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57 ABSTRACT

Disclosed is an apparatus and methodology for imaging
objects, more particularly radiologically dense objects. The
currently disclosed technology has particular applicability in
the medical field as a tool and methodology for investigation
of radiologically dense breast tissue of young patients by
using microwave energy in concert with an ultrasonic initial
investigation of the tissue. The use of an ultrasonic initial
investigation operates as an initial evaluation point for the
subsequent microwave investigation.

15 Claims, 7 Drawing Sheets
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MICROWAVE IMAGING ASSISTED
ULTRASONICALLY

FIELD OF THE INVENTION

The present subject matter relates to imaging using micro-
wave radiation. More particularly, the present subject matter
relates to the production of a representation of electric per-
mittivity and conductivity in a test object, the production of
such representation being assisted through the use of an ultra-
sonic initialization technique. The present subject matter has
applicability in the medical arts as an adjunct to, or replace-
ment for, X-ray mammography.

BACKGROUND OF THE INVENTION

Presently available information indicates the following: 1)
More than 211,000 American women will be diagnosed with
breast cancer this year; 2) Ninety two percent of late-stage
breast cancer cases in the United States could have been
treated if they had been detected earlier; 3) About 70 percent
of women over 40 years of age had a mammogram in the last
two years; 4) Mammography, in spite of its unpleasant pro-
cedure for women (breast constriction) and its radiation expo-
sure problems, remains the only method available for breast
cancer detection; and 5) Mammography shows a high rate of
failure for women in the 25 to 40 year old age group who tend
to have radiological dense breast.

Recently there has been considerable interest in developing
alternative methods for breast cancer detection due to the
inability of x-ray mammography to image radiological dense
breasts as well as the low positive predictive value in such
circumstances. Among various alternative methods, micro-
wave imaging is of particular clinical interest because of the
high contrast available at microwave frequencies between
normal and malignant tissues. One comparative study
showed that microwave imaging could offer an order of mag-
nitude higher contrast than x-ray or ultrasound imaging tech-
niques.

The earliest work in microwave imaging for biomedical
applications known to the preset inventors was a study by
Larsen and Jacobi entitled “Microwave Scattering Parameter
Imagery of an Isolated Canine Kidney” (Medical Physics—
September 1979—Volume 6, Issue 5, pp. 394-403). Their
work was conducted at 3.9 GHz using scanning for imaging
isolated organs. The microwave images they obtained showed
that exact anatomy cannot be recovered but contours related
to lobular organization were identifiable. These disadvan-
tages, however, have been overcome in part through the use of
reconstructive algorithms.

A first type of reconstruction algorithm, known as a Born
approximation, used in microwave imaging is based on the
assumption of weak scatters and is referred to as diffraction
tomography. The main advantage of this algorithm is that it
provides a quasi real-time reconstruction of the polarization
current density distribution. Microwave images obtained
based on diffraction algorithms are able to provide qualitative
information about objects under investigation but they fail to
provide qualitative images of electric properties, i.e. permit-
tivity and conductivity, of object with high contrast. This
failure results from an initial assumption that does not take
into consideration multiple scattering but rather assumes the
reconstruction problem to be a linear problem.

To consider multiple scattering, an iterative nonlinear algo-
rithm must be used. At each iteration, an equation, e.g. a
Helmholtz equation, describing electric field distribution in
homogeneous media is solved. Then the electric properties
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are adjusted by minimizing the errors between measured and
calculated electric fields. This procedure takes into account
nonlinearity of the inverse scattering problem eliminating the
contrast limitation of diffraction tomography as well as
allowing resolution better than half wavelength to be
achieved. The ultimate factors that determine the resolution
of a nonlinear algorithm are the available signal-to-noise
ration (SNR) and accuracy in evaluation of electric field.

Prior nonlinear reconstruction approaches have been
developed including: Newton-type with Tikhonov regulariza-
tion as described by Joachimowicz et al. in their article
“Inverse scattering: an iterative numerical method for elec-
tromagnetic imaging,” IEEE Transactions on Antennas and
Propagation, 1991 and by Joachimowicz et al. in their article
“Convergence and Stability Assessment of Newton-Kantor-
ovich Reconstruction Algorithms for Microwave Tomogra-
phy,” IEEE Transactions on Medical Imaging, 1998; Newton-
type with Marquardt regularization as described by Meaney
et al. in their article “An active microwave imaging system
reconstruction of 2-D electrical property distributions,” IEEE
Transactions on Biomedical Engineering, 1995 and by
Meaney et al. in their article “Pre-scaled two-parameter
Gauss-Newton image reconstruction to reduce property
recovery imbalance,” Physics in Medicine and Biology, April
2002; conjugate-gradient with Tikhonov regularization as
described by Rekanos et al. in their article “Microwave imag-
ing using the finite-element method and a sensitive analysis
approach,” IEEE Transactions on Medical Imaging, 1999 and
by Bulyshev et al. in their article “Computational modeling of
three-dimensional microwave tomography of breast cancer,”
IEEE Transactions on Biomedical Engineering,” 2001; and
contrast source inversion methods as described by van den
Berg et al. in their article “A contrast source inversion
method,” Inverse Problems, 1997 and by Zhang et al, in their
article “Three-dimensional nonlinear image reconstruction
for microwave biomedical imaging,” IEEE Transactions on
Biomedical Engineering, 2004.

While various implementations of microwave image
reconstruction have been developed, and while various data
refining algorithms have been devised, no design has emerged
that generally encompasses all of the desired characteristics
as hereafter presented in accordance with the subject technol-

ogy.
SUMMARY OF THE INVENTION

In view of the recognized features encountered in the prior
art and addressed by the present subject matter, an improved
methodology for microwave image reconstruction has been
developed.

The present subject matter relates to a method and a system
for determining the local distribution of electric permittivity
and conductivity of an object under investigation based on
microwave measurements assisted ultrasonically. Initially,
scanning ultrasonic measurements are made using ultrasonic
transducers operated in reflection mode to determine the con-
tour of an object being examined. Information regarding posi-
tion of local disturbance in elastic properties is also obtained
in this ultrasonic investigation. Any plane identified ultrasoni-
cally to contain an abnormal distribution of elastic properties
may then be investigated using electromagnetic field at
microwave frequencies.

Multiple antennas surround the object under investigation.
The antenna design, their position and coupling medium
assure a uniform electric field pattern in coronal plane of
object under investigation. At a certain instant one of the
antennas plays the role of the emitter and the other antennas
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operate as receivers. The amplitude and phase of electric field
are measured for each location and for each configuration of
individual emitter and multiple receivers. A second micro-
wave measurement is performed without a target (homoge-
neous case) and the results of this measurement are used to
calibrate the microwave data obtained during the object
investigation (nonhomogeneous case). This calibration is
needed to minimize several differences existing between the
experimental system and the numerical models used, includ-
ing: 1) the 3D imaging system and the 2D numerical models;
2) differences in transmission efficiency of antennas and con-
nection cables; and 3) differences in the antenna positioning.

The local distribution of electric permittivity (er) and con-
ductivity (s) is obtained based on experimentally calibrated
data using a so called reconstruction algorithm. In the first
step of this algorithm the electric field in each point of the
investigated area is computed assuming a certain distribution
for er and s. This assumption, called an initial guess, is based
on information obtained during the ultrasound investigation.
Values of the electric field computed using this initial distri-
bution are compared with the experimental values. If error
between calibrated measured field and computed field is not
sufficiently small, the values for er and s are modified and new
values for electric field are computed. This process is repeated
until a stable solution is reached.

In an exemplary embodiment of the present subject matter,
the reconstruction algorithm was implemented using a New-
ton iterative method with combined Marquardt-Tikhonov
regularizations. The electric field at each iteration was com-
puted using a finite element formulation of Bayliss and Turkel
radiation boundary conditions. The approach using a hybrid
regularizations-based Newton method to update an initial
dielectric property distribution iteratively in order to mini-
mize an object function composed of a weighted sum of the
squared difference between computed and measured data
may provide a more stable inverse solution than previously
available.

In one form, the algorithm in accordance with the present
subject matter uses a finite element method to solve for the
Helmholtz equation subject to the Bayliss and Turkel radia-
tion boundary condition (RBC) as described in their article
“Radiation boundary conditions for wavelike equations”,
Commun. Pure Appl. Math., XXXIII, 707, (1980), to obtain
the computed electric field data.

In accordance with certain aspects of other embodiments
of'the present subject matter, methodologies have been devel-
oped to make possible effective imaging of the radiologically
dense breasts of younger women thereby providing greater
opportunity for early detection of breast cancer in younger
patients.

Additional objects and advantages of the present subject
matter are set forth in, or will be apparent to, those of ordinary
skill in the art from the detailed description herein. Also, it
should be further appreciated that modifications and varia-
tions to the specifically illustrated, referred and discussed
features and elements hereof may be practiced in various
embodiments and uses of the invention without departing
from the spirit and scope of the subject matter. Variations may
include, but are not limited to, substitution of equivalent
means, features, or steps for those illustrated, referenced, or
discussed, and the functional, operational, or positional rever-
sal of various parts, features, steps, or the like.

Still further, it is to be understood that different embodi-
ments, as well as different presently preferred embodiments,
of the present subject matter may include various combina-
tions or configurations of presently disclosed features, steps,
or elements, or their equivalents (including combinations of
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features, parts, or steps or configurations thereof not
expressly shown in the figures or stated in the detailed
description of such figures). Additional embodiments of the
present subject matter, not necessarily expressed in the sum-
marized section, may include and incorporate various com-
binations of aspects of features, components, or steps refer-
enced in the summarized objects above, and/or other features,
components, or steps as otherwise discussed in this applica-
tion. Those of ordinary skill in the art will better appreciate
the features and aspects of such embodiments, and others,
upon review of the remainder of the specification.

BRIEF DESCRIPTION OF THE DRAWINGS

A full and enabling disclosure of the present invention,
including the best mode thereof, directed to one of ordinary
skill in the art, is set forth in the specification, which makes
reference to the appended figures, in which:

FIG. 1 illustrates a functional block diagram for an exem-
plary system constructed according to the preset subject mat-
ter;

FIG. 2 is a flow chart illustrating exemplary steps to be
taken to obtain a microwave image using the preset subject
matter;

FIG. 3 is a representation of an ultrasonic image of a
structure containing an inclusion that may be imaged using
apparatus constructed in accordance with the present subject
matter;

FIG. 4 is a polar representation of a determined profile for
a phantom with a small inclusion;

FIGS. 5a and 5b are comparative representative recon-
structed permittivity images for a phantom with a small inclu-
sion where FIG. 5a is a microwave image that was not ultra-
sonically assisted and FIG. 55 represents an ultrasonically
assisted microwave image;

FIG. 6 is a representation of an ultrasonic image obtained
on a human subject; and

FIGS. 7a-7d respectively represent reconstructed images
based on experimental data for a human patient: 7a) micro-
wave conductivity image; 7b) microwave permittivity image;
7¢) ultrasonically assisted conductivity microwave image;
and 7d) ultrasonically assisted permittivity microwave image.

Repeat use of reference characters throughout the present
specification and appended drawings is intended to represent
same or analogous features or elements of the invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

As discussed in the Summary of the Invention section, the
present subject matter is particularly concerned with an
improved methodology for microwave image reconstruction
of primarily, but not exclusively, breast tissue for medical
evaluation of the possible presence of cancer. More particu-
larly, the present subject matter concerns the provision and
use of an initial evaluation point or “guess” for a microwave
investigation based on the results of an initial ultrasound
investigation.

Selected combinations of aspects of the disclosed technol-
ogy correspond to a plurality of different embodiments of the
present invention. It should be noted that each of the exem-
plary embodiments presented and discussed herein should
not insinuate limitations of the present subject matter. Fea-
tures or steps illustrated or described as part of one embodi-
ment may be used in combination with aspects of another
embodiment to yield yet further embodiments. Additionally,
certain features may be interchanged with similar devices or
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features not expressly mentioned which perform the same or
similar function. Reference will now be made in detail to the
presently preferred embodiments of the subject microwave
imaging system.

Referring now to the drawings, FIG. 1 illustrates a block
diagram for an exemplary system constructed according to
the preset subject matter. The illustrated system may be used
to obtain microwave images of body portions 15 of human
subjects. It should be borne in mind that, although the prin-
ciple portion of the present disclosure is directed to imaging
of breast tissue, the present subject matter is not limited to
such as the technology disclosed may also be used to image
other tissue as well.

Apparatus constructed according to the present subject
matter provides an ultrasound transducer 17 immersed in
water tank 14. A stainless steel target 16 is positioned oppo-
site the ultrasound transducer 17 and provides a reflected
signal to assist both in the accurate determination of ultra-
sonic speed in the coupling medium and in the deconvolun-
tion process. So as not to overly clutter the drawing, only a
single ultrasound transducer 17 and stainless steel target 16
have been illustrated, but it should be appreciated that plural
transducers or a transducer array might be employed to
reduce the scanning time required for imaging.

Exciting ultrasonic transducer 17 with a square wave signal
emitted by an ultrasonic pulser/receiver (transceiver) 18 ini-
tiates the imaging process. The full waveform received by the
ultrasound transducer 17 may be saved in any convenient
format including both analog and digital forms for post-pro-
cessing. Ultrasonic scanning investigations may be per-
formed by rotating water tank 14 using a computer-controlled
rotator 10 and by providing vertical movement of ultrasound
transducer 17 and target 16 using linear stages 12. This trans-
lational movement may be performed manually or can be
accomplished with computer assistance. As noted previously,
instead of a single transducer, several discrete transducers or
array transducers can be used in order to decrease the scan-
ning time.

The scanning ultrasound as described above is used to
investigate successive coronal planes of breast tissue. A
quasi-real time ultrasound image of investigated planes is
obtained that may be employed to detect the presence of
suspicious inhomogeneities. If such inhomogeneities are
detected, the ultrasound assembly may be lowered to make
room for the microwave imaging system. The plane within
the object under investigation containing suspicious inhomo-
geneities located using ultrasound and, optionally also, one or
more planes on one or both sides of the plane may then be
microwave imagined.

The ultrasound system corresponding to ultrasound trans-
ducer 17 and associated pulset/receiver 18 allows retrieval of
full information regarding elastic properties distribution of
investigated tissue. A data acquisition board operating at a
100 MHz sampling rate may be associated with computer 8
and used to save the full waveform of the received ultrasound
signal at each scanning point. Having this information avail-
able, techniques that are currently used in ultrasound imaging
can be applied to obtained high quality ultrasound images.
These techniques include, but are not limited to, acoustic
impedance profiling and second harmonic imaging.

Acoustic impedance profiling of the investigated tissue is a
post-acquisition process primarily involving a deconvolution
followed by a filtering of the RF signal received. Second
harmonic (2f)) ultrasound images are ultrasonic images
obtained based on second harmonic (2f)) signals and are
characterized by a higher resolution than those obtained at the
primary frequency f, as the second harmonic ultrasound

20

30

40

45

55

60

6

beam is narrower than at those obtained at primary frequency
(f,)- The ability to obtain a high-resolution ultrasonic image is
an important aspect of an ultimate goal of obtaining an
improved microwave reconstruction.

The microwave-imaging configuration employed in accor-
dance with the present subject matter is similar to those con-
figurations used in continuous wave radar detection. A fully
programmable radio frequency (RF) source 1 provides a ref-
erence continuous RF signal. Power divider 2 separates the
signal provided by RF source 1 in two portions. A first portion
is coupled to modulator 3 and becomes the modulated signal
to be transmitted by antenna array 5. A second portion of the
RF signal provided by RF source 1 is coupled as one input to
mixer 6 where it multiplies the received signal provided by
multiplexer 4. The resultant signal from mixer 6 constitutes
the input signal for lock-in amplifier 7. Amplitude and phase
data from lock-in amplifier 7 are sent to computer 8 that
controls all aspects related to data acquisition and signal
conditioning by way of a user-friendly interface.

The user-friendly interface corresponds to a software pack-
age specifically developed for use with the subject microwave
imaging technology. The software is configured to provide
various functions including generating all voltages necessary
for multiplexer control, performing data acquisition from
lock-in amplifier, controlling a high speed data acquisition
board used for the initial ultrasound investigation, controlling
necessary mechanical movement for the ultrasound and
microwave assemblies, and providing real time plotting and
averaging for acquired data.

The microwave investigation portion of the system accord-
ing to the present subject matter corresponds, along with the
previously described RF source and related components, to
an array of sixteen antennas fixed on an antenna holder 5. It
should be appreciated that the exact number of antenna ele-
ments provided may be varied and may correspond to more or
less than the exemplary discussed sixteen antennas. Antenna
holder 5 is configured to provide a number of features includ-
ing holding the antenna elements in place, protecting connec-
tion points between individual antennas and their associated
connecting cables from the salty water employed as a cou-
pling medium within the water tank 14, and providing a
mechanical base for translation of the antenna array. In an
exemplary embodiment of the present subject matter, the
antenna assembly may be moved using a stainless steel jack.
In an alternate embodiment of the present subject matter, a
pair of computer controlled linear stages may be used as an
alternative to move the antenna array as required for the
imaging process.

Amplitude and phase information of transverse mode
(TM) electric fields received from antennas positioned on a
circle surrounding the area to be investigated constitute the
input data for the microwave imaging according the present
subject matter. In an exemplary embodiment of the present
subject matter, sixteen antennas were employed. As previ-
ously noted, however, this specific number of antennas is not
a limitation of the present subject matter. During the data
collection process, each of the individual antennas in
sequence is operated as a transmitter while the remaining
antennas function as receivers. Each of the antennas is
sequentially operated as the transmitting antenna such that a
total of 240 measurements are obtained in an exemplary
reconstruction process using sixteen antennas (16x15=240).
In accordance with the present subject matter, two microwave
images are obtained as result of each investigation. These
images are obtained as a result of a reconstruction process and
are displayed as maps of the relative permittivity and conduc-
tivity of the investigated object. The inverse solution
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employed in the reconstruction process is based on the
approximation that the true electric field, E, . can be Taylor

trued

expanded around an approximate electrical profile, B, ,,..., as
a function of the dielectric properties:
8 Eapprox O Eapprox 1
Epue & ) & Egpprn (87, 0) + — 22 Agy 4 — 222 Ao W
do
@

O,
approx
PP Ao

B(I)Eapprox As. + 9
P r

g, & ) 2 Pp,, (8, 0) +

where E is the electric field, @ is electric field phase, and €,
and o are the permittivity and conductivity, respectively.

With reference now to FIG. 2, there are illustrated exem-
plary steps employed to obtain a microwave image using
apparatus and methodologies according to the present subject
matter. An exemplary reconstruction algorithm in accordance
with the present subject matter can be summarized as corre-
sponding to a five-step process.

A first step in the exemplary reconstruction algorithm cor-
responds to computing the amplitude and phase of electric
field at measurement sites based on an initial guess for mate-
rial properties (€, 0,). According to the present subject mat-
ter, this initial guess is based on ultrasound-recovered profiles
and is obtained using an algorithm based on so called Bayliss
and Turkel Radiation Boundary Condition.

A main step in reconstruction of permittivity and conduc-
tivity profiles based on experimental data corresponds to a
so-called forward or direct computation step. The numerical
evaluation of the amplitude and phase of an electric field in a
region I' is performed in this step based on a knowledge of the
distribution of electrical properties (permittivity and conduc-
tivity) in the region, the radiation source position on the
region boundary (aI'), and the amplitude, phase and polariza-
tion characteristics of the radiation source.

According to the present subject matter, a Finite Element
Method (FEM) may be applied to solve the forward problem.
In such a formulation the forward problem is reduced from
one of solving a hyperbolic partial differential equationto one
of matrix algebra. The finite element formulation requires a
division of the region I into regions of constant permittivity
and permeability. Triangle elements were considered for this
application. If " is divided in a mesh that contains N, ele-
ments and n nodes, the electric field may be written as:

» &)
E, = Zl (E)¥;

where: W, is the basis function centered at node “i” and (E,),
represents the interpolated value of E_ at node “i”. Quantities
ateach node represent the vector components. By multiplying
both sides of the wave equation with a test function(x,y) and
performing integration over I' the weak form of the wave
equation is obtained:

1 2 1 _9E, 4
(V‘]‘(—V EZ] -k sr‘l‘Ez]dxdy = —¥ dl
Hr or tr On

An appropriate boundary condition for the surface of the I'
domain, 3I', should be, defined in order to calculate the inci-
dent field in Equation (4) and to assure that the scattered field
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8

represents an outward-propagating (radiating) solution. The
numerical code developed for this application is based on the
so-called Bayliss and Turkel Radiation Boundary Condition
(RBC). This type of RBC offers several advantages: (1) A
scatterer with an arbitrary shape can be enclosed in a circular
surface not far away from the origin; (2) The incident field for
this geometry can be well characterized; and (3) Numerical
implementation of this type of RBC requires low computing
resources because this type of RBC is a local boundary con-
dition. Considering the second order Bayliss and Turkell
RBC Equation 4 becomes:

1 , aW JE,
ff(V‘l‘(lTrV EZ] -k s,‘l‘Ez]dxdy —farw‘l‘Ez —,B% 79 pd
f ¥ {aE;"C

or | 9p
The coefficients o and § from Equation (5) satisfy the defin-

ing equation for the second order Bayliss and Turkell RBC
and they are:

®

¢ =

o PE
—aE7 - T od ¢

oS 3 ©
k- = -4
oo ijSkp
1-=L
kp
I M
2kp?
p=—=
-1
kp

The scattered field from Equation (5) can be written as:

ES=E~E™ ®)

where E_ is the total field and E_*“ is the incident field.
Equation (5) was solved for E_ in its matrix form:

[Amn ll(E),] = [b] )

where:

1
Amn:fﬂ_wmwn—kzg,wmwn]dxdy—
Hr

[ o2

10

and
§ENe

bm:f ‘]‘m{ <
ar dp

The triangular elements have been used to divide the entire
surface . For this type of element the procedure to solve
surface integral from Equations (11) is well known. This
procedure implies two steps: 1) solving integrals in their
closed form for each element of mesh; and 2) multiplying the
numbers obtained in the first step by predefined parameters in
order to obtain the global result. The evaluation of a surface
integral in closed form becomes possible using a local-area
system of coordinates. A similar procedure may be used for
the evaluation of boundary integrals from Equations (10) and
(11). These integrals may be evaluated in their closed form
using linear basis functions spanning each boundary element.
Quantities evaluated locally for each surface and boundary

an

e G PES
_wEZ -B 6¢2 P
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element are added to appropriate location in matrices [A,,, ]
and [b,,] using a connectivity matrix to identify the global
indices.

A second step in the reconstruction algorithm in accor-
dance with the present subject matter corresponds to comput-
ing the difference vector between measured magnitude and
phase of the electric field, E,, and @, , and the corresponding
calculated E, and @ . This difference vector can be written
as:

12

En-Ec
{ g, — P,

A third step in the reconstruction algorithm in accordance
with the present subject matter corresponds to constructing
the Jacobian matrix:

JE, JE, JE, JE, JE, JE, (13)
EZ Y dey B0y oy doy

by 0P, ddg,  0dg  Idg O,

dey de, dey doy day doy

J= : : : : : :

0Ey OEy 0Ey OEy OEy OEy
ECRrY Bey Bz Be; oy
%5, 0%, ddg,, 0dg, 9dg, g,

dey de, dey dey dey doy

where M is the number of boundary measurement sites.

A fourth step in the reconstruction algorithm in accordance
with the present subject matter corresponds to determining
the perturbation vector by solving the matrix equation:

[JTJ +/\1]{ As, } ) [JT]{ En—E: }
Ao &g, — g,

where J” is the transpose of the Jacobian matrix, I is the
identity matrix and A is a regularization parameter determined
by combined Marquardt and Tikhonov regularization
schemes.

14

A fifth step in the reconstruction algorithm in accordance
with the present subject matter corresponds to updating the
values of material properties (e,, 0) computed in the previous
step and then, based on these values, computing new values
for electric field at the measurements sites. Steps (2)-(5) are
repeated until a stable solution is reached.

As is indicated in FIG. 2 the reconstruction algorithm in
accordance with the present technology uses calibration data
derived in a pre-processing step. Prior to collecting measured
electric field for image reconstruction, an equipment calibra-
tion procedure is followed. This calibration procedure is
needed to minimize several differences existing between the
measurement system and the numerical models used, includ-
ing the use of a the 3D imaging system and 2D numerical
models; differences in transmission efficiency of antennas
and connection cables; and differences in the antenna posi-
tioning.
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Taking into account these differences, a multi-step calibra-
tion procedure was developed. The first step in the calibration
procedure addresses homogeneous correction computation.
This correction was computed using the following relations:
(15)

computed

Phase,,,=Phase,,,,"***“*?~Phase;,,,

In(E,o,)=In(Ey,, )10 ) (16)

where Phase,.,, is the phase correction, Phase,,,,"***"*“is the
measured phase for a homogeneous medium, i.e. with no
scatterer in place, Phase,,,,“*"7“**? is the computed phase for
the homogeneous medium, E_, . is the amplitude correction,
E,..."¢*“"*? is the measured electric field amphtude for the
homogeneous medium, and E,,,“°"7**? is the computed
electric field amplitude for the homogeneous medium. The
quantities E,,, “°"7**? and Phase,,,,“"**? are computed
models previously described.

The next step in the calibration procedure is to apply the
corrections determined using Equations (15) and (16) to the
measured values, E,, hom’"eas“’ed and Phase,, ,,,, """,
obtained when a scatterer, i.e. a phantom, with or without
inclusion, was in place. The calibrated values for the phase,
Phasel-n homcalibrated and the amphtude, Ein homcalibrated,
respectively, are:

Phase,, ., d—Phase,, ,,,,.”"****?_Phase,,, (17)

(B o™ N A E o™ )~ (E, )

(18)

calibrated

The calibrated values, Phase,, ;. and
B,y nom 2ibrated  are computed for each of the microwave
antennas in the microwave-imaging array and become the
input data for the reconstruction algorithm.

An ultrasound image may be obtained by rotating a trans-
ducer in a complete circle relative to an object to be investi-
gated. In actual practice, either the transducer or the object to
be investigated, or, in some circumstances, both transducer
and object may be rotated depending on physical practical
considerations. As previously noted, a single transducer 17 as
illustrated in FIG. 1, or, alternatively, plural transducers or a
transducer array may be employed in order to decrease the
time necessary to obtain the initial ultrasound image.

FIGS. 3 and 6 illustrate respectively images obtained for a
phantom with a 1.2 mm inclusion and an image obtained for
a human patient with benign tumor. At least two boundaries
can be clearly identified in FIGS. 3 and 6. A first boundary
300 represents the interface between a phantom (or breast)
and the coupling medium while the other boundary 310 rep-
resents the interface between a phantom (or breast) and an
inclusion (or tumor) 310.

The positions of interfaces may be determined from ultra-
sound images. FIG. 4 illustrates an image of the extracted
edges of a phantom 400 with a 1.2 mm inclusion 410. Based
on this information, a structured mesh for the finite element
program used in image reconstruction may be generated. This
mesh will have a higher density of nodes at detected edges.
Calibration of collected microwave data may be performed
using the mesh generated based on information extracted
from an initial ultrasound image.

Finally, the reconstruction program is run with the distri-
bution of initial values (initial guess) structured in the follow-
ing three parts. First, the values of permittivity and conduc-
tivity in nodes corresponding to the coupling medium are
known based on temperature and on salt concentration. Sec-
ond, the values for electrical properties in the region of nor-
mal breast tissue are assigned to be close to the median values
found in literature for normal breast tissue for the particular
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situation of the patient including, for example, the patient’s
age and whether the patient is post or pre menopausal. Third,
the values from suspected tumor area are assigned to higher
values than those corresponding to normal tissue. During the
reconstruction process only the second and third values are to
be determined.

Microwave images obtained using the present technology
have been found to show a better positioning and sizing of
discontinuities together with a higher accuracy in electric
properties reconstruction than microwave images using pre-
viously available technology. Differences between micro-
wave images obtained with and without ultrasound assistance
may be seen by comparison of FIGS. 54 and 55. The permit-
tivity images obtained without ultrasound assistance for a
phantom with a 1.2 mm inclusion are illustrated in FIG. Sa.
FIG. 55 illustrates an image obtained by applying the ultra-
sound assistance method in accordance with the present tech-
nology. The images obtained for a real patient with a benign
tumor are illustrated in FIGS. 7a-7d. The images obtained
using the method according to the present subject technology
(FIGS. 7a and 7b) show clearly the presence of a tumor. The
presence of multiple artifacts can be seen on the images
illustrated in FIGS. 7¢ and 74 that obtained without ultra-
sound information.

While the present subject matter has been described in
detail with respect to specific embodiments thereof, it will be
appreciated that those skilled in the art, upon attaining an
understanding of the foregoing may readily produce alter-
ations to, variations of, and equivalents to such embodiments.
Accordingly, the scope of the present disclosure is by way of
example rather than by way of limitation, and the subject
disclosure does not preclude inclusion of such modifications,
variations and/or additions to the present subject matter as
would be readily apparent to one of ordinary skill in the art.

What is claimed is:

1. A method for imaging an object under investigation,
comprising the steps of:

ultrasonically imaging at least a portion of an object under

investigation;

identifying at least one initial evaluation point for the

object under investigation based on the step of ultrasoni-
cally imaging;

after the step of ultrasonically imaging, microwave imag-

ing at least the portion of the object imaged in the step of
ultrasonically imaging; and

reconstructing data obtained in the step of microwave

imaging in based at least in part on the at least one initial
evaluation point.

2. The method of claim 1, wherein the step of identifying
comprises the step of identifying inhomogeneities within the
portion of the ultrasonically imaged object.

3. The method of claim 2, wherein the step of identifying
inhomogeneities comprises identifying variations in elastic
properties within the ultrasonically imaged portion of the
object.

4. The method of claim 3, wherein the step of identifying
variations in elastic properties comprises identifying varia-
tions in acoustic impedance within the ultrasonically imaged
portion of the object.

5. The method of claim 1, wherein the step of ultrasonically
imaging comprises forming ultrasonic images based on sec-
ond harmonic signal processing.

6. The method of claim 1, wherein the step of ultrasonically
imaging comprises ultrasonically imaging at least one plane
within an object under investigation and the step of micro-
wave imaging comprises microwave imaging the at least one
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plane using an algorithm based on a Bayliss and Turkel
Radiation Boundary Condition.

7. The method of claim 1, wherein the at least one initial
evaluation point comprises an initial guess for the permittiv-
ity or conductivity of the object under investigation.

8. Imaging apparatus, comprising:

an ultrasonic portion comprising an ultrasonic transducer
and an ultrasonic transceiver coupled to said ultrasonic
transducer;

a microwave portion comprising a microwave radio fre-
quency source, a multiplexer coupled to said microwave
radio frequency source, and an antenna array coupled to
said multiplexer; and

a computer portion comprising a processor portion, a
memory portion, and a display portion coupled to said
multiplexer and said ultrasonic transceiver;

said ultrasonic portion, said microwave portion and said
computer portion configured to cooperate to produce a
reconstructed microwave image of at least a portion of
an object, said reconstructed microwave image being
reconstructed based at least in part on at least one initial
evaluation point determined from an ultrasonic image
generated from said ultrasonic portion.

9. The imaging apparatus of claim 8, wherein the computer
portion of the imaging apparatus is configured to cause the
display portion to display inhomogeneities within the object
and to cause the microwave portion to cooperate with the
computer portion to produce the reconstructed microwave
image of the inhomogeneities.

10. The imaging apparatus of claim 9, wherein the ultra-
sonic image comprises an image of a first cross section por-
tion of the object and the reconstructed microwave image
comprises a microwave image of at least said first cross sec-
tion.

11. The imaging apparatus of claim 10, wherein the com-
puter portion of the imaging apparatus is configured to cause
the microwave portion to produce the reconstructed micro-
wave image of at least a second cross section of the object on
at least a first side of the of the first cross section.

12. The imaging apparatus of claim 11, wherein the com-
puter portion of the imaging apparatus is configured to cause
the microwave portion to produce the reconstructed micro-
wave image of at least a third cross section of the object on at
least a second side of the of the first cross section.

13. A method for reconstructing an image of a portion of an
object, comprising the steps of:

collecting first image data points from a portion of an
object based on a first image producing technology;

evaluating the first image data points to determine an initial
evaluation point for selected characteristics of the por-
tion of the object;

collecting second image data points from a portion of the
object using a second image producing technology; and

reconstructing the image of the portion of the object using
the second image data points in an iterative process and
employing the initial evaluation point for the selected
characteristics determined in the step of evaluating the
first image data points as initial values for the iterative
process,

wherein the first image producing technology is an ultra-
sonic image producing technology and the second image
producing technology is a microwave image producing
technology.

14. The method of claim 13, wherein the selected charac-

teristics comprise permittivity and conductivity.

15. The method of claim 13, wherein the iterative process
comprises the steps of:
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a) computing the electric field within the object at selected d) re-computing the electric field based on new values of
points; the electrical properties of the object; and

b) computing a difference vector between electric field data
at selected points and computed electric field data at
selected points; 5
¢) computing perturbation vectors of electric properties of
the object; L

e) repeating steps b-d until a stable solution is reached.
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