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Purpose: To correlate the Cole relaxation frequencies obtained from measurements of the electrical
properties of breast tissue to the presence or absence of cancer.
Methods: Four-lead impedance measurements were obtained on ex vivo specimens extracted during
surgery from 187 volunteer patients. Data were acquired with a commercial Solartron impedance
bridge employing 4-lead Ag–AgCl or blackened platinum (BPt) electrodes at frequencies logarithmi-
cally spaced from 1 Hz to 3.2 × 107 Hz utilizing 6–10 frequencies per decade. The Cole frequencies
obtained from these measurements were correlated with the tissue health status (cancer or noncancer)
obtained from histological analysis of the specimens.
Results: Analysis of the impedance measurements showed that the Cole relaxation frequencies cor-
related to the presence or absence of cancer in the examined tissue with a sensitivity up to 100%
(95% CI, 99%–100%) and a specificity up to 85% (95% CI, 79%–91%) based on the ROC curve of
the data with the Cole frequency as the classifier.
Conclusions: The results show that the Cole frequency alone is a viable classifier for malignant
breast anomalies. Results of the current work are consistent with recent bioimpedance measurements
on single cell and cell suspension breast cell lines. © 2012 American Association of Physicists in
Medicine. [http://dx.doi.org/10.1118/1.4725172]
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I. INTRODUCTION

Characterization of the bio-electric properties of human tissue
was made possible by the work of Cole et al. who produced an
equivalent circuit to model biological impedance behavior.1, 2

This equivalent circuit (embodied in the Cole function, Eq. (1)
below) typically models the spectral data with four parameters
including the relaxation frequency,

Z = R1 − R3

1 +
(
j

f

fc

)α + R3, (1)

where bold quantities are complex and nonbold quantities are
real numbers; Z is the complex sample impedance where Zp
is the real or resistive part of Z, and Zpp is the imaginary or
reactive part; real parameters R1 and R3 represent the low and
high frequency limits of Z, respectively; f is the measurement
frequency; and fc is the Cole relaxation frequency, both in Hz;
j = √−1; and α is a dimensionless number that is inversely
related to the broadening in the frequency domain of Zp, and
the spread of the peak seen in −Zpp.

Gabriel et al.3, 4 have collected a large body of data on the
electrical properties of human tissue from the literature and
parameterized the data by fitting to multiple Cole functions.
The Gabriels’ work has demonstrated that Cole parameteriza-
tion results describe different human tissue types (muscle, fat,
skin, etc.) and different regions of frequency response (dis-
persion regions) as defined by Schwan5 labeled: α (From 101

Hz to ∼103 Hz), β (from 103 to <107 Hz), δ (<1010 Hz),
and γ (>1010 Hz). Each of the dispersion regions is attributed
to different frequency dependent phenomena in the tissue.6

Schwan identified 12 biomaterial elements that can be probed
by bioimpedance measurements in the various dispersion re-
gions (see Fig. 1).7 Of these, 11 of the 12 biomaterial phe-
nomena can be observed in the β region, 6 in the γ region,
and 5 in the α and δ regions. Most importantly, only the β

region allows measurement of properties of the vesicles and
the cell materials with membranes. Because our interest was
to probe the cell and cell membrane response to an applied
electric field, we concentrated on the β region from about 103

Hz to 107 Hz.
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FIG. 1. Tissue bioimpedance frequency response dispersion regions as
shown in Portero (Ref. 7), derived from Schwan (Ref. 5).

A practical application of the parameterization of electrical
properties of tissues is the detection and diagnosis of cancer.
Over the past two decades numerous studies of breast can-
cer tissue in the β dispersion region have been conducted, but
agreement has not been reached on the most reliable param-
eters for distinguishing cancerous from noncancerous breast
tissues using electrical properties. Jossinett and Schmitt8 mea-
sured the admittance of freshly excised breast tissue and con-
cluded that, although they found that differences in admit-
tance parameters distinguish cancerous from other types of
tissues, no single parameter alone was sufficient for discrim-
ination of any one tissue type. Chauveau et al.9 measured
breast tissues and reported that the conductivity, the charac-
teristic frequency, and the shape of the Bode plots were the
best predictors for distinguishing cancerous from noncancer-
ous tissue. Wang et al.10 developed a classification method
using five parameters, which are projection slopes; the center
coordinates of the Cole-Cole curve; the area ratio of a differ-
ence curve defined in the paper; the fitting slope of the dif-
ference curve; and the span of the difference curve. Wang
et al.11 performed an ex vivo impedance spectroscopy ex-
periment and showed that the resistivity of various breast
tissues exhibit the following pattern: adipose tissue > can-
cerous tissue > mammary gland and benign tumor tissue.
Estrela et al.12 used statistical analysis to derive a set of rules
based on features extracted from the graphical representation
of electrical impedance spectra. These rules were used hierar-
chically to discriminate several classes of breast tissue.

Perhaps the most comprehensive studies of the electrical
bioimpedance of human breast tissue have been conducted by
two groups. The Paulson13, 14 group at Dartmouth has reported
studies both in the laboratory and in a clinical setting, compar-
ing ex vivo and in vivo data.15 Conductivity and permittivity
were measured in ex vivo samples over the frequency range
from 100 Hz to 8.5 GHz. The Hagness group at the Univer-
sity of Wisconsin has reported results in the microwave region
for tissue from patients with breast disease16 and in a separate
paper17 from patients undergoing breast reduction.

The current paper differs from this previous work in that
we distinguish cancerous from noncancerous breast tissue by

the use of a single parameter, the Cole relaxation frequency.
Most of the previous work used multiple parameters to dis-
tinguish healthy and cancerous tissue. A related difference
is that many of the previous reports utilized admittance or
impedance values as part of the classification scheme. That
choice can be problematic, since a complicated heterogene-
ity of tissue types can produce an average value that is in the
range of yet another tissue type that is not actually present.
This can cause either a false positive (if the average data are in
the range of the sought after classification), or a false negative
(if one of the admixture of tissue types was, in fact, the sought
after classification). We found the separation of tissue types
was better accomplished in the frequency domain. This choice
required a detailed investigation of the bioimpedance spectra
of numerous specimens and the development of a method of
analysis to untangle overlapping relaxation impedance spec-
tra found in inhomogeneous samples. These analyses are re-
ported herein.

II. METHODS

II.A. Clinical protocol

The ex vivo measurements reported here are part of a con-
tinuing long term Institutional Review Board (IRB) approved
study (beginning in 2004 and renewed annually) at the Au-
rora Health Care hospitals in Milwaukee, WI, with the goal
of developing a database of breast tissue electrical properties
obtained from excised breast tissue.

In accordance with the approved IRB protocol for this
study, we enrolled patients based on the presumptive diagno-
sis of a disease process ongoing in the breast. Measurements
of a patient’s samples were subsequently included in this anal-
ysis if the histological diagnosis of the disease from examina-
tion of microscope slides of the tissue samples included com-
binations of invasive ductal and/or lobular carcinoma with or
without ductal or lobular carcinoma in situ (DCIS or LCIS),
and DCIS or LCIS alone. Samples of such tissue are referred
to as cancer (CA) in this paper. Patients with a pathologic
description of benign breast disease (BBD) including a con-
firmed diagnosis of Fibroadenoma, noninfiltrating papilloma,
and nonspecific tissue reaction without malignant or atypi-
cal cells, were excluded from this analysis. Cases of atypical
ductal or lobular hyperplasia also were not included in this
analysis. Fibroglandular tissue in a matrix of adipocytes was
considered “normal ductal” tissue (DU).

Immediately following a surgical lumpectomy or mastec-
tomy, the excised tissue was taken to the histology laboratory
for gross margin analysis, processing, and sectioning of the
tissue. The histology laboratory provided fresh tissue samples
as follows: (1) a portion of the cancerous (CA) lesion(s) and
(2) glandular (ductal and lobular) rich tissue (DU) 5 cm from
a region outside the closest tumor margin. (These abbrevia-
tion designations and definitions are used throughout this pa-
per.) To minimize concerns that ischemic changes of the tissue
would alter our results if the tissue was not examined imme-
diately after excision,18, 19 a research team member received
the freshly excised tissue in the surgery suite and carried
the tissue to the histology laboratory. The elapsed time from

Medical Physics, Vol. 39, No. 7, July 2012



4169 Gregory et al.: The Cole frequency to identify cancer in breast 4169

excision to beginning impedance measurements was thus kept
to a minimum, usually less than 10 min.

CA and DU samples provided by the pathology laboratory
personnel were large enough to cover the 1 cm square surface
area of the electrodes and ranged in size from 1–2 cm2 to 3–4
mm deep. On occasion, the size of the tumor for a given pa-
tient was so small that the pathologist could not provide us
with tissue from the tumor without compromising the ability
to make enough microscope slides to achieve a suitable diag-
nosis. On other occasions tissue from regions greater than 5
cm from the tumor margin could not always be obtained be-
cause the partial mastectomy was not large enough (this oc-
curred for about 30% of the patients). For these reasons, the
net numbers of CA and DU samples were not equal. Also,
at times we would measure the bioimpedance of several CA
samples for a given patient if there was uncertainty regarding
the histological character of a tissue. These different regions
were marked separately, counted as separate samples, but still
attributed to a given patient.

After completion of the impedance measurements, each
sample was returned to the laboratory where a pathologist
would examine microscopic slides of each specimen and is-
sue a pathology report. Pathology results were then compared
to the impedance measurement results.

II.B. Apparatus and measurement technique

The measurement fixture consisted of 4-lead electrodes,
4 mm long, 0.5 mm in diameter parallel circular cross-
section rods aligned in a straight-line array separated by 2
mm (center-to-center) between adjacent electrodes. Two dif-
ferent electrode configuration geometries and two different
electrode surface treatments were employed.

Geometries: (a) with electrodes perpendicular to the tissue
to be measured so that they could be inserted into the tissue
specimen; or (b) with the same electrodes bent and made par-
allel to the tissue surface so that measurements could be made
by smoothly moving the electrodes across the specimen. Data
were taken with both types of electrodes and the results were
comparable.

Surface treatments: (a) silver-silver chloride (Ag–AgCl) or
(b) blackened platinum (BPt). Both were equally effective in
reducing electrode polarization (EP) effects.20

A previous paper reported that the effect of breast cancer
on the measured electrical properties of tissue can be very pro-
nounced over small distances21 in the tissue near a tumor. For
the impedance data collected with injection type electrodes
we were able to obtain a one-to-one correspondence between
the region of interest (ROI) examined by the pathologist and
the ROI measured electrically. This is because injection elec-
trodes produce indentations in the tissue that can be seen un-
der a microscope, confirming the ROI agreement between our
data measuring volume and the pathology analysis. For data
acquired using the sliding type electrodes, we used the stan-
dard coloring agents for marking histology specimens to indi-
cate the electrical impedance ROI.

To determine whether the tissues were exhibiting changes
in the Cole relaxation frequency during the subsequent

impedance measurements, we took three sample measure-
ments over time, recording the times of each measurement as
part of the computer file data. These observations confirmed
that the Cole relaxation frequency did not change measurably
during our measurements (less than 6% of the Cole frequency
for measurements that took 15 min). We also found that some
short time changes in the impedance plots occurred when the
electrodes were placed in a sample. Using calibrated con-
ductivity electrolyte solutions held at various fixed temper-
atures, we traced these changes back to the electrodes taking
some time to equilibrate to media that differed in tempera-
ture and/or conductivity. Based on the results of these design
experiments, we accepted as our final measurement one in
which equilibrium had been reached and there was no observ-
able change in the impedance plot from the previous measure-
ment.

Having developed an acceptable experimental sample-
handling protocol, we moved to analyzing the electrical re-
sponse of our apparatus. To do this we measured the electri-
cal properties of tissue samples at frequencies from 1 Hz to
3.2 × 107 Hz using a Solartron 1260A impedance-phase/gain
analyzer.22 A considerable effort was devoted to correct the
Solartron frequency response for observed high frequency
anomalies due to front-end loading (leakage currents) and
roll-off of the input voltage amplifiers. We also conducted ex-
periments with calibrated concentration electrolyte solutions
to confirm our designation of some impedance features as
artifacts and some as true response of the tissue cells. Fi-
nally, we developed a number of software tools to compare
our data to the Cole function, Eq. (1). Among these, we used
a nonlinear minimization routine developed by Powell23 to
obtain the best fit of the Cole function parameters to the
data. More of the technical details regarding the hardware
and software used in this work will be described in a future
paper.

III. RESULTS

To date we have analyzed 232 CA and 141 DU specimens
from the 187 volunteer patients. Figure 2 shows the results
from a fit of the Cole function to the impedance measurements
of excised breast tissues for two cases: Fig. 2(a) is a plot of Zp
and Zpp of a DU (ductal) tissue sample, Fig. 2(b) is a similar
plot for a CA (cancerous) region. In these figures, we also
show fc, α, and the Pearson correlation values of the fit of the
data for each component to Eq. (1). For these two samples,
the Cole relaxation frequency is noticeably different.

An effective parameter for determining the health status
of breast tissue requires an accurate means of measuring this
parameter. Tissue impedance data are strongly affected by the
Cole frequency as a fitting parameter over the entire frequency
domain, with one characteristic point (the peak in −Zpp) oc-
curring exactly at the Cole frequency. As we examined a large
amount of data, we found that our data comprised a rich set of
phenomena, ranging from: (a) data with a single time constant
or Cole frequency (Fcole) comparable to the almost ideal Cole
plots of Fig. 2; (b) cases with separable multiple Cole peaks of
Fig. 3; and (c) more complex data with a variety of large and
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FIG. 2. Comparison of the impedance components vs frequency from 102 to 106 Hz for two samples: (a) a DU sample (tissue with high ductal material content
excised about 5 cm from the tumor margin), and (b) a CA sample (tissue from the interior of a cancerous tumor). The Cole parameters α, fc, and the Pearson
correlation values for the fit of each component are provided.

small magnitude excursions displaying overlapping Cole-like
contributions. We developed the following procedures to de-
termine the Cole frequencies for each of these types of data:

a. Single peak data (41% of the data): For data with well
separated peaks in −Zpp, 90.9% have a Pearson corre-
lation value to the Cole function for Zp of 0.99 or bet-
ter, and 98.6% of 0.9 or better, while for −Zpp, 81.0%
have a correlation of 0.99 or better and 97.3% have a
correlation of 0.9 or better. For these cases, the Powell
minimization procedure can be trusted to return a math-
ematical “best fit” that is physically tenable producing
positive values for the Cole fit parameters (i.e., fc > 0;
0 < α < 1; R1 and R3 > 0).

b. Multiple distinct peak data (33% of the data): When
a small number of peaks in −Zpp are present and are
close together, we found that fitting two or three Cole
functions to the data will unfold the overlap of the
−Zpp maxima or minima and generate a precise fit of
the experimental and theoretical curves using the Pow-
ell procedure that are also physically reasonable, a sim-
ilar finding to that of Gabriel et al.4 Figure 3 is an exam-
ple of a case where there are two contributing portions

to the measured Z of a tissue specimen that are fit us-
ing two Cole functions. Figure 3(a) is a plot of the Zp
component of the impedance for the experimental data,
each of the two contributing portions, and the theoret-
ical sum of the contributing portions. Figure 3(b) is a
similar plot for the Zpp component.

c. Complex peak frequency distributions (26% of the
data): Finally, yet another class of data was identified
that showed multiple overlapping peaks in −Zpp. In
those cases, we made use of a unique feature of the
Zp component of the data: the region on either side of
the frequency point where −Zpp peaks (i.e., where f

fc

= 1) is linear vs log10( f

fc
), to a very good approxima-

tion, even when the −Zpp peak is difficult to identify
and seemingly convoluted. By selecting the middle of
the range of frequencies where Zp is linear in log10( f

fc
)

to identify each fc value, we obtained a set of Cole fre-
quencies for a given specimen. We used an interactive
computer program to fit the data to both components
of Z to multiple Cole functions with each of those fc
values, verifying these choices as Cole function contri-
butions to the overall impedance of the specimen.
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FIG. 3. An example of a case where there are two peaks in −Zpp that are fit
using two Cole functions. (a) A plot of the Zp component of the impedance
for 4-lead experimental data, each of the two contributing peak elements, and
the theoretical sum of the contributing peaks. (b) A similar plot for the −Zpp
component.

We have used the methods mentioned above to analyze
our data, first with data that had clearly separated Cole
peaks, or overlapping peaks separable with the methods (a)
and (b) above. That analysis was undertaken by three re-
searchers and repeated about 5 times, in whole or part. Re-
cently, we perfected the broader semiautomatic technique (c)
and two researchers expanded the analysis to subsets of the
data amenable to all three methods. In cases where we ob-
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FIG. 5. Likelihood distributions of CA and DU designations based on the
distribution of Cole frequency values.

served a broad smearing of the Cole plots vs frequency, we
assigned a range of frequencies to Fcole that encompassed this
spread. A specimen was classified as CA if a portion of this
range of frequencies overlapped with the spread of CA fre-
quencies found for other cases using methods (a) and (b).

To test the hypothesis that the health status of breast
tissue is correlated with the Cole frequency obtained from
impedance measurement of the tissue we have created his-
tograms of these Cole frequencies. It is well known that care
in the use of histogram analysis requires choosing an optimum
bin width. The Sturges24 and Scott25, 26 rules for bin widths are
applicable to the smaller datasets discussed here. They predict
an optimum bin width of the order of one bin per decade of
frequency, which we found produced reasonable distribution
shapes without the erratic behavior caused by overly small
choices of bin width. The Freedman-Diaconis27 rule applies
to larger datasets and was not useful for this work.

Figure 4 is a histogram of the number of samples per Cole
frequency (Fcole) derived from analysis of the impedance data
for 232 CA samples and 141 DU samples. The data for each
tissue type were normalized to a standard total of 100 normal-
ized (Norm) values. We computed the mean values of each
data bin and the standard error of these mean values. We used

FIG. 4. Histogram plots of the distribution of the Cole relaxation frequency values, Fcole, for CA and DU samples.
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1005 Hz) was reached. The optimum sensitivity and specificity are indicated
on the plot, with a more complete listing of the optimum statistics shown in
Table I.

these data to estimate the repeatability of each data bin as 4%
as described by Cumming et al.28 The error bars in the plot
are set at that value.

The data in Fig. 4 are a measure of the relative distribution
functions of CA and DU Cole frequency values at a num-
ber of histogram bin frequencies. Figure 5 is a likelihood plot
obtained from taking the ratios of the distribution functions
at each histogram center frequency to illustrate the relative
likelihood that one will find CA or DU in a given frequency
regime. The error bars in the likelihood plots are 5.6%, com-
puted from the combined errors of the division of the distribu-
tion function values for each frequency bin. From these plots
we developed a criterion for designating cancer as more likely
when the Cole frequencies (or a portion of the spread in the
Cole frequency values) are in the range of 105 Hz–2 × 106

Hz. A noncancer designation is more likely if the Cole fre-
quencies are in the range of 103 Hz–105 Hz. Figure 6 is a
ROC plot of these data wherein the top Cole frequency of
2 × 106 Hz was reduced in steps and the true positive rate
(TPR) and false positive rate (FPR) were recomputed as a
classifier of our CA (cancer) vs our DU (ductal) samples. As
indicated on the plot, the optimum TPR value is 1.0 or 100%.
Further statistical data for this optimum point are listed in
Table I.

TABLE I. Diagnostic two level test for cancer and ductal.

Cancer Ductal 95% CI

Positive 232 21
Negative 0 120
Sensitivity 100% 99%–100%
Specificity 85 79%–91%
Pretest probability 62 57%–67%
Positive predictive value 92 88%–95%
Negative predictive value 99 98%–100%
Likelihood ratio (+) 6.69 4.51–9.92
Likelihood ratio (−) 0.01 0.00–0.04

IV. DISCUSSION AND CONCLUSIONS

In this paper we have examined the use of the Cole relax-
ation frequency as a classifier to find cancerous breast tissue.
We found that the Cole relaxation frequency is an excellent
indicator of the presence of breast cancer. The salient result
of these measurements is the conclusion that cancerous tissue
was shown to have a Cole relaxation frequency between about
105 Hz and 2 × 106 Hz.

In comparison to previous work cited earlier,1–16 we note
that the work reported here differs primarily in the concentra-
tion on a single parameter classification scheme (the Cole re-
laxation frequency) and the subsequent need to separate Cole
frequencies from samples of mixed tissue types, or nonperfect
tissues. Jossinett and Schmitt,8 Wang et al.,11 and Chauveau
et al.9 all describe various types of tissue components found
in the breast. In particular, Chauveau et al. observed many
types of data that we have also seen in the samples where it
is more difficult to separate out multiple Cole relaxation fre-
quencies. They have identified some of these as specimens
that exhibit substantial fibrocystic changes, an identification
that agrees with our observations. In these more challenging
specimens, the Cole function [Eq. (1)] is often inadequate to
describe the large spread of relaxation frequencies with a sin-
gle Cole function and associated parameters. We are conduct-
ing a theoretical investigation of alternate methodologies to
solve this problem.

We have not found a study of intact ex vivo or in vivo breast
tissue that delineates the same range of Cole frequencies (1 ×
105–2 × 106 Hz) as we have associated with the presence of
breast cancer. However, we do cite here two recent studies of
four breast cell lines that support this conclusion. These stud-
ies used cells suspended in phosphate buffered electrolyte so-
lution (PBS). The cell lines used in those studies are: benign
human breast tissue cell line MCF-10A, early-stage breast
cancer cell line MCF-7, invasive human breast cancer cell
line MDA-MB-231, and metastasized human breast cancer
cell line MDA-MB-435. Han et al.29 measured the magni-
tude and phase of the response of single cells from each cell
line. These were single cells suspended in PBS trapped be-
tween electrodes in a microfluidic device. The measurements
were made over a frequency range from 102 to 3 × 106 Hz.
The magnitude of the impedance exhibited a strong power
law dependence on frequency for disease free cells (MCF-
10A) ([frequency](−2.5)). For each of the other cell lines the
exponent in the power law was smaller than 2.5, decreasing
from MCF-7 to MDA-MB-231, and finally to MDA-MB-435
where the impedance magnitude was essentially a constant
([frequency](−0.0)). We interpret this as a reduction in polariz-
ability of the cells as they transform to cancer.

If the polarizability of breast tissue reduces in cancer spec-
imens, as Han et al. apparently found, then one would also ex-
pect the effective time constant of the tissue to change, based
on this simple model: with the time constant of the tissue de-
fined as a resistance, R, times a capacitance, C, associated
with the relaxation time constant in the cell (τ ), C will be
smaller if the polarizability is smaller, so the time constant
(τ = RC) will be smaller and thus the relaxation frequency
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higher. This is indicative of a change from a polarizable to a
nonpolarizable cell with respect to the suspension medium.

The measurements of Qiao et al.30 support this hypothesis.
They measured the overall average impedance values for the
same cell lines in the same suspension fluid as Han et al. and
found that the Cole relaxation frequency changed from 3.1 ×
105 to 1.01 × 106 Hz from the disease free to the metastatic
cancer cell lines, respectively, which fits within the frequency
range we have associated with cancerous tissue in this paper.
When we further postulate that the cell lines will likely have
more uniformity than the full tissue ex vivo specimens, this
would explain why the spread of “cancer” Cole frequencies is
smaller for the cell lines.

The observation that we see cancerlike values for peaks
in −Zpp where there are no identifiable cell morphology
changes under the microscope might result from the inability
to observe precancerous cell changes in typical histologic ob-
servations for cell components smaller than the 200 nm limit
of optical imaging. Subramanian et al.31 have recently shown
that one can observe disorder in the nanoarchitecture for cell
components much smaller than the optical limit using partial
wave analysis. In particular, they have shown that this disor-
der is present in both transformed and nontransformed cells in
colon cancer patients but not in noncancer patients. Another
possibility that may account for the Cole frequency determi-
nations similar to cancer cells might be the presence of low
levels of transformed cells dispersed throughout the normal
tissue. Since most of these results occurred in the normal tis-
sue areas of patients with invasive disease cancer, occult cells
may be present deeper in the tissue not visible to a surface
analysis as is performed in most pathology laboratories. Al-
though these authors think this as an unlikely scenario, the
possibility cannot be discarded. Perhaps occult tumor cells
contribute just sufficient signal to the Cole frequency deter-
mination to indicate the presence of these cells despite their
apparent absence in the visible examination. In support of this
hypothesis, at least half of the samples indicating a “false pos-
itive” signal had defined areas outside the margin of the inva-
sive tumor, and one additional sample had evidence of lym-
phovascular invasion associated with the tumor area, although
not apparent in the ductal sample measured.
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