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Abstract— Knowledge of the dielectric properties of human 
tissues is important for several biomedical applications, including 
imaging and hyperthermia treatment, as well as for determining 
safety thresholds in policy making. Breast tissues, both normal 
and tumorous, are of particular interest because of the medical 
and social impact of breast cancers. While experimental data is 
available up to 20 GHz, for higher frequencies this information is 
missing, or has been extrapolated from models based on lower-
frequency data. Emerging technologies and applications in the 
mm-wave region would benefit from experimental data that  
bridge this gap.  

This paper presents the characterization of dielectric 
properties of breast tissues for the frequency range from 0.5 to 50 
GHz. Cole-Cole models are derived for normal and tumorous 
tissues based on experimental measurements on more than 220 
tissue samples obtained at surgery (ex-vivo) from a population 
exceeding 50 patients, covering a wide span of normal and 
tumorous tissues, from patients ranging in age from 28 to 85 
years, with a time from excision to measurements under 3.5 
hours.  

This paper also presents a comprehensive analysis of the 
differences between normal and tumorous breast tissues at 
different frequencies in terms of sensitivity and specificity. 
 
Index Terms—Biomedical applications, breast cancer, dielectric 
characterization, dielectric properties, ex-vivo tissues, microwave 
imaging, mm-waves, sensitivity, specificity.  

I. INTRODUCTION 
HE USE of mm-waves in biomedical applications has 
been increasing in recent years, and in many cases it 

represents a natural continuation of well established 
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developments in the RF and microwave region of the 
electromagnetic spectrum  [1]. The natural advantage of mm-
waves compared to microwaves is the shorter wavelength, 
which allows better spatial resolution and downscaling of 
components (in particular sensors and antennas). In addition, 
the latest developments in mm-wave technologies, driven by 
the automotive (car radar), safety (body scanner), and 
communication (short-range links) markets, are a significant 
stimulus for the exploitation of mm-waves in other fields [2]–
[4]. Biomedical applications benefiting from this technological 
trend cover many different aspects, including imaging of outer 
organs [5], localized near-skin hyperthermia medical 
hyperthermia [6], in-vivo and ex-vivo sensing devices 
(glucose, corneal, dental caries, and skin cancer monitoring) 
[7]–[10], and also stimulated discussions on the compliance 
with exposure guidelines [11].  

The potential for mm-waves to contribute to breast cancer 
detection and characterization deserves particular attention 
because of the high societal impact, and the ongoing debate 
over existing screening practices for this type of cancer. Breast 
cancer detection is currently achieved (on top of manual 
palpation) by using three different imaging techniques, i.e., 
ultrasound, magnetic resonance imaging, and X-ray 
mammography. However, all techniques have disadvantages. 
Ultrasound is strongly dependent on physician ability, thus 
generating an extremely variable success rate. Magnetic 
resonance imaging involves a time-consuming procedure with 
a large and costly machine, preventing its use for mass 
periodical screening. In addition, the use of a contrast agent, 
which allows to improve the evaluation of the neoplastic and 
inflammatory pathologies, make it an invasive procedure. X-
ray mammography, on the other hand, is widely used for mass 
periodical screening because it provides good diagnostic 
performance at relatively low cost, but requires an 
uncomfortable compression of the breast and exposure to 
ionizing radiation, which augments the risk of tumour 
development with the increase of repeated screening. 
Regardless of the diagnostic modality, biopsy is widely used 
to obtain a final determination of the nature of lesions before 
proceeding to intervention, which typically involves surgery.  

For the above reasons, alternative or complementary low-
cost approaches based on non-ionizing electromagnetic waves 
are welcome and could have a significant clinical impact on 
two major applications. The first application concerns breast 
imaging. Prototypes systems for breast imaging based on 
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microwaves up to few gigahertz have been demonstrated [13]–
[17], but these lack spatial resolution [12], [18]. Therefore, 
imaging systems at higher frequencies, including mm-waves, 
THz-waves, and even infrared frequencies, have been 
proposed to improve resolution, overcoming the limited 
penetration depth typical of these frequencies mainly using 
suitable array architectures [19]–[23]. The second application 
is related to tissue identification (normal vs. lesion), both for 
ex-vivo (after biopsy) and in-vivo (directly during surgery) 
scenarios. In these cases, the penetration depth is not a major 
issue, and prototypes for cancer identification have been 
developed in the THz and sub-THz regime [24]. 

In parallel with these developments, the rapidly growing use 
of high-frequency communication systems, mainly intended 
for short-range and indoor links between devices, and 
automotive radars, has created a need to verify the compliance 
of these systems with respect to allowed exposure thresholds, 
as well as the consistency of said thresholds with the health 
protection priorities of policy-makers [11]. 

A limitation for the development of mm-wave applications 
is that the complex permittivity of human breast tissues has 
been experimentally measured only up to 20 GHz and above 
150 GHz [25]–[28]. Traditionally, the dielectric properties for 
mm-wave frequencies have been extrapolated using models 
based on the sub-20-GHz data, and to the knowledge of the 
authors, not been verified with experimental measurements. 
Such measurements are fundamental in the bioengineering 
domain to verify whether mm-waves are valid candidates for 
tumour identification and more generally to accelerate the 
development of new sensors and applications [1]. 

This paper aims to fill the gap in knowledge of dielectric 
properties for frequencies up to 50 GHz, by establishing a 
comprehensive catalogue of breast tissue characteristics that 
extend a preparatory work presented, where different types of 
animal tissues (i.e., lean and fat tissues) are compared with 
first preliminary samples of a human breast (i.e., malignant 
and normal tissues) [29]. Surgical breast tissues, obtained 
from 53 patients, for a total of 222 different samples, are 
characterized in terms of complex permittivity and validated 
by pathological analysis. The population covers a wide range 
of ages (from 28 to 85 years), time from excision to 
measurement (from 6 minutes to 3 hours and 29 minutes), and 
normal and tumorous tissues (166 and 56, respectively), thus 
providing an overview of breast pathology. 
 This extensive experimental campaign, described in Section 
II and III, allows us to derive Cole-Cole models for breast 
tissues from 0.5 to 50 GHz, reported in Section IV. In 
addition, the differences between normal and tumorous breast 
tissues are analyzed for various frequencies to provide 
estimates of the potential sensitivity and specificity, as defined 
in Section V. 

II. MEASUREMENT SETUP AND WORKFLOW 
The measurement setup, depicted in Fig. 1, is based on an 

open-ended coaxial probe. This approach, which provides the 
complex dielectric permittivity of the material under test 
(MUT) after measuring the complex reflection coefficient, is 

particularly suited for the broadband characterization of 
biological tissues obtained at surgery. The small footprint of 
the coaxial probe head, less than one centimetre in diameter, 
and the working principle, a reflectometry technique requiring 
only a small pressure between the coaxial probe head and the 
MUT, are well suited to work with small biological samples 
that cannot be specifically prepared for dielectric 
characterization [30]. Indeed, the subsequent use of the same 
biological sample for pathological analysis requires rapid and 
non-destructive measurements. 

The system shown in Fig. 1 is composed of an open-ended 
coaxial probe (Keysight 85070E Dielectric Probe Kit), 
suitable for measurements over the 0.5–50 GHz frequency 
range. The coaxial probe is driven by a Keysight E8361C 
Vector Network Analyzer (VNA) via a high-performance 
flexible coaxial cable, which is also used to retrieve, display 
and store the complex dielectric permittivity of the MUT. The 
mechanical part consists of a positioner to support the probe 
over the MUT, and a mechanical mover on which the MUT is 
placed, in such a way that it can be moved toward the coaxial 
probe, fixed at the mechanical positioner, achieving a 
repeatable pressure, avoiding air gaps and MUT deformations. 

The system is conceived to provide the maximum stability 
to the MUT characterization. At frequencies approaching 50 
GHz, phase stability is important for reliable measurements. 
The high-performance flexible coaxial cable, provided with 
the Keysight 85070E Dielectric Probe Kit, is specifically 
designed to provide phase stability against cable movements 
[31]. Moreover, the cable, supported by the mechanical 
positioner, remains untouched during the entire experimental 
characterization, as the MUT is moved toward the coaxial 
probe using the mechanical mover, and not vice-versa. In 
addition, the mechanical mover is equipped with a digital 
pressure sensor to provide a controlled and repeatable 
pressure, in the range of few tens of milligrams. The coaxial 
probe is calibrated before each measurement using standard 
loads, namely distilled water, short circuit, and open ended. 
The coaxial probe head exhibits a small sensing area. In 
particular, the diameter of the inner conductor is 0.268 mm 
while the diameter of the outer conductor is 1.6 mm. 

To increase probe robustness and improve probe handling, 
the coaxial probe is housed in an external aluminium body, not 
contributing to the sensing area, which is slightly less than one 
centimetre in diameter.  

 

 
Figure 1. Representation of the measurement setup. 
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Figure 2. Schematic representation of the coaxial probe sensing volume. The 
outer aluminium body is not depicted. 
 

Thus, the probe generates a quasi-static capacitor-like field 
with a sensing volume described by a diameter and a 
penetration depth of around 2 mm for all operation frequencies 
(Fig. 2). However, this sensing volume is not uniformly 
weighted by the probe to calculate the dielectric permittivity. 
Instead, the portion of the sensing volume close to the probe 
head is more relevant than other areas [31]. For this reason, a 
lot of attention is paid to have a MUT as uniform as possible 
for each measuring area, in such a way that the volume 
immediately beneath the probe head is representative of the 
entire sensing volume.  

Before the experimental measurements on human biological 
samples, the coaxial probe was verified in terms of accuracy 
and sensing volume, taking into account the probe dielectric 
properties chart, shown in Fig. 3. Measurements on different 
materials with known dielectric properties, including liquids 
(deionized water [32, 33], methanol [33], ethanol [33], 2-
propanol [34], and n-butanol [33]), and solids (black foam, 
preperm L700HF, and Teflon [35]), were used to estimate the 
accuracy. As an example, the measurement of deionized water 
at 25°C (a material with large values for both the real and the 
imaginary part of the dielectric permittivity, well within the 
recommend region of the probe chart) and Teflon (a material 
with small values for both the real and the imaginary part of 
the dielectric permittivity, an extreme low-loss case in the 
non-recommend region of the probe chart, where the 
measurement of the imaginary part is practically impossible) 
are reported in Fig. 4, showing excellent agreement with the 
theoretical values. 

In addition, the sensing volume was evaluated through 
measurements of several materials (the liquids mentioned 
above, as well as agarosio, lard, bacon, coppa, pork filet, 
chicken heart, liver, and breast), varying the sample thickness, 
and calculating the measurement variation with and without a 
metal plate below the MUT. Varying the sample thickness, 
and consequently the distance between the probe head and the 
metal plate, it is possible to determine when the latter ceases 
to affect the measurements, thus providing a metric of the 
maximum penetration depth. As an example, in Fig. 5 it is 
shown the percentage variation of the real part of dielectric 

permittivity for a liquid (deionized water at 25 °C, similar to 
human lean tissues) and for a biological sample (lard, similar 
to human fat tissues). The variation is negligible (i.e., lower 
than 1%) for distances greater than or equal to 2 mm.  

Sensing on the lateral direction, this is largely dictated by 
the probe geometry, as the field is practically confined 
between the outer (1.6 mm) and the inner conductor. A 
previous work [31], considering known standard liquids, 
indicated sensing diameters in the order of 5 mm and 7 mm 
for a 2.2-mm and 3-mm probe, respectively. However, during 
the preparatory experimental campaign discussed above, a 
lateral sensing diameter of 2 mm is retrieved, being any effect 
on the measurement of the dielectric permittivity given by 
outer regions negligible compared with the expected 
variability of biological tissues. 

 

 
 

Figure 3. Dielectric properties chart for lean and fat animal tissues from 0.5 
GHz to 50 GHz against the coaxial probe range of usability provided by the 
probe manufacturer (non-recommended region shown in shaded grey). 
 

 
Figure 4. Accuracy of the measurement evaluated for a liquid sample 
(deionized water at 25°C) and a solid sample (Teflon). Comparison between 
measured and theoretical values.  

0

10

20

30

40

50

60

70

0.01 0.1 1 10

R
e(

r)

Loss tangent

Lean tissues
Fat tissues

0

10

20

30

40

50

60

70

80

0 10 20 30 40 50

C
om

pl
ex

 P
er

m
itt

iv
ity

Frequency (GHz)

Measured - Re( r) -water
Theoretical - Re( r) - water
Measured - Im( r) - water
Theoretical - Im( r) - water 
Measured - Re( r) -teflon
Theoretical - Re( r) - teflon



Su
 

Fig
(de
the
the
 

pr
th
ph
th
pr
no
as
ex
hu
tio

Eu
cl
co
in
st
an

m
tis
th
su
pr
ne
tis
th
15
an
su
ex
Th
w
gr
sp
an

ubmitted to T-

gure 5. Volume 
eionized water at
e real part of com
e probe and the sa

In any case,
robe body pra
han 5-6 mm 
hases confirm
he entire 0.5–
roperties of b
on-recommend
s shown in F
xpected to pro
uman breast t
on suggests th
The measur

uropean Insti
linical protoco
ollaboration w
ntegration of 
andard medic
nalysis. 

The surgical
mastectomy, in

ssue) were se
hey were label
urgical excisi
repared by t
eoplastic (rela
ssue based o

hickness of abo
500 mm3 in o
nd sensitive 
ubsequent path
xample of a 6
he time range

was recorded. D
ross stations,
pecimens, this
nd 29 minutes

0.01

0.1

1

10

100

P
er

ce
nt

ag
e 

E
rro

r (
%

)
-MTT 

sensing of the m
t 25°C) and a bio

mplex permittivity
ample under mea

, mechanical 
actically dictat

in diameter. 
med the perfor

–50 GHz ba
oth lean and 
ded region pro
Fig. 3. Since 
ovide a respon
tissues, respe
he probe is app
ements on h
itute of Onco
ol is outlined i
with the medi

the electrom
cal routine lea

l specimen (
ncluding neo
nt to the surg
lled and hand
ion, a roug
the pathologi
ated to the dev
on gross app
out 6 mm and

order to ensure
region of the
hological anal
6x15x15 mm
e between su
Depending on
, and on th
s time range v
s. The tempera

1 10
F

water - 1 mm
lard - 1 mm

measurement eval
ological sample (
y, calculated for 
asurement. 

limitations gi
ted to work w

These prelim
rmance of the
and. In partic
fat animal tis
ovided by the 

lean and fat
nse similar to t
ctively, this p
propriate for h

human tissues
ology (IEO) i
in Fig. 6, and 
cal staff in o

magnetic mea
ading from sur

(lumpectomy, 
oplasm and 
gical patholog
dled by the pa
hly parallele
ist from an 
velopment of t
pearance. Th
d volume of be
e full contact 
e probe head
lysis (as show

m3 tumour sam
urgical excisio
n the patholog
he complexit
varied from 6
ature of the sa

25
Frequency (GHz)

water - 2 mm
lard - 2 mm

luated for a liqui
lard). Percentage
several distances

iven by the e
with spots not 
minary exper
e coaxial prob
cular, the di
ssues lay outs
probe manuf

t animal tissu
tumorous and 
preliminary v
human tissues
s took place 
in Milan, Ital
was defined i

order to optim
asurements in
rgery to patho

quadrantecto
surrounding 

gy gross room
thologist. Fro

epiped sampl
area suspec

tumours) and 
hese samples 
etween 700 m
between the 

d and to ens
wn in Fig. 7, w
mple is repres
on and measu
gists workload
ty of the s

6 minutes to 3
ample was me

50

water - 3 mm
lard - 3 mm

 
id sample 
e error, of 
s between 

external 
smaller 

rimental 
be over 
ielectric 
side the 
facturer, 
ues are 
normal 

verifica-
. 
at the 

ly. The 
in close 

mize the 
nto the 
ological 

omy or 
normal 

m where 
om each 
le was 
cted to  
normal 
had a 

mm3 and 
sample 

sure all 
where an 
sented). 
urement 
d at the 
surgical 
3 hours 
easured 

usi
im
Te
gu
the
ele
an
sim
all
of 
rea

me
the
are
ph
the
are
mi
dif
app
Af
me
im
an
use
eac
wi
 

Fig

Fig

ing a conta
mmediately pr
emperature an
uaranteed by u
e specimen w
ectromagnetic

nd by air con
milar to that 
lows for partl
f in-vivo tissu
al and imagina
The number

easurement, m
e size of the 
e easily recog

hase, the engin
e microscope 
ea to be an
icroscope ima
fference betw
preciated thro
fter normal p
easured, have

mages, limiting
nd normal tissu
ed to establish
ch area of the
ith the sample

gure 6. Clinical pr
 

gure 7. Example o

ct-less high-
rior to dielect
nd humidity 

using bio-spec
was removed 
c characterizat
nditioned sys

of surgical 
ly approachin
es, which pro
ary part comp
r of sites su
marked with d

sample (Fig. 
nized on micr
neer evaluates
and indicates
alyzed by th

age of a slice 
ween healthy c

ough the pin
pathologic wo
e been review
g the dichotom
ue (Fig. 9). T
h a database w
e samples, fro
 site. 

rotocol agreed be

of breast tumorou

15 mm

precision inf
tric permittivi

stability of
cimen transpo

around one 
tion, which ta
stem of patho
theatre. Over

ng the humidi
ovide higher 

pared to ex-viv
ubjected to 
ifferent acryli
8). These ink

roscopic exam
s each digital
, for each mea
he pathologis
is shown in F

cells and neo
nk and purple
orkflow, all t
wed by a pat
mous distincti

The histologic
where the die
om 0.5 GHz t

etween medical an

us tissue. 
15 mm

frared therm
ity characteri
f the sample
ort bags (from 

minute befo
akes a few se
ology gross 
rall, this pro
ity condition 
values for bo

vo tissues [36]
dielectric co

ic inks, depen
ks demarcated

mination. Duri
l image acqui
asurement poi
st. An exam
Fig. 9, in whi

oplastic cells 
e hues respec
the individual
thologist, on 
ion between t
al "diagnoses

electric proper
to 50 GHz, to

 
nd engineering st

 

4

ometer 
ization. 
e, was 

m which 
ore the 
econds) 
rooms, 

ocedure 
typical 
oth the 
. 
onstant 

nded on 
d areas 
ing this 
ired by 
int, the 

mple of 
ich the 
can be 
ctively. 
l areas 
digital 

tumour 
s" were 
rties of 
ogether 

taff. 



Submitted to T-MTT 
 

5

    
                             (a)                                                           (b) 
Figure 8. Example of dielectric permittivity characterization for human 
biological samples, showing: (a) the head of the coaxial probe in contact with 
a sample of a breast obtained at surgery; (b) the use of acrylic inks to easily 
identify the spot measurements for the subsequent pathological analysis.  
 

 
Figure 9. Example of microscope image of a slice of a human biological 
sample prepared for the pathological analysis. The acrylic inks are visible as 
the dark spots at the upper margin of the sample. 

III. DIELECTRIC PROPERTIES OF BREAST CANCER TISSUES 
The dielectric properties of breast tissues measured following 
the clinical protocol presented in section II are described in 
terms of real and imaginary part. The experimental campaign 
lasted two months and it included 53 different patients, 
providing 222 different samples. The pathological features are 
used as the standard of reference in assessing the ability of 
dielectric properties to discriminate between the tumorous and 
normal tissues. A further analysis is made within each tissue 
type. In particular, tumorous tissues are classified as invasive 
or non-invasive, while normal tissues are classified as low, 
medium, or high density tissues. In addition, the effects of 
patient age, sample temperature, and time between excision 
and measurements are analysed in order to evaluate their 
possible influence. 

A. Dielectric differences between tissues  
On the basis of the pathological analysis, measurements 

related to normal (166 samples) and tumorous tissues (56 
samples) are plotted versus frequency for both the real (Fig. 
10) and imaginary (Fig. 11) parts of the complex relative 
permittivity. For each sample, five consecutive measurements 
were taken to verify the stability over time (a time of 3 
seconds elapses between consecutive measurements). In all 
cases, a practically perfect overlap was achieved. An example 
of this superposition is shown in Fig. 12 and in Fig. 13, 
demonstrating the repeatability of the measurement setup, in 
particular against possible variation of the contact pressure. In 
particular, the optimum pressure for stable results using our 
measurement setup is in the order of 14 kPa (around 140 

g/cm2). This calibration procedure was part of the preparatory 
experimental campaign on animal tissues and other known 
materials, which allowed for acquiring the required know 
how. This pressure guarantees a good contact between the 
probe and the sample, avoid air bubbles or excessive 
compression.  

The measured samples differed from each other in terms of 
water and fat content, as detailed later in this section. This is 
reflected into a wide variability of the relative permittivity, as 
shown in Fig. 10 and Fig. 11. To provide a clear overview of 
this variability, Fig. 14 and Fig 15 summarize the measured 
data for both normal and tumorous tissues in terms of mean 
values (solid lines) and standard deviation (shaded bands, 1 
sigma). It can be observed that the mean values for tumorous 
and normal tissues are separated from each other at all 
frequencies, both for the real and imaginary part, with 
negligible overlap of the first standard deviation of the 
distributions. From a biophysical point of view, the 
predominant polarization effect in tissues between 0.5 GHz 
and 50 GHz is due to the orientation mechanism of water 
molecules. It is clear therefore that the observed differences in 
relative dielectric permittivity reflect difference in water 
content between tumour and normal breast tissue. 

In this particular case, three mechanisms may be involved 
in elevating the water content of tumours. First, edema in the 
tumour region may augment the extra-cellular water content. 
Second, tumour areas are unlikely to have large intracellular 
fat content, whereas adipose tissue, with relatively low 
intracellular water content, is a significant feature in breasts. 

 
  

  
                                (a)                                                           (b) 
Figure 10. Measurements of the real part of the complex relative permittivity 
for normal (a) and tumorous tissues (b). 
 

  
                                (a)                                                           (b) 
Figure 11. Measurements of the imaginary part of the complex relative 
permittivity for normal (a) and tumorous tissues (b). 
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                                (a)                                                           (b) 
Figure 12. Example of five consecutive measurements of the real part of the 
complex relative permittivity. Example reported for (a) normal and (b) 
tumorous tissues. 
 

 
                                (a)                                                           (b) 
Figure 13. Example of five consecutive measurements of the imaginary part of 
the complex relative permittivity. Example reported for normal (a) and 
tumorous tissues (b). 
 

 
Figure 14. Characterization of the real part of the relative dielectric 
permittivity for normal and tumorous tissues. The black solid line depicts the 
average for tumorous tissues whereas the grey dashed line depicts the average 
for normal tissues. The shaded region denotes the variable range at ± 1 
standard deviation. 

 
Figure 15. Characterization of the imaginary part of the relative dielectric 
permittivity for normal and tumorous tissues. The black solid line depicts the 
average for tumorous tissues whereas the grey dashed line depicts the average 
for normal tissues. The shaded region denotes the variable range at ± 1 
standard deviation. 

           
 
Figure 16. Two samples of normal tissues. On the left a photograph of a high 
adipose tissue and on the right a photograph of a low adipose tissue. 

 
TABLE I – DIFFERENT GROUPS FOR THE NORMAL TISSUES 

Group Adipose content (%) 

High adipose (Low density) 80 - 100 

Intermediate adipose (Medium density) 20 - 80 

Low adipose (High density) 0 – 20  

 
Lastly, tumorous tissues are often accompanied by a 

neoangiogenesis and therefore a greater vascular water 
content. It is also notable that normal tissues exhibit a much 
wider range of values than tumorous tissues. In fact, as seen in 
Fig. 14 and in Fig. 15, the standard deviations for normal 
tissues is roughly twice that of tumorous tissues. 
Heterogeneity in the adiposity of the normal tissues (also 
referred to as breast density) appears to account for this 
observation as examined in the next section. 

The large number of experimental samples (> 200), allows 
for a limited dispersion of the data. Both the 95% and 99% 
confidence intervals are very stable over the frequency range 
0.5–50 GHz. Indeed, for the 95% confidence interval, the 
minimum, average, and maximum width of the confidence 
interval is ±9.5%, ±10.5%, and ±11.9% of the mean, 
respectively. For the 99% confidence interval, the minimum, 
average, and maximum width of the confidence interval is 
±10.0%, ±11.1%, and ±13.0% of the mean, respectively. 

B. Dielectric differences within tissues 
Amongst the tumorous tissues, both invasive and non-

invasive tumours are identified by pathologist, but between 
them no statistical difference in dielectric properties is 
observed. Amongst the normal tissues, pathology reveals a 
wide range of adiposity.  

As described in Table I, the normal tissue samples are 
divided into three sub-groups on the basis of their percentage 
of adipose component. Of the 166 samples, 74 corresponded 
to tissues characterized by a high adipose content (80%  
100%). Tissues characterized by a low adipose content (0%  
20%), generally composed primarily of a mixture of fibrous 
and glandular tissue, accounted for 62 samples. The remaining 
30 samples are characterized by an intermediate adipose 
content (20% - 80%). The photographs in Fig. 16 show (left) a 
high adipose content tissue and (right) a low adipose content 
tissue. As fat content decreases, the average dielectric 
properties rise significantly between groups (Fig. 17), both for 
the real part and the imaginary part of the complex relative 
permittivity. For the real part, the effect is most pronounced at 
low frequencies where the values for the low adipose tissues 
(square markers) are 3-5 times greater than high adipose 
tissues (circle markers). Conversely, for the imaginary part the 
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effect is accentuated around 20 GHz where a resonance 
frequency of the water molecules has been reported 
previously. These differences appear to explain the wide 
variability of the dielectric properties of normal tissues. 

C. Comparison between different types of normal tissues and 
tumorous tissues 

The dependence of dielectric properties on breast water 
density in healthy breast tissues suggests that the contrast 
between tumorous and normal tissues will depend on the 
nature of the tissue surrounding the tumour. To examine the 
differences between tumour and normal tissues as a function 
of breast density, the average complex relative permittivity is 
compared between tumour and the three breast density groups 
at multiple frequencies, as depicted in Fig. 18 (real part) and in 
Fig. 19 (imaginary part). Between tumorous and low density 
tissues an average difference of 70% and 80% exists for the 
real and the imaginary part, respectively. Between tumorous 
and medium density tissues, an average difference of 40% and 
50% for the real and the imaginary part holds, respectively. 
The average difference reduces to 12% - 20% for the real and 
22% - 28% for the imaginary part between tumorous and high 
density tissue. These results suggest that the higher the 
adipose content of adjacent normal tissue, the more significant 
the dielectric contrast of tumorous tissues that can be 
expected. In addition, for a given adipose content this contrast 
decreases with the frequency for the real part, although at 50 
GHz it still remains larger than 10%, while it remains almost 
constant or slightly increasing with the frequency for the 
imaginary part. 

In addition, Fig. 20 further details the discussion on the 
difference between tumorous and normal tissues including the 
information on the standard deviation, as already shown in 
Fig. 14 and Fig. 15, but in this case addressing each category 
of normal tissue separately. Therefore, while Fig. 14 and Fig. 
15 address the situation where no a-priori information exists 
about the adipose content of the healthy tissues, Fig. 20 
addresses the situation where such an information can be 
exploited. It can be observed that an overlap exists between 
tumorous and high-density normal tissues (Fig. 20a), while the 
separation against medium-density (Fig. 20b) and low-density 
(Fig. 2c) normal tissues roughly coincides or even greatly 
exceeds with the 1-sigma bands, respectively. 

D. Analysis of the effects of patient age, sample temperature 
and time between excision and measurements 

The patient age, the time between excision and 
measurement and the temperature of the sample during the 
measurement recorded for each sample are used to evaluate 
whether the dielectric properties of the breast tissues are 
statistically dependent on these parameters. In particular, the t-
test is used for groups of the samples as described below, to 
determine if the sets of data are significantly different from 
each other. The tests are performed for several frequencies in 
order to span the whole frequency range. 

 
 

Temperature effect 
Because the dimensions of the measured samples are 

similar and the room temperature is tightly controlled, the 
temperature of the sample during the measurements remained 
stable, with a range limited to between 19°C and 22°C. 
According to the experience derived from the measurement of 
animal tissues, reported in Section II, this small variation does 
not provide any significant effect on the complex permittivity. 
For this reason, the temperature effect is not statistically 
evaluated. 

Conversely, a larger temperature variation can affect the 
complex permittivity. This may be the case in-vivo conditions, 
where a temperature of around 37°C is to be expected. 
However, it is widely accepted that the dielectric properties of 
ex-vivo tissues can be seen as a worst case compared to in-vivo 
tissues in terms of contrast between normal and tumorous 
tissue, thus providing a conservative safe margin [12],[39]. 

 
 

  
                                (a)                                                           (b) 
Figure 17. Comparison between the average real (a) and imaginary (b) part of 
the relative dielectric permittivity for different percentages of adipose content 
in normal tissues.  
 

Figure 18. Percentage differences between the real part of the relative 
dielectric permittivity for tumorous and normal tissues. 
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Figure 19. Percentage differences between the imaginary part of the relative 
dielectric permittivity for tumorous and normal tissues. 

 

    
(a) 

 

    
(b) 

    
(c) 

Figure 20. Comparison between the real (left column) and imaginary (right 
column) part of the relative dielectric permittivity between tumorous and 
normal tissues: (a) high density; (b) medium density; (c) low density. The 
black solid line depicts the average for tumorous tissues whereas the grey 
dashed line depicts the average for normal tissues. The shaded region denotes 
the variable range at ± 1 standard deviation. 

 
 

Patient age 
The effect of the patient age is analysed both for tumorous 

and normal tissues. The patients are divided into three groups, 
being the thresholds chosen to be relevant from a medical 
point of view:  

1. age < 40 years; 
2. age intermediate (  40 years and  60 years); 
3. age > 60 years. 

The t-tests do not show any significant difference for 
tumorous tissues. Amongst the normal tissues, the age effect is 
evaluated using a t-test for each of the three groups based on 
the breast density. A significant differences is found only for 
the group with low density (80% - 100% of adipose tissue) 
between the youngest (age < 40 years) and oldest (age > 60 
years) patients. For example, at 10 GHz, the average real and 
imaginary part of the relative permittivity are 11.6 and 4.25 
for the younger group while they are 6.95 and 1.76 for the 
older group, and at 30 GHz the average real and imaginary 
parts are 7.1 and 4.1 for the younger group versus 5.06 and 
1.74 for the older group. 

 
Time between excision and measurements  
The effect of the time between excision and measurements 

are analysed both for tumorous and normal tissues. The 
patients are divided in two groups:  

1. time < 90 minutes; 
2. time  90 minutes. 

No significant difference is observed.  

IV. COLE-COLE MODELS 
The dielectric properties of biological tissues can be 

expressed through the Debye model [37], which allows to 
represent a wideband frequency-dependent dielectric spectrum 
through a compact and analytical representation. One of the 
most commonly used models is a modified version of the 
Debye expression, proposed in 1941 and named as Cole–Cole 
model. A single-pole Cole–Cole model based on the 
measurements is adopted in this work for representing the 
complex relative permittivity : 

 

 
0

1)(1
)('')(')(

jj
j S  (1) 

 
where ' and '' represent the frequency-dependent (through 
the angular frequency ) real and imaginary part of the 
complex relative permittivity, and , , ,  and S are the 
Cole–Cole parameters, which are estimated through the least-
square fitting to the measured average dielectric properties. 
The parameters obtained for tumorous and normal tissues, 
separated into three different categories (low, medium and 
high density), are reported in Table II and Table III.  

Please note that Cole-Cole models are proposed for the 
measured average dielectric properties, thus representing the 
entire statistical population, not taking into account the 
different population age for the low-density normal tissues 
(the only case where differences were recorded). This choice 
is representative of a worst-case clinical situation, where no a-
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priori information on the nature of the breast is available and 
thus general models should be used. A graphical depiction of 
the dielectric properties calculated over the 0.5 – 50 GHz 
range using the Cole-Cole model is compared with the 
corresponding averages of the measured values both for 
tumorous and normal tissues in Figs. 21 and 22. A good 
agreement over the entire frequency band is achieved both for 
the real and the imaginary part. 

A comparison with the Cole–Cole parameters provided by 
previous experimental works below 20 GHz is presented in 
Table II and in Table III, for tumorous and normal tissues 
respectively [25],[26]. In addition a graphical representation is 
also shown in Figs. 21 and 22. It is worth noting that while 
both models can be virtually used at any frequency, above 20 
GHz the previous model relies on extrapolations, while the 
model presented in this work is based on actual measurements. 
It can be observed that the two models (this work and [25], 
[26]) provide similar results up to 20 GHz for tumorous 
tissues and for normal tissues with a low adipose content, 
while the curves exhibit a difference for normal tissues with 
medium and high adipose content.  

For tissues with high adipose contents (where even a 
modest water evaporation can significantly alter the tissue 
nature), a crucial role is the sample handling from surgery to 
microwave characterization, in particular in terms of humidity. 
As discussed in Sec. II, the clinical protocol agreed for this 
work minimized the water evaporation maintaining the larger 
excision always in bio-specimen transport bags and preparing 
the sample at the very last moment, exposing the sample itself 
to the air for less than one minute. Therefore, it is possible to 
partly approach the humidity condition typical of in-vivo 
tissues, which provides higher values for both the real and 
imaginary part [36]. For tissues with medium adipose contents 
the difference between the two models can be largely 
explained noting that this class of tissues includes samples 
within a wide range of adipose content (21-79 % and 31-84 % 
for this work and [25],[26], respectively). Consequently, the 
related curves are significantly dependent on the population 
distribution within these limits. 

V. SENSITIVITY AND SPECIFICITY 
The diagnostic performance of a given decision criteria can 

be characterized in terms of sensitivity (the percentage of sick 
people who are correctly identified as sick), and specificity 
(the percentage of healthy people who are correctly identified 
as healthy) [38]. Although a certain number of the diseased are 
correctly identified as such by a positive outcome of the test 
(true positive - Tp) some will be incorrectly classified as 
healthy (false negative - Fn), as shown in Fig. 23b. 

In the same way, the healthy will be divided between those 
who are negative by the test (true negative - Tn) and those 
incorrectly classified by a positive result of the test (false 
positive - Fp). The values of sensitivity and specificity are 
related to the Tp, Fp, Tn and Fn values through the equations 
(2) and (3):  

 
 

TABLE II – PARAMETERS OF THE COLE-COLE MODEL (1) 
 FOR TUMOROUS TISSUES 

 

 Tumorous 
(this work) 

Tumorous 
[25],[26] 

 50.5 50.09 

 5 6.749 

(ps) 9 10.5 

 0.07 0.051 

S(S/m) 0.9 0.794 

 
TABLE III – PARAMETERS OF THE COLE-COLE MODEL (1) 

 FOR NORMAL TISSUES 
 

Normal 

 Low density Medium density High density 

 This work1 [25],[26]2 This work1 [25],[26]2 This work1 [25],[26]2 

 6 1.708 23 34.57 36.5 41.48 

 4 3.14 5 5.573 6 7.821 

(ps)  10 14.65 19 9.149 9.4 10.66 

 0.09 0.061 0.08 0.095 0.06 0.047 

S(S/m) 0.1 0.036 0.5 0.524 0.7 0.713 
 

1: Low density: 80 – 100 % of adipose tissue; Medium density: 20 – 80 % of adipose tissue; High 
density: 0 – 20 % of adipose tissue. 
2: Low density: 85 – 100 % of adipose tissue; Medium density: 31 – 84 % of adipose tissue; High 
density: 0 – 30 % of adipose tissue. 
 

 
                                (a)                                                           (b) 
 

Figure 21. Measured and fitted (a) real part and (b) imaginary part of the 
relative dielectric permittivity for tumorous tissues. Comparison with the 
Cole-Cole model in [25], [26]. 
 
 

FnTp
TpySensitivit  (2) 

 
 

FpTn
TnySpecificit  (3) 

 
Ideally, both sensitivity and specificity would be 100%, with 
perfect distinction between the groups, as shown in Fig. 23a. 
In general, for real tests where Fp and Fn are always different 
from zero, the higher the sensitivity and the lower the 
specificity, and vice versa, depending on the choice of the 
decision threshold. In this study the sensitivity and specificity 
of mm-wave discrimination between tumorous and healthy ex-
vivo tissue samples are calculated on the basis of a cut-off 
value defined by one standard deviation, which appear to 
provide a good separation between tumorous and normal 
tissues, as shown in Fig. 14 and in Fig. 15. 
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(a) 

 
(b) 

 

 
(c) 

 

Figure 22. Measured and fitted real (left column) and imaginary (right 
column) part of the relative dielectric permittivity for normal tissues: (a) high 
density tissues; (b) medium density tissues; (c) low density tissues. 
Comparison with the Cole-Cole model in [25,26]. 

 

 
                               (a)                                                          (b) 
Figure 23. Example of an ideal test (a) and a real test (b) distribution. 

 
The pathology findings were used as the definitive basis for 

tissue nature. Due to the distribution of the measurements, two 
different situations may occur during the evaluation of the 
sensitivity and specificity. In particular, to address the 
potential of the dielectric permittivity to work as the contrast 
parameter between normal and tumorous tissues, a 
fundamental pillar for all microwave and mm-wave 
applications, sensitivity and specificity are calculated at 
different frequencies (1 GHz, 5 GHz, 10 GHz, 15 GHz, 20 
GHz, and 50 GHz) to highlight the frequency trend. In the first 

situation, which for example takes place at 1 GHz, the cut-off 
values of the two distributions (normal and tumorous tissues) 
do not overlap between them. In this case, as shown in Fig. 24, 
an undefined region is placed between the two cut-off values 
and the measurements that are located in this region are not 
considered in the calculation of sensitivity and specificity. In 
Table IV an example of values of Tp, Tn, Fp, and Fn derived 
for the real part of dielectric permittivity at 1 GHz is presented 
and in Table V the sensitivity and specificity calculated are 
reported. Conversely, in the second situation (for example at 
50 GHz), the cut-off values of the two distributions overlap 
between them and an overlap region is identified, as shown in 
Fig. 25. In this case, the cut-off value of normal tissues is 
defined by the cut-off value calculated for tumorous tissues 
and conversely, the cut-off value of tumorous tissues is 
defined by the cut-off value calculated for normal tissues. In 
Table IV, an example of values of Tp, Tn, Fp, and Fn derived 
for the real part of dielectric permittivity at 50 GHz is 
presented and in Table V the sensitivity and specificity 
calculated are reported. 

As anticipated, the values of sensitivity and specificity are 
calculated at different frequencies to emphasize the trend with 
the frequency, following the procedure described for the two 
situations. 

 

 
Figure 24. Situation in which the distributions of normal and tumorous tissues 
do not overlap between them. An example of results related to this situation is 
reported in Table IV for the frequency 1 GHz. 
 

 
Figure 25. Situation in which the distributions of normal and tumorous tissues 
overlap between them. An example of results related to this situation is 
reported in Table IV for the frequency 50 GHz. 
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                                (a)                                                           (b) 
Figure 26. Sensitivity and specificity calculated for real (a) and imaginary (b) 
part of the relative dielectric permittivity. 

 
TABLE IV – EXAMPLE OF SAMPLE DISTRIBUTION AT 1 GHZ AND 50 GHZ FOR 

THE REAL PART OF THE DIELECTRIC PERMITTIVITY 
 

Frequency (GHz) Test Tumorous  Normal 

1  

Positive 50 45 

Negative 4 120 

Undefined 2 1 

50 
Positive 40 55 

Negative 16 111 
 

TABLE V – EXAMPLE OF SENSITIVITY AND SPECIFICITY CALCULATED AT 1 
GHZ AND 50 GHZ FOR THE REAL PART OF THE DIELECTRIC PERMITTIVITY 

 

Frequency (GHz) Sensitivity (%) Specificity (%) 

1 92.6 72.7 

50 71.4 66.8 
 

TABLE VI – COMPARISON BETWEEN MAMMOGRAPHY AND THE TEST BASED 
ON THE DIELECTRIC CHARACTERIZATION OF EX-VIVO BREAST TISSUES 

(AVERAGE BETWEEN REAL AND IMAGINARY PART, 0.5–50 GHZ)  
 

Test Sensitivity (%) Specificity (%) 

Mammography 75 85 

This work 86.5 73 

 
In Fig. 26 the parameters are shown both for the real (Fig. 

26a) and imaginary (Fig. 26b) part of relative dielectric 
permittivity. It is worth noting that the specificity is practically 
stable, while the sensitivity decreases with frequency. Overall, 
this indicates that the relative contrast between normal and 
tumorous tissues is weaker at higher frequencies, although the 
sensitivity and specificity can be considered good up to at 
least 50 GHz. While the final sensitivity and specificity of a 
system intended to identify tumorous tissues from normal 
tissues is related to the actual frequency range adopted, in 
order to perform a global appraisal, the mean value between 
the real and imaginary part over the entire 0.5–50 GHz 
frequency range is calculated for both the sensitivity and 
specificity and reported in Table VI. 

The results are in good agreement with typical values of 
sensitivity (70% - 80%) and specificity (80% - 90%) for the 
mammography, extrapolated from [39 – 41], with a slightly 

better sensitivity (i.e., the ability of correctly identifying 
tumorous tissues) and a slightly lower specificity (i.e., the 
ability of correctly identifying normal tissues). 

Although this comparison is not intended for a direct 
benchmark of the different techniques, being this study based 
on ex-vivo tissues and the data on mammography on in-vivo 
cases, it represents a promising cornerstone to develop 
medical instruments at these frequencies. 

VI. CONCLUSIONS 
In this paper, the measured dielectric properties up to 50 

GHz for 222 different breast tissue samples (156 normal and 
56 tumorous samples) obtained from breast surgery were 
described. After the early preliminary measurements on 
animal tissues and a human breast presented in [29], this paper 
provides, for the first time beyond 20 GHz, a comprehensive 
study on a systematic database of measurements on human 
breast tissues.  

The measurements, validated through pathological analysis 
showed that the dielectric properties of normal tissues are 
characterized by a wider variability than the tumorous tissues 
that appears due to heterogeneity in adipose content of 
different tissues within the healthy breast.  

Despite this variability, tumorous tissues have significantly 
higher real and imaginary parts of the complex permittivity 
than normal breast tissues, providing a suitable contrast up to 
50 GHz to enable future applications based on mm-waves, for 
both breast imaging and tissue identification during or after 
surgery. In addition, the effects of patient age and time 
between excision and measurements have a limited effect 
from the electromagnetic point of view, with age having an 
impact on the complex permittivity values only for the low-
density normal tissues. The Cole-Cole models derived from 
measurements of tumorous and normal tissues aim to improve 
models of the electromagnetic response of breast tissues, 
including those used in full-wave simulators. This is essential 
for realistic investigation and development of medical systems 
and application in this frequency range, including mm-wave 
imaging systems. 

The differences between normal and tumorous tissues were 
used to estimate the sensitivity and specificity (according to a 
standard method for pathological analysis, as defined in 
Section V) of a test based on the dielectric characterization of 
ex-vivo tissues. The diagnostic performance is comparable to 
that of mammography performed in-vivo on patients. While 
not directly comparable because of the differences between 
ex-vivo and in-vivo tissues, this is a positive indication for 
future developments of medical instruments applying mm-
waves frequencies.  
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