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ABSTRACT

Abstract
According to Canadian Cancer Statistics, breast cancer continues to be the most
frequent type of cancer diagnosed among Canadian women.

An estimated 18,700 new

cases of breast cancer will be diagnosed in 1999. During their lifetime, 1 woman in 9 is
expected to develop breast cancer and 1 woman in 25 is expected to die from it. Early
detection is a woman’s hope for effective treatment and better survival rates.
Unfortunately, present imaging modalities are either ineffective or financially unjustifiable
for mass screening. A new non-invasive screening and diagnostic technique (viz., Electrical
Impedance Tomography, EIT) with high potential has recently been given much attention.
However, the transition of EIT from the laboratory to the clinic is yet to occur. The main
problem appears to be one of spatial resolution, usually attributed to the lack of a robust
and fast algorithm capable of producing 3-D clinically useful images.
An existing EIT image reconstruction algorithm, the Wexler 3-D EIT algorithm, is
further refined to address the problem. A new and efficient scheme, the ModellerPredictor-Corrector (MPC) method, is devised and implemented on the original Wexler 3-D
EIT algorithm to improve its convergence rate. Images are recovered within a time period
comparable to that of existing clinical imaging modalities. The spatial resolution of the
MPC-recovered image, though recovered in a reasonable time period, is far from what is
desired. To this end, a novel approach, the Locator-Compensator (LC) algorithm is
developed and implemented to improve EIT's resolution limit, in particular at normal-todiseased tissue interfaces. Both schemes (viz. LC and MPC) were implemented on 3-D
computer simulations of small breast tumour (i.e., benign and malignant) imaging. Using
the improved Wexler 3-D EIT algorithm, breast tumours of size 2.35 mm in diameter were
detected and diagnosed. Implementation of this improved imaging algorithm in conjunction
with the appropriate EIT hardware system is anticipated to provide a safe, cost-effective,
and easily accessible screening and diagnostic tool for the detection of small breast tumours.
EIT could serve as a complementary tool to conventional X-ray mammography, considering
its advantages.
iv
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Introduction
1.1

Electrical Impedance Tomography (EIT) as an Imaging Modality
The objective of electrical impedance tomography (EIT1) is to reconstruct images

of the distribution of electrical impedance within a conducting region by means of
impedance measurements made on the surface of the region [Hend78, Pric79,
Brow82, and Vale89]. In medical applications, small subliminal electrical currents
(0.1- 1 mA at 10 - 100 kHz) are applied to the body from an array of electrodes
attached to the skin. These currents are below the threshold for perception, let alone
tissue damage. Subsequently, from measurements of voltages and/or currents made
at these electrodes, image reconstruction algorithms are applied to produce the
impedance images of the underlying body structure (i.e., this is characteristic of an
inverse problem) [John95]. Due to the differential electrical (i.e., impedance, Z at
macroscopic scale) or 'dielectric' (i.e., conductivity, s or relative permittivity, e at
microscopic scale) properties of biological tissues at the above frequencies (see Table
1.0) [Gabr96], the resulting impedance images display useful and previously
unobtainable anatomical information.

A clear and comprehensive relationship

between the macroscopic and microscopic electrical behaviour of tissues can be found
in Foster and Schwan, 1989 [Fost89] and Rigaud et al., 1996[Riga96a].

1

EIT is also known as Applied Potential Tomography (APT) or Electrical Impedance Computed Tomography (EICT).
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As a potential imaging modality, EIT offers several advantages over existing
medical imaging techniques such as X-ray Mammography (film-screen or digital),
Computed Tomography (CT), and Magnetic Resonance Imaging (MRI).

The

positive attributes of EIT are its ability to produce images at reduced biological
hazard, its relatively inexpensive instrumentation requirements, and its physical ease
of operation [Webs90]. The technique has potential in medical [Kotr97], industrial
[Yang97], and environmental [Tamb87] applications. For medical applications, EIT
is being considered as a screening or a diagnostic tool.

Table 1.0: Dielectric Properties of Biological Tissues at Frequencies of 10 kHz and 100 kHz.

Tissue

Frequency

Conductivity,
(S/m)

s

Relative
Permittivity,

e'

Liver

10 kHz

0.15

5.5 ¥ 104

Spleen

100 kHz

0.62

3260

Lung

10 kHz

0.11

2.5 ¥ 104

Kidney

100 kHz

0.25

1.09 - 1.25 ¥ 104

Bone

10 kHz

0.013

640

Whole Blood

100 kHz

0.55

4000

Skeletal Muscle

10 kHz

0.55

8.0 ¥ 104

* Reprinted, with permission, from reference [Gabr96].

However, as with any tomographic technique, the spatial resolution of EIT is
limited by the number of possible independent measurements performed on the
object under investigation, and as well as by the signal-to-noise ratio of the collected
data [Guar91]. Consequently, the focus in medicine has been on developing
applications where resolution is of no major concern. Despite the severe limitation of
spatial resolution, ongoing hardware and software developments are broadening
EIT’s potential to applications where resolution is of the utmost importance. One
2
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such application, of worldwide interest, is in the detection of early stages of breast
cancer. The ultimate goal of researchers in this area is to develop a clinical EIT-based
breast cancer-screening tool to either complement or replace mammography.

1.2

Medical, Industrial and Environmental Applications of EIT
Many possible clinical applications of electrical impedance tomography have been

investigated. Examples include gastric emptying, pulmonary ventilation, perfusion
changes during the cardiac cycle, pelvic venous congestion, hyperthermia monitoring,
breast cancer screening, and swallowing disorders [Dijk93, Jong94, and Boon97].
Dynamic imaging of impedance changes with time offers the most immediate clinical
potential. A potential application of 'static' EIT imaging would be in the screening of
breast tumours. Both 'dynamic' and 'static' imaging will be discussed later.
EIT has been used successfully in geophysical applications [Telf76, Send82, and
Rami93]. Tamburi et al., 1987, convincingly demonstrated the effectiveness of an
EIT-based system, Electroscan2, in subsurface imaging of pollution plumes
[Tamb87]. Industrial applications of EIT-based techniques include multiphase flow
measurement, dynamic internal behaviour of process vessels, reactors, separators or
pipelines, fluidized bed analysis, and combustion flame monitoring [Plas95, Yang95,
Xie92, and Wang94].

1.3

A Review of Clinical EIT Literature
A comprehensive review on the fundamentals, principles, and concepts of electrical

impedance tomography reconstruction algorithms can be found in the literature
[Moru96]. Rigaud and Morucci, 1996, published an excellent review on existing
hardware solutions for acquisition systems for EIT [Riga96b]. More recently, Boone
et al., 1997 [Boon97] published a summary of present and future development in
EIT (viz., hardware and reconstruction algorithm). The clinical applications of EIT
were reviewed by Webster et al., 1988 [Webs88], Dijkstra et al., 1993 [Dijk93],

3
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another. Many iterative algorithms have been published in the literature. Among the
iterative techniques are variants of the Newton-Raphson method [York 88, Boon97
and Kotr97] and variants of the error function minimization algorithm [Kohn87].
Error function minimization algorithms minimize an error function based on the
differences of potential distribution solutions compared to an initial assumed
conductivity distribution. The conductivity distribution is updated by minimizing
the error function with a least-square technique. Such algorithms include the Wexler
EIT algorithm and its variants [Kohn87].

There seem to be two particular

limitations, though highly disputable, to the iterative approach:
• The iterative process is perceived as being sensitive to noise and measurement
error.
•

Convergence to a solution is observed to be relatively slow and thus the image
reconstruction process is computer intensive.

1.6

A Review of Breast Cancer Imaging Modalities

9
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According to Canadian Cancer Statistics3, breast cancer continues to be the most
frequent type of cancer diagnosed among Canadian women. Canada’s incidence rates
are among the highest in the world, second to the United States. In Canada, an
estimated 18,700 new cases of breast cancer will be diagnosed in 1999. During their
lifetime, 1 woman in 9 is expected to develop breast cancer and 1 woman in 25 is
expected to die from it. The statistics are less alarming in male breast cancer, an
infrequent and rare occurrence, accounting for 1% of all breast carcinoma [Bodn99];
although detection is often at advance, incurable stages.
Currently breast cancer can be detected in three principal ways: (1) conventional xray mammography; (2) breast examination by a trained health professional; or (3)
self-examination. Any means to detect breast cancer before the onset of symptoms is
termed screening. Presently, conventional x-ray mammography is the most effective
method of screening for breast cancer.

However, the technique is not without

limitations [Kerl97, Huyn98, Jato99, and Gord99]. With mammography, there are
problems distinguishing malignant from benign tumours [Pate98]. Three of four
lesions that it detects are benign, resulting in unnecessary costly follow-up medical
procedures [Bren97]. In addition, 5 - 10% of breast cancers are undetected mostly in
young women with dense breast tissue [Cohe85, Shaw90, Yell91, Benn91, and
Hind99]. The X-ray dose of standard mammography causes breast cancer in and kills
one woman for every eight saved from the disease [Rick99].
While many ways are being explored to prevent and treat breast cancer, early
detection is a woman’s hope for effective treatment and better survival rates. Breast
lesion size has a direct correlation with survival: a lesion increases 8 times in size from
the time it is a non-palpable 0.5 cm to the time it reaches a palpable size of 1 cm.
Sivaramkrishna and Gordon (1997), in a quantitative analysis, have shown that the
probabilities that 1 cm and a 2 cm lesions have metastasized are approximately 7.31%
and 25.5% respectively. The authors concluded that detection of very early tumours
ought to substantially reduce the likelihood of metastatic spread [Siva97].

3

National Cancer Institute of Canada: Canadian Cancer Statistics 1999, Toronto, Canada, 1999.
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The limitations of conventional mammography create the need for new
technologies that could detect and diagnose breast cancer at an early stage, thereby
eliminating unnecessary biopsies and providing more information about the extent
of cancer growth and improving prognosis. Magnetic resonance imaging (MRI),
ultrasound (US), computerized tomography (CT), positron emission tomography
(PET), and nuclear medicine (NM) are among a few modalities presently under
investigation for breast cancer screening [Ziew99]. These modalities, however, are not
without limitations. MRI brings the advantage of high-resolution 3-D imaging to
breast cancer staging (usually based on the size and degree of tumour spread) and
treatment evaluation. However, MRI without contrast media thus far has failed to
demonstrate sufficient sensitivity and specificity to justify the enormous expense and
time needed to perform these studies [Kram98 and Skaa98]. Ultrasound has
demonstrated efficacy in the differentiation of cysts from solid lesions but is
unreliable for the differentiation of benign from malignant solid lesion [Samu98].
CT offers essential information that can alter treatment planning and optimize
treatment strategy but would likely be restricted, in breast tumours diagnoses, due to
the relatively high level of radiation exposure presently employed [Trig99]. Larger
trials are necessary to establish whether positron emission tomography and
radionuclide scanning would provide any efficacy in screening for asymptomatic breast
malignancy [Wahl98]. PET and NM would likely be limited by the requirement for
the injection of radioactive material. At the outset, it appears that these new imaging
modalities, for reasons outlined above, might not be appropriate in screening for
breast cancer but could prove effective as diagnostic aids if they replaced less accurate
tests, eliminated biopsies, and improved treatment planning [Cole98].

Can EIT be used as a breast cancer imaging (viz., detection and diagnosis)
technique? Can it be used to detect breast cancer before the onset of metastatic
spread? What are the limitations of the technique in the full nonlinear reconstruction

11
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of absolute resistivity 'static' imaging?

Although, the research efforts and

accomplishments of a few EIT groups [Cher95 and Chen99] engaged in EIT
hardware development deserve recognition, the transition of EIT from the laboratory
to the clinic has yet to occur. The main problem appears to be software related. In
particular, the limitation in spatial resolution is usually attributed to the lack of an
efficient and robust EIT algorithm capable of producing clinically useful images.
Recent developments in 3-D EIT appear to be quite promising for clinical
applications [Meth96]. However, before EIT can be established as a complementary
tool to mammography or as the technique of choice in the detection of breast cancer,
the questions raised earlier, and many more, need to be fully resolved.

1.7

Purpose and Outline of Thesis

12
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In Chapter 2, an analytical and critical review of 'dielectric' properties of breast
tissue is presented. A review of the histopathological development of breast cancer in
Chapter 2 reveals some important requirements for an EIT-based imaging algorithm,
in particular, the optimal detection size for a good prognosis. The original Wexler
EIT algorithm is presented in Chapter 3. Simple two and three-dimensional
computer simulations of breast cancer imaging are performed to illustrate the
method. In Chapter 4, several tests are conducted, via simulations, on the original
algorithm in order to understand its fundamental characteristics and “dynamics”.
Among the tests carried out were the algorithm's ability to handle noise, its effect on
image quality due to patient motion, and other considerations that are prevalent in
clinical situations. The objectives are to evaluate the algorithm's clinical ability and
subsequently to identify “areas needing improvement”. Two most crucial “areas
needing improvement” were identified for the success of the algorithm in the
detection of early stages of breast cancer (i.e., at relatively small size of 1- 2mm in
diameter). These were the low convergence rate and the limited spatial resolution of
the recovered images of the original algorithm. In Chapter 5, a Modeller-PredictorCorrector (MPC) scheme - that incorporates a modified Levenberg-Marquardt (LM)
least-squares fitting algorithm - is devised and implemented in the Wexler algorithm
in order to improve its convergence rate. The issue of low spatial resolution is
addressed in Chapter 6. A novel technique, which combines the Peak Detection
Method, an image- processing algorithm, and a revised localized conductivity
compensation scheme, collectively referred to here as the Locator-Compensator (LC)
method, is developed to investigate EIT's limit of spatial resolution. By combining
the development of the two previous chapters, an improved Wexler 3-D EIT
algorithm is presented in Chapter 7. This improved algorithm is demonstrated using
realistic computer simulations of small breast tumours. A thorough discussion of
the objectives of this thesis is provided in Chapter 8. Conclusions and future work
are discussed in Chapter 9.

13

