagnostic study showed that our microwave technique could distinguish at a statistically
significant level between malignant and benign for lesions 1 cm in diameter or greater [24].
In subsequent sections, we concentrate exclusively on clinical cases and focus in particular
on two examples, one relating to a cancer screening case along with a second to track tumor
progression over the course of neoadjuvant chemotherapy. These results represent the first
clinical 3-D microwave tomographic images of the breast.

Il. Microwave Imaging: Principle and Hardware

The data acquisition platform takes advantage of the most recent hardware advancements to
achieve state of the art data acquisition speed in a clinical setup, thus representing a major
improvement over our past system [25]. A photograph as well as a schematic representation
of the illuminating chamber are presented in Fig. 1: an array of 16 monopole antennas is
organized in a circular fashion, each antenna sequentially transmitting an electromagnetic
wave which propagates through the breast within the imaging region. Measurements are
collected at the remaining 15 antennas so that those close to the radiator mainly measure
waves reflected off tissue surfaces whereas those opposite to the transmitter mainly measure
transmitted waves. The multi-view scattered intensity and phase distributions provide
information about the local dielectric properties of the transilluminated tissues.

Our prototype allows for cross-plane measurements by having the antennas divided into two
interleaved sets of eight antennas controlled by separate motors for their vertical positioning.
The hydraulic seals in the tank base have been designed to allow free vertical antenna
motion over the full tank span, ensuring proper data acquisition for all breast sizes from the
chest wall to the nipple region. The tank itself has been optimized for smaller packaging,
with current dimensions of 28 cm and 30.5 cm inner and outer plexiglass cylinder diameters,
respectively. We have also designed an even smaller tank with specialized antennas
operating in MR chambers where we can perform microwave exams simultaneously with
MR exams, facilitating the use of specialized imaging algorithms and improved validation.

In order to limit reflections off the tank boundaries, we chose a lossy liquid comprised of a
mixture of Glycerin and water which provides a biologically sterile medium into which the
patient’s breast can be safely immersed. The two liquids are completely missible and their

mixture ratios can be adjusted to match breast tissue properties as close as possible without
prior information. We often use a 80:20 glycerin to water ratio for dense breast but a 86:14
ratio for fattier breasts. Losses ensure that signals collected by the receivers are dominated

by waves propagating through the imaging region, and that all other reflections and various
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multi-path signals remain negligible. A secondary effect of these losses is to significantly
weaken the received signals, requiring reception channels to accurately capture very low
power signals. To this end, our newest hardware system reliably measures down to —140
dBm, which effectively translates into higher operating frequencies and, therefore, improved
resolution. Such a low noise floor requires a channel-to-channel isolation of 150 dB. We
have also implemented a technique to suppress surface waves along the antenna feedlines
and tank structures to minimize unwanted multi-path signal corruption [26]. The antennas
are simple monopoles which, when submerged in a lossy liquid, provide the necessary
radiation characteristics: omni-directional pattern for full target coverage and good,
broadband, impedance matching. Although other types of antennas have been investigated,
most often motivated by the availability of optimized designs for free-space operation, we
have found that the monopole antennas are one of the most versatile and efficient geometries
with respect to our configuration. As will be discussed later, we can accurately use the DDA
as a forward solver because the disruption of the field by the array of monopoles in the lossy
glycerin bath is minimal.

Our newest system collects 240 data points (16 transmitters with 15 receivers) in roughly 1
s. Typically eleven frequencies are collected across seven coronal planes of the breast,
amounting to a total exam time under 2 min per breast. In order to achieve sub-centimeter
resolution, we found that an operating frequency of 1.3 GHz is often optimal, although this
depends somewhat on breast composition (fat, dense, scattered, or heterogeneous) which
justifies ourmulti-frequency data collection. We should emphasize that although resolution
improves with increasing frequency, thus intuitively prompting for higher operating
frequencies, signal losses and channel isolation can become limiting factors for certain
breast types at higher frequencies. Improvements in this direction are currently being
pursued.

lll. Microwave Imaging Algorithm

A major limitation of current microwave imaging algorithms, in addition to being mostly
applied to simulated data, is their heavy computational burden, typically reaching tens of
hours or even days for single 3-D images [23]. Conversely, our newest implementation
produces images from measurement data in typically less than 10 min on a dual 2.8 GHz
Intel Xeon processor, with further speed improvement expected. This ultra-fast processing is
possible because of our low profile antenna geometry and the lossy background within
which they are embedded. This particular configuration has two consequences. First,
scatterers such as tank boundaries and antenna supports produce negligible electric fields at
the receivers and do not need to be modeled. Second, the field radiated by the antennas can
be assumed to propagate in a homogeneous medium with properties equal to those of the
liquid bath, hence lending itself to an analytical solution, only to be perturbed by the
scattering from tissues which is accounted for by the DDA discretization (in practise the
discretization includes portions of the background medium since we do not have a precise
knowledge on the breast boundary). This forward solver is then combined with the Gauss—
Newton solution of the normal equation which we have previously documented [27].
Adopting a single and double bar notation for vectors and matrices, respectively, the
minimization problem is written as

=T = =T _

(JJ +ADAK*=] AE (D
where Ax? denotes the increment in x2 with 2 = w2epg + inpgo being the complex
wavenumber squared which gathers the two unknowns e (dielectric permittivity) and o

(electric conductivity),w = 2r fwhere fis the frequency in Hz, Jand J" are the Jacobian
matrix and its transpose, respectively, 7is the identity matrix, A is a regularization
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parameter, and AE is the difference between the measured and computed electric fields (we
only measure the vertical component of the electric field in our case, aligned with the
monopole antennas). The algorithm, therefore, iteratively updates the values of € and o
across the imaging region in order to minimize AE. An important novelty of our algorithm
is the analytical computation of the Jacobian matrix Jwhich improves accuracy over the
more widely used adjoint method [28]. In addition, a logarithmic version of (1) is used,
whereby the amplitude and phase differences of the electric field are minimized rather than
its real and imaginary parts [27]. The advantages of this method are to linearize the problem
and retain phase information, necessary for the recovery of € and o. A comparison between
the two algorithms reveals important advantages of the logarithmic implementation: fast
convergence, insensitivity to initial guess (a crucial property in medical imaging where prior
information is rarely available), robust even for increasing frequencies (thus lending itself to
improved resolution), all of which contribute to produce significantly more accurate images
in cases of large and/or strong scatterers [29].

The DDA is used as the forward solver, required at each iteration and representing an
important portion of the overall computation burden of the algorithm. The discretization of
scatterers such as biological tissues into dipoles [30]-[32] is well suited for modeling
heterogeneous structures and is ideal for our configuration since each dipole, with its
polarizability, represents a pixel in our images. In addition, all the interaction matrices
necessary for the implementation of the DDA are computed offline, resulting in a
considerable saving in computational time and memory compared to a numerical approach
such as the finite-difference time-domain which we used in the past (typical forward
solutions are obtained in seconds instead of minutes). Within the DDA, the electric field is
computed from the collective sum of interacting dipoles whose elementary field at position
7idue to a dipole at 7;is governed by [33]

—_ 1 eikbrij 2 — . — — 1—ikb}’[j
E(rij):4ﬂ81,:T'j kb rij X Pj) Xrijt [3/}”\” Tij* Pj) - Pj] T 2)

where A;is the polarization vector, k,=w \/epzo With e, being the background permittivity,
and 7;=(r-1)l| 71} is the normalized vector between point /and Qoint J separated by a
distance 7;=|7/- 7{. Equation (2) can be cast as a matrix operation E(7;) = Aj;- /5/-and the
collective response of all dipoles in response to the incident field is written as

EF)=) Ai-P; )

JEL
where

e ] eik},}’,’j

) - = - =1- ikbr,-j
V= e P ky,(rijrij — D+Q@3rijrij — I)T (3b)
ij
to which the incident field £, (7)) needs to be added in order to obtain the total field. The
self-term /7= jis given by £(7)=Pia;where the polarizability a ;of dipole /, whose effective
volume is v;, is related to the unknowns by

€ — € . O
a;=36,U; — &= |eti—|. (8
€+e€, wey
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It should be mentioned that other expressions of a.;are possible depending on which
definition of the dipole polarizability is adopted [32]. The unknowns P;are solved from the
DDA master equation

iEinc(7i)=Pi - a’iZZij -Pj. 5)
J#

The computation of the Jacobian matrix remains analytical if we realize that the total field at
receiver £can be written in a similar way to (5). We denote the interaction matrix by B_,-jand
write the total field at receiver £

Etot (;f):Eillc (7[) +§€i . ﬁ (6)

Hence, Bhas the exact form as A [obtained from (3b)] but is computed between all the
dipole locations and all the receiver locations, whereas A is the interaction matrix between
all the dipole locations themselves. In particular, these interaction matrices are only
functions of frequency and dipole/receiver locations, but independent of a.;. Omitting the
indices for simplicity, the Jacobian matrix with respect to € where € = {e, o} is computed as

aEtot = 6?

5 =B 8_§ (72)
From (5)
O/Encz(? - aj) P ()
so that
o _ a_ai . ﬁ+(? - ale)@ (7c)
o0& 0 73
and

o — - oo — = _
—=( - aA) [6—§(Einc+A~P)]. (7d)

Introducing back into (7a), the Jacobian is obtain as

= -1

aEtot :E . (? —aA |: Z—Z(Einc‘f'z . ﬁ):| - (7e)

3

The computation therefore only requires the derivative of the polarizability a with respect to
€ and o, which is straightforward in view of (4)

2
36},
U(ES+261,) ] (&)

de
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Oa i

dor w

2
36},
U( €+2¢, ) } - (@)

Again, these expressions could take different forms depending on the definition of the
polarizabilities a [32].

These equations can be cast in a series of matrix multiplications, where the matrices
themselves can be precomputed and reused at each iteration of the Gauss—Newton iterative
approach, yielding a considerable time saving. The basic system of equation can be written

as
| |
Ao
de __ 0o _
| @R(V) -13(v) || Ae )
| @3(V) InW) Ao

Oe_ da_
IJ(E) 03(E)

[ INE)  INE)

| ®@AE)
| 3I(AE)

where R (') and 3(') denote the real and imaginary part operators, respectively, and

— 3¢, = - =-1|fa — = _
V:U(Eﬁ-sz) B-(I-aA [a_f(Einc+A . P)} . (20)

Equation (9) can be directly transformed into the logarithmic version of the algorithm
following the procedure outlined in [34], with all the previously documented advantages
[27], [29].

Although not shown here, we have extensively validated the forward solver by comparing
the 240 electric field points (15 receivers for each 16 transmitters) computed by our DDA
method and the 2-D finite-difference time-domain (FDTD) method proposed in [35]. Due to
the necessary 2-D nature of the problem, we limited ourselves to the scattering from a
cylinder of radius 4 cm and various permittivities and conductivities sampling randomly in
the intervals 10 < e < 60 and 0 < o < 1 [S/m] for a background of parameters (e,0) =
(15,1.07 [S/m]) which corresponds to a bath of 86% glycerin at 1.5 GHz. The 240 field data
points were used to compute the root mean square error (rms) of both the amplitude and
phase, with the following results:

*  Amplitude: the maximum amplitude difference between 2-D FDTD and 3-D DDA
was 0.3 dB for overall variations within +2 dB, with a cumulative average error of
7.3 x 1074 dB per data point.

»  Phase: the maximum difference between 2-D FDTD and 3-D DDA was 1.9 for
overall variations between —10° and +30°, with an average cumulative error of 6.8
x 1072 degrees per point.

This study was extended to 3-D by comparing field values obtained with DDA and a 3-D
FDTD method of reference. The configuration was that of a sphere of radius 2 cm (hence a
large scatterer prone to produce nontrivial scattered fields with peak-to-peak variations of
amplitude and phase amounting to about 25 dB and 700° at the frequencies of interest in this
paper) with electric parameters equivalent to those of a 50:50 glycerin:water bath in a 90:10
glycerin:water background. The 240 electric fields were samples at 10 planes every
centimeter within +4.5 cm, and at frequencies of 1100, 1300, and 1500 MHz. The mean and
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standard deviations errors were computed over the 2400 measurement points at each
frequencies and resulted in the values summarized in Table I. These errors were obtained
with the DDA discretization subsequently used in this paper to analyze clinical data, and are
well within acceptable ranges compared to our method of reference. The errors are seen to
increase with frequency due to the smaller wavelengths which require finer discretization for
both methods. We further confirmed that these errors are indeed reduced with finer DDA
and FDTD discretizations, as expected, yielding credibility to our DDA implementation. In
the next section, we apply this algorithm to invert clinical data.

IV. Clinical Results

We chose two representative clinical examples out of over 400 cases collected at the DHMC
under a Dartmouth College, IRB-approved protocol with associated patient informed
consent. The first case demonstrates the potential usefulness of our system for breast cancer
screening, showing good sensitivity to regions of higher water content, indicative of
potentially malignant tissues. The second case focuses on the therapy monitoring setting,
whereby data gathered several weeks apart on a patient undergoing chemotherapy produced
images clearly indicating a regressing tumor.

The first example is that of an invasive ductal carcinoma detection in a 55-year-old patient,
who had radiographically scattered density breasts. Two malignant lesions in the right breast
were confirmed in pathology after a full mastectomy. The first, rated as an BI-RADS 6
before surgery, was 4.2 x 3.2 x 3.1 [cm] located 8.3 cm from the nipple and oriented at 9:00
in terms of the clockface view and was 16 mm from the skin surface. Given an anterior/
posterior (AP) diameter of 10 cm, this lesion was quite close to the chest wall. The second
was rated as an BI-RADS 5 from mammography and was considerably smaller, 1.2 x 1.3 x
1.0 [cm]. It was located 4.3 cm from the nipple, oriented at 6:30 from the clockface view
and was 26 mm from the skin. Fig. 2 shows the corresponding 1) T2 images, 2) T1, fat-
suppressed, contrast-enhanced images, and 3) the latter with subtracted baseline prior to
gadolinium injection, respectively.

Microwave data were collected in seven anatomically coronal planes spanning a distance of
3.0 cm from the nipple towards the chest wall. As a consequence, only the small tumor is
expected to be visible, the larger one being beyond the current illumination zone. The liquid
bath consisted of a mixture of about 82% glycerin and water, yielding a relative permittivity
and conductivity of e, = 23.25 and o}, = 1.30 S/m, respectively, for an operating frequency
of 1300 MHz at which results are reported. These values are typically closer to those for
normal than malignant tissue properties, reducing the bath/normal tissue contrast while
accentuating the tumor visibility.

The reconstruction algorithm operated with slightly under 4500 dipoles organized in a
cylindrical fashion: spanning 5 cm in height with a radius of 7.0 cm, i.e. located just within
the radiating antennas. Note that a generic cylindrical domain was used due to a lack of
information on the breast location and volume. Applying more dipoles than necessary
ensures that all dielectric and conductivity discontinuities are properly captured. In future
versions of our system, a breast surface scanning will be incorporated, confining the
reconstruction region to customized smaller volume, subsequently lowering the number of
dipoles required and further reducing the computation time.

Permittivity results are reported in Fig. 3 for both the right and the left breast, with the
outlines only approximately indicative of the boundaries since exact surface rendering was
not available for this patient. The red iso-surface shown corresponds to a relative
permittivity of € = 30. Fig. 3(a) clearly reveals the presence of a tumor in the right breast at
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roughly 6:30 from an en face view, about 3 cm from the skin surface and close to the chest
wall, in good agreement with the MR images. From the microwave image, the tumor size is
estimated at 1.5 cm x 1.2 cm x 1 cm. Incontrast, the 3-D image for the left breast in Fig.
3(b) shows a relatively homogeneous breast with quite low properties situated within the
higher property surrounding bath. Only slight perturbations in the breast distribution are
visible and are most likely related to the limited amount of associated fibroglandular tissue.
Fig. 4 shows a directional averaging of the 3-D permittivity images for each breast
compressed into a single coronal image (similar in concept to that observed in standard
mammograms). Consistent with the previous images and discussions, the tumor is readily
visible in the right breast image as an elevated permittivity zone, with no discerning features
visible for the left breast.

As a second example, we studied a 36-year-old woman also with heterogeneously dense
breasts. From the MR exams, an invasive ductal carcinoma measured 6.5 x 3.7 x 7.1 [cm]
and was located in the lower right quadrant (en face view) of the right breast and extended
from just under the areola region to nearly the chestwall. The patient received neoadjuvant
chemotherapy, specifically a widely used regimen consisting of AC (doxorubicin
[adriamycin] and cyclophosphamide) X 4 cycles followed by paclitaxel (Taxol) and
trastuzumab (Herceptin) X 4 cycles (each cycle was three weeks). She subsequently
underwent a modified right mastectomy, and was found pathologically to have had a
complete response, with no residual cancer in the breast. Contrast enhanced MR was
performed at the start of the treatment (Doxorubicin and Cy-clophosphamide protocol) and
at the end of the first set of four cycles of therapy, reported in Fig. 5. For each date, we show
the frequency selected fat suppression T2 images, T1 fat-suppressed and contrast-enhanced
images, and the latter with a subtracted baseline before contrast injection. For the first date,
the images reveal a large, dispersed tumor extending from just under the nipple all the way
to the chestwall. The image also shows an extensive skin thickening effect and associated
oedema around most of the breast—the skin thickening is not visible in the subtraction
image as expected. It was inconclusive as to whether there was any tumor involvement of
the skin at the time of the first MR exam. For the purposes of the microwave image, the
more important feature of the skin was the increased surface water content. The skin was
tested in Pathology after the mastectomy and there was no evidence of tumor there or
anywhere else in the breast. In the second set of images there is a marked decrease in the
degree of segmental enhancement in the inferior right breast with a change in kinetics from
washout/plateau to more benign progressive enhancement. There was also a decrease in
degree of skin thickening and axillary nodal involvement.

Microwave data were collected at six time points during the treatment: () just before the
treatment started (day 1), at (b) 23 days, (c) 44 days, (d) 114 days, (e) 163 days, and (f) 229
days. Data were collected for a coupling bath composed of a mixture of 85% glycerin and
water, yielding a relative permittivity of 19.1 and a conductivity of 1.23 S/m at 1300 MHz.
Other conditions were kept as constant as possible between each exam: exam bath,
temperature, power levels, frequency and set of measurement planes. The reconstruction
domain is similar to the one used for the previous case, defined by just under 4500 dipoles
within a cylindrical region of radius 7.0 cm and height 8 cm.

Anatomically coronal permittivity and conductivity image planes for 1300 MHz are
presented in Figs. 6 and 7, respectively, where the 3-D images have been projected into a
single 2-D image through the coronal direction for the purpose of display. The location of
the tumor is obvious, and compares well with MR image interpretations. The sequence of
microwave images clearly shows the regression of the tumor throughout the treatment.
Statistical specificity information is indicated in the figures directly, providing both the
mean and standard deviation of the dielectric property values within the regions of interest.
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Differentiation between tumor and healthy tissues for both the permittivity and conductivity
is clear, with standard deviations decreasing as the tumor shrinks. Isolevels at a relative
permittivity of € = 44 are shown in Fig. 8 and again illustrate the shrinking size of the tumor
with time.

V. Conclusion

The results presented in this paper are the first clinical 3-D microwave tomographic images
of the breast and demonstrate the level of maturity recently achieved by our microwave
imaging system: the optimized synergy between our novel data acquisition hardware and our
fast data processing software yields a system able to image patients in several minutes. The
system is currently deployed at the Dartmouth Hitchcock Medical Center where our pre-
clinical patient study is ongoing.

On a broader scope, our technology presents important advantages that could complement
other imaging modalities: it is safe (power level are about 1/1000th of those used by cell
phones are applied over much shorter time periods), fast (data acquisition is less than 2 min
—image processing is currently under 20 min with further speed improvement expected),
low cost, does not require reagents, and is noninvasive. These advantages may make
microwave imaging ideally suited for clinical applications such as breast cancer screening in
low and medium income countries where lower incidences of the disease suggest screening
programs to be undertaken at earlier ages [36]. Alternatively, our technology is also well
suited for therapy monitoring whereby patients need to be imaged frequently. This repetition
of exams currently cannot be performed by mammography due to the use of ionizing
radiation or by MR due to their elevated costs.

The greatest strength of microwave tomography is its specificity driven by the wide range of
dielectric properties which readily allow for differentiation between tissue types and
abnormalities. The resolution is still limited to roughly 0.5 cm and 1.0 cm in fatty and denser
breasts, respectively. Although comparable to other emerging modalities, in particular
elastography, these figures can be improved by operating at higher frequencies and/or using
a multi-frequency approach over an ultra-wide band. The hardware used in this work has the
capability of gathering data up to 3 GHz, where dielectric contrasts between benign and
malignant tissues are still sufficient to be captured. Algorithmic improvements under current
investigation are expected to allow us to report on higher resolution images in the near
future.
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Fig. 1.

Schematic representation and actual photograph of our newest data acquisition platform for
breast cancer exam. () Schematic 3-D representation of our tomographic microwave
imaging setup. (b) Assembled antenna hardware.
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(a) Tumor 1, T2 sagittal view. (b) Tumor 1, T1, FS, CS axial view.

(¢) Tumor 1 after baseline subtraction. (d) Tumor 2, T2 sagittal view.

(e) Tumor 2, FS, CS axial view. (f) Tumor 2 after baseline subtraction.

Fig. 2.

MR images: (a)—(c) are for Tumor 1 and (d)—(f) are for Tumor 2. (a) and (d) are frequency
selected fat suppression T2 images, (b) and (e) are T1 fat-suppressed (FS), contrast-
enhanced (CS) images, while (c) and (f) are T1, FS, CS subtraction images, respectively.
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Fig. 3.

3-D microwave tomographic permittivity images at 1300 MHz. Higher value iso-surfaces
reveal the 3-D structure of a tumor in the right breast while none for the left breast. Results
have been confirmed by magnetic resonance images. (a) Right breast. (b) Left breast.
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(b)

Fig. 4.

Directionally averaged 2-D coronal permittivity images at 1300 MHz. The region of high
permittivity in the right breast indicates the presence of a tumor which is noticeably absent
in the left breast (used as control). (a) Right breast. (b) Left breast.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2013 September 07.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Grzegorczyk et al.

Page 17

(a) Start of therapy — T2 image. (b) Start of therapy — T1 frequency
selected fat-suppressed contrast-
enhanced image.

(c) Start of therapy — Subtraction (d) End of first sequence — T2 image.
image.

Fig. 5.

Sagittal MR images of the right breast of the test patient prior to therapy (top row) and after
the first set of four cycles of treatment (bottom row). (a) and (d) show the T2 images, (b)
and (e) show the T1, FS, CE images, and (c) and (f) are the same as (b) and (e) with a
subtracted baseline before contrast injection.
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Fig. 6.

Permittivity images at 1300 MHz at six dates as the patient underwent chemotherapy. The 2-
D images are obtained by performing a coronal averaging of the 3-D images shown in Fig.
8. Numerical values show the mean and standard deviation (in parenthesis) of dielectric
properties. (a) Day 1. (b) 23 Days. (c) 44 Days. (d) 114 Days. (e) 163 Days. (f) 229 Days.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2013 September 07.



Grzegorczyk et al. Page 19

(e) ()

Fig. 7.
Same as Fig. 6 but for conductivity images. Numerical values show the mean and standard

deviation (in parenthesis) of dielectric properties. (a) Day 1. (b) 23 Days. (c) 44 Days. (d)
114 Days. (e) 163 Days. (f) 229 Days.
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Fig. 8.

3-D permittivity images at 1300 MHz for six dates as the patient underwent chemotherapy.
The contour of the breast is shown in which the isolevel relative permittivity € = 44 has been
isolated. The evolution of the contour with time illustrates the shrinking tumor during the
chemotherapy treatment. (a) Day 1. (b) 23 Days. (c) 44 Days. (d) 114 Days. (e) 163 Days.
(f) 229 Days.
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TABLE |

Mean and Standard Deviation (Std) of the Error Between the Scattered Field Computed by DDA and A 3-D
FDTD Reference Method for a Sphere (Radius 2 cm, Composition 50:50 Mixture of Glycerin and Water)
Within a 90:10 Glycerin and Water Liquid Bath. The Field Values Were Sampled at 240 Points Per Plane,
Across 10 Planes Between + 4.5 cm, and at the Frequencies Shown

Amplitude[dB]  Phase[degrees]

mean std mean std

1100 MHz 0.04 0.17 11 3.7
1300 MHz 0.04 0.2 1.3 43
1500 MHz 0.07 0.22 1.4 49
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