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Microwave Tomography for Biomedical Quantitative Imaging
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The use of microwave to find information about an unknown object
is not a new concept. There are numerous examples of applications
of microwave in Non-Destructive Testing (NDT), however, very few
of them are using Micro Wave Tomography (MWT). In MWT the
unknown objects are localized and quantitatively categorized by
measuring the scattered fields using an array of receivers surrounding
the objects. These scattered fields are due to a known incident field,
sent by one or several transmitter antennas. In the past two decades
MWT has drawn attention as a quantitative imaging modality for
biomedical applications such as breast cancer imaging, brain imaging,
and lung cancer imaging. These applications are mostly of interest due
to shortcomings of other imaging modalities.

X-ray mammography is routinely used for breast screening.
According to the American Cancer Society (ACS), breast cancer is the
leading cause of cancer death among women worldwide [1]. In the
United States of America, more than 40,000 women die annually from
breast cancer. It is the second-leading cause of cancer death in females
after lung cancer. Excluding cancers of the skin, breast cancer is the
most common cancer diagnosed among U.S. women, accounting for
more than one in four cancers that develop over time. One out of eight
American women who live to be 85 years of age will develop breast
cancer, a risk that was one out of 14 in 1960. In the United States,
breast cancer is newly diagnosed every three minutes, and a woman
will die from breast cancer every 13 minutes. Breast cancer is also the
most invasive cancer among women in the U.S., accounting for nearly
one out of every three cancers diagnosed. Early detection is vital to
curing breast cancer. Mammography is the current “gold standard” for
breast screening. However, mammography is not a sufficiently sensitive
screening technique. Although mammography is highly sensitive in
post-menopausal women, it has some shortcomings:

+ This technique reveals only 56% of cancers in premenopausal
women. Mammography has an overall 20% false negative rate
in women under age 60, and up to 40% false negative rate in
women under age 50, due to breast density.

*  Mammography cannot detect an exponentially fast-growing
cancer in the pre-invasive stage.

*  Mammography has an overall 50% false positive rate, which
leads to unnecessary biopsies. It has been determined that 85%
of mammography-initiated biopsies are negative.

*  Mammography examinations cause discomfort due to breast
compression.

Medical imaging methods such as Magnetic Resonance Imaging
(MRI) can be used in some of these situations. MRI scans use magnets
and radio waves to produce very detailed cross-sectional images of the
body. The most useful MRI exams for breast imaging use a contrast
material, gadolinium, that is injected into a vein in the arm before or
during the exam. This improves the ability of MRI to clearly show breast
tissue details. Although MRI is more sensitive in detecting cancers
than mammograms, at times MRI can be too sensitive, picking up
abnormalities that are not actually cancerous. In some cases, it has been
questioned whether or not this leads to a woman undergoing more
treatment than is necessary. There is still disagreement as to whether all

women with early stage breast cancer should have this test performed

[2].

The feasibility of using microwave for brain imaging has been
investigated [3,4]. A majority of work is on stroke monitoring. A stroke
occurs when the blood supply to part of the brain is suddenly interrupted,
or when blood vessel in the brain bursts, spilling blood into the spaces
surrounding brain cells. There are two types of stroke: Ischemic (in
adequate blood flow due to blockage) and Hemorrhagic (bleeding into
or around the brain). A Transient Ischemic Attack (TIA) is when a
mini-stroke starts but resolves leaving no noticeable symptoms. One-
third of people who have had TIA will have an acute stroke sometime in
the future. In addition recurrent stroke is frequent. 25% of people who
recover from the first stroke have another one within 5 years. The risk
of disability and death increases with each recurrence [5]. Each year,
795,000 people experience a new or recurrent stroke. Approximately
610,000 of these are first attacks, and 185,000 are recurrent attacks. Of
all strokes, 87% are ischemic, 13% are hemorrhage. The incidence of
TIA in the United States has been estimated to be 200,000 to 500,000
per year. On average, every 40 seconds, someone in the United States
has a stroke. On average, every 4 minutes, someone dies of a stroke.
Stroke accounted for 1 of every 18 deaths in the United States in 2006
[6]. Currently, the main tool used to detect stroke is Computerized
Tomography (CT) and MRI. These are very effective tools, however,
they are expensive and not every hospital is equipped with them. In
addition, they are not portable and suitable for regular monitoring.

Microwave Biomedical Tomography: Advantages and
Challenges

Microwave imaging has a great potential to become a complimentary
imaging modality for biomedical applications such as cancer and stroke
monitoring. Microwave imaging offers many attractive features, such
as having a low health risk, being noninvasive, simple to perform, and
cost effective, and having minimal discomfort. Microwave images are
maps of the electrical property distributions of objects. Two parameters
that describe the propagation of electromagnetic radiation within
materials are dielectric permittivity and conductivity. These properties
are related to other physical properties such as temperature, density,
and water content. Low-water-content tissues such as skin and fat have
permittivity values that are estimated to be less than half those of high-
water-content tissues such as blood and cancerous tissues [7-14].

Biomedical quantitative imaging is facing many challenges before it
becomes a practical imaging modality:
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* Human body is an inhomogeneous object that varies in time.
Any imaging method should consider the in homogeneity of
the object.

» Tissues in general are very lossy. This limits the penetration
depth of microwaves, especially at high frequencies.

*  Microwave imaging is based on contrast in dielectric properties.
While some tissues show a big contrast in dielectric properties
(such as fat and cancer tissues), some do not have a large
contrast.

+ Inverse imaging can be very computational intensive; therefore,
image reconstruction can be very slow.

* Microwave quantitative imaging is based on a priori knowledge
of in vivo tissue dielectric properties. While there is a good
literature on ex vivo tissue properties [7-14], there is very
limited information about in vivo tissue properties.

*  Field measurements should be very precise, especially in phase
measurement and calibration.

« There are challenges to overcome in regards to modeling and
calibration errors.

Achievements

Perhaps the recent advances in computational power and
microwave hardware design are the reasons that many researchers are
now considering MWT as a possible cost-effective frequent screening
tool. Therefore, the research community has seen many achievements
in the past decade to bring MWT closer to wide clinical use. These
achievements can be categorized into two major groups: image
reconstruction using inverse problem algorithms, and measurement
setups.

Image reconstruction in MWT is based on solving an inverse
scattering problem. This usually is treated as an optimization problem,
where the error between the measured scattered electric fields and
those computed by a numerical forward solver are being minimized.
The resolution of the resulted images dictates the complexity of the
numerical forward solver. The optimization search space depends
on range of possible dielectric properties and tissue compositions.
Therefore, a high resolution image with accurate dielectric properties
is an intensive computational problem. In addition the problem is
ill-posed and the solution might not be unique or exist at all. The ill-
posedness of the problem is due to limited sampling points. In addition,
the solution could be unstable, i.e. a small change in the incident field
may cause large changes in the solution.

To overcome the ill-posedness, many effective regularization
methods are proposed. Tikonov [15], Krylov [16], and Multiplicative
Regularizations [17] are among some well-known ones used in local and
deterministic optimization methods such as Gauss-Newton Inversion
(GNI) [18]. They are also used for Contrast Source Imaging (CSI)
which does not need a forward solver [19,20]. Some new regularization
methods based on a priori information about human physiological
structures are also suggested [21].

Inverse-scattering is a nonlinear problem that requires iterative
methods to invert Maxwell’s equations in order to reach a solution.
If the changes in the dielectric properties are small, these equations
can be linearized using different approximations such as the Born
approximation [22]. In Born approximation it is assumed that scattering
fields are weak in compare to the incident fields. Therefore, the field

inside the object of interest is approximated by a known incident field.
These approximate methods convert the problem to a linear system of
equations that can be solved numerically. A regularization term must
be used to stabilize the solution. Thus the problem can be solved by
a local optimization method such as conjugate gradient [23]. While
such methods are very effective when the object under the test is
simple, in medical imaging with a high degree of heterogeneity and
high dielectric permittivity contrast they can lead to non-real solutions.
Iterative methods are suggested to improve these approximations. Born
Iterative Method (BIM) and Distorted BIM (DBIM) are introduced
which use distorted Green’s function and update it during the iterative
optimization [24,25]. There has been some study to extend these
methods to three dimensional imaging [26-28].

In another set of solutions, instead of integral equations, Partial
Differential Equation (PDE) are solved through numerical methods
such as Finite Difference Time Domain (FDTD) or Finite Element
Method (FEM) [29,30]. These methods can be combined with
stochastic method and global optimization algorithms such as Particle
Swarm Optimizations and Genetic Algorithms [31]. As expected these
methods are more computationally intense than integral equation
based methods.

In regards to measurement setups, a lot of attempts have been made
to design efficient wideband and Ultra Wideband (UWB) antennas
[32,34]. Various Two Dimensional (2D) and Three Dimensional (3D)
setups are under development [35-39]. Some setups are directly using
fields received by antennas and calibrate them to be used in inversion
algorithms, and sum use probes to sample the field [40]. There are also
attempt to have microwave imaging in conjunction with MRI systems
[41].

Discussion and Conclusion

As we move forward toward better and more accessible screening
tools for detecting and preventing fatal diseases such as cancer and
stroke, MW'T becomes more attractive to be used as a cost-effective
monitoring modality. Although there is a debate if MWT can reach
the desired resolution, one should keep in mind that there are many
possibilities to improve the existing resolution. In many MWT inversion
algorithms speed and accuracy can be increased by having a priori
information. This makes MWT an ideal tool for subsequent screening
after an initial X-ray or MRI. The information taken from X-ray and/
or MRI can be segmented and translated to physical dimensions of
the object of interest and be used as an initial guess for optimization
methods. In addition, information about tissue dielectric properties
can be used in regularization terms to improve the chance of getting
to the correct answer with less computation time. In MWT there is
always a compromise between resolution, accuracy and runtime. By
resolution we mean the pixel size of image and by accuracy we mean
the correctness of estimated dielectric properties. As our computational
power improves by introducing parallel algorithm on High Performance
Computers (HPC), and Graphics Processing Units (GPU) in near future
many of computational barriers will be removed and we can achieve the
desired accuracy and resolution. Currently, the numerical models do
not include antenna systems and the incident field is approximated by
plane waves or line sources. Therefore, accuracy is heavily dependent
on modeling and calibration. In future, when the computational power
is available, we can include the antenna as part of forward simulations
and remove many assumptions to increase the accuracy.

There is very little work done on the specificity and sensitivity of
this method. Today many practical setups are getting closer to be used
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in clinical testing, therefore, it is expected that more information about
MWT’s specificity and sensitivity become available in near future.

In conclusion, although MWT might seem not be able to compete

with existing screening and imaging modalities such as X-ray, CAT and
MRI yet, in near future it will provide a good quantitative screening
tool that has the potential to be cost-effective, portable and widely used.
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