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Current Status and Emerging
Techniques for Measuring
the Dielectric Properties

of Biological Tissues

The dielectric properties of biological tissues are key parameters that support the design
and usability of a wide range of electromagnetic-based medical applications, including

for diagnostics and therapeutics, and allow the determination of safety and health effects

due to exposure to electromagnetic fields. While an extensive body of literature exists
that reports on values of these properties for different tissue types under different measure-
ment conditions, it is now evident that there are large uncertainties and inconsistencies
between measurement reports. Due to varying measurement techniques, limited measure-
ment validation strategies, and lack of metadata reporting and confounder control, reported
dielectric properties suffer from a lack of repeatability and questionable accuracy. Recently,
the American Society of Mechanical Engineers (ASME) Thermal Medicine Standards Com-
mittee was formed, which included a Tissue Properties working group. This effort aims to
support the translation and commercialization of medical technologies, through the devel-
opment of a standard lexicon and standard measurement protocols. In this work, we present
initial results from the Electromagnetic Tissue Properties subgroup. Specifically, this paper
reports a critical gap analysis facing the standardization pathway for the dielectric mea-
surement of biological tissues. All established measurement techniques are examined and
compared, and emerging ones are assessed. Perspectives on the importance and challenges
in measurement validation, accuracy calculation, metadata collection, and reporting are
also discussed. [DOI: 10.1115/1.4064746]
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1 Introduction

The dielectric properties of biological tissues are parameters
that characterize the way externally applied electromagnetic
(EM) fields interact with the human body. These properties quantify
how much of an EM field is reflected, transmitted, and absorbed
by tissues. The properties are temperature- and frequency-dependent
and, importantly, commonly vary with health and disease states.

Therefore, accurate measurement and understanding of dielectric
properties of tissues are keys for studying the safety of exposure to
electromagnetic fields, both in dosimetry studies, e.g., for assessing
radiation from cell phones, Wi-Fi, etc., and in medical applications,
e.g., during a magnetic resonance imaging (MRI) scan or a radio-
frequency (RF) or microwave (MW) ablation treatment [1]. In par-
ticular, whether exposure is safe or not is commonly characterized
by the Specific Absorption Rate (SAR) of energy absorbed into the
tissues—and this energy level depends upon the values and distri-
butions of dielectric properties of the tissues in the region [1].
Where exposures exceed safe levels, tissue heating and sensa-
tions of pain can occur, followed by tissue damage and even cell
death [1].

Knowledge of these dielectric properties is also pivotal for
designing and optimizing medical technologies based on transmit-
ting EM fields into the body and/or receiving scattered field
responses. Numerous technologies and clinical applications fall
into this category, including but not limited to, impedance-based
imaging of lungs, brain, heart, etc. [2—4]; microwave imaging or
screening for breast tumors, osteoporosis, bladder volume, stroke,
etc. [5-8]; and thermal therapies to treat cancer such as RF- or
MW-based ablation and hyperthermia [9,10]. Specifically, the fun-
damental operating principles of EM technologies as medical tools
are based on inherent dielectric contrasts between healthy and
malignant/target tissues for various types of diseases or conditions.
These systems exploit the inherent contrast between tissues to
image a region, track or monitor changes over time, or therapeuti-
cally differentiate the target tissue while sparing the surrounding
healthy ones.

The dielectric properties of tissues are commonly reported
through the complex permittivity, e, which is a measure of the
ability of the tissue to store energy (through electric polarizability)
in response to an applied external field. The complex permittivity is
defined as:

e)= eo- €)= & - (e,(w) - je/ (@) ()]

where w is the angular frequency of the external electromagnetic
1 F

field, & is the vacuum permittivity, equal to — - 107 —, € repre-
367 m

sents the relative complex permittivity of the material, which is unit-
less, &, is the real part of the relative complex permittivity (also
called “relative permittivity”), ¢/ is the imaginary part (which can

. .. O
be also expressed as an equivalent conductivity o,, as L 1o
e

easily include the static ionic conductivity o [S/m]). We note that
permeability is also a property of materials often associated with
permittivity—the permeability quantifies the ability of a material
to support a magnetic field. As most tissues are considered non-
magnetic over most frequency ranges, we do not further consider
the permeability of tissues. Instead, here, we focus on the more
broadly applicable complex permittivity.
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The dielectric properties of biological tissues have been reported
through numerous studies and are even currently available through
open-access online look-up databases. Currently, the most fre-
quently cited database on tissue dielectric properties is provided
by the Foundation for Research on Information Technologies in
Society (IT’IS) [11] (>1175 citations, according to Google
Scholar at the time of writing this). This database provides dielectric
properties for more than 100 tissues (including from unique tissue
measurements and tissues assigned properties based on the avail-
able properties of other known tissues) for frequencies spanning
10-100 GHz [12]. The source data are based primarily on the
1996 work by Gabriel et al., which represents one of the first and
largest studies on dielectric properties of biological tissues
comprising both literature surveys as well as measurement of
ex vivo properties in the frequency range from 10 Hz to 20 GHz
[13-15].

Since then, several groups have performed measurements of the
dielectric properties of biological tissues for a variety of conditions.
Despite the wide availability of dielectric data, concerns have been
noted that (i) dielectric data reported is inconsistent for many
tissues, and (ii) a lack of metadata reporting has made comparison
and interpretation of data difficult. This is attributed to the fact that
there are no standard techniques for the measurements or reporting
strategies for the dielectric properties of biological tissues, and
researchers or scientists generating dielectric data may each use dif-
ferent measurement techniques, tissue-handling procedures, and
reporting protocols. Furthermore, we are aware of no proposed stan-
dards in this area.

As a result of these limitations, and similar limitations in data for
other related tissue properties (e.g., thermal properties), a standards
committee was initiated: the American Society of Mechanical Engi-
neers (ASME) Thermal Medicine Standards Committee—Tissue
Properties Project aims to define and standardize tissue properties
and related measurement methods relevant for thermal medicine
technologies. In particular, the goal is to support the evaluation of
thermal effects of medical devices that produce local, regional,
and/or whole-body changes in tissue temperature (i.e., heating
and/or cooling), through standardization of tissue properties mea-
surement methods and reporting criteria. Eight tissue property
types are being studied under this umbrella, including “electromag-
netic” tissue properties, which are the focus of this paper. The
authors of this work are comprised of members of this standards
committee, and span across industry, government, and academic
researchers.

Therefore, our long-term objective is to propose a standard for
the measurement of dielectric properties of biological tissues.
However, as discussed below, our current stance is that this is a
very complicated goal for many reasons—therefore, the motivation
of this work is to make progress toward this goal. In this article, we
review a wide array of measurement techniques used for dielectric
measurement of biological tissues, both current and emerging,
describing how each of them functions and assessing their benefits
and limitations. We focus on techniques used in the kHz, MHz, and
GHz frequency ranges, as this covers the most common medical
applications that use the dielectric data of biological tissues.
Above 100 GHz, into the THz range, usage of optical tissue prop-
erties (e.g., index of refraction, extinction coefficient, and absorp-
tion coefficient) becomes more common [16]. We further discuss
both “direct contact” measurement techniques, i.e., those that
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enable measurement of the dielectric properties of tissues with
direct access to the tissue or tissue sample (including reflection
and transmission-based line methods, cavity perturbation methods,
open-ended coaxial probes, and electrode-based measurements),
and “indirect contact” measurement techniques, i.e., those that
allow in vivo, non-invasive, and non-destructive tissue measure-
ments (e.g., electrical impedance tomography, magnetic resonance,
and microwave imaging). We critically discuss the current state of
these technologies and the challenges associated with identifying
one technique as a potential “standard” approach. Lastly, we con-
clude with future work and a summary of the needs in this area.

We note that several works have reviewed or examined other
informative topics related to the dielectric properties of biological
tissues, including works that report reviews and/or comparisons
of dielectric measurement data within and across tissue types
(e.g., [13,16]); review and/or discuss measurement challenges
with a single measurement technique (e.g., for open-ended
coaxial probes, [17,18]); examine metadata types that can be
reported for interpretable data [19]; and report on techniques for
temperature-dependent dielectric studies (e.g., [20]). Complemen-
tary to these topics, in this work, we provide a critical assessment
of the measurement techniques themselves.

2 Established Techniques for Measuring the Dielectric
Properties of Biological Tissues

In this section, each measurement technique that is used to
measure the dielectric properties of biological tissues is examined
and compared. First, in Secs. 2.1-2.4, four established measurement
techniques are introduced with a description of how the technique
works. The limitations and advantages of each technique are
detailed, and information on specific operating ranges or conditions
is provided (e.g., the frequency range, broadband versus narrow-
band, the types of measurement samples that can be measured,
destructive or non-destructive nature, temperature range, potential
for in vivo versus ex vivo measurements, and so forth). Tissue
types that have been measured with each technique are also
noted, with references to corresponding reports from the literature.
Diagrams summarizing the measurement setup for each of these
techniques are provided in Figs. 1 and 2.

For each measurement technique, a search of literature works was
conducted to identify tissue types that have been measured with
each technique. The search engines PubMed, IEEExplore, and
WebOfScience were used. The search included search terms
within the title, keywords, and/or abstract.
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Fig. 1 Schematic diagram summarizing the dielectric measure-
ment techniques reported in Secs. 2.1-2.3: (a) transmission line
methods, (b) reflection line methods, (c) cavity methods, and
(d) open-ended coaxial probe methods. VNA, vector network
analyzer; MUT, material under test.
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Fig. 2 The four-electrode method for dielectric property mea-
surements involves injection of current into the tissue sample
with a pair of electrodes and potential measurement across
another pair of electrodes. Tissue dielectric properties are then
inferred by taking into account known geometry of the electrodes
and sample.

Both human and animal tissue measurements are included. Any
specific search criteria applied to a given measurement technique
are described within the relevant subsection below.

After the measurement techniques are described, a comparison
between them is discussed in Sec. 2.5. The comparison focuses
on key factors that may affect usability and convenience in measur-
ing tissue dielectric properties.

2.1 Transmission/Reflection Line Methods. Transmission/
reflection line methods involve placing the tissue sample into a
section of a closed transmission line and are usually used for mea-
suring samples with medium and high dielectric loss (loss is depen-
dent on ¢/) [21]. Types of transmission lines commonly used
include coaxial lines (circular cross section) and waveguides
(often with rectangular cross sections). Typically, each side of the
line is connected to one port of a network analyzer, and the
two-port S-parameters are measured: the reflection coefficient,
S11, and the transmission coefficient S, [17,22-24]. Using this con-
figuration, both the permittivity and permeability of the material can
be determined. In a similar yet alternate approach, the line may be
terminated in a short and only the one-port reflection coefficient is
measured (commonly known as the Roberts and von Hippel tech-
nique or the Short-circuit line method) [25-27], From the S-param-
eters, the complex permittivity (and complex permeability) can then
be obtained using conversion algorithms [28-32].

Waveguides and enclosed coaxial lines can be used to measure
the properties of various types of tissues, including biological
fluids, semi-solid soft tissues, and solid tissues. However, the
sample must either fill the fixture fully, with ideally no air gaps,
or waveguide or coaxial gap correction should be implemented
[21,24]. To this end, the faces of the tissue sample should be
smooth and even, and placed perpendicular to the incoming sig-
nal. Due to these requirements, it may be challenging to achieve a
high-quality measurement with semi-solid or solid tissues. Addi-
tionally, as this method requires cutting or machining the sam-
ple into a specific shape and size, only ex vivo measurements can
be conducted. Moreover, this method has limited accuracy
when the sample length is multiple of one-half wavelength of the
material [33]. The conversion algorithms also typically assume
that the sample under test is homogeneous. With transmission
line methods, both reflection and transmission measurements can
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be conducted over a broad frequency range (spanning MHz and
GHz ranges [23,26]); however, different waveguides may need to
be used for different segments of the range [34]. The possible fre-
quency range of measurements is limited by the practical size of
the sample (at low frequencies, the sample volume required may
be impractically large for tissues, and at high frequencies, the
sample volume required may be impractically small) [23,26,27].
Measurements can be obtained at different temperatures by immers-
ing the line (if watertight) in heated water or a heated environment,
with a wide range of temperatures possible (measurements spanned
from 20 °C to 100 °C) [34]. Temperature control may be easier to
achieve in waveguides than coaxial lines, since in coaxial lines
the inner conductor is internal to the structure, away from the
temperature-control source [27]. Both isotropic and anisotropic
materials can be measured using waveguides [23]. Using network
analyzers to record the S-parameters can lead to low uncertainties
in the resulting permittivity, e.g., < +1% at microwave frequencies
for liquids [27].

As the number of works using this measurement technique is
limited, a comprehensive search was readily possible. A search
for studies reporting tissue dielectric property measurements
obtained with the transmission/reflection line measurement tech-
nique was performed using the search strategy: (any of categoryl)
and (any of category2) and (any of category3), where categoryl =
{dielectric properties, dielectric measurement, dielectric spectro-
scopy, dielectric characterization, dielectric characterization, per-
mittivity, permittivities, dielectric constant, dielectric constants},
category?2 = { waveguide, transmission line, short-circuit line, short-
circuit line}, and category3 = {tissue, tissues, biological, bio,
human, animal, organ}. Note that reports using the open-ended
coaxial line are not included here and will be discussed in Sec. 2.3.
The resulting search results indicate that studies have reported mea-
surements using transmission/reflection line techniques that involve
a number of various tissues (liquid, soft, and hard), including brain
tissues [22,26,35,36], bone [34], liver [35,37-39], lung [37],
kidney [37,39], muscle [35,37,39-41], fat [35,40,41], skin [38], pan-
creas [37], spleen [35,39], stomach [39], intestine [39], heart [39],
tumorous tissues [35], blood [42—-46], and blood cells [47].

2.2 Cavity Perturbation. Cavity perturbation methods, also
called cavity resonance methods, involve placing the tissue
sample within a cavity that is known to have a given resonant fre-
quency. The dielectric properties of the sample are quantified by
measuring the resonant frequency and quality factor (“Q-factor’)
when the sample is placed in the cavity, often as compared to an
empty cavity (typically measured through transmission parameters
with the cavity connected to a Vector Network Analyzer—VNA)
[17,23,27,48,49]. Using these two parameters, the complex permit-
tivity (and permeability) of the sample can then be calculated at the
resonant frequency [23,49]. The dielectric properties are a result of
averaging of local dielectric properties across the sample volume
[49]. The derivation for obtaining the complex permittivity based
on the resonant frequency and Q-factor data can be found in
Ref. [50]; however today software, often built-in to a VNA, can
achieve this conversion [23,51].

While individual dielectric measurements can be done typically
only at a single frequency [17,23,49], measurements can be per-
formed at various frequencies through the use of cavities with dif-
ferent dimensions [49]. Commonly, frequencies from about the
mid-hundreds of MHz to mid-tens of GHz ranges are convenient
for measuring the properties of biological tissues [23,49,51-56].
The method is generally useful for small tissue samples [23,48]
(e.g., volume of 10 mm? in Ref. [50]), which can be useful for mea-
suring the properties of tissues as some excised samples can be quite
small. A detailed analysis of sample size, related to cavity shape and
properties of the material under test, was provided in Ref. [48]. Due
to the sample being required to fill the cavity, achieving accurate
measurements with soft and hard tissues may present challenges.
For example, an excised tissue sample to be cut or pressed into
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the required shape and size could lead to a loss in tissue fluid,
and uneven edges could lead to air bubbles or gaps between the
sample and the cavity, both of which would affect the dielectric
measurement [23,49]. As the cavity method requires sample
shaping, in-vivo measurements are not feasible.

As the number of works using this measurement technique is
limited, a comprehensive search of tissues measured was possible:
a search for works reporting tissue dielectric property measurements
obtained with this measurement technique was performed using the
search strategy: (any of categoryl) and (any of category2) and (any
of category3), where categoryl = {dielectric properties, dielectric
measurement, dielectric spectroscopy, dielectric characterization,
dielectric characterization, permittivity, permittivities, dielectric
constant, dielectric constants}, category2 = {cavity, cavities}, and
category3 = {tissue, tissues, biological, bio, human, animal,
organ}. The resulting search indicated that various types of
tissues, including soft tissues and biological fluids, have been mea-
sured using the cavity perturbation technique. Specifically, studies
have reported measurements on samples of urine [56-59], blood
[60,61], breast tissues [52,62], fat [53,63], liver [53,63], marrow
[53,63], cerebrospinal fluid [55], bile [64], bile stones [64],
gastric fluids [64], saliva [64], nerve tissue [65], cancer cells [54],
and other cell suspensions [66].

2.3 Open-Ended Coaxial Probe. The open-ended coaxial
probe technique is a wideband technique suited for performing non-
invasive measurements of the dielectric properties of a material with
little manipulation. The technique is based on the measurement, by
a VNA, of the complex reflection coefficient of a coaxial cable, the
open end of which is placed in contact with or slightly inserted into
the material under test (MUT). In correspondence to the discontinu-
ity between the coaxial cable and the MUT, the fundamental mode
(transverse electromagnetic—TEM) which propagates inside the
coaxial cable is partially radiated into the MUT and partially
reflected, giving rise in the input line to a reflected TEM mode
and to evanescent higher-order transverse magnetic (TMy,, n=
1,2, ...) modes [67]. The VNA measures the complex reflection
coefficient, which is directly linked to the complex permittivity of
the MUT. Several papers extensively described the models that
could be used to derive the dielectric properties of the MUT from
the measured reflection coefficient. Some works [67-69]) devel-
oped precise models based on rigorous electromagnetic solutions.
These methods are usually referred to as integral methods. They
allow for achieving high accuracy in the results at the price of
high mathematical complexity and high computational cost. A
simpler analysis is achieved by representing the open-end of the
probe in contact with the MUT with a lumped element circuit
[70-73]. The circuit has been implemented in several ways, with
different levels of complexity. The simplest implementation fore-
sees only the presence of capacitances to represent the electromag-
netic field stored in correspondence to the cable aperture (e.g., [70]).
In more complex implementations, the radiation resistance is
included to represent the electromagnetic field radiated into the
MUT [71]. To characterize the circuital elements, before measuring
the MUT, a calibration procedure is needed, consisting of the mea-
surement of the complex reflection coefficient in three or four—
according to the adopted circuit—known loads, usually made by
open, short and one or two liquids whose dielectric properties are
well-known, e.g., distilled water [74-76].

As stated before, the open-ended probe technique has a very
simple and straightforward experimental arrangement and proce-
dure. However, the models adopted to represent the discontinuity
between the open-ended coaxial probe and the MUT are usually
based on the hypotheses that the MUT is homogeneous and of infi-
nite thickness, and its transversal dimensions are such to completely
confine the electromagnetic field [70,77]. To help this latter confine-
ment, some coaxial probes are equipped with flanges around the
open end of the coaxial cable. Moreover, the homogeneous
sensing volume is probe-dependent, and also depends on the
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frequency and tissue dielectric properties [78—83], which can make
it difficult to assess on a general basis the minimum tissue region
required. The measurement is also sensitive to the pressure of the
probe—sample contact [84].

The frequency band in which the open-ended coaxial probe tech-
nique can be used depends on the model used to reconstruct the
MUT dielectric properties as well as on the used probe [85,86].
As an example, when the lumped element circuit is used, if only
capacitive elements are included in the model, then the technique
applicability is limited up to frequencies of a few GHz [70].
Higher frequencies, in fact, need the modeling of the radiation
into the MUT, i.e., the insertion of the radiation resistance. When
this resistance is introduced, the maximum frequency of application
can be increased up to tens of GHz [85,87]. Higher frequencies
require more accurate integral models. With reference to the low-
frequency limit, this is dictated by the sensitivity of the reflection
coefficient to changes in the MUT dielectric properties. In particu-
lar, the higher the dielectric properties, the lower the sensitivity of
the reflection coefficient [88]. Since biological tissues assume
high dielectric properties at low frequencies, the technique loses
sensitivity for decreasing frequencies. In general, the open probe
technique is applied starting from about 200 MHz [89], even
though measurements are possible up to about 10 MHz [86,90].
At even lower frequencies, the effect of polarization impedance
appearing at the interface between electrodes and biological
tissues becomes the most significant source of error in the recon-
struction of the MUT dielectric properties [14].

The number of studies reporting the dielectric properties of biolog-
ical tissues measured with this technique is very numerous (initial
searches found several hundred hits) and therefore we do not
attempt to systematically list all of them here (indeed, to do justice
to such a summary would require its own full paper). Instead, we
present examples that represent the various types of tissues and mea-
surement scenarios under which measurements with the open-ended
coaxial probe have been conducted. In one of the most comprehen-
sive and commonly referenced reports to date, Gabriel et al. reported
measurements with the open probe technique described here across
the frequency range of 130-20 GHz, spanning in vivo (human skin
and tongue) and in vitro measurements on human and animal
tissues, with properties measured for a total of 16 soft tissues and 1
hard tissue [14]. This measurement study provided the basis for the
IT’IS foundation’s database of tissue dielectric properties, which is
currently the most referred-to database of dielectric properties of bio-
logical tissues [11]. Since the work of Gabriel in 1996, numerous
studies, measuring tissues using the open-ended coaxial probe,
have been reported, including biological fluids (e.g., blood [91—
94], urine [95,96]), soft tissues (e.g., breast [97-99], liver [100],
etc.), and hard tissues (e.g., bone [101-103]). Most tissue measure-
ments have been performed ex vivo [97,100]; however, indeed,
some have been conducted in vivo [104-106].

2.4 Impedance-Based Methods. At frequencies up to a few
MHz, tissue can be measured with a four-electrode approach.
This technique employs four electrodes, typically arranged in a
linear configuration, in contact with the tissue under test. The two
outer electrodes are used to inject a known alternating current
into the tissue sample, the potential difference across the two
inner electrodes (the “sensing electrodes”) is recorded, and the
ratio of the voltage to the current is the tissue impedance. The
impedance, Z,

Z=R+jX 2)

includes resistive (R) and reactive (X ) components, and is a function
of the frequency of the applied current, tissue conductivity (o),
tissue relative permittivity (&), and the geometry of the electrode/
tissue interface. Tissue conductivity and relative permittivity can
be related to the complex impedance as a function of a geometry
factor. For idealized electrode geometries, the geometry factor can
be determined analytically; alternatively, the geometry factor can be
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determined by taking calibration measurements on samples of
known dielectric properties (e.g., deionized water) [107].

An amplifier with a very high input impedance (~G€) should be
used to measure potential across the sensing electrodes. In principle,
a pair of electrodes can be used for both current injection and
voltage measurement, however, such a measurement is prone to
errors due to electrode polarization. Electrodes comprised of inert
materials (e.g., Pt, Au) with high electrical conductivity are typi-
cally employed [108]. Measurement systems employ a range of dif-
ferent electrode geometries/form factors, such as flat, disc-shaped
electrodes for surface measurements [109], needle-type electrodes
that can be inserted/immersed into the sample [110], and electrodes
printed onto flexible substrates [111]. Care should be taken to deter-
mine the geometry factor under measurement conditions emulating
the eventual use case. For example, with needle-type electrodes that
are inserted into the sample under test, the geometry factor is typi-
cally a function of the electrode insertion depth [112]. This
approach can be extended to an array of electrodes in contact
with tissue and multiplexing across the electrodes applying
current and measuring voltage; the resultant measurements can be
analyzed to estimate a map of the underlying tissue dielectric prop-
erties, which forms the basis of electrical impedance tomography
[113].

As with the open-ended coaxial probe method, the four-electrode
approach has been widely used and resulting measurements of the
electrical conductivity are available for a wide range of normal
and pathologic animal and human tissue. Rather than attempting
to provide an exhaustive review of this expansive body of literature,
we present examples of scenarios in which the four-electrode
method has been employed for tissue dielectric property measure-
ments. Conductivity data using needle-type electrodes have been
reported for in vivo and ex vivo measurement of tissue, including
prostate gland, brain, liver [110,114,115], myocardium [116],
blood [117], and kidney [118]. This technique has also been incor-
porated into an apparatus for measurements of conductivity as a
function of temperature [119], with application to monitoring
changes in tissue state during thermal interventions.

2.5 Comparison of Established Measurement Techniques.
Table 1 provides a summary comparison of the four established
dielectric measurement techniques. The techniques are compared
across several features of interest, including the ability to perform
in vivo measurements, whether the measurement is non-destructive,
the frequency range, and the samples able to be measured. Whether
or not commercial off-the-shelf measurement options are readily
available is also indicated.

3 Emerging Dielectric Measurement Techniques

In this section, emerging measurement techniques for estimating
the dielectric properties of tissues are highlighted. These techniques
include both direct contact (Sec. 3.1) and indirect contact methods
(Secs. 3.2-3.4).

3.1 Open-Ended Coaxial Probe-Based Transmission
Measurements. Meaney et al. [120] developed a transmission-
based method for dielectric properties measurement, in the 2 to
6 GHz frequency band. A schematic of the setup is shown in
Fig. 3, where two open-ended coaxial probes are immersed inside
the material under test (MUT), facing each other. The probes work
as two “low-efficiency antennas,” and the measured transmission
coefficient (S, ) is used to analytically solve the complex permittivity
of the MUT as detailed in Ref. [120]. The method is suitable for the
characterization of heterogeneous samples, as the sensing depth is
approximately 1.5 to 2 cm, which is considerably larger than the
one of the traditional (reflection-based) Open-Ended Coaxial Probe
(OECP) (fractions of a millimeter [121]). The measurement results
in an estimation of the bulk or average properties across the
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Table 1 Comparison of established dielectric measurement techniques. (Y = Yes; N=No)

Transmission line

Open-ended coaxial

(waveguide) methods Cavity methods probe Impedance-based methods
In vivo measurements N N Y Y
Non-destructive N N Y Y
measurements
Frequency band(s) MHz-GHz MHz-GHz 10 MHz-50 GHz kHz—~ few MHz
Broadband or narrow Broadband (using different ~Narrowband Broadband Broadband
band guides)
Types of samples Semi-solids, hard Liquids, semi-solids, Semi-solid, liquids Solid, semi-solids, liquids
hard
Sample size/dimensions Related to dimensions of Related to dimensions  Related to the dimension ~ Dimensions and number of electrodes
waveguide of cavity of the probe determine spatial resolution
Commercially available Y Y Y Y

heterogeneous sample. The application is best suited for liquid or
semi-solid samples as the reconstruction formula entails measuring
the S, at several separation distances; but it can be extended to
solid MUT, if one can accept handling and potentially damaging
the sample. Meaney et al. validated the method on a trabecular
portion of a bovine bone, retrieving dielectric properties in line
with those reported in the literature [122] for the same tissue.

A second transmission-based OECP for dielectric measurement
(2- to 6-GHz frequency band) was proposed in Ref. [123]. The
setup is the same as the one described above [120], while the
de-embedding of dielectric properties relies on the empirical com-
parison between experiments and simulations. The method is
based on the hypothesis that an accurate representation of the exper-
iments in simulation should give approximately the same output
(same S,1) of the actual experiments. The method is suited for rel-
atively small size (a few millimeters) heterogeneous samples, where
(i) the electromagnetic-field reflections at the MUT-air interface are
not negligible as assumed in Ref. [120], and (ii) sample puncturing
is not possible. Even though the method in Ref. [118] was originally
thought for excised lymph node dielectric measurement, the authors
report that this was only tested on regular-size (cuboid) phantoms,
showing preliminary promising results.

3.2 Electrical Impedance Tomography. Electrical imped-
ance tomography (EIT) is an imaging technique built upon the
impedance-based measurement methods discussed in Sec. 2.4. EIT
employs multiple electrodes placed across the tissue regions of inter-
est, as shown in Fig. 4, and aims to generate a map of the estimated
tissue electrical properties (i.e., conductivity) from potential mea-
surements across several combinations of electrode pairs. The mea-
sured voltages V are related to the conductivity distribution ¢ by:

Ac=V 3)

where A is referred to as the sensitivity matrix. Determining the con-
ductivity distribution ¢ of the tissue regions requires a solution to
the above ill-posed, ill-conditioned inverse problem. Due to the
measurement approach involving injected currents, the relative per-
mittivity is not typically a parameter that is measured.

Measured volume
Transmitting

coaxial cable

Receiving
coaxial cable

| | 4 | )

——»
Separation distance

Fig. 3 Schematic representation of Meaney et al.’s [120]
transmission-based Open-Ended Coaxial Probe (OECP) for
dielectric measurements. Two OECP (transmitting and receiving)
are immersed inside the Material Under Test and placed in the
same direction, facing each other.
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Numerical models play a central role in the solution of the inverse
problem. These models solve the quasi-static electric field equation to
predict the voltages at the measurement electrodes for a specified
conductivity map. Using such models, both direct and iterative
methods have been applied to solve for the conductivity distribution.

EIT systems have been designed for operation at frequencies
from ~10 kHz to a few MHz [124]. Systems have been developed
using a variety of form factors, ranging from electrodes placed
externally on the skin surface [125], incorporated within devices
placed within body lumens/cavities [126], or integrated within
minimally-invasive needles/catheters [127] with each placing con-
straints on the number of electrodes. A key strength of EIT is that
it enables estimation of tissue conductivities (or resistivities)
without necessarily requiring direct contact with the tissue of inter-
est. As an imaging modality, although EIT suffers from poor spatial
resolution, it offers the advantage of using non-ionizing energy, can
be made relatively portable, and has excellent temporal resolution
[124]. While EIT is well suited to measuring changes in conductiv-
ity of a region, or contrast in conductivities properties between two
regions, it is perhaps less well suited to yielding absolute estimates
of electrical conductivity.

Fig.4 Electricalimpedance tomography offers a means for non-
invasive estimation of tissue electrical property maps. Current is
injected between a pair of electrodes, and potential measure-
ments (V;, Vo, and V3) between other electrodes are gathered.
An inverse modeling approach is applied to estimate electrical
property maps from the measured data.
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EIT systems have been investigated for a range of indications
where changes in conductivity relative to a baseline case can be
used to inform clinical decision-making. These include stroke
detection and classification [128,129], bladder volume assessment
[130,131], and lung ventilation and perfusion [132,133]. EIT has
also been applied for the detection and classification of tumors, or
guiding treatment, in sites including the prostate [107,134], breast
[135], and the oral cavity [136].

3.3 Extraction of Dielectric Properties From Magnetic
Resonance Images: Electrical Properties Tomography. Electri-
cal Properties Tomography (EPT) is a magnetic resonance
(MR)-based technique that aims at measuring tissue conductivity
and permittivity noninvasively (Fig. 5). These properties are
derived at Larmor’s frequencies (64-300 MHz) using standard
MR systems and MR sequences. This technique exploits the fact
that the dielectric properties of tissue distort the MRI radiofre-
quency transmit field, known as the B1+ field, which is used for
spin excitation. In MRI, it is possible to measure this distorted B1
+ field with standard imaging techniques. From these measure-
ments, tissue dielectric properties are therefore derived [137-139].
Since Maxwell equations relate local electric fields to local mag-
netic field—and not part of the magnetic field such as B1+, assump-
tions are made regarding the missing part of the magnetic field (i.e.,
B1-) to estimate dielectric properties. The accuracy of the estima-
tion depends on the accuracy of the assumption. Physics-based
EPT reconstructions rely on the Helmholtz equation written in
terms of the transmit radiofrequency MR field and assuming negli-
gible magnetic permeability variations. In this equation, the
complex wave number includes the tissue dielectric properties.
With few assumptions on the measured field, to a leading order
for low MRI field strengths (64—128 MHz) the permittivity is pro-
portional to the magnitude of the B1+ field, while the conductivity
is proportional to the phase of the B1+ field.

Nowadays, there are several reconstruction approaches used to
extract these properties from the measured MRI field [140-157].
Following the Helmholtz model, direct methods extract the dielec-
tric properties from the measured B1+ field locally by computing
spatial derivatives of the measured field. These methods allow
fast retrieval of the underlying properties. However, they suffer
from noise amplification caused by the computation of local
spatial derivatives and errors at boundaries between tissues. Yet,
mitigation strategies like imaging filters and the exploitation of
available MRI magnitude images to compute spatial derivatives
have been proven to increase the quality of the reconstructed
images. Alternatively, to avoid the computation of spatial deriva-
tives of measured B1+ fields, inverse methods have been proposed.
These methods iteratively minimize the discrepancy between the
measured B1+ field and the B1+ field resulting from an initial
guess of the dielectric properties distributions. Because spatial
derivatives are not computed, these methods are intrinsically noise-
robust and allow for better reconstructions at tissue boundaries. Yet,
they are more computationally demanding with respect to direct
methods. Additionally, to avoid overfitting, regularization strategies
are commonly employed.

Finally, following the great success of artificial intelligence (AI)
for image analysis and reconstructions, first attempts at using deep
learning for dielectric properties reconstructions have been
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proposed. Feed-forward deep learning strategies offer great poten-
tial in terms of noise robustness, computational speed, and input
images. Yet, generalization to structures not seen during the training
phase might be an issue [158-161]. To overcome this issue, deep
learning may be combined with data-driven approaches where
deep learning can be used as the initial guess of inverse, physics-
based reconstructions, thus leading to better and faster convergence,
or it can be used for denoising purposes for direct physics-based
reconstructions, thus leading to less noise amplification and fewer
errors at tissue boundaries [162]. Ultimately, physics-informed, iter-
ative networks can also be used, where the physics is included in
the network by a forward operator linking the dielectric properties
to the measured B1+ field. These networks may overcome the com-
putational burden of iterative reconstructions while including a
priori information, maintaining the physics, and imposing data
consistency.

Early in vivo evidence of conductivity reconstruction with
healthy and pathologic tissues has been presented recently, demon-
strating the potential of this methodology to differentiate between
healthy, benign, and malignant tissues. In brain tissue, a positive
correlation between tumor grade and an increase in tissue conduc-
tivity was observed. The measured conductivity in the pathologic
tissue was much higher compared to normal parenchyma [163],
while brain tissue conductivity among healthy subjects does not
show significant variations [164]. In addition, it was recently
observed in rat tumor models that tumor conductivity measured at
401 MHz increased over time while mean diffusivity obtained
from diffusion MRI measurements did not change [165]. These pre-
liminary results suggest that conductivity values at MHz frequen-
cies can provide complementary information about the tumor
microenvironment with respect to mean diffusivity.

In breast tissue, it was observed that a conductivity increase in the
tumor (for tumors larger than 2 cm) is correlated to the mitotic score
[166]. The mitotic score is an index for cell proliferation and a high
score is related to poor prognosis. It is therefore hypothesized that
cancer cells with increased mitosis have lower membrane potentials
and thus higher negative surface charges on their membrane, and so
they tend to have an increased ability to absorb positive ions. This
active movement of ions might increase tissue conductivity. In other
studies, not only the increase in tissue conductivity in the tumor
tissue was confirmed but also it was demonstrated the ability of con-
ductivity imaging to differentiate benign and malignant lesions
[167,168]. As for brain tissue, a comparison between conductivity
and diffusion MRI has also been performed for breast tissue. Pre-
liminary in vivo data on breast cancer patients show that conductiv-
ity and the apparent diffusion coefficient are negatively correlated
[169]. In tumor tissues, the high cellularity or cellular swelling
leads to lower diffusion coefficients, while the conductivity increase
arises from differences in water content and ionic concentration.
However, this correlation was not found to be significant in the
presence of necrosis.

Conductivity imaging was also applied to cervical cancer at
128 MHz. It was observed that the average conductivity measured
in vivo in 10 patients was 13% higher than ex vivo literature
values. This has therefore been shown to have a substantial
impact on cervical tumor temperatures achieved during hyperther-
mia [170], where the higher conductivity in the bladder and the
muscle tissue surrounding the tumor leads to higher power dissipa-
tion, and therefore to lower tumor temperatures [171].
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Fig. 6 Schematic representation for estimating electrical prop-
erties through microwave imaging measurements

The impact of tissue conductivity on the temperature increases in
tissue when these are exposed to radiofrequency fields may be rel-
evant not only for treatment planning but also for safety aspects. It
has been shown that conductivity variations may not lead to sub-
stantial variation in global Specific Absorption Rate (SAR) but
could be relevant for local SAR, especially at high fields where
multi-transmit arrays are used. This information can be used for
pulse sequence design and optimization [137,172,173].

While in vivo tissue conductivity measurements with MRI are
becoming more and more available, tissue permittivity reconstruc-
tions with EPT at clinical MRI frequencies are severely affected
by noise. Only in a few studies at high field strengths are permittiv-
ity reconstructions shown. In a first study at 300 MHz, it was
observed that the permittivity values of white and gray matter in
vivo are higher than the ones reported from ex vivo measurements
[174]. In another study at 401 MHz in rat tumor models, the
authors showed the capability of conductivity as well as permittivity
maps to discriminate regions within tumors [145,175]. Addition-
ally, as the processing of MRI data to estimate the complex permit-
tivity is conducted at the MRI scanner frequency, reliable and
validated dispersion models must be developed if the use of these
properties is desired over a broader frequency band.

3.4 Microwave Imaging for Tissue Dielectric Properties
Estimation. The physical phenomenon underlying microwave
imaging (MWI) is the electromagnetic scattering that occurs when
an electromagnetic field in the range of microwave frequencies
interacts with an object, inducing an electromagnetic current.
Such an induced current acts as a source that irradiates an electro-
magnetic field (known as a scattered field), whose properties
depend on the morphological and electromagnetic properties of
the object that generated it. From this phenomenon follows the

possibility of retrieving the features (both electromagnetic and mor-
phological) of the scenario under investigation, in a non-invasive
way, through the measurement and the processing of electromag-
netic fields (Fig. 6).

MWI is an appealing option for estimating the dielectric proper-
ties of tissues for several reasons from different points of view.
First, it is non-invasive, since the relevant “sensors” are antennas
positioned outside the region of interest (and outside the human
body). It is based on low-cost technologies, if compared to MRI
or CT equipment. Finally, it can provide tissue characterization at
the needed frequencies of interest, based on the application one is
aimed at (treatment plan for electromagnetic therapies, dosimetry,
etc.). However, it must be said that the characterization of a
region of interest via MWI requires the solution of an inverse elec-
tromagnetic scattering problem, which is non-linear and ill-posed,
hence highly prone to false solutions if not properly handled
[176,177]. Additionally, as compared to MRI and CT, MWI exhib-
its a low spatial resolution, which would ultimately impair the goal
of building reliable computational models. To overcome this issue,
recent works suggested the incorporation of high-resolution mor-
phological information from MRI or CT into the MWI algorithms
[178-183]. The segmented medical images are used as a patient-
specific basis of the unknown electric properties, allowing a dra-
matic reduction of the unknown parameters to retrieve, with a
crucial effect on the reliability and accuracy of the solution of the
inverse scattering problem [184]. Such an approach has been also
suggested and validated to work with only amplitude data [179],
with a positive effect on the required measurement time and accu-
racy, being the phase measure largely affected by uncertainties.

To date, the majority of works concerning the possibility of
retrieving quantitative information on tissues’ electric properties
via MWTI are at a very preliminary stage, involving numerical vali-
dations on realistic phantoms [185—188], or very simple experimen-
tal tests in laboratory conditions [189-192]. However, there are also
some relevant examples of first experimental tests on volunteers,
which are worthy of mention [193-196].

3.5 Summary and Discussion. A summary comparing the
emerging approaches for dielectric measurements of biological
tissues is provided in Table 2. For ease of comparison across
approaches, the table covers the same key features of measurement
techniques as that in the existing measurement technique summary
of Table 1.

Three of the four emerging approaches (i.e., electrical impedance
tomography, and microwave imaging) offer non-invasive imaging
of the body, as an opportunity to achieve patient-specific dielectric
properties of wide regions of the body, under in vivo conditions.
This potential for non-invasive dielectric characterization of
human tissues and the human body is highly attractive. Besides

Table 2 Comparison of emerging dielectric measurement techniques

OECP Transmission Electrical impedance Electrical properties
measurements tomography tomography Microwave imaging
In vivo measurements Y Y Y Y
Non-destructive Y Y Y Y
measurements
Frequency band(s) MHz—GHz kHz—MHz MHz MHz—GHz
Broadband or narrow Broadband Broadband® Narrowband Broadband

band

Types of samples Any (solid*, liquid,
semi-solid)

Related to dimensions of
OECP electrodes

Commercially available N Y

Sample size/dimensions

Any (solid, liquid, semi-solid)

Related to size and spacing of

Any (solid, liquid,
semi-solid)

Any (solid, liquid, semi-solid)

Related to size and spacing of
antennas
N N

Note: Y, Yes; N, No.
Solid samples may present additional measurement challenges (Sec. 3.1).
"Measurements at single or multiple frequencies possible.
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the well-known discrepancies between ex vivo and in vivo charac-
terization [104,197-199], patient-specific tissue properties could
also be specifically characterized for each individual patient, over-
coming uncertainties due to the natural variability of tissue electric
properties between humans [14,200]. In addition, the straightfor-
ward direct and invasive measure of the in vivo properties is not
always feasible for all tissues, e.g., bone and bone marrow [201]
and, even when possible, it only provides local information at a
single time instance, leading to reporting of average inter-patient
values and limiting data on inherent variability in property values
[200].

4 Discussion: Toward a Standard

4.1 An Ideal Measurement Technique? As evidenced by the
numerous tissue measurements that have been conducted with the
techniques reported in Secs. 2 and 3, there are several well-
established dielectric measurement techniques that can be suitable
for measuring the dielectric properties of tissues. The technique
of choice for any given measurement may vary based on the appli-
cation and the need, for example, whether the measurement needs to
take place in vivo or ex vivo, the tissue sample size and form, the
desired frequency range, and so forth. We note that there is no
single measurement technique that can be used across all relevant
scenarios.

This leads to the question of whether there is the best measure-
ment technique given a specific scenario (e.g., measuring the dielec-
tric properties of a freshly excised 0.5x2.0 cm? bladder wall
sample at 60 °C, at 300 MHz). While the advantages and limitations
of each of the above-mentioned measurement techniques can be
assessed for this scenario, it is in general very challenging to quan-
titatively compare techniques with the information available in the
literature at this time. This is attributed to the fact that tissues are not
straightforward to work with and many confounders affect the
resulting data, and different works contain different strategies for
measuring, defining, and reporting accuracy and repeatability. Con-
founders may include, but are not limited to, tissue measurements
conducted ex vivo versus in vivo, time from excision, temperature,
dehydration, tissue handling and processing, and so forth. It has
proven difficult to examine the effects of only one confounder
while holding all others fixed, and we are not aware of studies
that have been able to compare the impacts of various confounders
across different measurement techniques. In a recent publication
[18], the current state and open challenges on the topic of key
dielectric measurement confounders have been summarized.

Overall evaluation of uncertainty when measuring tissues is not
necessarily trivial—many contributions to the uncertainty may be
present and the contributions may be different according to the mea-
surement technique used and the sample handling procedures. Fur-
thermore, accuracy is application dependent—e.g., in general,
measurements with a commercial open-ended coaxial probe may
be achievable with an accuracy of, e.g., +5 or +10%, depending on
the probe size [202]; however, these values are not indicative of the
accuracy of measurements on tissues specifically. Therefore, future
work in this area may benefit from comparing techniques through
measurements of the same tissue samples, to gather further informa-
tion about which measurement technique(s) may be most suitable for
different tissues or different measurement scenarios.

Based on such comparisons, in the future, a standard measurement
technique for dielectric measurements of tissues could perhaps be
identified (for dielectric measurements of tissues within a specific
set of scenarios, as mentioned earlier). It may be argued that an
ideal measurement technique would be the one that can be used to
meet as many measurement requirements as possible, e.g., enables
measurements across broad frequency ranges; broad temperature
ranges; on in vivo and ex vivo samples; on liquid, soft, and hard
tissues; small and large volume samples; with low-cost off-the-shelf
measurement equipment available that is easy and fast to use reliably.
However, it must be considered that achieving most of the considered
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requirements could not necessarily lead to the most accurate tech-
nique. Additionally, as already cited, according to the application
for which measurements are taken, different aspects can assume
importance, e.g., resolution at high frequencies, versus temperature
dependence for thermal applications, and so on. In any case, which-
ever technique would be considered, it should include the ability to
perform validation measurements and calculate and report accuracy
in a meaningful, consistent manner. Finally, a strategy for reporting
metadata is vital to the possibility of sharing measurement results and
encouraging repeatable measurement studies. Therefore, while it is
challenging to identify a single ideal method for dielectric property
measurements, standardizing reporting criteria is anticipated to con-
tribute to the generalizability of reported measurements, their inter-
pretation, and their use.

4.2 Measurement Validation and Accuracy. For any tech-
nique that is selected for dielectric measurements of tissues, it is pre-
ferred that validation with a known standard material (i.e., a
material with known, traceable dielectric properties over the fre-
quency range of interest) is achievable, and the accuracy of this
measurement is quantified. This enables confidence in the measure-
ment result and comparison of measurement results achieved in dif-
ferent setups and across labs.

Commonly, liquids are used for validation measurements, e.g.,
saline solutions or alcohols, as they are well characterized across
wide frequency bands and temperature ranges, and readily available
and easy to obtain [17,203,204]. However, the properties of liquids
used may not fully encompass the range of dielectric properties of
tissues, and therefore, the accuracy values may not be representa-
tive of measurements on materials with those properties. Further-
more, dielectric measurements with liquids rarely introduce the
same amount or sources of uncertainty as measurements on actual
tissue samples would—so, while measurements on liquids can indi-
cate the functionality of the measurement system itself, they do not
necessarily provide strong insight into the accuracy of using the mea-
surement system to measure dielectric properties of solid/semi-solid
tissues.

To this end, it may be valuable in the future to develop a set of
standard test objects (tissue-mimicking “phantoms”), which
model tissues in terms of the expected dielectric property values,
structure, and mechanical properties. Some proposed standard
phantoms have been developed for tissue property measurement
applications already (e.g., for electrical properties tomography
[205,206]). In the broader context of dielectric phantoms, such a
set could include a series of phantoms that encapsulate different
dielectric property values, range from soft semi-solid to hard phan-
toms, and include homogenous and heterogeneous designs. Well-
characterized standard test phantoms would enable the measure-
ment and characterization of accuracy on tissue-like materials and
may provide accuracy values that are more representative of those
experienced with actual tissue samples. However, adding to the
challenge of developing phantoms to test measurement accuracy
is that different system setups may require different phantom
shapes/sizes, so the same phantoms may not be usable across dielec-
tric measurement set-ups. Additionally, such a diverse array of
phantoms would need to be long-lasting and shelf-stable to
enable long-term repeated measurements, which currently presents
non-trivial technical challenges. Moreover, phantoms are unlikely
to be able to fully incorporate all tissue-related measurement
effects, such as dehydration and seepage during measurements,
which is why reporting the measurement metadata is also a key
component of achieving consistent and reliable dielectric data.

4.3 Metadata and Reporting. The reporting of metadata
alongside the measured data is extremely important: it enables
re-use of the data, comparison of data from different sources, and sim-
plifies interpretation of the measurements. To this end, data should be
reported following the FAIR (Findability, Accessibility, Interopera-
bility, and Reusability) principles [207]. This should include
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publishing all data and important metadata related to the measure-
ment, including the material that was used for validation, the equa-
tions used for quantifying the accuracy, and the calculated
accuracy of the measurement.

Reporting additional metadata beyond the measurement valida-
tion is also important—and having standard methods for reporting
this data—including what types of data to report, is highly useful.
One way of achieving this is through minimum information
models, i.e., minimum information checklists for collecting and
reporting metadata. These have been used in other fields as a strat-
egy for increasing the reproducibility of studies through use of a
standard guide. For example, the Minimum Information About a
Microarray Experiment (MIAME) guideline, published in 2001,
has become the standard requirement for publishing papers and
repositories in the field of microarray-based studies [208]. To this
end, the MINDER (minimum information for dielectric measure-
ments of biological tissues) framework was proposed in 2017
[19], however, it has not yet reached widespread usage.

A very significant challenge here is the lack of consensus as to
what types of metadata are “important” enough to report. In
tissue measurements, there can be a very large number of parame-
ters that may impact the properties—spanning from the animal
source (e.g., age, sex, condition, anesthesia, etc.), to the tissue-
handling protocols (e.g., how the tissue was excised, stored, trans-
ported), to the treatment of the tissue during measurement (e.g., held
at a warmed temperature, hydrated with saline solution, dabbed dry
with tissues, etc.), to the measurement procedure itself (e.g., pres-
sure of probe, location of measurement, etc.) to the post-processing
analysis (e.g., removal of “bad” measurements, fitting to closed-
form models, interpreting the measurement in the context of histol-
ogy, etc.). Due to the large number of potential metadata types to
be recorded and reported, it is quite cumbersome and time consum-
ing for a research team to be able to do. Therefore, more work is
needed to study the effect of these parameters, and to reach a con-
sensus on what are the actual minimum types of metadata needed.

5 Conclusions and Future Steps

The measurement of the dielectric properties of biological tissues
continues to be an important topic, with measurement data being
broadly used across industry and academia in optimizing and
improving existing technologies, developing new devices, and in
assessing the safety of these technologies. However, there have
been concerns over the consistency and validity of reports of dielec-
tric data on tissues, promoting the desire for a standard measurement
technique and standardized reporting framework. This work has
aimed to progress the discussion of identifying standard approaches
and, more importantly, identifying the hurdles and work to be done in
order to achieve a consensus on standard approaches.

We have critically reviewed and examined the main measure-
ment techniques that have been used to measure the dielectric prop-
erties of tissues in the literature to date. While there are several
existing techniques available that can be used for measuring the
dielectric properties of tissues, they all face limitations in terms of
what types of samples can be measured or what types of measure-
ments can be conducted. Emerging technologies for measuring the
dielectric properties of tissues face similar constraints and are not
yet well-validated.

However, beyond the lack of an “ideal” technique that can
do-it-all, there are significant challenges in creating standards in
this field. For example, consistency in measurement validation
would enable the setting of standard “test cases” used to obtain
the accuracy of a measurement system. However, there are currently
no good options for test materials that encapsulate the variety of
features found in actual tissues that can impact measurement accu-
racy. Furthermore, consistency in reporting metadata would support
reusability of data and ease in comparing data. Notably, there are a
significant number of parameters to consider, including all details
regarding the tissue source, sample handling and processing,
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measurement protocol, and post-processing. However, at present,
there is no consensus on the metadata parameters that are necessary
to report, and those which can be neglected, without hindering the
reusability or interpretability of a study.

Despite these gaps, and pending future work on strategies to
address them, we can safely recommend increased adherence to
high-quality procedures and reporting—including reporting of val-
idation measurements and test scenarios to demonstrate the accu-
racy of a measurement method and reporting of as much metadata
as possible—as the most important need in this field at this time.
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