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Abstract
The development of microwave breast cancer detection and treatment
techniques has been driven by reports of substantial contrast in the dielectric
properties of malignant and normal breast tissues. However, definitive
knowledge of the dielectric properties of normal and diseased breast tissues
at microwave frequencies has been limited by gaps and discrepancies across
previously published studies. To address these issues, we conducted a large-
scale study to experimentally determine the ultrawideband microwave dielectric
properties of a variety of normal, malignant and benign breast tissues, measured
from 0.5 to 20 GHz using a precision open-ended coaxial probe. Previously,
we reported the dielectric properties of normal breast tissue samples obtained
from reduction surgeries. Here, we report the dielectric properties of normal
(adipose, glandular and fibroconnective), malignant (invasive and non-invasive
ductal and lobular carcinomas) and benign (fibroadenomas and cysts) breast
tissue samples obtained from cancer surgeries. We fit a one-pole Cole–Cole
model to the complex permittivity data set of each characterized sample. Our
analyses show that the contrast in the microwave-frequency dielectric properties
between malignant and normal adipose-dominated tissues in the breast is
considerable, as large as 10:1, while the contrast in the microwave-frequency
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dielectric properties between malignant and normal glandular/fibroconnective
tissues in the breast is no more than about 10%.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

According to the most recent statistics from the American Cancer Society, breast cancer is
the most diagnosed cancer type among women in the United States, and ranks second among
cancer deaths in women (American Cancer Society 2007). In recent years, there has been
a great deal of interest in breast cancer detection and treatment techniques that utilize non-
ionizing energy in the microwave frequency range (Hagness et al 1998, Fenn et al 1999,
Meaney et al 2000, Bulyshev et al 2001, Fear et al 2002, 2003, Bond et al 2003, Zhang et al
2003, Converse et al 2004, El-Shenawee 2004, Huo et al 2004, Li et al 2004, Vargas et al 2004,
Davis et al 2005, Fear 2005, Li et al 2005, Converse et al 2006, Kosmas et al 2006, Winters et al
2006, Xie et al 2006, Chen et al 2007, Meaney et al 2007, Zastrow et al 2007). This frequency
range is particularly attractive for this application because it balances the trade-off between
penetration depth and spatial resolution for imaging (detection) or focusing (treatment). The
emergence of these techniques is motivated by a number of previously published studies that
reported substantial contrast in the dielectric properties of normal and malignant breast tissues
at radio and microwave frequencies. A summary of these studies was previously compiled in
Sha et al (2002), and recently updated in Lazebnik et al (2007a).

Definitive knowledge of the dielectric properties of normal and diseased breast tissues at
microwave frequencies has been limited by gaps and discrepancies associated with the above-
mentioned studies. The previous studies involve small patient populations, do not include
all types of normal, benign and malignant breast tissues, and, with two exceptions, do not
extend above 3.2 GHz. In addition, the results of these studies are not all in agreement. To
address these issues, we have conducted a large-scale study characterizing the ultrawideband
dielectric properties of freshly excised breast tissues obtained from reduction and cancer
surgeries, including excisional biopsies, at the University of Wisconsin (UW) and University
of Calgary (UC) hospitals. The dielectric spectroscopy measurements were conducted on
488 samples from reduction surgeries and 319 samples from cancer surgeries using a precision
open-ended coaxial probe in conjunction with a vector network analyzer. To the best of our
knowledge, this is the most extensive microwave-frequency study to date. The results of this
effort rigorously establish the microwave dielectric properties of various normal, benign and
malignant human breast tissues from 0.5 to 20 GHz.

We analyzed the results of this study in two stages. In a previous paper (Lazebnik et al
2007a), we presented the results of the first stage of analysis, namely the characterization of the
dielectric properties of all types of human ex vivo normal breast tissues obtained from a large
number of breast reduction patients. Those results were reported separately for two reasons.
First, they establish the baseline dielectric properties of normal breast tissues and degrees of
normal variability. Second, they serve to validate the normal tissue data obtained from cancer
specimens, where the normal samples are available near the margins of the excised specimen
and are therefore generally smaller and less diverse in terms of tissue type. The results of
Lazebnik et al (2007a) revealed two important insights: (1) the dielectric properties of normal
breast tissues span a much wider range than reported in most of the previously published
small-scale studies, and (2) the dielectric properties of normal breast tissues are primarily
determined by the adipose content of the tissue samples. Furthermore, we found that there
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was no statistically significant difference between the within-patient and between-patient
variability in the measured dielectric properties.

This paper reports the results of our second stage of analysis in which we focused on
the dielectric properties of normal, benign and malignant breast tissues obtained from breast
cancer surgeries (lumpectomies and mastectomies) and excisional biopsies. Hereafter, both
clinical procedures will be referred to as ‘cancer surgeries.’ We aimed to characterize the
dielectric properties of a normal tissue sample and a malignant or benign tissue sample from
every excised specimen. We will use the term ‘sample’ to refer to the region of the excised
tissue specimen selected for dielectric-properties characterization.

The normal breast tissue data obtained in this second stage of our large-scale study
supplement the normal breast tissue data collected and analyzed previously. Consequently,
as a validation step, we first compared the dielectric properties of normal samples obtained
from cancer surgeries with the dielectric properties of normal samples obtained from reduction
surgeries. We subsequently compared the ultrawideband dielectric properties of normal and
malignant breast tissues over the entire measurement frequency range (0.5–20 GHz). We
demonstrate the critical importance of accounting for the content of adipose tissue in both
normal and malignant samples in comparing their dielectric properties. Since the number
of samples diagnosed as benign was substantially smaller than the number of malignant and
normal diagnoses, we did not statistically analyze the differences between benign and normal,
or benign and malignant breast tissues.

The remainder of this paper is organized as follows. Section 2 describes the study
protocol and methods for obtaining tissue samples, acquiring and processing the data, and
analyzing tissue composition. Section 3 describes the methods of statistical analysis for
fitting and organizing the large data set, as well as conducting the various dielectric-properties
comparisons. Section 4 discusses the results of the study, as well as a comparison between
our results and those of previously published studies. The conclusions are summarized in
section 5.

2. Experimental procedures

2.1. Source of tissue samples

We conducted 319 measurements on freshly excised breast tissue specimens from 196 patients
undergoing lumpectomies, mastectomies, and biopsies at UW and UC hospitals. Tissues
excised in the operating rooms (OR) of the respective hospitals were brought to the pathology
departments where the dielectric spectroscopy characterization measurements were conducted.
Measurements on normal tissue were conducted near the margins of the excised specimens,
away from the site of the lesion. At both universities, the tissue handling protocols were
designed to permit one measurement of diseased tissue along with one measurement of normal
tissue for every excised specimen. Since the tissue handling protocols at UW and UC differed
slightly, they are described separately in more detail below.

Tissue handling protocol at UC

• Tissues from all patients undergoing mastectomies and excisional biopsies at the UC
hospital were made available by hospital staff through the use of the standard surgical
consent form.

• Immediately following tissue excision, an OR nurse paged one of the researchers
responsible for conducting the measurements (already at the hospital), who picked up
the excised tissue specimen and brought it to the pathology suite. The time between
excision and measurement ranged from 11 min to 4 h, with an average of about 1 h.
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Figure 1. Photograph of a UW tissue specimen showing malignant tissue (white region (online),
upper right) and normal adipose tissue (yellow region (online), lower left). The black ink spots
mark the measurement sites. The black ink around the perimeter of the specimen denotes the
margins of the excised tissue.

Tissue handling protocol at UW

• The protocol for this study was reviewed by the UW Human Subjects Committee and
approved by the Institutional Review Board. Patients with intact tumors undergoing breast
cancer surgeries (lumpectomies and mastectomies) at the UW hospital were identified by
research nurses and approached for participation in this study. All subjects gave informed
written consent prior to participation in this study.

• The excised tissue sample was transported from the OR to the pathology suite at the
hospital according to standard hospital protocol. Once the excised tissue specimen was
delivered to the pathology suite, the pathologist called one of the researchers (already at
the hospital) to conduct the measurement. The time between excision and measurement
varied from 20 min to about 4 h, with an average of about 1 h.

At each hospital, the pathologist first marked the margins of the excised tissue with ink.
Subsequently, the pathologist cut a piece of tissue containing both diseased and normal tissue
regions, which were immediately measured. The measurement spots were then marked with
ink and the tissue was returned to the pathologist to finish processing. The photograph in
figure 1 shows a representative tissue specimen obtained at UW. The black ink around the
edge of the tissue specimen marks the margin of the excised tissue piece.

We recorded patient age, time between excision and measurement, and tissue temperature
at the time of measurement for each sample in order to facilitate statistical analysis of the
effects (if any) of these variables on the tissue dielectric properties. Tissue temperature was
measured using a digital thermometer, and had often reached room temperature by the time
the measurements were performed. Table 1 summarizes the details of the tissue collection and
handling protocols. The range of the times between tissue excision and measurement, as well
as the ranges of patient ages and tissue temperatures at the time of measurement were similar
at both locations.

2.2. Microwave dielectric spectroscopy

The microwave dielectric spectroscopy technique used in this study was identical to that
described in Lazebnik et al (2007a). Stainless steel and borosilicate glass, hermetically sealed
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Table 1. Details of tissue collection and handling protocol.

Total number of patients 196
Total number of samples 319
Patient age 35–87 years (UW)

19–90 years (UC)
Time from excision to measurement 20–221 min (UW)

11–240 min (UC)
Tissue temperature during measurement 18.0◦ C–25.7◦ C (UW)

19.9◦ C–27.2◦ C (UC)

flange-free precision probes were used as the dielectric sensors (Popovic et al 2005). The
small diameter of the probe (3 mm) ensured excellent contact between the tissue and probe
aperture. The hermetic seal offered protection against fluid leakage into the aperture, and
ensured long-term robustness of the probe performance. The sensing depth of the probe was
approximately 1–3 mm (Hagl et al 2003), ensuring that the probe interrogated a small tissue
volume. The complex reflection coefficient at the calibration plane was recorded using a vector
network analyzer (VNA) over the 0.5–20 GHz frequency range, and subsequently converted
into the complex dielectric constant using the procedure described in detail in Popovic et al
(2005). Based on characterization studies conducted previously using reference liquids, the
expected uncertainty of this technique is no greater than 10% (Popovic et al 2005). To ensure
consistent performance of this technique over time, we periodically verified its accuracy using
reference liquids.

2.3. Histological analysis of tissue composition within the probe’s sensing volume

As described above, the exact probe placement site was marked with ink immediately following
each measurement. Histology slides were created from inked tissue sections as described in
Lazebnik et al (2007a). Digital images of the histology slides were captured using an optical
microscope, and marked with the cross-sectional dimensions of the sensing volume (3 mm ×
7 mm).

The tissue composition within the sensing cross section was evaluated by a pathologist.
First, the sample was diagnosed as either normal, benign or cancer. In the case of benign and
cancer diagnoses, we established the type of benign tissue and grade of cancer, respectively.
Second, the sample was categorized in terms of tissue composition. The tissue samples
diagnosed as ‘normal’ were categorized in terms of percentages of adipose, glandular and
fibroconnective tissues. The tissue samples diagnosed as ‘benign’ were categorized in terms
of percentages of benign tissue. The tissue samples diagnosed as ‘cancer’ were categorized in
terms of percentages of invasive ductal carcinoma (IDC), invasive lobular carcinoma (ILC),
ductal carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS). The normal tissue that
appeared on histology slides diagnosed as benign or cancer was categorized in the same way
as for the ‘normal’ samples. In addition, the pathologist noted the percentage of necrotic
tissue, if any, present in each sample. This histology analysis of the two-dimensional cross
section containing the ink spot was used as an estimate of the tissue composition in the three-
dimensional volume sensed by the probe. Finally, since the measured dielectric properties
can be significantly influenced by the tissue type directly beneath the probe, the pathologist
determined the dominant tissue type directly beneath the black ink. From this point forward,
the term ‘glandular’ will refer to normal glandular tissue, while the term ‘cancer’ or ‘malignant
tissue’ will refer to malignant glandular tissue. This is an important distinction, since the vast
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majority of breast cancers arise in the glandular region of the breast, and thus breast cancer
tissue is effectively malignant glandular tissue.

2.3.1. Histology-based exclusionary criteria. We applied the exclusionary criteria, reported
in Lazebnik et al (2007a), for evaluating the quality of study-specific information preserved in
the histology slides, in order to minimize uncertainty in the determination of the composition
of tissue within the probe’s sensing volume. The application of the criteria resulted in the
exclusion of 159 samples from further analysis. Thus, 160 characterized samples remained
after applying these slide-based exclusionary criteria.

3. Methods of statistical analysis

3.1. Data fitting and reduction

The data fitting and reduction techniques employed here were identical to those in Lazebnik
et al (2007a). We fit a one-pole Cole–Cole model to each of our 160 wideband dielectric
spectroscopy data sets. Cole–Cole parameter values for each complex-permittivity data set
(corresponding to each characterized tissue sample) were obtained as described in Lazebnik
et al (2007a).

3.1.1. Physics-based exclusionary criterion. A physics-based exclusionary criterion was
imposed in order to ensure consistency between our data and the Kramers–Kronig relation
(Lazebnik et al 2007a). Only five characterized tissue samples were excluded based on this
criterion, leaving 155 samples from 119 patients for final analysis. The overall diagnoses
of these samples were distributed as follows: 85 normal samples, 60 cancer samples and 10
benign samples.

3.2. Data analysis

3.2.1. Sources of variability. We analyzed the sources of variability in the dielectric
properties at 5, 10 and 15 GHz. A nested analysis of variance (ANOVA) was used to
compare patient-to-patient variability and sample-to-sample variability. Terms for diagnosis
and adipose content were included in the model to ensure that these sources of variability were
removed before estimating the sources of interest.

3.2.2. Effects of temperature, age and time between excision and measurement. For normal
and cancer samples separately, we analyzed the effect of patient age, temperature and time from
excision (the predictors) on the dielectric properties at 5, 10 and 15 GHz (the responses). We
created categorical variables from these continuous predictors in order to capture all possible
trends rather than just linear effects. Multivariate analysis of variance (MANOVA) (Everitt
and Dunn 2000) was used to assess the effect of each predictor on the dielectric properties for
each of the two diagnoses. MANOVA provides a more powerful analysis when the response
has two related dimensions. It compares the 2D distribution of the responses of the groups
(malignant versus normal), rather than one dimension at a time. The multivariate response was
dielectric constant and effective conductivity. The MANOVA models included a term for per
cent adipose and per cent fibroconnective to remove the effects of those tissues before testing
for the effect of each predictor. For the predictors that showed statistical significance, we
followed up the overall MANOVA F-test with pairwise analyses to assess differences between
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the individual predictor categories. The same MANOVA model was used in the paired tests
as in the overall test.

3.2.3. Inter-rater analysis. We conducted an inter-rater analysis to verify that the UW and
UC pathologists used similar methodology to evaluate the histology slides. This verification
was a critical step towards ensuring that the data collected at UW and UC could be self-
consistently combined. We randomly selected ten slides (tissue samples) from each university
and each pathologist analyzed the tissue composition on all 20 slides. Then, we quantitatively
evaluated the agreement between pathologists using the kappa statistic. A kappa value of less
than 0 indicates no agreement, while a kappa value of 1.0 indicates perfect agreement.

3.2.4. Comparison between dielectric properties of normal breast tissues obtained from
reduction and cancer surgeries. To summarize the normal tissue samples from the cancer
surgeries, we formed three groups of tissue samples. The three divisions were based only on
the per cent adipose tissue in each sample and were chosen to maximize the difference between
the groups and minimize the variability within the groups. Group 1 contained all samples
with 0–30% adipose tissue (the high-water-content group), group 2 contained all samples with
31–84% adipose tissue, and group 3 contained all samples with 85–100% adipose tissue (the
low-water-content group). Median dielectric constant and effective conductivity dispersion
curves were obtained for each group by first calculating the fitted values for each sample in the
group at 50 equally spaced frequency points. Second, the median value at each frequency point
was calculated across samples within the group. Finally, the Cole–Cole model was fit to these
median values. The resulting ‘median curves’ fit the median values very well in all cases. We
also calculated the upper and lower quartiles (25th and 75th percentiles) of the fitted curves in
each group at 5, 10 and 15 GHz to summarize the spread of the curves in each group. In order
to ensure that no systematic bias was present in the dielectric-properties characterization of
the normal tissue samples obtained from cancer surgeries, we visually compared these curves
with the curves obtained in the same manner from breast reduction surgeries. Furthermore,
for each of the three adipose tissue groups defined above, non-parametric Kruskal Wallis
rank sum tests (Conover 2001) were performed for both the dielectric constant and effective
conductivity at 5, 10 and 15 GHz to test for differences between reduction and cancer surgery,
normal-tissue samples.

3.2.5. Comparison between normal and malignant tissue dielectric properties. We used
MANOVA as described above to compare the dielectric properties of normal and malignant
tissue at 5, 10 and 15 GHz. Three separate analyses were conducted. In all cases, we
considered only those malignant samples that contained �30% malignant tissue. The first
analysis included all samples where the adipose tissue content was �10%. The second analysis
was identical to the first but also included a term in the model to adjust for the per cent of
fibroconnective tissue. The third did not restrict the per cent adipose tissue and did not adjust
for fibroconnective tissue content.

4. Results and discussion

4.1. Histology

The kappa statistic calculated for the inter-rater analysis was 0.75, indicating substantial
agreement in the methodology utilized by the pathologists at the two universities in evaluating
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Figure 2. Histograms of the distributions of percentages of (a) adipose tissue, (b) fibroconnective
tissue and (c) glandular tissue within the database of tissues with a normal diagnosis.

the histology slides. Furthermore, we found that there was no effect of location after the
effects of diagnosis and adipose content were removed (p > 0.22). Therefore, we concluded
that we could self-consistently combine the data from UW and UC into a single database.

Figure 2 shows histograms of distributions of tissues (adipose, fibroconnective and
glandular) in the database of normal samples. The composition of the normal samples
analyzed in this study varied greatly between low water-content and high water-content,
similar to the composition of tissue samples obtained from breast-reduction surgeries.
Figures 3(a)–(d) show the histograms of distributions of tissues (adipose, fibroconnective,
glandular and malignant, respectively) in the database of cancer samples. Here, ‘malignant’
tissue refers to all cancer types found in this study (IDC, ILC, DCIS and LCIS). Furthermore,
figures 3(e) and (f) show histograms of the distributions of the two dominant cancer types
(IDC and DCIS, respectively) in this study. The labels ‘normal samples’ and ‘cancer samples’
in figures 2 and 3, respectively, correspond to the overall diagnosis of the tissues included in
the histograms.

We note several important features of the data of figures 2 and 3. First, the adipose and
glandular tissue contents of the cancer samples are very low. Specifically, 50 of the 60 cancer
samples (83%) contained 0–20% adipose tissue, and all 60 cancer samples contained 10%
or less glandular tissue. This is explained by the fact that the vast majority of cancer tissues
analyzed in this study originated within the glandular region of the breast, so we would expect
these tumors to contain very little adipose and normal (non-malignant) glandular tissues.
Second, very few cancer samples contained appreciable amounts of cancer types other than
IDC. This is due to the fact that IDC is the most prevalent type of breast cancer in women. The
next most prevalent cancer type was DCIS: six samples contained DCIS contents of 30% or
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Figure 3. Histograms of the distributions of percentages of (a) adipose tissue, (b) fibroconnective
tissue, (c) glandular tissue and (d) malignant tissue within the database of tissues with a cancer
diagnosis. Malignant tissue includes all cancer types considered in this study: IDC, ILC, DCIS
and LCIS. Histograms of the distributions of percentages of (e) DCIS and (f) IDC, the two most
prominent cancer types in this study.

greater, three samples contained DCIS contents of 11–29%, and 51 samples contained 0–10%
DCIS. The compositions of the other two cancer types in this study were very low: LCIS
content ranged from 2 to 10% (two samples), and ILC content ranged from 1 to 10% (five
samples).

4.2. Data fitting and reduction

Figure 4 shows two representative examples of the raw measurement data (circles) along with
the fitted Cole–Cole curves (solid lines). Figures 4(a) and (b) show an example of a normal
data set, while figures 4(c) and (d) show an example of a cancer data set. The measured
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Figure 4. Examples of Cole–Cole fits to two representative experimental data sets. (a) Dielectric
constant and (b) effective conductivity as a function of frequency for a normal sample; (c) dielectric
constant and (d) effective conductivity as a function of frequency for a cancer tissue sample.

data were fit closely with a single-pole Cole–Cole model for both low water-content and
high water-content breast tissues. We emphasize that out of 160 measurements, only five
were excluded from further statistical analysis because they could not be fit with a Cole–Cole
model.

Figure 5 shows the one-pole Cole–Cole curves for the 85 normal data sets, figure 6 shows
the one-pole Cole–Cole curves for the 60 cancer data sets, and figures 7 and 8 show the
one-pole Cole–Cole curves for the five UW benign samples and five UC benign samples,
respectively. In all figures, the curves are color coded based on the adipose tissue content of
each sample. In order of highest to lowest adipose content, the colors (in the online version
of the journal) are red, purple, blue, cyan and green. In addition, the black curves, in order
of lowest to highest dielectric properties, represent the dielectric properties of lipids (dashed
lines), blood (dash-dot lines) as reported in Gabriel et al (1996), and 1.0 wt% saline solution
(solid lines) as reported in Hilland et al (1997). The dielectric properties of lipids were
measured in our laboratory using the same open-ended coaxial probe and technique described
previously. Figures 5–8 illustrate that the dielectric properties of all tissue samples analyzed
in this study are bounded from below by the dielectric properties of lipids, and from above by
the dielectric properties of saline. The dielectric properties of blood are near the top of this
range.

Consistent with the results of our previous analysis (Lazebnik et al 2007a), the dielectric
properties of normal samples reported here span a very large range (figure 5). Most of the red
curves (high adipose-content samples) cluster towards the low dielectric-properties end, while
most of the green curves (low adipose-content samples) cluster towards the high dielectric-
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Figure 5. One-pole Cole–Cole fits to the 85 normal data sets. The curves are color coded based on
the amount of adipose tissue present in each sample. The solid black (upper) curve represents the
dielectric properties of saline, the dashed black (lower) curve represents the dielectric properties
of lipids, and the dash-dot black (middle) curve represents the dielectric properties of blood.
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Figure 6. One-pole Cole–Cole fits to the 60 cancer data sets. The curves are color coded based on
the amount of adipose tissue present in each sample. The black curves are as in figure 5.
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Figure 7. One-pole Cole–Cole fits to the five UW benign data sets (four cystic cases, solid lines,
and one ductal hyperplasia case, dotted lines). The curves are color coded based on the amount of
adipose tissue present in each sample. The black curves are as in figure 5.

properties end. These observations agree with our expectations since the water content of
normal breast tissues varies between very low water-content (pure adipose tissue) and very
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Figure 8. One-pole Cole–Cole fits to the five UC benign data sets. The curves are color coded
based on the amount of adipose tissue present in each sample. The black curves are as in figure 5.

high water-content (glandular and/or fibroconnective tissues). In contrast, the majority of
the Cole–Cole curves for the cancer samples are green (low adipose content), and are found
towards the higher end of the dielectric-properties range (figure 6). This observation is
consistent with figure 3(a), which showed that the adipose content of the majority of the
cancer samples is very low.

The UW and UC benign cases were not combined into a single set because the types
of benign tissues differed at the two locations: there were four cystic cases (solid lines in
figure 7) and one ductal hyperplasia case (dotted lines in figure 7) at UW, while all the benign
cases at UC were fibroadenomas (figure 8). The dielectric-properties dispersion curves of
these generally low-adipose-content samples are found at the higher end of the range spanned
by the curves for lipids and saline. We did not perform further statistical analysis on the
dielectric properties of benign tissues since so few benign cases were available in this study.

4.3. Analysis of sources of variability

We found no statistically significant difference between the variability due to the patient and
the variability due to the sample within the patient (p > 0.22). Patient-to-patient and sample-
to-sample standard deviations (SDs) at 5 GHz for dielectric constant were 10.57 and 10.77,
respectively. For effective conductivity, the SDs were 1.12 S m−1 and 1.07 S m−1. Since
the magnitude of these differences is very small compared to the overall large range of the
dielectric-properties values, we did not include a term for the patient in further analyses.

4.4. Analysis of the effects of patient age, sample temperature and time between excision and
measurement

We found that the effect of tissue temperature on the dielectric properties of the normal samples
was statistically significant (p < 0.05). However, the temperature range of the samples
characterized in this study was relatively small. Furthermore, the magnitude of the dielectric-
properties changes over the small temperature range was small compared to the overall large
range of the dielectric properties of normal tissue samples, and there was no identifiable
pattern in the effect. Thus, we draw the same conclusion as in Lazebnik et al (2007a), namely
that this effect does not have practical importance for engineering applications. We found no
other statistically significant trends between the dielectric properties and patient age, sample
temperature and time between excision and measurement for both the normal and cancer data
sets.
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Figure 9. Median Cole–Cole curves for the dielectric properties of three adipose-defined tissue
groups for the normal breast tissue samples obtained from reduction surgeries (dashed lines) and
cancer surgeries (solid lines): (a) and (b) group 1 dielectric constant and effective conductivity;
(c) and (d) group 2; (e) and (f) group 3.

4.5. Dielectric properties of normal breast tissue samples obtained from reduction and
cancer surgeries

The normal samples obtained from cancer surgeries were distributed across the three adipose-
defined tissue groups as follows: group 1 contained 39 samples, group 2 had 16 samples,
and group 3 contained 30 samples. In comparison, the distribution of normal samples
obtained from reduction surgeries was as follows: group 1 had 99 samples, group 2 contained
84 samples and group 3 had 171 samples (Lazebnik et al 2007a).

Figure 9 shows the Cole–Cole curves for the median dielectric properties of the three
adipose-defined groups for breast tissues obtained from reduction surgeries (dashed lines) and
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Table 2. Cole–Cole parameters for the dielectric properties of the three adipose-defined groups of
normal samples obtained from reduction surgeries.

Group 1 Group 2 Group 3

Percentile 25th 50th 75th 25th 50th 75th 25th 50th 75th

ε∞ 9.941 7.821 6.151 8.718 5.573 5.157 2.908 3.140 4.031
�ε 26.60 41.48 48.26 17.51 34.57 45.81 1.200 1.708 3.654
τ (ps) 10.90 10.66 10.26 13.17 9.149 8.731 16.88 14.65 14.12
α 0.003 0.047 0.049 0.077 0.095 0.091 0.069 0.061 0.055
σs (S m−1) 0.462 0.713 0.809 0.293 0.524 0.766 0.020 0.036 0.083

Table 3. Cole–Cole parameters for the dielectric properties of the three adipose-defined groups of
normal samples obtained from cancer surgeries.

Group 1 Group 2 Group 3

Percentile 25th 50th 75th 25th 50th 75th 25th 50th 75th

ε∞ 5.013 7.237 7.816 3.891 6.080 6.381 3.122 3.581 3.882
�ε 40.60 46.00 50.21 4.113 19.26 32.30 2.133 3.337 5.020
τ (ps) 10.16 10.30 10.47 13.83 11.47 10.41 14.27 15.21 12.92
α 0.091 0.049 0.055 0.038 0.057 0.081 0.099 0.052 0.059
σs (S m−1) 0.607 0.808 0.889 0.082 0.297 0.561 0.034 0.053 0.103

cancer surgeries (solid lines). The variability bars around the medians represent the 25th–75th
percentiles. The Cole–Cole parameters of the curves corresponding to the 25th percentile,
50th percentile (median) and 75th percentile are shown in table 2 (reduction surgeries) and
table 3 (cancer surgeries). We found statistically significant differences in the dielectric
properties of normal samples obtained from reduction and cancer surgeries for all three
adipose-defined tissue groups. For example, for group 1 at 5 GHz, the median dielectric
constant for samples obtained from reduction surgeries was 44.2, while the median dielectric
constant for normal samples obtained from cancer surgeries was 47.5. The median effective
conductivities were 4.15 S m−1 and 4.5 S m−1, for the samples obtained from reduction and
cancer surgeries, respectively. For group 2 at 5 GHz, the median dielectric constants were
35.9 and 22.4, for the samples obtained from reduction and cancer surgeries, respectively. The
median effective conductivities were 3.12 S m−1 and 1.99 S m−1, respectively. Finally, for
group 3 at 5 GHz, the median dielectric constants were 4.45 and 6.19, for the samples obtained
from reduction and cancer surgeries, respectively. The median effective conductivities were
0.21 S m−1 and 0.40 S m−1, respectively. The median dielectric properties at other frequencies
for the three groups exhibit the same trend as at 5 GHz.

We note that the differences in the dielectric properties for groups 1 and 3 are small in
light of the variability of the dielectric properties of individual curves, and thus do not signify
the presence of any important bias. This is shown in figures 9(a), (b), (e) and (f), where
the variability bars for the breast reduction and cancer data sets overlap. In addition, the
Cole–Cole parameters for these two groups for breast tissues obtained from reduction and
cancer surgeries are very similar (see Cole–Cole values corresponding to 50th percentiles in
tables 2 and 3). In contrast, the differences in the dielectric properties for group 2 for breast
tissues obtained from reduction and cancer surgeries are larger, which is shown in figures 9(c)
and (d). The Cole–Cole curves for the median dielectric properties of group 2 for samples
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Figure 10. Median Cole–Cole curves for (a) dielectric constant and (b) effective conductivity of
cancer samples with minimum malignant tissue contents of 30% (dotted lines), 50% (dash-dot
lines), and 70% (solid lines). The variability bars correspond to the 25th–75th percentiles.

obtained from cancer surgeries are substantially lower than the Cole–Cole curves for the
median dielectric properties of this group for samples obtained from reduction surgeries. This
is also clear from the values of the Cole–Cole parameters for group 2 shown in tables 2 and 3.
We attribute this observed difference to two factors. First, the number of samples contributing
to the medians is very different: 84 samples for the breast reduction database, and 16 samples
for the cancer database. The median estimated from a smaller number of samples is likely
to be less accurate than the median estimated from a larger number of samples. Second,
the distributions of tissue compositions for the samples obtained from reduction and cancer
surgeries are skewed. Samples containing 51–84% adipose tissue make up three-fourths of all
normal samples obtained from cancer surgeries, while they make up only half of all normal
samples obtained from reduction surgeries. Since more of the samples in the intermediate
group obtained from cancer surgeries have higher adipose contents than the samples obtained
from reduction surgeries, it is expected that the median dielectric properties of these samples
is lower. This skewed distribution of tissue compositions is a direct result of the measurement
protocol employed in this study. Specifically, since we collected measurements on normal
samples away from the site of the tumor, and since all of the breast tumors considered in this
study arise in glandular tissues, it follows that the normal tissue samples characterized in this
study had higher adipose contents than the normal tissue samples characterized in the breast
reduction study.

4.6. Comparison between normal and malignant tissue dielectric properties

Figures 10(a) and (b) show the median Cole–Cole curves of cancer samples with 30% or
greater malignant tissue content (dotted lines), 50% or greater malignant tissue content (dash-
dot lines), and 70% or greater malignant tissue content (solid lines). Here, by ‘malignant
tissue content’ we mean the sum of the percentages of all cancer types (IDC, DCIS, ILC
and LCIS) considered in this study. The variability bars around the medians represent the
25th–75th percentiles. Restricting the minimum malignant tissue content ensured that the
cancer samples included in the analysis contained sufficient malignant tissue for a meaningful
analysis. The median Cole–Cole curves of samples with a higher minimum malignant tissue
content (e.g. 50% or 70%) are virtually indistinguishable from the median Cole–Cole curves of
samples with a minimum malignant tissue content of 30%. Furthermore, setting the minimum



6108 M Lazebnik et al

Table 4. Cole–Cole parameters for the dielectric properties of 49 cancer samples that contain 30%
or greater malignant tissue content.

Percentile 25th 50th 75th

ε∞ 7.670 6.749 9.058
�ε 43.92 50.09 51.31
τ (ps) 10.70 10.50 10.84
α 0.028 0.051 0.022
σs (S m−1) 0.748 0.794 0.899

malignant tissue content to higher values (50% or 70%) would result in less reliable results due
to the smaller number of samples included in the analysis (33 or 14, respectively), compared
with the 49 samples that contained 30% or more malignant tissue content. Therefore, we
concluded that it was most appropriate to include all cancer samples with minimum malignant
tissue content of 30% in the analyses described below. The Cole–Cole parameters of the
curves corresponding to the 25th, 50th, and 75th percentiles for cancer samples containing
30% or greater malignant tissue content are shown in table 4.

We present the results comparing the dielectric properties of normal and cancer tissue
samples obtained from cancer surgeries utilizing the following three techniques in our statistical
analyses: (1) adjusting for adipose tissue content, (2) adjusting for adipose and fibroconnective
tissue contents and (3) not adjusting for adipose or fibroconnective tissue contents.

4.6.1. Adjusting for adipose tissue content (technique 1). We found statistically significant
differences between the dielectric properties of normal and cancer samples (p < 0.07) over
the 0.5–20 GHz frequency range, when we considered only samples with maximum adipose
content of 10%. Restricting the maximum adipose content to 10% allowed us to focus our
analysis on high-water-content samples, without skewing the results by including normal
tissues with high adipose contents. Thus, the 28 normal samples included in this analysis
were composed primarily of normal glandular and/or fibroconnective tissues, while the
37 cancer samples were composed primarily of malignant glandular (IDC, DCIS), and normal
fibroconnective tissues.

At 5 GHz, the mean dielectric constant for the subset of normal tissue samples described
above was 46.13, while the standard error of the mean (SE) was 1.80. The mean dielectric
constant for the subset of cancer tissue samples described above was 49.78 (SE = 1.17),
which is 7.9% higher. Similarly, at this frequency, the mean effective conductivity for normal
tissue samples was 4.39 S m−1 (SE = 0.18 S m−1), while the mean effective conductivity for
cancer tissue samples was 4.83 S m−1 (SE = 0.13 S m−1), which is 10.0% higher. We found
similar trends at other frequencies. In fact, the largest difference between the mean dielectric
properties of normal and cancer breast tissue samples was approximately 11.7% (effective
conductivity at 15 GHz).

It is known that malignant tumors have increased perfusion over normal tissues due to
increased angiogenesis (Alberts et al 2002). Therefore, one might speculate that the dielectric
properties of in vivo malignant tumors will be increased when the increased perfusion is taken
into account. However, as we showed in figure 6, the dielectric-properties curves of blood
are found within the cluster of curves formed by the cancer samples. Therefore, we do not
expect that adjusting for the increased perfusion in malignant tissues will appreciably raise
their dielectric properties.
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4.6.2. Adjusting for adipose and fibroconnective tissue contents (technique 2). We found
no statistically significant differences (p > 0.12) between the dielectric properties of normal
and cancer samples when we considered only samples with maximum adipose content of
10%, and also adjusted for fibroconnective tissue content. By adjusting for fibroconnective
tissue content, we are effectively conducting a direct comparison of the dielectric properties
of normal glandular and malignant glandular tissues in the breast.

4.6.3. Not adjusting for adipose or fibroconnective tissue contents (technique 3). We found
statistically significant differences between the dielectric properties of normal and cancer
samples when we did not adjust for adipose or fibroconnective tissue contents. The malignant
tissue content of cancer samples was still constrained to be �30%. Consequently, this analysis
included 49 cancer samples and all 85 normal samples. At 5 GHz, the mean dielectric constant
of normal samples was 33.84 (SE = 1.83), while the mean dielectric constant of cancer samples
was 48.98 (SE = 1.09), which is 44.7% larger. The mean effective conductivity of normal
samples at this frequency was 3.19 S m−1 (SE = 0.18 S m−1), while the mean effective
conductivity of cancer samples was 4.75 S m−1 (SE = 0.12 S m−1), which is 48.9% larger.
We found similar trends at other frequencies—both the mean dielectric constant and effective
conductivity of the cancer samples were consistently 40–50% larger than those of the normal
samples.

We emphasize that this third technique of analyzing and interpreting the data is potentially
misleading if taken out of context. Since we did not adjust for adipose tissue content here,
the mean dielectric properties of normal samples are strongly influenced by the dielectric
properties of adipose tissue. As we showed previously in figures 2(a) and 3(a), approximately
30% of the normal samples analyzed in this study have adipose contents of 90–100%, while
none of the cancer samples have adipose contents of 90–100%. Clearly, not adjusting for
the content of adipose tissue between the normal and malignant samples considerably biases
the results of this analysis in favor of the high adipose-content tissues, resulting in greatly
reduced mean dielectric properties of the normal samples. Accordingly, this technique reveals
that there is a large dielectric-properties contrast between normal adipose-dominated tissues
and malignant glandular tissues in the breast. Referring back to figures 9 and 10, we observe
a nearly 10:1 contrast between malignant tissue (figure 10) and normal tissue that is almost
entirely adipose (the group 3 curves in figure 9). We reiterate that the first two techniques
presented earlier in this section, which adjust for adipose and fibroconnective tissue content
in the normal and malignant samples, demonstrate that there is very little contrast between
normal fibroconnective/glandular breast tissues and malignant glandular breast tissues.

4.7. Variation of tissue composition with dielectric properties

Each graph in figure 11 was created by plotting three sets of data points representing tissue
percentages for each sample within a specific specimen class (normal or cancer), at a position
along the horizontal axis corresponding to that sample’s dielectric properties at 5 GHz.
Subsequently, a smoothing function was applied to the three sets of data points to create
curves for each tissue type. These plots present an alternative way of viewing our data, by
showing how the tissue composition of normal samples (figures 11(a) and (b)) and cancer
samples (figures 11(c) and (d)) changes as the dielectric properties at 5 GHz change. Similar
trends were observed at 10 and 15 GHz (data not shown). We note that figures 11(a) and (b)
are very similar to figures 10(a) and (b) in Lazebnik et al (2007a), indicating that the tissue
composition of normal samples changes in a similar way as the dielectric-properties change,
regardless of whether the normal samples were obtained from reduction or cancer surgeries.
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Figure 11. Per cent tissue type as a function of dielectric constant and effective conductivity at 5
GHz for (a) and (b) tissue samples diagnosed as normal and (c) and (d) tissue samples diagnosed
as cancer.

Figures 11(c) and (d) illustrate that in general, as the dielectric constant and effective
conductivity at 5 GHz increase, the malignant tissue content increases, while the adipose
tissue content decreases. These trends are intuitive, since the low-water-content adipose tissue
has low dielectric properties, while the high-water-content malignant tissue has high dielectric
properties. We note that there is no curve for normal glandular tissue content in these plots
because it is very difficult to generate smooth curves for a tissue type that is present in such
small quantities.

4.8. Incorporating the results of this study into numerical and physical breast phantoms

The compact Cole–Cole representations of the wideband dielectric properties reported in
tables 2, 3 and 4 and in Lazebnik et al (2007a) can serve as benchmarks in the design
of numerical breast phantoms with dispersion models that are suitable for computational
electromagnetics simulations of microwave imaging and cancer detection, monitoring and
treatment systems. For example, in Lazebnik et al (2007b), we proposed highly accurate
one- and two-pole Debye models for the three adipose-defined groups for normal breast
tissues. The two-pole models are in excellent agreement with the benchmark Cole–Cole
models over the entire 0.5–20 GHz frequency range, while the one-pole Debye models are
in excellent agreement with the Cole–Cole models over the 3.1–10.6 GHz frequency range,
which corresponds to the FCC-authorized band for ultrawideband medical imaging systems
(Federal Communications Commission 2003).
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Figure 12. Comparison of our median Cole–Cole curves for normal and malignant tissue with
measured dielectric properties of TM phantom materials (Lazebnik et al 2005). (a) and (b)
Dielectric constant and effective conductivity, respectively, for the three adipose-defined normal
tissue groups. Solid lines: median Cole–Cole curves for normal tissue samples obtained from
cancer surgeries (in the order of highest to lowest dielectric properties: group 1, group 2 and
group 3). Dashed lines: median Cole–Cole curves for group 2 for normal tissue samples obtained
from reduction surgeries. (c) and (d) Median Cole–Cole curves for the dielectric constant and
effective conductivity, respectively, of cancer samples with minimum malignant tissue content of
30%. Symbols: measured dielectric properties of TM phantom materials (∗, 10% oil; �, 30% oil;
�; 50% oil; �, 80% oil).

The results of this large-scale study can also serve as benchmarks in the design of
materials for use in physical breast phantoms. To illustrate one possible approach, we
compare the dielectric properties of previously developed tissue-mimicking (TM) phantom
materials (Lazebnik et al 2005) to the median dielectric properties of normal and cancer
tissues summarized by the Cole–Cole parameters in tables 2–4. Lazebnik et al (2005)
previously demonstrated that the TM materials can be customized to simulate a variety of
biological tissues over a wide frequency range by carefully controlling the composition of the
oil-in-gelatin dispersions. Figures 12(a) and (b) show the median Cole–Cole curves of the
three adipose-defined groups for normal breast tissues obtained from reduction and cancer
surgeries. For groups 1 and 3, we show only the median Cole–Cole curves for normal breast
tissues obtained from cancer surgeries (top solid lines: group 1, bottom solid lines: group
3), since we showed in section 4.5 that the median Cole–Cole curves for tissues obtained
from cancer and reduction surgeries are very similar for these two groups. For group 2, we
show the median Cole–Cole curves for normal tissues obtained from both cancer (middle
solid lines) and reduction (dashed lines) surgeries. The symbols show the measured dielectric
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Figure 13. Comparison of our malignant tissue data with previous studies. Lines: median
dielectric properties of the cancer samples from our study with 30% or greater malignant
tissue content. Symbols: malignant breast tissue dielectric properties data published previously
(◦, Chaudhary et al (1984); �, Surowiec et al (1988); ∗, Joines et al (1994)). Vertical arrows:
range of data reported by Campbell and Land (1992) at 3.2 GHz for malignant tissues.

properties of TM phantom materials. In the order of highest to lowest dielectric properties,
the compositions of the TM materials are 10% oil, 30% oil, 50% oil and 80% oil. The
dielectric properties of these four compositions of TM materials agree with the median Cole–
Cole curves of normal breast tissues very well over the entire 0.5–20 GHz frequency range.
Similarly, figures 12(c) and (d) show the median Cole–Cole curves for the dielectric constant
and effective conductivity of cancer samples with minimum malignant tissue content of 30%.
The symbols show the measured dielectric properties of TM materials with 10% oil. Again,
the dielectric properties of phantom materials with this composition agree with the median
Cole–Cole curves for malignant breast tissue very well from 0.5 to 20 GHz. Consequently, we
recommend utilizing our TM materials containing 10–80% oil to simulate the various normal
and malignant breast tissues that one might wish to include in a realistic experimental breast
phantom.

4.9. Comparison with previous studies

Figure 13 shows the median curves (lines) of the cancer samples characterized in this study
with 30% or more malignant tissue content, along with data points (symbols) that represent
results published in three earlier studies (Chaudhary et al 1984, Surowiec et al 1988, Joines
et al 1994) for malignant breast tissues. The data reported in this study agree extremely well
with previously published results. The vertical arrows represent the range of data reported in
Campbell and Land (1992) at 3.2 GHz for malignant breast tissues. The median dielectric
properties for breast cancer samples reported in our study fall near the top of the range given
in Campbell and Land (1992).

Some of the previously published small-scale studies reported considerable dielectric-
properties contrast between normal and malignant breast tissues at microwave frequencies.
For example, Chaudhary et al (1984), who analyzed normal and malignant breast tissue from
15 patients, found that the dielectric properties of malignant breast tissues at 1–2 GHz were
approximately 300–500% greater than the dielectric properties of normal tissues at these
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frequencies. Similarly, Joines et al (1994), who analyzed 12 measurements on normal breast
tissue and 12 measurements on malignant breast tissue, found that the dielectric properties
of malignant tissues were approximately 200–500% greater than the dielectric properties of
normal tissues at 900 MHz. These results, combined with the results of our statistical analysis
using the third technique presented earlier in this section, lead us to speculate that the normal
tissues in these small-scale studies may have had significant adipose content. As a result,
the contrasts reported in these studies were likely dielectric-properties contrasts between
normal adipose tissue and malignant glandular tissue. In contrast, Campbell and Land (1992),
who analyzed 22 normal and 41 diseased (malignant or benign) tissue samples at 3.2 GHz
and distinguished between normal high-water-content tissue and adipose tissue in the breast,
concluded that there was very little contrast between the dielectric properties of normal and
diseased breast tissue. This conclusion is consistent with the results of our statistical analysis
using the first two techniques presented in this section.

5. Summary and conclusions

In this paper, we reported the ultrawideband dielectric properties of 155 normal, cancer
and benign breast tissue samples from 0.5 to 20 GHz obtained from cancer surgeries at
the University of Wisconsin and University of Calgary hospitals. We fit a one-pole Cole–
Cole model to the complex permittivity data set collected for each sample. We found that
the dielectric properties of normal tissues span a very large range, from very low lipid-like
dielectric properties to high dielectric properties approaching those of saline. This finding is
consistent with our conclusions from characterizing a large number of normal tissue samples
from breast reduction surgeries (Lazebnik et al 2007a). In contrast, we found that the dielectric
properties of malignant tissues are high and span a relatively small range. We also found that
the dielectric properties of benign tissues are similar to the properties of lower-adipose-content
normal breast tissues.

We investigated three statistical analysis techniques of comparing the dielectric properties
of cancer samples (containing 30% or more malignant tissue) with the dielectric properties of
normal samples obtained from cancer surgeries. First, we adjusted for adipose tissue content
of all samples by only comparing the mean dielectric properties of samples that contained
0–10% adipose content. Second, we adjusted for the content of both adipose and
fibroconnective tissues in all samples. Finally, as an instructive counter-example, we did not
adjust for the content of adipose or fibroconnective tissues, and compared the mean dielectric
properties of all malignant samples containing 30% or greater cancer tissue with all normal
samples characterized in this study. The results of our analyses indicate that the microwave-
frequency dielectric-properties contrast between malignant breast tissues and normal adipose-
dominated breast tissues is large, ranging up to a 10:1 contrast when considering almost
entirely adipose breast tissue as the reference. In contrast, the dielectric-properties contrast
between malignant and normal fibroconnective/glandular breast tissues is considerably lower,
no more than approximately 10%.

In addition, we found that secondary factors, such as the time between measurement and
excision, sample temperature (within the range of temperatures observed in this study), and
patient age have negligible effects on the dielectric properties of breast tissues. Furthermore,
there is no statistically significant difference in the within-patient and between-patient
variability of the dielectric properties. The compact Cole–Cole representation for the wideband
dielectric properties makes it possible to readily incorporate accurate dielectric-properties
values into future numerical and experimental breast phantoms used in the development of
microwave breast imaging and breast cancer detection, monitoring, and treatment applications.
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