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Figure 21. Breast rotational position #2—image in the interior of the breast only, formed at a single
vertical position of the sensor network, in front of the tumor: (a) Test Date 1, top XY view, superposition
of the fibroglandular and outer breast surface molds (blue color), red sphere indicating the tumor
location; (b) Test Date 2, top XY view, superposition of the fibroglandular and outer breast surface
molds (blue color), red sphere indicating the tumor location; (c) Test Date 1, 3D view, superposition
of the outer breast surface mold (blue color), red sphere indicating the tumor location; (d) Test Date
2, 3D view, superposition of the outer breast surface mold (blue color), red sphere indicating the
tumor location.

It can be observed in Figure 22a,b that maximal focusing is achieved for pcg}, = 35% on both test
dates. The optimal pcg, value remains constant between the two test dates, as required by acceptance
test #1; however, this value is lower than the optimal value identified for rotational position 1 of the
breast phantom. This phenomenon of slightly shifted optimal pcgp,, depending on the orientation
of the breast phantom with respect to the sensor network, has been consistently observed on more
validation test datasets of the imaging system, and could be attributed to the slight inhomogeneity in
the temperature spatial distribution in the interior of the device, at its actual version. This is accepted as
such, and validated for the clinical pilot testing of the system; a thermoregulation of the device interior
is planned to be put in place when upgrading the device design in the future, such that this type of
inhomogeneity can be avoided. The ‘average’ breast tissue dielectric properties that are associated
with each pcgy, value are defined in Figure 8.
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Considering the threshold value thrga 1 = 0.0004 for the optimal focusing metric (FM) per image,
as defined in Section 3.1.1, acceptance test #2 is clearly validated on Test Date 1, but it is hardly reached
on Test Date 2, as can be observed in Figure 22a,b.

The evaluation of the QA metric 2 is shown in Figure 22c,d. It is shown that the maximal intensity
Impmax of the TR-MUSIC pseudospectra is maximized for the same pcg, values as the FM, such that
AC #3 is validated on both test dates. Given the threshold value for the image intensity at the target
(tumor) position, thrga » = 0.0001, as specified in Section 3.1.1, AC #4 is clearly validated on Test Date
1 and just met on the Test Date 2.

The two patterns: FM (pcgp) and Immax (pcsip) remain consistent between each other, as far as the
dependence on pcg, is concerned; acceptance test #5 is validated on both test dates.
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Figure 22. Breast rotational position #2: (a) Test Date 1, image QA metric 1; (b) Test Date 2, image QA
metric 1; (c) Test Date 1, image QA metric 2; (d) Test Date 2, image QA metric 2.

3.2. QA Metrics 3 and 4: Images Formed at Multiple Vertical Positions of the Sensor Network

In Figure 23, the maximal focusing metric (FM), as extracted from Figure 18a,b and Figure 22a,b for
the four test datasets at single H = 118 mm (sensor network in front of the tumor), is plotted as evaluated
on images that have been formed using six different vertical scan positions of the sensor network
(vertical sampling rate = 5 mm). The result, which is QA metric 3 as defined in Section 2.6.5, is plotted
in Figure 23a,b for the breast rotational position 1, Test Date 1, and Test Date 2, correspondingly.
In Figure 23¢,d, QA metric 3 is plotted for the breast rotational position 2, Test Date 1, and Test Date 2,
accordingly. The maximal FM is observed at the same height, H = 118 mm, for both rotational positions
of the breast phantom, and for both repetitions of either of the two controlled imaging tests. AC #6 is
validated based on the results presented for the four test datasets, as shown in Figure 23.

Ideally, an overall contrast between the maximal FM (at H = 118 mm, coronal slice of the breast
on which the tumor is better ‘seen’ by the sensor network) and the FM that is achievable at any other
coronal breast slice should exceed a given threshold thrga_3 = 1.2, as is the case in Figure 23b for breast
rotational position 1 on Test Date 2. While such a case represents the goal in terms of unambiguous
retrieval of the tumor echo along the vertical scan of the heterogeneous breast, AC #7 is validated also
in the case of Figure 23a,c, where the contrast in terms of FM exceeds the value thrga 3 = 1.1. In the
case of Figure 23d, the computed contrast is 1.08. It has been concluded in the course of the on-site
validation of the imaging system that the three first test datasets are validated in terms of AC #7, while
the fourth test dataset hardly meets the set threshold value. It is interesting to notice that the breast
rotational position 2—Test Date 2 scan is the only one that has been marked as invalid (or potentially
critically valid) by the total of three quantitative evaluation tests: AC#2, AC#4, and AC#7.
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Figure 23. Imaging focusing analysis on 3D multi-H data: (a) Rotational position #1—Test Date 1;
(b) Rotational position #1—Test Date 2; (c) Rotational position #2—Test Date 1; (d) Rotational position
#2—Test Date 2.

In Figure 24, a top and side view of the composite image formed using the data from the six vertical
scan positions of the sensor network (as per Equation (14)) are shown for breast rotation position
1 on Test Date 1. The ground truth location of the tumor phantom is illustrated with a spherical
inclusion with a diameter of 14 mm, which is equal to the average size of the microlobulated tumor
that is superimposed on the images. This type of multi-height composite image has been formed via
concatenation of the single-height images with automatically selected pcgp,, to allow optimal image
focusing independently per height, as explained in Section 2.4.5. The sensor positions, as mapped
on the inner wall of the container filled with transition liquid, are illustrated with the purple dots
that are overlaid on the images. Overlapping zones exist in the 3D imaging domain among the
elementary images formed from data at a single vertical scan position of the sensor network. Intensity
normalization operations are also involved in the concatenation of the elementary images for formation
of the composite multi-height image; this is the reason why the scaling of the intensity is different for
the single-height (formed as per Equation (13)) and the multi-height images (formed as per Equation
(14)). The difference in scaling depends on the number of integrated vertical scan positions and the
amount of overlap among the elementary images. These parameters are not detailed any further in
this paper.

In Figure 25, a top and side view of the composite image formed using the data from the six
vertical scan positions of the sensor network (as per Equation (14)) are shown for breast rotation
position 1 on Test Date 2.

By comparing the imaging results in Figures 24 and 25, it is clear that while unambiguous
detectability of the tumor in the breast interior is assured all along the six vertical scan positions,
the maximal intensity of the composite TR-MUSIC pseudospectrum in the breast (tumor constellation
of echoes) is lower in Figure 25 as compared to Figure 24. Few spots of unfiltered clutter/interference
close to the sensor network are also visible in the images in Figure 25. It is well seen on the side
view in Figure 25b that the unfiltered interferers appear a bit higher than the tumor (=closer to the
examination table).
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Figure 24. Breast rotational position #1—Test Date 1—image formed using six vertical positions of the
sensor network in the vicinity of the tumor—image in the interior of the breast superimposed with the
image of the full imaging domain: (a) top XY view; (b) side XZ view.
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Figure 25. Breast rotational position #1—Test Date 2—image formed using six vertical positions of the
sensor network, in the vicinity of the tumor—image in the interior of the breast superimposed with the
image of the full imaging domain: (a) top XY view; (b) side XZ view.

In Figures 26 and 27, a top and side view of the composite images formed using the data from
the same six vertical scan positions of the sensor network (as per Equation (14)) are shown for breast
rotation position 2, on Test Date 1 and Test Date 2, correspondingly. The image intensity associated
with the constellation of tumor radar echoes is a bit lower on both test dates, as compared to the images
in Figure 24. The constellation of more than a single peaked spot is associated with the tumor on the
TR-MUSIC pseudospectra of Figure 26. This is acceptable, given the size and irregular shape of the
target, as seen in Figure 5.

In both Figures 26 and 27, a slightly higher level of overall intensity in the exterior of the breast
phantom (level of residual interferer echoes) is observed, as compared to the images in Figures 23
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and 24. This is an indicator of the slightly degraded imaging performance of the system in the case of
breast rotational position 2 on both test dates. This is quantifiable by means of QA metric 4, i.e., the ratio
between the average image intensity in the non-focused image in the exterior of the breast versus the
maximal image intensity in the focused image in the interior of the breast (clearly associated with the
tumor radar echo on all the presented images). The values of QA metric 4 are given in Table 4 for all
four composite images in Figures 24-27. Ideally, QA metric 4 should not exceed the upper limit value
ULga_4 = 10% for on-site acceptance of a test scan using the specific controlled imaging scenario.
The scans of both breast rotational positions on Test Date 2 (this is not the same date for both scans) are
thus at the limit of being marked as incompatible in terms of AC #8.
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Figure 26. Breast rotational position #2—Test Date 1—image formed using six vertical positions of the
sensor network, in the vicinity of the tumor—image in the interior of the breast superimposed with the
image of the full imaging domain: (a) top XY view; (b) side XZ view.
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Figure 27. Breast rotational position #2—Test Date 1—image formed using six vertical positions of the
sensor network, in the vicinity of the tumor—image in the interior of the breast superimposed with the
image of the full imaging domain: (a) top XY view; (b) side XZ view.
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Table 4. QA Metric 4, Evaluated for the Four Analyzed Test Datasets.

Breast Test Date 1 Test Date 2
Rotational position #1 7.41% 10.38%
Rotational position #2 4.68% 11.42%

4. Discussion and Conclusions

In Table 5, a summary of the acceptance test results is reported for the four breast phantom scans,
which have been thoroughly analyzed in Section 3.

Site acceptance of the imaging system is suggested, if more than Nyest /2 valid tests are consistently
reported, at every scan repetition, during a one-week test validation period (Niest = 8 is the total number
of acceptance tests performed and evaluated after each scan, as defined in Section 2.6.5).

Table 5. Summary of Acceptance Test Results.

Rotational Position #1 Rotational Position #2
Acceptance Test (AC)
Test Date1  Test Date2  Test Datel  Test Date 2
#1 - - - -
#2 + + + X
#3 - - - -
#4 + + + -
#5 - + + +
#6 + + + +
#7 - + - X
#8 + - + -

+, Valid; -, Critically Valid; x, Invalid.

This summarized result presentation makes clear the degradation that has been observed for the
scan at breast rotational position #2, on Test Date 2, when compared to the other three scans, in terms
of the defined QA metrics. This is indicative of the expected and acceptable level of variability in the
performance of the imaging system prototype.

At this stage of system development, and toward pilot clinical testing, all the “critically valid” AC
test results in Table 5 have been considered acceptable. On-site acceptance of the imaging system is
validated with such results, provided that such a performance is consistently achieved along the total
duration of the one-week validation period.

In the case of the breast phantom defined in Section 2.3 and used for the validation tests of
the system, even if a single tumor model is inserted in the breast phantom under test, the complex
geometry of the plastic molds, filled with either adipose or fibroglandular tissue-mimicking liquid,
may result in unfiltered radar echoes originating from the corners on the mold surface, which may be
erroneously seen as “scattering objects of interest”. This complexity renders the test scenario, which
is used for system validation, particularly challenging (from a radar point of view), and does not
necessarily correspond to a physical complexity that is expected to be found in the real breast; less
discontinuous transitions and a less structured multi-layered configuration is naturally expected to be
found in the real breast, but cannot be easily reproduced in a phantom.

On the other hand, it is clear that any perturbation that may be introduced in the microwave
breast scan due to either an intentional motion of the patient or unintentional ‘micromotions’ of living
body cells during the scan, has not been considered so far, and its impact will be investigated based
on clinical data only. Interference due to blood flow in the breast, or due to the interface between
the examination table and the patient’s chest wall have not been investigated either. The inherent
interpatient anatomical variability and its impact on the pre-processing modules for sensor coupling
and breast skin echo suppression will also need to be carefully investigated during the pilot clinical
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test. Finally, the interpatient variability in terms of: normal and cancerous breast tissue dielectric
properties and associated contrasts, breast density, and skin texture depending on age, are all examples
of physical phenomena that have not been modeled by the phantoms used for the system design
and validation.

Given the above considerations on potential sources of mismodeling of the breast with the
available phantoms, it is inevitable that some adjustments of both the hardware and software modules
of the system architecture may need to be performed as a conclusion of the planned pilot clinical
testing. Such adjustments may be required such that the intended imaging performance, as validated
with the indicative results presented in this paper, is assured and validated when processing the
clinical data from patient breast scans as well.
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Abstract: Electromagnetic (EM) medical technologies are rapidly expanding worldwide for both
diagnostics and therapeutics. As these technologies are low-cost and minimally invasive, they have
been the focus of significant research efforts in recent years. Such technologies are often based on
the assumption that there is a contrast in the dielectric properties of different tissue types or that the
properties of particular tissues fall within a defined range. Thus, accurate knowledge of the dielectric
properties of biological tissues is fundamental to EM medical technologies. Over the past decades,
numerous studies were conducted to expand the dielectric repository of biological tissues. However,
dielectric data is not yet available for every tissue type and at every temperature and frequency:.
For this reason, dielectric measurements may be performed by researchers who are not specialists
in the acquisition of tissue dielectric properties. To this end, this paper reviews the tissue dielectric
measurement process performed with an open-ended coaxial probe. Given the high number of
factors, including equipment- and tissue-related confounders, that can increase the measurement
uncertainty or introduce errors into the tissue dielectric data, this work discusses each step of the
coaxial probe measurement procedure, highlighting common practices, challenges, and techniques
for controlling and compensating for confounders.

Keywords: dielectric measurements; biological tissues; open-ended coaxial probe; equipment-related
confounders; tissue-related confounders

1. Introduction

The interaction of electromagnetic (EM) fields with the human body is dependent on the
inherent dielectric properties of each tissue. Based on these properties, electromagnetic waves are
transmitted, absorbed, and reflected by biological tissues in different ratios. Accurate knowledge of
these properties is crucial for dosimetry (safety) calculations and for medical diagnostic, monitoring,
and therapeutic technologies.

The dielectric properties of tissues can be incorporated into highly accurate computational and
physical models, and the generated preliminary data can be used to assess the technical risk, efficacy,
and safety of the medical device or treatment. For instance, numerical models based on tissue dielectric
parameters are used to calculate the specific absorption rate (SAR) in biological tissues. SAR levels are
regularly calculated to validate the safety of many medical technologies, including magnetic resonance
imaging (MRI) and implantable devices. Since SAR is a complex function of the dielectric properties
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of tissue, accurate knowledge of these properties are the foundation upon which SAR safety analysis
is built [1,2]. Furthermore, accurate knowledge of the dielectric properties of biological tissue have
prompted the development of a wide range of novel diagnostic and therapeutic technologies.

EM imaging ranges from the low-frequency Electrical Impedance Tomography (EIT) to
higher-frequency Microwave Imaging (MWI). Both of these techniques rely on dielectric contrasts
between organs or on contrasts between healthy and diseased, or inflamed, tissue. These imaging
methods have gained significant academic and commercial interest, since both EIT and MWI
are non-invasive and low-cost techniques [3-7]. While EIT is now established commercially for
lung-function monitoring applications [8,9], MWI, similarly, has made considerable progress toward
clinical usage in the past two decades as tissue dielectric properties enable the differentiation of benign
and malignant tissues in breast cancer imaging [10-14], the monitoring of bladder volume in the
treatment of enuresis and urinary incontinence [15,16], and the detection of stroke in intracranial
imaging [17-20].

From a therapeutic perspective, knowledge of the relevant dielectric properties is used in
the design and optimisation of hyperthermia (HT) [21-23], radiofrequency ablation (RFA) [24-26],
and microwave ablation (MWA) systems [27-31]. Hyperthermia consists of elevating the temperature
of a diseased tissue to just above a normal physiological level in order to sensitise tumour cells,
making the cancerous tissue more susceptible to chemotherapy and radiotherapy [32]. Targeted HT
has been demonstrated to be particularly effective in the treatment of cervical cancer, breast cancer,
cancers of the head and neck, and sarcoma in adults [21] and germ cell tumours in young children [23].
In EM-based hyperthermia systems, heating is achieved by coherently adding signals at the tumour
location. In order to achieve coherent summing of the waves at the appropriate location, knowledge of
the wave propagation speed is required, which depends on the dielectric properties of the tissues in the
region. Similarly, radiofrequency ablation (RFA) and microwave ablation (MWA) are two treatments
for liver, kidney, and lung cancer [33,34]. Both methods cause the direct necrosis of disease, and the
relative high frequencies allow for good selectivity in terms of targeting the cancerous tissue, while
protecting the surrounding healthy tissue [35]. Knowledge of the dielectric properties of tissues in the
ablation region are factored into the design of ablation probes, where they are used to optimise the
probe antenna efficiency and directivity, along with the size and shape of the ablation zone [36].

Thus, an accurate knowledge of the tissue dielectric properties not only has the potential
to improve SAR estimates and reduce undesired tissue heating, particularly in newly developed
RF-induction powered implantable sensors, but is also of key importance for the design of novel
EM-based imaging and therapeutic technologies.

Due to the fast-paced development of novel, low-cost medical technologies and wearable devices,
knowledge of new dielectric tissue data may be required. Thus, dielectric data may be acquired by
researchers who are not specialists in the measurement of dielectric properties. For this reason, this
paper reviews the most common measurement techniques for the acquisition of dielectric properties of
biological tissues and references the most relevant dielectric studies in the literature.

There are several methods to measure the dielectric properties of biological tissues, including:
The transmission line, cavity, tetrapolar (or multi electrode) probe, and open-ended coaxial
probe techniques. Amongst these methods, the coaxial probe technique is the most commonly
used [11,29,30,37—44]. Although the dielectric measurement process with an open-ended coaxial
probe appears straightforward, different confounders can result in two types of errors in the
measured data: Equipment-related (or system) and tissue-related errors. System errors relate to
measurement equipment choice, measurement uncertainties, and measurement calibration and
validation. Tissue-related errors are due to factors including: Temperature, probe-sample contact,
probe-sample pressure, sample handling procedure, in vivo versus ex vivo experiments, tissue sample
properties, and heterogeneity. Historically, equipment-related errors have been reduced with the
development of a standard error correction calibration and good benchmarks have been defined
to reduce or compensate for tissue-related errors. However, many tissue-related errors have yet
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to be investigated in detail. Both equipment- and tissue-related errors are addressed in this work.
In particular, this paper focuses on the most common methods and best practices used to reduce
or compensate for confounders affecting each step of the open-ended coaxial probe measurement
process. Confounders are defined, here, as factors that affect the outcome (i.e., the measured dielectric
properties) other than the intended cause (the actual tissue properties).

The remainder of the paper is organised as follows: Section 2 introduces the physical principles of
the dielectric properties of biological tissues and summarises the most relevant works in the literature,
highlighting the different aspects to consider in the process of tissue dielectric measurement. Section 3
describes the techniques used for dielectric measurement of biological tissues, and highlights why the
open-ended coaxial probe method has, historically, been the most widely used for tissue measurements.
In the following sections, the steps involved in an open-ended coaxial measurement are detailed.
In Section 4, the standard calibration method is described and, in Section 5, the typical system validation
procedure and the measurement uncertainty estimation are discussed. Tissue-related confounders are
analysed in Sections 6 and 7. Lastly, the paper concludes in Section 8, with a discussion proposing
methods to refine the dielectric characterisation of human tissues and improve the interpretation of
both historical and new dielectric datasets. It is hoped that this paper will be a useful reference text for
those who are not experts in the field of dielectric data acquisition, but who are interested in using the
resulting dielectric data or EM-based medical technologies that rely on this data.

2. Tissue Dielectric Properties: Background and Relevant Works

This section provides the necessary theoretical background for understanding dielectric properties
and their measurement. Firstly, dielectric properties are defined and their characteristics described.
Then, a concise historical review of dielectric property measurements of tissues is detailed, highlighting
the progress in the dielectric measurement of biological tissues to date.

2.1. Basics of Dielectric Properties

The dielectric properties of biological tissues (and polar materials) are defined by the complex
permittivity, e(w)*, which describes the interaction of the tissue with an external electric field. When
an electric field is applied, a charge displacement in the tissue causes dielectric polarisation. The real
and the imaginary terms of the complex permittivity are related by:

o(w)
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* _ s _ .
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where w is the angular frequency. The real part of the complex permittivity, €’, also called the “dielectric
constant” or “relative permittivity”, expresses the ability of the tissue to store energy from an external
electric field. The imaginary part of permittivity, e”, reflects the dissipative nature of the tissue, which
absorbs the energy and partially converts it to heat. The conductivity, o(w), is linked to the imaginary
part of the complex permittivity by the relationship defined in Equation (1).

Equation (1) expresses the dependence of complex permittivity on the frequency of the applied
external electric field. In particular, at specific frequencies, polarisation occurs and contributes to the
tissue dielectric behaviour [45,46]. The dielectric spectrum of a tissue is characterized by three main
dispersion regions, «, 3, and 'y, along with other minor dispersions, including the 5 dispersion. These
dispersion regions reflect the mechanisms occurring in various components of the biological material.
Details regarding these biophysical mechanisms are thoroughly reported in [45,46].

Mathematical functions have been developed to model the dielectric behaviour of biological
tissues and polar materials. These models are generally used to fit dielectric data, thus, reducing
measurement data points to closed form equations and convenient graphical representations [11].
Dielectric models allow the calculation of the relative permittivity and conductivity values at any
desired frequency within the range for which the relaxation equation is valid [47,48]. Importantly,
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these models allow for the dielectric properties of biological tissues to be easily incorporated into
sophisticated computational models.

The most common models used to describe the electrical behaviour of either aqueous electrolytic
solutions or tissues are the: Debye, Cole-Cole, and Cole-Davidson models [49]. In general, the Debye,
Cole-Cole, and Cole-Davidson models can be represented collectively by the Havriliak-Negami
relaxation, which is an empirical modification of the Debye relaxation model, accounting for the
asymmetry and broadness of the dielectric dispersion curve:

€5 — €0 O
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where w is the angular frequency, e« is the permittivity at infinite frequencies due to electronic
polarizability, e is the static (low frequency) permittivity, o is the static conductivity linked to charge
movements, €y is the permittivity of the vacuum, o and {3 are empirical variables that account for the
distribution of the relaxation time and the asymmetry of the relaxation time distribution, respectively,
and 7 is the characteristic relaxation time of the medium, which is the time necessary for the material
molecules or dipoles to return to the relaxation state that was perturbed by the application of the
electric field. When « = 0 and 3 = 1, Equation (2) corresponds to the Debye model. For 0 < a <1
and p =1, Equation (2) results in the Cole-Cole equation, which accounts for the distribution of the
relaxation time. Lastly, for « =0 and 0 < $ < 1, Equation (2) corresponds to the Cole-Davidson equation,
which is characterised by an asymmetrically broadened distribution of relaxation times [49]. While all
of these models are used for fitting polar aqueous solutions, biological tissue data is generally fitted
with the Debye and Cole-Cole models.

Equation (2) describes a single relaxation; however, if the dielectric behaviour of a material is
analysed across a wide frequency range, all dielectric relaxations occurring over that frequency range
must be taken into account and more poles (corresponding to the different relaxation times of the
material) should be introduced to adequately describe the material. Biological tissues are generally
described in terms of multiple Cole-Cole poles, which is a physics-based compact representation of
wideband frequency-dependent dielectric properties [47].

2.2. Dielectric Property Studies in the Literature

Since the late 1940s, researchers have examined the dielectric properties of human and animal
tissues across different frequency ranges, often using varied measurement procedures [50-53].
In the 1980s, the dielectric relaxation processes of biological tissues were further examined
and modelled [45,46], and, increasingly, the open-ended coaxial line became the most common
sensor for the acquisition of the dielectric properties of animal and human tissues [38-41,54-58].
The open-ended coaxial measurement technique was preferred to the transmission line, cavity
perturbation, and tetrapolar probe methods, since the open-ended coaxial technique is non-destructive
and allows for ex vivo and in vivo broadband measurements [39,59-61].

In the same decade, considerable progress was made on the measurement system and procedure,
and several dielectric studies were conducted. Along with the dielectric characterisation of animal
and human tissues [39,54,62,63], the tissue dielectric properties were analysed as a function of
their physiological properties [45,55,64]. For instance, the dependence of the dielectric properties
on tissue water content at microwave frequencies was analysed [56,65], the in vivo and ex vivo
dielectric properties were compared [40], the difference between healthy and malignant tissues were
examined [64,65], and the change in tissue dielectric properties post-mortem were reported [55].

A decade later, in 1996, Gabriel et al. published a comprehensive literature review reporting
animal and human dielectric data across ten frequency decades, from 10 Hz to 20 GHz [66]. Dielectric
data from a wide literature search was gathered and compared. Some inconsistencies were noted due
to the use of different equipment and samples, and, therefore, Gabriel et al. sought to supplement
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these datasets with newly acquired data. Gabriel et al. completed in vivo and ex vivo animal and
human tissue studies over a frequency range from 10 Hz to 20 GHz [42,47,67]. With this work,
Gabriel et al. bridged gaps in the literature and consolidated the available dielectric data into one
large dielectric repository. The experimental measurements were performed using three different
techniques, depending on the acquisition frequency. To ensure quality, wherever possible, in vivo
measurements on human patients were selected in preference to ex vivo or animal measurements.
Where ex vivo/in vitro tissue was used, measurements were acquired as soon as possible after death.
The data collected and measured by Gabriel et al. quickly became the generally accepted standard for
dielectric properties of human tissues. This work was made publicly available on, firstly, the Federal
Communications Commission (FCC) website [68] and on the Italian National Research Council (CNR)
website, subsequently [69]. This broad availability allowed widespread use of the data among the
scientific community and contributed to its diffusion.

In the subsequent years, dielectric measurement instrumentation and procedures were further
improved. Specifically, the volume of the sample interrogated by the probe was investigated to
accurately assign the acquired dielectric data to the actual tissue contributing to the dielectric
measurement [70-72]. Based on the analysis of the probe sensing volume, precision probes were
manufactured for localised dielectric spectroscopy of both low and high permittivity tissues [73].

In 2005, following an extensive measurement programme to measure the dielectric properties of
several animal tissues, Peyman et al. described many measurement challenges related to the dielectric
properties of biological tissues and corresponding methods to deal with them [43]. In 2006, Gabriel and
Peyman reviewed tissue dielectric properties, with the aim of examining measurement uncertainties
and their effect on existing dielectric measurements. The uncertainties were divided into random
(“Type A”) and systematic (“Type B”), according to the guidelines defined by the National Institute of
Standard and Technology (NIST) in 1994 [74,75].

In 2007, Lazebnik et al. examined the dielectric properties of breast tissue, with the aim of
assessing the viability of using microwave imaging to detect early-stage breast cancer [11,76]. Through
careful histological categorisation of each breast tissue sample, Lazebnik et al. found the breast to be
dielectrically heterogeneous, and the dielectric contrast between fibroglandular tissue and cancerous
tissue to be as little as 1.1:1 in the range between 0.5 GHz and 20 GHz. These findings were in
conflict with almost all existing datasets, which had predicted considerably higher dielectric contrast
(some as large as 10:1) [77,78]. The findings of Lazebnik et al. had a very significant impact in the
community of researchers developing microwave breast imaging systems, since the data suggested
that the dielectric contrast between healthy and cancerous tissue may be too low to clinically detect
cancer using this technology. More recent works characterising healthy and cancerous breast tissue
found a high variability in the properties across each tissue type and across patients, which complicates
the dielectric differentiation between healthy and malignant tissue [12,58,79]. However, in Martellosio
etal., a contrast in relative permittivity ranging from 1.1 to 5 was found between healthy and cancerous
breast tissue across the range of 0.5-20 GHz [79], which is in broad agreement with the results of
Lazebnik et al. [11,76].

In 2014, Sugitani et al. suggested that the inconsistency in the reported dielectric properties of
breast tissue may be at least partially attributed to variations in the number of cells of each tissue type
(e.g., fat or tumour) within a dielectric sample [12]. The findings in Sugitani et al. underscored the
need to take into consideration tissue heterogeneity and histopathology within the sensing volume
when completing dielectric studies.

In order to define the sensing volume to account for histological analysis of heterogeneous
biological tissues, Meaney et al. and Porter et al. examined the sensing volume of the common
commercial dielectric probes and evaluated the dependence of the measured dielectric properties on
the sample tissue composition [80-83].

Recently, numerous studies investigating the contrast in dielectric properties between healthy and
malignant tissues have been conducted in order to improve the design of existing medical devices or
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to expand the clinical application of both imaging and therapeutic devices [10,37,84-86]. In particular,
a number of works investigated the dependence of the dielectric properties of biological tissues on
temperature for the optimisation of therapeutic technologies, such as RF/MW ablation [26-31,35].

To summarise, over the last three decades, notable progress has been made in the improvement
of dielectric measurement equipment and in the refinement of the measurement protocol, aimed at
further improving existing dielectric repositories. However, today, there is still a need for additional
dielectric data to cover all tissue types, temperatures, and frequency ranges. This data provides the
foundation for safety studies involving electromagnetic fields and for the design or optimisation of
novel medical technologies. Therefore, in the next sections, the dielectric measurement procedure is
discussed in detail and, along with each step of the procedure, the corresponding confounders that
can introduce error into the results are discussed. Compensation techniques for mitigating the impact
of confounders are also provided.

3. Measurement Approaches

Different techniques have been used to measure the dielectric properties of tissue, including the
transmission line and waveguide; open-ended coaxial probe; tetrapolar (or multi electrode) impedance;
and perturbation cavity methods. In this section, an overview of each technique is provided, along
with the known advantages and drawbacks of each. Then, the focus is on the most common method,
the open-ended coaxial probe technique. This section underscores why the coaxial probe technique is
the most used approach for dielectric tissue measurements. The state-of-the-art in modern open-ended
coaxial probe measurement equipment is also presented.

3.1. Overview of Measurement Techniques

Among the measurement techniques used in previous dielectric studies, the most common
methods are presented and briefly discussed in this subsection.

3.1.1. Transmission Line

In transmission line measurement methods, a sample is placed in a coaxial line or, in the
case of anisotropic tissue, in a rectangular waveguide so that the field polarisation may be varied.
The transmission line is connected to two ports of a Vector Network Analyser (VNA) in order to
acquire the scattering parameters (511 and S21) [62,87], which are then converted into the complex
permittivity (dielectric properties) of the tissue. The two most commonly used conversion methods
are the Nicolson-Ross-Weir (NRW) method [88,89] and the NIST iterative conversion method [90,91].
The NRW method provides a direct calculation of permittivity from the complex reflection coefficient
and the complex transmission coefficient obtained from the S-parameters [88,89,91,92]. Other common
conversion methods are iterative and receive the initial guess from the NRW method or users’ input.
The algorithm developed to implement the NIST iterative conversion method is reported in detail in
Baker-Jarvis et al. [90].

The transmission line method allows measurement over a large frequency range, but only at
low temperatures [87,93,94]. Waveguides are suitable for measuring larger samples (i.e., samples the
size of the waveguide) at frequencies of up to 2.45 GHz, which is the frequency point normally used
in microwave ablation. Smaller samples can be measured in the coaxial line, although this method
also requires careful sample preparation in order to shape the sample to fit the line, and the method
generally assumes that there are no air gaps in or around the sample and that the sample has smooth
flat faces [95]. Thus, the transmission line method can be suitable for the measurements of biological
fluids, but is unsuitable for in vivo measurements and not recommended for ex vivo measurements of
semisolid or solid biological samples.
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3.1.2. Cavity Perturbation

The cavity perturbation method consists of a resonant cavity that resonates at specific frequencies.
The tissue samples are inserted into the cavity and analysed by measuring the resonant frequency
(f) and quality factor (Q), which are altered by inserting the tissue sample [94-98]. The tissue
dielectric properties are then computed using the frequency, the Q-factor, and the sample volume.
Details regarding the mathematical formulation to obtain the permittivity of the sample are reported
by Campbell et al. [99]. However, the resonant frequency and quality factor are generally computed
with a VNA. Since the maximum change in resonant frequency is achieved when a small perturbation
occurs at the maximum intensity of the cavity mode, the cavity perturbation method requires a small
sample [94,97]. Dielectric measurements performed using the cavity perturbation method can be
accurate, but only provide dielectric data at a single frequency (in the upper microwave frequency
range of 1-50 GHz). While the equipment needed for cavity perturbation measurements is readily
available and cost-effective, the sample preparation is relatively complicated, requiring an excised
tissue sample to be cut and moulded to a precise size and shape to fit into the cavity [95,97]. This process
may introduce air pockets within the sample or between the sample and the cavity, loss of fluid in
the tissue (which would affect its properties), and an increase in density from pushing the tissue
into the cavity (which could also affect its properties) [97]. Due to the required sample size and,
thus, sample preparation, biological tissue measurements with the cavity perturbation method are
highly challenging.

3.1.3. Tetrapolar Impedance

Unlike the previous two techniques, the tetrapolar (or multi electrode) impedance method is
non-destructive and allows for in vivo tissue measurements. The tetrapolar probe is composed of four
electrodes: Two of the electrodes are driven with a current source and the other two electrodes are
used for voltage measurements. The two electrode pairs are used for impedance measurements,
avoiding interference from effects related to the electrode-tissue interface [100,101]. The tissue
dielectric properties are easily evaluated from the measured impedance with knowledge of the sample
dimensions. Although the tetrapolar probe method does not require tissue processing and is very
sensitive to tissue anisotropies [19,101], it is only suitable for specific low frequencies (in the range
of 107°-100 MHz) [101]. For the tetrapolar probe technique, the electrode configuration should vary
according to the interrogated tissue. In order to increase the number of applications, tetrapolar probes
may be replaced by spring-loaded multi electrode probes [102]. The multiple surface electrodes permits
the setting of a current pattern so that the resulting measured voltage is more sensitive to a local area
and less sensitive to other regions. Multi electrode probes can provide improved bioimpedance and
anisotropy measurements [102].

3.1.4. Open-ended Coaxial Probe

The coaxial probe technique does not suffer from many of the disadvantages associated with
the techniques described above. The open-ended coaxial probe consists of a truncated section of
a transmission line. The electromagnetic field propagates along the coaxial line and reflection occurs
when the electromagnetic field encounters an impedance mismatch between the probe and the
tissue sample. The open-ended coaxial probe measurement set-up and the probe cross-section are
schematised in Figure 1. The reflected signals at different frequencies are measured and then converted
into complex permittivity values.
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(a)
(b)
Outer conductor—L
Insulator
Inner cond uctor{

Figure 1. Open-ended coaxial probe technique: (a) Schematised measurement set-up, including the
Vector Network Analyser (on the right), the cable connecting one port of the VNA to the coaxial probe,
the probe bracket, and the liquid sample being measured; (b) top and side cross-sections of the coaxial
probe, with electric field orientation indicated.

Different methods have been developed to convert the measured reflection coefficient to
permittivity [60,103-107]. However, today, this process is generally done automatically by software
embedded in the VNA [108]. Therefore, details on the various methods are not discussed in detail
here, but more information can be found in [103-107,109-111].

The open-ended coaxial probe has become the most commonly used method to measure the
dielectric properties of tissues for several reasons: The method is simple; sample handling is minimal
and non-destructive; and both ex vivo and in vivo measurements over a broad frequency range are
possible [39,42,43,72,94]. However, the open-ended coaxial method assumes a homogeneous sample
that is in good contact with the probe; therefore, air bubbles and uneven sample surfaces can result in
inaccurate measurements [95], and heterogeneous samples present a particular challenge. There are
also limits to the magnitudes of material properties that can be measured reliably [95]. The limits
of what can be measured depend on a number of factors, including the probe design and materials
(and, therefore, its impedance), precision of the probe fabrication procedure, calibration procedure
(standards used), and the capabilities of the measurement device (i.e., the VNA). Furthermore, what
is classified as a “reliable measurement” depends on the experiment and the required accuracy.
Although theoretical limits of the measurement set up can be estimated analytically, they are generally
estimated experimentally by measuring materials (usually liquids) with different extreme values of
relative permittivity and conductivity. Then, the accuracy of the measurement can be estimated in
different ranges of complex permittivity and it can be determined if the accuracy is appropriate for the
experiment of interest.

Overall, many challenges associated with tissue dielectric property measurements may arise in
each of the above measurement techniques, for example, issues related to temperature change and
tissue heterogeneity. Since the coaxial probe technique is by far the most commonly used method
for tissue measurements [10-12,39-42,44,59,60,62,112,113], it will be examined in more detail in the
subsequent sections.
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3.2. Evolution of the Coaxial Probe Design and Fabrication

In the 1980s and 1990s, researchers conducting studies on dielectric measurements of biological
tissues focused on probe design and fabrication, system development, and systemic error correction
techniques [39,40,60-62,73]. The majority of the custom probes were fabricated from 50 Q) semi-rigid
coaxial cables [39,40,60-62,94]. Probes were customised depending on the type and size of the tissue
sample to be investigated and on the desired frequency range of the dielectric properties study.

Several custom-made probes were made of metal and Teflon [39,40,61,62]. Burdette et al. used
a 2.1 mm diameter probe to perform invivo and ex vivo measurement on animal tissue over
the frequency range 0.1-10 GHz. This probe had a flange (i.e., a ground plane) to contain the
electromagnetic field at the tip [39]. Kraszewski et al. performed in vivo animal measurements
over the frequencies 0.1-12 GHz using a Teflon-filled metal probe with a 3.2 mm external diameter [40].
Gabriel et al. used two Teflon-filled metal probes for in vivo and ex vivo animal studies in order
to acquire tissue dielectric properties at both low and high frequencies [42]. The probe used in the
low frequency range (10~4-200 MHz) had an external diameter of about 10 mm and the smaller
probe, used for dielectric measurements at the frequency range between (0.2-20 GHz), had an external
diameter of 2.9 mm [109]. Larger probes require a larger sample size due to the increased sensing
volume (i.e., the region of the tissue that is interrogated by the electric field of the probe). In both
Burdette et al. and Gabriel et al., the probe tips of the inner and outer conductors were plated with
an inert metal, such as gold and platinum, to modify the effect of electrode polarisation, which is
a manifestation of chemical reactions between the probe and the electrolytes (water molecules and
hydrated ions) in the tissue [39,42]. Specifically, this plating process shifts the electrode polarisation,
normally occurring at low frequencies, to even lower frequencies [39,46,109]. Popovic et al. reported
that Teflon-filled copper probes, usually used for broadband reflection coefficient measurements, can
cause inaccurate measurements because the probe aperture deteriorates easily and mechanical flaws
can occur. The effects of small mechanical imperfections at the probe tip were quantified by the
measured reflection coefficient and it was found that mechanical flaws at the probe tip can impact
measurements by altering the reflection coefficient by up to 30% [114]. Notably, Teflon-filled copper
probes do not meet bio-compatibility requirements nor can they be autoclaved (steam sterilised), both
of which are required for safe in vivo measurements on human patients [73].

More recently, borosilicate glass-filled, stainless-steel, open-ended coaxial probes were designed
and fabricated [73,115]. The use of thermally constant and matched, inert, refractory materials made
the probe biocompatible and suitable for high-temperature sterilisation [73].

Over the last decade, a growing number of dielectric studies have been conducted using
commercial probes [10,44,84,86]. Modern commercial probes are accurate [115], yet require specific
sample dimensions and characteristics. In particular, Keysight probes, including the slim form probe,
the performance probe, and the high temperature probe, have been used in most of the recent tissue
dielectric studies [12,44,79,86,116]. Out of these, the slim form probe is a common choice for tissue
measurements due to its small diameter and the fact that it can be steam-sterilised and, thus, used
in vivo. The tissue dielectric measurements performed using these commercial probes are summarised
in Table 1.

As the open-ended coaxial probe has been demonstrated to be the most applicable to measuring
the dielectric properties of biological tissues, the remainder of this work will focus on the dielectric
measurement process using this probe, from system calibration to biological sample preparation and
analysis. In the next section, the calibration procedure for open-ended coaxial probes is discussed.
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4. Calibration and Confounders

A standard calibration procedure, involving both the coaxial probe and the VNA, must be
performed before recording dielectric measurements [40,60,62,117]. In this section, a description of the
calibration process is provided, followed by an in-depth analysis of the related confounders.

4.1. Standard Calibration

In general, coaxial probe measurements use a three load standard calibration procedure for
one-port error correction. Any three different standard materials can be used for calibration, as long as
the dielectric properties of those standards are well known [117-119]. The choice of standard materials
to use may be based on ease of use, availability, or similarity to the materials under test [94,117].
The three most common standards used for coaxial probe calibration are: Open circuit, short circuit,
and a broadband load [114,115]. We note that the use of the term “broadband load” here does not
indicate a perfectly matched load, but rather, the broadband load can be any liquid with known
dielectric properties. The calibration is performed at the reference plane of the probe, while the probe
is connected to the VNA. The probe may be connected directly to the VNA or through a phase-stable
cable. The calibration procedure aims to find a relation between the measured complex reflection
coefficient and the expected one. This procedure allows for all post-calibration measurement data to be
corrected [120]. If performed correctly, a good calibration procedure results in reliable measurements.
The quality of the calibration depends on the accuracy in the measurements of the three standards and
on the level of control over the factors that can affect the process. In the following subsection a list of
the calibration steps required to reduce the confounders is reported. In addition, the confounders and
methods for their compensation are summarised in Table 2.

Table 2. The standard calibration process: Common errors or confounders that occur for each step
in the calibration process, along with the possible correction or compensation techniques. The open
circuit, short circuit, and a liquid load material are shown as the three calibration standards.

Calibration Steps Error or Confounder Action for Correction or Compensation
e Environmental parameter change [95] e  Control environmental parameters [113,122]
. . Probe contamination [27,37,39,121] . Inspect and clean probe [29,41-43]
Equipment set-up e Imperfect connection [39] e Check connections [39]
. Cable movement [43,76,80,115] . Fixing cable position (if not phase-stable) [29,44,86]

e  Cleaning probe [29,41-43]
e Particles on probe tip [95] e Checking the Smith Chart [123] to ensure
open-circuit impedance is being measured

. e Cleaning short block and probe [95]
H . .
= -
l:]ll___ Poor probe-short block contact [95] . Reposl.tmn or re c.or\tact short block with probe [95]
i el . Checking the Smith chart [123] to ensure

short-circuit impedance is being measured

Accuracy of liquid model [94,117]
Liquid temperature [43,94,124,125]
Air bubbles [48,71,126]

Liquid contamination [43]

Load Probe position in liquid [71]

Deionised water model has best accuracy [117]
Monitor or control temperature [29,43,44,95,121]
Re-immerse probe in liquid [95]

Limit exposure to air [43]

Place probe distant from beaker sides [71]

]

4.2. Calibration Procedure and Confounders

4.2.1. Equipment Set-Up and Confounders

Before performing the calibration, environmental parameters, such as temperature, pressure, and
humidity, should be controlled or monitored [122,127] because environmental changes may impact
measurement results [74]. Furthermore, system components should be checked [39], the probe tip cleaned and
verified by visual inspection [29,41—43], and the cable (if not phase-stable) fixed in place [29,44,86] as imperfect
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connections [39], probe contamination [27,37,39,121], and cable movement [10,27,43,44,76,80,86,95,115] can
all result in a poor calibration and, thus, unreliable measurements.

4.2.2. Signal Settings and Confounders

Prior to calibration, the frequency range needs to be selected based on the planned experiment.
Subsequently, the number of acquisition frequency points must be defined. Frequency points may
be equidistant according to a linear or a logarithmic scale. The use of a logarithmic scale can be
advantageous when data is acquired over a larger frequency range as there will be more points taken at
the frequency points where the largest change in dielectric properties occurs (due to dispersions) [128].
The signal power and measurement bandwidth must also be selected in the VNA software. The number
of points and bandwidth requires a trade-off between the measurement accuracy and speed of
data collection.

4.2.3. Measurement of the Three Standards and Confounders

Once the measurement settings are selected, the calibration measurements of the open-circuit,
short-circuit, and broadband load can be performed. The common errors and confounders likely to
occur during the calibration process are highlighted in Table 2, along with the recommended correction
and compensation techniques. As noted in the table, while performing calibration, (when using
modern VNAs) visualisation of the complex impedance on the VNA Smith chart is key to identifying
the unwanted presence of particles at the probe tip and confirming the quality of the open or short
circuit [56,95]. In particular, having a good quality short circuit is vital to a successful calibration [94].
Therefore, proper contact between the short and the probe must be ensured prior to completing the
calibration. Other than this, the open and short measurements are relatively straightforward and do
not require any additional consideration. In the case that the VNA does not allow visualisation of the
Smith chart during calibration, the quality of the calibration can then be verified by performing the
validation procedure, as described in Section 5.

Conversely, several confounders can introduce error into the load measurement. Different liquids
have been examined as potential load materials. The permittivity of the standard liquid should be
selected such that the complex impedance of the load is considerably different from the other two
standards [129]. The most typical liquid used as a load is deionised (DI) water [12,27,80,86,116,130].
Polar liquids (for example, ethanol, methanol, and saline) also meet the requirements [129] and exhibit
high conductivity and permittivity as a function of frequency. Nyshadham et al. examined the effect
of the uncertainty of the models of different standard materials on the uncertainty of the measured
permittivity [117]. In this study, different liquids (having different models) were used for calibration
and it was verified that DI water has smaller uncertainties in the Debye model than that of other
standard liquids (in other words, the dielectric properties of deionised water are the most well-known
and well-characterised) [117]. Indeed, the accuracy of the model represents one of the confounders
affecting the calibration procedure and the uncertainty of the measured permittivity. Specifically,
a quantitative analysis that examined the impact of errors in the model of one of the calibration
standards (in this case, acetone) found that model errors of 2% induced a similar magnitude of error
into the measured relative permittivity [131]. However, despite the impact of model uncertainties,
the best calibration material depends on the measurement scenario as the uncertainty will be lower for
materials measured with properties similar to those of the calibration material.

Temperature of the Liquid

During the calibration process, the temperature of the load liquid needs to be maintained and
monitored, since dielectric parameters are temperature-dependent [43,94,124,125]. The permittivity
of liquids vary by up to 2.2% per degree Celsius [125]. The measurement of deionised water, or
any standard liquid, as a calibration load may be performed at room temperature or at any fixed
temperature. In the first case, the liquid temperature can be monitored using a thermometer [95]. In the
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second case, the temperature may be maintained using a water bath [29,43,44,121]. In addition, if the
temperature of the liquid is different from the temperature of the probe, it is recommended to wait for
the temperature to stabilise before proceeding with the measurement. We note that this information on
the liquid temperature also applies to the liquid used in the validation step.

Other Confounders in the Liquid Measurement

Aside from the liquid temperature and model accuracy, other confounders, such as liquid
contamination [43], air bubbles between the probe and the liquid [48,71,95,126], and probe position in
the liquid-filled beaker [71], have been investigated. These confounders affect the load liquid used
during calibration and the liquid used in the validation step equally—indeed, the same types of
reference liquids can be used either for calibration or for validation.

In order to avoid any impurity in the water, the beaker filled with liquid should be kept closed [43].
The presence of air bubbles between the probe tip and the standard liquid can result in deviations in
the dielectric measurement data by up to 20% due to the fact that the material within the sensing region
is then a mixture of air and liquid [126]. A transparent beaker is recommended so that air bubbles
can clearly be seen. If bubbles are present, they need to be removed prior to measurement. This may
be completed by gently tapping the probe tip on the bottom of the beaker, or lowering the beaker
away from the liquid and then re-immersing it on an angle [95]. A soft brush (non-metallic, to avoid
scratches) may also be used to remove any bubbles without having to move the probe or the beaker.
In addition, the probe should be immersed in the liquid and positioned in the beaker such that the
liquid is the only material within the probe sensing volume. Accurate positioning avoids undesirable
reflections from the beaker walls. Hagl et al. provided a process for finding the minimum distance
between the probe and the beaker sides according to the probe size; these distances also depend on the
properties of the liquid material in the beaker and the frequency range of interest [71].

4.3. Confounders Introduced in the System after Calibration

Following the calibration procedure, two additional system confounders can introduce errors
in dielectric measurements: VNA drift over time and cable movement, although the movement of
a phase-stable cable should not compromise the performance of the system [10,27,43,44,76,80,86,115].
The system drift should be characterised and taken into account in the measured dielectric data [43,44].
This factor can be quantified by taking several measurements on a standard liquid at defined time
instants in the period after calibration [43]. When a cable that is not phase-stable is moved, given the
difficulty in precisely characterising the systematic error introduced by the cable movement, a new
calibration is required. However, low loss and phase-stable cables should be used to minimise the
impact of the error of the cable stability on the results [71,76,94]. In some works, the cable was fixed in
place (using adhesive tape) to limit the effect of the cable movement in the dielectric data [29,44,86].
An alternative approach may be to replace the cable with a right-angle connector, when the rigid set-up
does not overly restrict dielectric data acquisition [128].

After each calibration, it is good practice to first confirm proper calibration by re-measuring one of
the calibration standards, commonly the short [44]. Note that re-measuring the properties of materials
used during calibration does not guarantee that the system is functioning error-free, it just indicates
that the calibration error-correction algorithms were successfully applied. Thus, a measurement of
a known liquid, other than the one used in calibration, is also required in order to validate the accuracy
of the calibration. Details about the validation procedure and the measurement uncertainty calculation
are discussed in the next section.

5. Validation and Measurement Uncertainty

The validation procedure consists of measuring the dielectric properties of a known reference
liquid. To ensure that the measurements are accurate in materials with different properties,
the validation material should not be the one used during the calibration (i.e., typically not deionised
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water). Validation enables determination of the quality of the calibration and the monitoring of
systematic errors [43,44,75], such as VNA drift and noise due to cable movement [43]. Thus, it is good
practice to perform validation immediately following calibration [39,43,71,121,132] and after acquiring
a set of tissue dielectric data [76]. The validation should also be completed whenever anomalies
are observed in the dielectric data of the investigated material in order to isolate the source of error.
For instance, if the same anomalies are observed in the reference liquid dielectric trace, the error is due
to changes in the system and a new calibration is needed; if the anomalies are not evident in the liquid
trace, the error is sample-related and further investigation is needed to identify the source of the error.

During the validation procedure, monitoring or controlling the temperature of the liquid during
the validation process is required, since the dielectric properties of reference liquids are temperature-
and frequency-dependent [43,44,132].

Although system validation is a simple procedure, several confounders can introduce errors
in the process. The factors that affect the validation quality are similar to those present in the load
measurement during the calibration procedure. Thus, details regarding confounders in the liquid
dielectric measurement and how they are addressed can be found in the previous section.

In this section, after describing the most common validation liquids, the role of the validation
procedure in the calculation of the uncertainty of dielectric data is detailed.

5.1. Validation Liquids: Models, and Their Advantages and Disadvantages

Alcohols and saline are the most common polar reference liquids [39,71,75,76,125,133]. Polar
solutions are particularly suitable as validation liquids because they have comparatively high relative
permittivity and high dielectric loss at radio and microwave frequencies. Both the relative permittivity
and conductivity have a strong frequency dependence, which is a feature of the pronounced molecular
dielectric relaxation behaviour [94]. Liquids, in general, are selected for validation purposes as they are
homogeneous and are free of many of the confounders affecting solids or semi-solids (e.g., incorrect
probe-sample contact, inconsistent probe-sample pressure).

5.1.1. Alcohols

Methanol, ethanol, ethanediol, and butanol are the types of alcohols generally used to characterise
the system and calculate the uncertainty in the dielectric measurements [44,71,72,76,117,125,132]
prior to tissue measurements. Methanol, ethanol, and butanol, in particular, are used as standard
liquids because they represent the high, intermediate, and low dielectric property values, respectively,
within the range of those expected for human breast tissues at microwave frequencies [71,72,76,132].
They also have well-established permittivity models [72,76,125,132]. Ethanediol, which has also been
modelled in the microwave frequency range [44,132-134], has a static permittivity about half that of
pure water [134]. Standard methods for obtaining the known dielectric property values for each of
these alcohols have been detailed thoroughly [132].

Although alcohols present properties similar to those of biological tissues at microwave
frequencies (0.5-20 GHz), there are some constraints that must be taken into account when using them
as reference liquids. For instance, the alcohol models are accurate in restricted frequency ranges and
at discrete temperatures only [117,124,132,134,135]. Furthermore, the dielectric properties of alcohols
can change during storage and handling. For example, methanol has very low vapour pressure and
evaporates rapidly. This can contribute to a decrease in the liquid temperature and, consequently,
to a dielectric property change over the course of just a few minutes when exposed to air [72,132].
In order to minimise these effects, the dielectric properties of methanol should be measured almost
immediately after it is poured into the measurement beaker [72] and the temperature should be kept
constant and monitored. Lastly, since alcohols are inflammable and have an acute inhalation toxicity,
working with these liquids requires a safety protocol, such as the use of special fire-proof storage
cabinets and handling under a fumehood [132].
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5.1.2. Saline

The dielectric properties of different concentrations of NaCl (saline) solutions at various
temperatures have been modelled in the microwave frequency range [49,75,136-138]. Specifically,
Stogryn provided models in the gigahertz range for computing the complex permittivity of saline as
a function of temperature and concentration (between 0.25 M and 0.5 M) in order to allow these liquids
to be used as references [136]. More recent models, based on extended experimental data, are now
available for solutions having concentrations between 0.001 mol/L and 5 mol/L in the frequency range
of 0.10-40 GHz, for any temperature between 0 °C and 60 °C [49,130,133,137,138]. Although alcohol
models are, generally, more accurate than saline models, saline solutions are the most convenient
reference liquids used [133].

Among all of the saline solutions, 0.1 M NaCl solution is the most commonly used reference
liquid to assess the uncertainty in measuring the dielectric properties of biological materials, since it
has similar dielectric properties to those of biological tissues [43,44,133]. Furthermore, 0.1 M NaCl is
stable in temperature and electrical properties during storage and handling. At room temperature,
saline does not evaporate quickly like alcohols. Saline solutions are also straightforward to prepare
(hence, commercially-bought solutions are cost-effective) [133] and to use. Saline solutions are also less
dangerous than alcohols and, thus, they do not require the use of fire-proof storage cabinets or handling
under a fumehood. For 0.1 M NaCl, models that cover relatively wide frequency and temperature
ranges are available [133]. However, saline may not be the best choice as a validation liquid when
DI water is used as calibration, since these two liquids have very similar dielectric properties in
the microwave range. Furthermore, due to poor traceability of the data used to obtain the models
in [133] (since the data was acquired with only a single measurement system and a single measurement
technique, and then compared to reference data measured under unknown conditions), the saline
models are likely not as accurate as the models for alcohols.

To this extent, future studies aimed at improving the reliability and accuracy of saline models
have the potential to support dielectric data validation and uncertainty calculations.

5.1.3. Other Liquids

Several other liquids, such as formamide [75,84,134,137], DI water [94,124,132], dimethyl
sulphoxide (DMSO) [94,132,139], and acetone [94,132,140], have been used as reference liquids.

Formamide is a polar organic solvent, which has a relative permittivity of approximately 110
at low frequencies that drops down to a high-frequency value of around 7 [134] (When handled at
room temperature). The temperature-dependent model for characterising the dielectric properties
of formamide across the microwave frequency range was developed by Jordan et al. and, more
recently, by Barthel et al. using waveguide interferometry [75,134,135]. The parameters of different
models were found at discrete temperatures in the frequency range between 0.2 GHz and 89 GHz.
The reliability of the model in Jordan et al. is affected by the limited discrete frequency points used in
the dielectric measurements from which the model has been obtained [134]. In both Jordan et al. and
Barthel et al., the dielectric models are available only for limited discrete temperatures [134,135]. Also,
since formamide is toxic, a custom handling protocol is required.

When it is not used as the broadband load in the calibration procedure, DI water represents
an advantageous validation liquid [117,124]. In fact, DI water has dispersive properties similar to
those of biological tissues and has been accurately modelled in the microwave frequency range for any
temperature between —4.1 °C and 60 °C [124]. DI water also has the advantage of being a stable liquid
and does not require special handling.

Dimethyl sulphoxide (DMSO) is a highly polar organic reagent that has a high relaxation frequency.
DMSO has relative permittivity values similar to those of muscle tissues. Dielectric models for DMSO
have been developed that cover a wide frequency range [139] and different temperatures [132]. DMSO
is hygroscopic [94,132] and when it evaporates the liquid temperature increases, causing an increase in
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relative permittivity values [132]. Therefore, like with many alcohols, care should be taken to keep the
liquid in a closed container as much as possible.

Acetone is a polar organic solvent that has intermediate permittivity values, which have been
modelled only in the upper microwave frequency range [140]. Acetone requires special handling
because it has a boiling point of 56 °C and has the potential to soften some plastics [94,132].

Liquid properties and information about available models and storage/handling procedure
related to the most common categories of reference liquids are reported in Table 3. The column
“Models” contains the most referenced models, i.e., those which cover the widest frequency range and

largest, most continuous temperature interval.

Table 3. Reference liquid properties, available models, and storage and handling procedures (where

f = frequency, T = temperature).

Liquid

Models

Storage and Handling

Methanol
(alcohol with intermediate permittivity
values similar to breast tissue)

Debye model [132]:
e f=01-5GHz
. T =[10°C, 50 °C], 5 °C increments

Cole-Cole model [134]:

. f=0.01-70 GHz
. T =[10°C, 40 °C], 10 °C increments

Inflammable and acute inhalation toxicity.
Fire-proof storage cabinets required.
Handling in fumehood required.

Rapid evaporation may occur and should
be avoided.

Ethanediol
(alcohol with high permittivity values
similar to breast glandular tissue)

Cole-Davidson model [132]:
e f=01-5GHz
. T =[10°C, 50 °C], 5 °C increments

Inflammable and acute inhalation toxicity.
Fire-proof storage cabinets required.

Handling in fumehood required.

Ethanediol is hygroscopic and when it
evaporates the liquid temperature increases,
causing an increase in relative permittivity [132].

Ethanol
(alcohol with intermediate permittivity
values similar to breast tissue)

Debye-T' model [132]:
e f=01-5GHz
. T =[10"°C, 50°C], 5°C increments

Inflammable and acute inhalation toxicity.
Fire-proof storage cabinets required.
Handling in fumehood required.

Butanol
(alcohol with low permittivity values
similar to fat tissue)

Double Debye model [132]:
. f=0.1-5 GHz
. T =[10°C, 40°C], 5 °C increments

Inflammable and acute inhalation toxicity.
Fire-proof storage cabinets required.
Handling in fumehood required.

Saline (NaCl)
(polar liquid having dielectric
properties similar to biological tissues)

Cole-Cole model [133]:

e  Concentrations = [0.001 mol/1, 5 mol/1]
. f=0.13-20 GHz

e T=[5°C,35°C] (any intermediate T)

Cole-Davidson model [49]:

e Concentrations = [0.001 mol/1, 1 mol/1]

. £=0.1-40 GHz

. T = 17 temperatures in the interval [10 °C,
60 °CJ: 10 °C, 20 °C, increments of 2 °C in
[24°C, 50 °C], and 60 °C.

Storage in sealed containers.
No special handling required.

Formamide

(polar organic solvent having wide
permittivity spectrum at microwave
frequencies)

Cole-Davidson model [135]:

. f=0.2-89 GHz

e T=[10°C,25°C],5°C increments
e T=[25°C,65°C], 10 °C increments

Toxic through inhalation, oral, or skin exposure.
Fire-proof storage cabinets required.
Handling in fumehood required.

DI water
(polar liquid having well-known
modelled properties)

Debye model [124]:
. f=1.1-57 GHz
. T =[-4.1°C, 60 °C] (any intermediate T)

Storage in sealed containers.
No special handling required.

Dimethyl sulphoxide (DMSO)
(highly polar organic reagent having

Debye model [132]:

. f=0.1-5 GHz
e T=[10°C,50°C],5°C increments

Cole-Davidson model [139]:

DMSO is exceptionally hygroscopic and needs to
be measured as soon as the container is opened

high permittivity) [132].
. f=0.001-40 GHz
e T=25°C
Static permittivity (since acetone has very high
relaxation frequency) [132]:

Acetone

(polar organic solvent having
intermediate permittivity values)

e f=0.1-5GHz
. T =[10°C, 50 °C], 5 °C increments

Budo model/confined rotator models [140]:

e f=50-310GHz
e T=20°C

Acetone boiling point is at 56 °C [132].

Special handling is required, since it is a powerful
liquid able to soften some plastics [94] and it is
inflammable.
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5.2. Uncertainty Calculation

Itis always good practice to report uncertainty along with measured values. However, in dielectric
measurement studies, the definitions used for uncertainty, including how they are calculated and
reported, have varied widely.

Today, the uncertainty of measurements is generally calculated according to the guidelines defined
by the National Institute of Standard and Technology (NIST) [43,44,75]. Multiple measurements
performed on the same material of known dielectric properties enables determination of uncertainty
of the measurement system in terms of the repeatability and accuracy. Considering the definition of
uncertainty reported in [43,75], the repeatability of the measurement may be expressed quantitatively
in terms of the characteristics (e.g., standard deviation) of data repeatedly acquired under the
same measurement condition, as defined also in [74]; while the accuracy may be defined as the
average percentage difference between the dielectric properties of the acquired data and those of the
model [43,44]. These definitions represent practical methods of calculating these parameters. In this
way, the repeatability varies between measurements and gives the extent of random errors, while the
accuracy is constant across measurements.

The uncertainties in repeatability and accuracy both contribute to the total uncertainty in the
dielectric measurements [43,44,74,75]. For example, the combined standard uncertainty may be
calculated as the root sum squared of the standard uncertainties [43,75]. In Peyman et al., the standard
uncertainties associated with Type A errors (repeatability), Type B errors (in the calibration and
measurement of the reference liquids), VNA drift, and cable variations, were estimated and included
in the combined standard uncertainty calculation [43]. These uncertainties were determined for 0.1 M
NaCl and, undoubtedly, tissue measurements will be impacted by more and/or different uncertainties.

Alternatively, in Gregory et al., uncertainties associated with specific input parameters were
thoroughly evaluated by means of Monte Carlo modelling [141]. Notably, this modelling technique
also enables estimation of uncertainties in measurement scenarios when there are no suitable reference
materials available (e.g., with similar material properties or frequency range) [141].

According to the NIST guidelines, the best practice for expressing uncertainty is to report the mean
measured value along with a confidence interval (CI) of 95% [74]. For dielectric measurements, one
may wish to present these parameters separately for both the real and imaginary parts of permittivity.

In the next section, techniques related to minimisation or compensation of tissue-related
confounders are described.

6. Tissue Sample Preparation and Measurement Procedure

Tissue-related confounders may be the major cause of measurement uncertainty, since the total
combined uncertainty for measurements on liquids is relatively small compared to that of tissue
measurements [43]. Uncertainties associated with measuring tissue properties seem to be primarily
related to the complex structure of biological tissues [39,43,122].

In order to reduce tissue-related confounders, it is useful to plan each set of measurements
according to the experimental goal. The first step involves the choice of the target animals (since their
age or weight could affect the dielectric properties [43,122,142]) and the sample tissue type. Aside
from the source species, the number of samples should be chosen based on the scientific question.
The following steps include the analysis of the various tissue-related confounders and the evaluation
of different methods that aim to reduce or compensate for these confounders.

In the next subsection, the confounders related to probe choice, sample preparation, and handling
are first described. Then, a discussion of the confounders that need to be considered during the
measurement procedure is provided.
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6.1. Probe Selection Considerations

Open-ended coaxial probes are suitable for use with materials that are liquid or semi-solid [95],
homogeneous [95], have flat surfaces [66,95], and have a semi-infinite thickness [39,43,95]. Tissues are
generally semi-solid (with the exception of bone), but they are not always homogeneous or have flat
surfaces, and tissue samples that are much thicker and larger than the probe tip are not always easy to
prepare. Hence, probe selection is affected by three main biological factors: Sample size, heterogeneity,
and tissue surface. The desired frequency range of the measurement may also impact the choice of
the probe.

6.1.1. Sample Size, Sensing Volume, and Heterogeneity

Dielectric spectroscopy techniques permit the acquisition of the average complex permittivity
of the interrogated volume. Thus, the probe should be selected such that the sensing volume only
contains the tissue sample of interest and no other material. Since probes with a small diameter have
smaller sensing volumes compared to large flanged probes, the sample size has to be taken into account
and compared to the sensing volume of the probe [71,72,76].

The sensing volume may be evaluated by performing preliminary experiments with different
combinations of materials. To this end, Meaney et al. analysed the dielectric property change in
two-layer materials, consisting of saline or DI water with Teflon or acrylic, by varying the thickness
of the liquid layer to determine the influence of materials at different depths on the measurement.
The experimental results suggested that the dielectric properties are dominantly influenced by the
material present within only the first 200-400 microns from the probe tip, and that this depth did not
vary significantly across frequency or material properties [80]. This was a key finding as previous
studies had assumed a much larger region on the order of several millimetres [11]. While Meaney et al.
and Hagl et al. both investigated the depth into a tissue that contributes to the dielectric measurement,
they defined the depth parameter differently [71,80]. More recently, Porter et al. demonstrated
how different definitions of the sensing depth can impact the determined sensing depth value and
highlighted that, for some definitions, the value does depend on the frequency and dielectric properties
of the tissues occupying the sensing volume [83]. The work of Porter et al. also confirmed the findings
of Meaney et al., in that the experimental results demonstrated that the tissue in contact with the probe
has a greater impact on the measured dielectric properties than deeper tissues [82]. Nevertheless,
because the sensing volume may be affected by the intrinsic dielectric properties of the investigated
sample, further experiments involving the analysis of materials with more complex structures across
both radial and axial directions are needed in order to define the sensing volume accurately for complex
tissue samples.

Heterogeneity of biological samples is a further factor to consider when choosing a probe, since it is
challenging to determine the tissue-specific dielectric properties in an extended heterogeneous volume
interrogated by the probe [39,43,76]. To date, the impact of tissue heterogeneity with only simplified
configurations has been thoroughly modelled. For example, in Chen et al., it was demonstrated that,
for bilayer materials, the permittivity of either layer can be calculated from the reflection coefficient
without the need for information on the thickness of the first layer or the probe capacitances [143].
Models for the effective dielectric properties of bilayer materials, in general and in particular for
coaxial probes, have also been presented in [107]. These results were also extended to a general
multilayer material scenario [107]. Furthermore, Huclova et al. used a numerical three layer skin
model to examine how variations in the layer properties (including thickness and permittivity), impact
the dielectric measurement across frequency [144]. More complex heterogeneities have yet to be
thoroughly investigated or quantified. Specific challenges associated with heterogeneous tissues (aside
from their impact on probe selection) are discussed in Section 7.
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6.1.2. Tissue Surface Characteristics

In addition to the sample size and heterogeneity, the quality of the tissue surface is another
consideration when selecting the appropriate probe to use. Surface irregularities may contribute
to inadequate probe-tissue contact and poor repeatability of dielectric measurements [42,43,60].
Characterisation of the tissue surface permits the identification of the tissue area or points that are
most suitable for the acquisition of dielectric information [145]. For instance, thick samples and even
surfaces are preferable to thin and uneven surfaces in order to ensure good probe contact with the tissue
sample [42,60,95]. From the authors’ experience, the use of a smaller probe on uneven tissue surfaces
results in more reliable measurements, especially if these areas are limited or spatially restricted. Lower
uncertainty in the measurements from smaller probes on uneven surfaces may be attributed to smaller
forces being applied on smaller surfaces. Indeed, large uneven surfaces require the application of
higher forces (and, consequently, higher pressures) to prevent the presence of air gaps between the
probe and the tissue. An increased probe-sample pressure may cause fluid accumulation at the probe
tip [39,43] or tissue damage [95], both of which can affect the tissue dielectric properties and lead to
inaccurate data.

In summary, the probe should be selected not only on the basis of the probe characteristics and
specifications (i.e., frequency range, permittivity range, temperature range, mechanical resistance)
discussed in Section 3, but also based on the properties of the tissue under investigation. The size of
the selected probe has to be consistent with the sample surface, size, and heterogeneity in order to
achieve good probe-tissue contact and accurate measurements in a homogeneous region.

After selecting the probe, but before measuring the dielectric properties, it is recommended
to carefully plan the tissue preparation and handling procedures in order to reduce tissue-related
confounders, such as sample cooling, dehydration, and damage.

6.2. Tissue Preparation and Handling

Tissue measurements can be performed in vivo or ex vivo; the tissue preparation and handling
will be different in each case. Often, for reasons of convenience (i.e., patient safety, ethics) or due to
difficulties in establishing a good probe-sample contact with in vivo tissues, dielectric measurements
of animal and human tissues are performed ex vivo.

6.2.1. In Vivo vs. Ex Vivo Measurements

Several authors have reported on whether or not differences exist in tissue dielectric properties
acquired in vivo and ex vivo. These works will be discussed here in chronological order. Initially,
Burdette et al. performed in vivo measurements on canine muscle, kidney cortical tissue, and fat tissue,
and differences were found between acquired in vivo data and reported ex vivo data [39]. In particular,
for in vivo canine fat tissue, the measured permittivity values were a factor of approximately 1.5 to
3 times larger than the in vitro permittivity values acquired previously by other authors [39,52,146].
This difference in dielectric properties was most likely due to differences in water content, in
temperature, or actual physiological differences between living and non-living tissues [39]. Next,
Kraszewski et al. performed both in vivo and ex vivo dielectric measurements on rat and cat
tissues, finding only dielectric changes less than the uncertainty at frequencies between 100 MHz and
8 GHz [40]. Schwartz observed that the permittivity and conductivity of frog heart, in the frequency
range 0.2-8 GHz, were higher in vivo than ex vivo, with the difference being attributed to blood
perfusion changes [41]. More recently, a variation between in vivo and ex vivo dielectric properties
was found by Gabriel et al. and Peyman et al. in skin, spinal cord, skull, long bone, and bone marrow
in the microwave frequency range [42,43,66,142]. Similar differences were not observed in other tissues,
but might indicate unavoidable contamination of tissues with blood or other body fluids [43]. From the
analysis of normal and malignant human liver tissues, O’'Rourke et al. found a statistically significant
difference between in vivo and ex vivo normal liver tissue, but not between in vivo and ex vivo
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malignant liver tissue [37]. Furthermore, Halter et al. evaluated the changes of breast cancer dielectric
properties between in vivo and ex vivo measurements and found about a 30% drop in the magnitude
of the permittivity in tissues analysed 300 min after excision [10]. More recently, Shahzad et al. found
that over the 210 min following excision, the relative permittivity of liver tissue, as measured on the
surface of the sample, decreased by 32 points [147]. However, this decrease was attributed fully to
dehydration of the surface of the tissue sample as dielectric measurements conducted on the interior of
the sample did not change considerably over the same time period [147]. The exact magnitude of the
change in dielectric properties from time of excision to time of measurement, caused by dehydration
and temperature effects, will vary based on the tissue type, the environment that the tissue is stored in,
and the tissue handling conditions.

As is clear from the varied results of these studies, there is no consensus on: (i) Whether
a difference in the dielectric properties of in vivo and ex vivo tissues exists over the microwave
frequency range; and (ii) if a difference does exist, the magnitude and direction of it. Despite these
results, the difference between in vivo and ex vivo data in the microwave frequency range is, generally,
attributed to the temperature change and tissue dehydration [10,30,39,43,86], and recent studies
following best practice in dealing with these confounders suggest no significant difference in the
dielectric properties measured from in vivo and ex vivo measurements [84,148]. Therefore, following
best measurement practice, it is advantageous to keep the temperature constant during dielectric
measurement using a temperature controlled container or a water bath [29,40,43,44,122,127,142]
and to minimise dehydration by limiting the time between excision and measurement to a few
hours [27,30,40,42,43,62,65,76,78,86,127,142,149-151]. At frequencies lower than 100 MHz, a larger
variation between in vivo and ex vivo properties is found. This difference is attributed to physiological
parameters, such as blood flow in vessels [27,39,65,86,151], ischemia [10,86,150,151], heart rate [43],
arterial pressure [43,86,150], respiration rate [43], and air content in lungs [149], which can affect the
permittivity and conductivity values at these frequencies.

In the following subsections, the best-practice steps involved in both in vivo and ex vivo
measurements are described: From surgical intervention, to sample access and excision, transportation,
handling, and processing. In each step, all potential tissue-related confounders, as well as the different
methods used in previous works to compensate for them, are reported.

6.2.2. Surgical Intervention, Sample Access, and Excision

The first step in defining a sample handling procedure involves identifying the surgical methods
to be used for tissue access and excision. It is necessary to define a surgical protocol that minimises
tissue property modification. The main factors interfering with the dielectric acquisition concern
the use of chemicals [39,127], which alter the body physiological condition, the use of tools or
techniques [10], which may damage tissues, and the tissue exposure and cooling during the surgical
operation [39-41,43,152].

It is useful to test for, and take into account, the effect of anaesthesia or other pharmaceuticals,
which are used on animal/human tissues and physiological parameters. For instance, Burdette et al.
observed a decrease in body temperature due to anaesthesia [39].

During the surgery, contact with the tissue should be minimised in order to avoid any damage or
contamination. For human in vivo studies, the measurement tools need to be sterilised prior to surgery.
Normally, steam sterilisation is performed prior to calibration [10,37] and a calibration refresh could be
performed in the sterile environment before the in vivo measurements [10]. Furthermore, for in vivo
measurements, the temperature tolerance of the probe (that depends on the probe fabrication materials)
needs to be taken into account when selecting the sterilisation (or autoclave) procedure. For instance,
steam sterilisation is, generally, performed at temperatures within 125 °C, while dry heat sterilisation
can be conducted at temperatures up to 190 °C.

Other important confounders to take into consideration in the operating room during in vivo
measurements are those related to the tissue exposure to air. Specifically, air contributes to tissue
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cooling (from body temperature to room temperature) and to tissue dehydration. Different techniques
have been adopted in in vivo measurements to prevent tissue cooling and dehydration. For example,
Ranck and BeMent performed experiments within a few minutes from the surgical cut used to expose
the interior tissues, and used warm saline to wet the measurement region [152]. Schwartz et al.
rinsed the tissues and kept them moist with frog physiological solution [41]. Hart and Dunfee
applied Ringer’s solution with a medicine dropper to the muscle to prevent drying between the
measurements [153]. However, these methods to reduce dehydration can impact the dielectric property
measurement, since the solutions used have their own dielectric properties that will then contribute to
the dielectric measurement of the tissue. Thus, the use of solutions, especially saline, should be avoided.
More commonly, tissue dehydration during an in vivo measurement is minimised by reducing the time
between the surgical cut performed to expose the tissue and the dielectric measurement, and covering
the area of interest with another tissue between measurement times [39,40,43]. This technique does
not alter the tissue properties and also minimises tissue cooling. The tissue temperature should be
measured frequently, so that any temperature change is taken into account during data analysis.

In previous works, the invivo tissue temperature was monitored using thermocouple
probes [27,29,62] and, more recently, fibre-optic thermometers [29,30]. Infrared thermometers may
also be used for tissue temperature monitoring, since they are portable and do not require sample
contact [79]. The same sensors can also be used in ex vivo measurements. A further crucial point in
in vivo measurements concerns the probe positioning. Typically, in ex vivo scenarios, the probe-tissue
contact can be verified by visual inspection; however, this approach can be challenging in a surgical
setting. The probe positioning cannot be accurately planned prior to surgery; thus, it is normally
decided in the surgical theatre.

6.2.3. Tissue Transportation

When ex vivo measurements are performed, the excised sample may be transported from the
operating theatre to a secondary location for measurement, characterisation, or histology (details on
histological analysis are presented in Section 7). The time between excision and ex vivo measurements
is minimised to prevent tissue dehydration [27,30,40,42,43,62,78,86]. Aside from water content change,
care should be taken during tissue transportation to avoid changes in the sample temperature.
Since the temperature has a systematic impact on the measured dielectric spectrum of biological
tissues, it is usually necessary to transport the tissue in hermetically-sealed, temperature-controlled
containers [29,44,76,142].

6.2.4. Tissue Handling

In order to prevent tissue contamination, dehydration, and damage, sample handling prior to
the ex vivo measurements should be minimised [39,71,76,142]. The sample temperature can be kept
constant during the measurements using a water bath [29,40,43,122,142]. As the temperature setting of
the water bath may not be equivalent to the tissue temperature, the tissue temperature should still
be verified using an infrared or fibre-optic thermometer [29,30]. In this way, the tissue temperature
variation can be taken into account during data analysis. Details on how tissue temperature affects the
measured dielectric properties are reported in Section 6.3.3.

If the tissue sample is to be analysed histologically, the measurement points should be marked.
Sample marking is necessary to ensure that the histological analysis involves the portion of tissue
corresponding to the volume interrogated by the probe. Thus, a good correspondence between
the tissue histological and dielectric properties can be found. Further details about the histological
characterisation of tissue samples are reported in Section 7. In previous works, acrylic ink [76,79] or
pins [10] have been used as sample markers. When ex vivo measurements are performed at the same
locations where in vivo measurements were taken, it would be wise to test the effect of the marker on
tissue dielectric properties before experimental implementation in order to prevent tissue modification
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or damage by the marker. Lastly, in order to maintain the integrity of the tissue, the use of additive
and preservatives should be avoided until the measurement is completed [127].

Having presented the confounders that should be considered during the planning of the tissue
measurement procedure, in the next subsection the actual measurement procedure and the key
confounders that affect tissue dielectric property measurements are discussed.

6.3. Procedure for Tissue Measurements

After the equipment set-up, calibration, and validation, the measurements on in vivo or excised
tissues can be performed. It is important to note that some confounders cannot be minimised even
with careful preplanning. These confounders need to be controlled, monitored, or compensated for
during the measurement phase. In order to minimise the effects of the environmental parameters on
tissue dielectric properties, it is advantageous to perform measurements in a climate (temperature,
pressure, and humidity) controlled room [43,127].

In the following paragraphs the main confounders occurring during the measurement phase, such
as measurement region choice, probe-tissue contact, and pressure, as well as tissue sample temperature,
are discussed.

6.3.1. Measurement Region Choice Confounders

The confounders mentioned in Section 6.1 (i.e., probe sensing volume, tissue thickness, tissue
surface, and sample heterogeneity) need not only be considered in the planning phase, but also
need to be controlled and managed in relation to the choice of the measurement region. Additional
considerations may also be needed, for instance, in order to prevent undesirable reflections negatively
affecting the measured data, Abdilla et al. placed a shorting block under the sample to check for any
reflections from the sample boundaries [44].

Confounders intrinsic to the tissue type include: Fibre orientation in anisotropic tissues, presence
of blood vessels, and high heterogeneity. It was observed that anisotropic tissues, such as muscles,
present different dielectric properties according to the measurement directions along or across the fibre.
Specifically, it has been found that in the microwave frequency range (from 200 MHz to 20 GHz) the
permittivity values between the two sets of measurements are not substantially different. On the other
hand, at lower frequencies (10~°~1 MHz) the fibre direction can change the relative permittivity by
100% [42]. Blood vessels are non-uniformly distributed in tissues and may make up roughly 30% of
their volume [144], so the probe position relative to that of blood vessels should be checked by visual
inspection [65,151]. In highly heterogeneous and mechanically stiff tissues the uncertainty is generally
higher and, in order to minimise the random errors arising from tissue heterogeneity and complexity,
it is useful to repeat the measurements at multiple points [43,44,75]. For instance, Peyman et al. stated
that as many measurements as possible should be taken on each sample tissue and, in her study
conducted in 2005, at least six measurements were taken on each tissue [43]. In most other dielectric
studies, three to five measurement locations were, generally, selected on each tissue sample [27,40,44].

6.3.2. Probe-Tissue Contact

Having selected the most suitable measurement region, the probe is placed in contact with the
sample. From the authors’ experience, in order to reduce the uncertainty due to probe and cable
movement, in both ex vivo and in vivo measurements (in in vivo measurements only when the animal
size is relatively small), it is convenient to move the sample towards the probe using a lift table until
the entire probe aperture makes firm contact with the tissue sample as opposed to moving the probe
during the measurement procedure.

Measured reflection coefficient data is extremely sensitive to the probe positioning relative to
the sample surface. A high variability in the dielectric properties can be attributed to variability in
probe-tissue contact. Thus, a firm contact between the probe and the tissue [76,93] is key. A good
quality contact reduces the impact of confounders that increase the measurement uncertainty, such
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as pressure differences [39,43,80,97,149], air gaps [70,93,95,126], and biological fluid accumulation
at the probe tip [39,43]. In most works, these factors have been monitored by a close visual
inspection [29,41,43,76,95]. In order to keep the applied pressure constant in ex vivo measurements,
weighing scales or force sensors can be placed underneath the sample holder [79]. In fact, the
application of a steady pressure contributes to more repeatable measurements [39]. However, in the
literature to date, there is no work that quantifies the error in the measured data in terms of the variation
of the applied pressure. The authors have performed a number of experiments to quantify the error
introduced by probe pressure variations, but observed that the outcome found for one measurement
point could not be extended to all the measurement points across the sample. For instance, within
the same tissue sample, there can be some differences in terms of sample thickness, tissue mechanical
properties, water content, and surface irregularities, which may require the application of different
probe pressures on the same sample. Thus, no specific, fixed pressure can be reported for all samples.
However, a technique that may be used to obtain a good quality contact is as follows. First, a low
pressure is applied to the probe to contact the sample. This low pressure, if too low, can lead to
data inconsistencies when repeated measurements are taken at the same point (due to air gaps).
If this occurs, a pressure adjustment can be undertaken until measurements at the same location are
repeatable. Conversely, the application of high pressure, if too high, can cause tissue compression
and can prompt fluid from within the tissue to rise to the tissue surface, or worse, can cause tissue
damage [127,149]. In previous works, sample contamination by biological fluids has been reduced by
using cotton wipes/swabs [43,99,127,142,152] or suction [43]. However, it should be noted that the
suction method is more invasive and has the potential to dehydrate the sample.

6.3.3. Temperature Effects

During dielectric measurements, as discussed in Section 6.2.1, the temperature needs to be
controlled and monitored. While different techniques used to monitor or control the temperature
have been discussed in earlier sections, in this subsection the effect of temperature on tissue dielectric
properties is examined.

In previous studies, the dielectric properties of biological tissues at discrete frequencies and
temperatures were measured and, for small temperature variations, they were presented in terms
of linear temperature coefficients, which are defined as the percent change in either permittivity or
conductivity per degree Celsius [53]. The provided linear temperature coefficients are limited to
anumber of specific discrete frequencies and temperatures [27,30,62]. Outside of these frequencies and
temperatures the impact of temperature on the dielectric properties may no longer be linear [30].
A brief summary of the previously published temperature-dependent dielectric properties data
is presented in Lazebnik et al. [30]. In the microwave frequency range, the change in relative
permittivity is, at most, 2% per degree Celsius and the change in conductivity is between 1% and 2%
per degree Celsius, depending on the tissue and on the frequency and temperature range considered.
Generally, the relative permittivity and conductivity trends with temperature differ over frequency.
However, the magnitude change in both permittivity and conductivity per degree Celsius tends
to be higher at lower frequencies in most biological tissues [27,30,62]. Lazebnik et al. developed
a model to characterise the temperature-dependence of liver tissue dielectric properties over the
microwave frequency range [30]. In particular, from the liver dielectric measurements, Lazebnik et al.
identified different “cross-over” points in the trends of both relative permittivity and conductivity
with temperature. In relative permittivity, the cross-over point was found at about 4 GHz. Below the
cross-over point, the permittivity decreases slowly as temperature increases and, above the cross-over
point, the permittivity increases with temperature. For conductivity, two cross-over points were found:
One near 2-3 GHz and the other near 16 GHz. Below the first cross-over point, the conductivity
increases slowly as temperature increases. Between the two cross-over points, the trend reverses,
and above the second cross-over point, the conductivity again increases as temperature increases.
The same trends were also found for water [30].
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More recently, temperature coefficients were provided for a wider temperature range (up to 100 °C)
at the discrete frequencies of 915 MHz and 2.45 GHz, which are of interest for microwave liver tissue
ablation [31,154]. Brace et al. found that linear temperature coefficients across the 5-50 °C range agreed
well with the results of Lazebnik et al., with coefficients of —0.22 and —0.18 in relative permittivity
for the two frequency points, respectively, and coefficients of 1.29 and —0.2 for conductivity [31].
From 50 °C to 100 °C, both relative permittivity and conductivity were found to decrease by as
much as 50%, due to both irreversible damage of the tissues and tissue dehydration [31]. In summary,
the temperature coefficients for both permittivity and conductivity depend on tissue-type, on frequency,
and on the considered temperature range. Knowledge of these temperature coefficients can be used to
compensate for the effect of the temperature change during tissue dielectric measurements.

In this section, the importance of preplanning the measurement procedure was highlighted,
the measurement process overviewed, and the main confounders involved in the measurement were
described. The most common practices adopted to minimise tissue-related errors are summarised in
Figure 2. In the next section, histological analysis of tissue samples is discussed as a method to reduce
the confounders related to the intrinsic heterogeneity of biological tissues.

1. Experimental Design
* Choice of target animal & tissue
* Choice of sample number (based on statistical analysis)
* Evaluation of tool suitability

|

2. Probe Selection
considering
* Sensing volume
* Tissue heterogeneity

Tissue surface
Tissue sample dimensions

3a. Tissue Preparation 3b. Tissue Access

Excision avoiding/limiting
Transportation (fast & Tissue contamination
temperature-controlled) Tissue damage
Minimal handling Temperature changes

avoiding Extended tissue exposure
* Tissue contamination
* Dehydration
« Tissue damage
+ Temperature changes
4a. Tissue Measurement (ex vivo) 4b. Tissue Measurement (in vivo)
* Choice of measurement region * Probe sterilisation
according to: + System calibration refresh
o Tissue surface « Choice of measurement region
o Tissue sample thickness according to:
o Tissue heterogeneity (associated to sensing volume) o Tissue surface
« Good probe-tissue contact (by visual inspection or o Tissue heterogeneity (associated to sensing volume)
sensors) * Good probe-tissue contact (by visual inspection)
avoiding: avoiding:
o Air gaps (caused by low probe-tissue pressure) o Air gaps (caused by low probe-tissue pressure)
o Tissue damage/Fluid accumulation (caused by high o Tissue damage/Fluid accumulation (caused by high
probe-tissue pressure) probe-tissue pressure)
« Tissue temperature recording * Tissue temperature recording

5. Tissue Histology
* Tissue marking
* Tissue fixation
* Tissue staining
« Pathologist or computer-aided analysis

6. Correspondence between
Histology & Dielectric Properties
depending on
* Accuracy in dielectric measurement
+ Sensing volume estimation
+ Tissue marking quality
+ Histology quality

Figure 2. Flow chart of the common steps to minimise tissue-related errors in in vivo and ex
vivo measurements.
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7. Tissue Sample Histological Analysis

Histology is the study of the microscopic structure of cells and tissues; while histopathology
refers to the same, but with diseased tissue [155,156]. There are multiple steps involved in the
histological analysis of a tissue sample: The sample must be fixed, embedded in wax, sliced, mounted
on slides, stained, and then imaged [157]. Following these steps, the slices are ready to be analysed by
a pathologist. The pathologist is able to examine the images and determine: (i) The types of tissues
present; (ii) if diseased tissue is present, the disease grade and other characteristics (for example,
with breast cancer, the hormone receptor status) [156]; and (iii) the distribution of the tissue types
within the sample. Histological analysis is, especially, required after the acquisition of the dielectric
properties of a heterogeneous tissue sample in order to determine the tissue types present in the
sample and their relative spatial distribution. This is important because the dielectric properties of
a sample are determined by those of its constituent tissue types; thus, the histological analysis enables
the attribution of measured dielectric properties to the appropriate tissue type.

Many studies performed in the literature involve only homogeneous (or assumed homogeneous)
tissues and, thus, the samples do not undergo histological analysis (for example, liver tissue [27,44]).
In this section, the focus is on heterogeneous tissue samples. Measuring the dielectric properties of
heterogeneous tissues is inherently challenging as spectroscopy has the effect of averaging the dielectric
properties throughout the sensing volume that is illuminated by the electromagnetic field [11]. Thus,
in the next subsection, confounders that can contribute to any histological analysis are detailed, along
with ones that are of specific concern for dielectric measurements of heterogeneous tissues. Finally,
histological analysis methods used for attributing dielectric properties to heterogeneous tissues from
the literature are overviewed, and the best practice techniques that are known are highlighted.

7.1. Factors Impacting Histological Analysis

The procedures involved with histological preparation of the tissue are applied by pathologists
thousands, if not millions, of times per year. In fact, there are more than 14 pathology tests examined
per person in the UK each year, and pathological analysis is a part of 70% of all diagnoses [158].
However, the methods are not without flaws. In particular, poor fixation of the sample can lead
to changes in the tissue structure [11,157] and uneven levels of staining can result in images that
are incomplete or out of focus [157]. Slide digitation can have variations in lighting conditions
and magnification that can affect interpretation of the results, particularly when comparing across
slices [157]. Each of these issues increases the challenge of interpreting the dielectric measurement of
heterogeneous samples based on the histology of tissues samples and makes it especially difficult to
compare between studies. Furthermore, the histological interpretation of a slice itself is subjective and
variability in results between pathologists are possible [159-161]. Computer-aided diagnosis (CAD)
and prognosis (CAP) methods are currently being investigated to create a fully automated analysis
that is faster and more consistent than a human-based analysis [157]. An excellent review of challenges
associated with histopathological analysis can be found in Veta et al. [157].

7.2. The Link between Heterogeneity, Histology, and Sensing Volume

When performing histology to support interpretation of the tissue content contributing to
a dielectric measurement, it is important to include in the histological analysis all of the tissues
that are within the sensing volume. However, at the same time, the histological analysis should not
include any tissues that are outside of the sensing volume. In this way, only, and exactly, the tissues
that have contributed to the measurement are analysed.

As an example, Figure 3 demonstrates the importance of matching the sensing depth with the
number and thickness of slices taken into consideration in the histological analysis. If only Slice 1 is
analysed, the tissue is found to be composed entirely of homogeneous glandular tissue. If the sensing
depth is equal to the thickness of Slice 1, then the measured dielectric properties will be entirely the
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result of this layer of homogeneous gland tissue. Alternatively, if the sensing depth is equal to, say,
the combined thickness of Slices 1 and 2, then the total sensing depth region is occupied by 25% fat
tissue and 75% glandular tissue (as Slice 1 is 100% gland, and Slice 2 is 50% gland and 50% fat). Both
of these tissue types will contribute to the measured dielectric properties. However, the contribution is
not proportional to the tissue type representation (i.e., 25% fat and 75% gland) as the layer closest to
the probe has the dominant effect [11,80,81]. Furthermore, not all of a given tissue is occupied fully by
cells of that tissue type [12], thus, an additional layer of complication comes into the example based on
how to determine what regions are actually “fat” and which are “gland”. Obviously, as more slices are
involved in the analysis and the tissue becomes more heterogeneous, the more challenging it becomes
to conclusively determine the tissue composition breakdown. It is also important to re-emphasise here
that the sensing volume is dependent on the tissue content (namely, the tissue dielectric properties), so,
ideally, the change in the sensing volume should be taken into account on a sample-to-sample basis, as
discussed in Section 6.

Probe location

Slice 1
D Fat Slice 2
I Gland Slice 3
Slice 4

Figure 3. Diagram of sample composition by tissue type (fat—orange, gland—blue). A side view of
the sample is shown, with slices marked. The dielectric probe measurement location is denoted with a
black oval on the top of Slice 1.

7.3. Histological Analysis Techniques in Dielectric Studies

A limited number of works involving histological analysis for attributing the measured dielectric
properties of heterogeneous tissues have been presented in the literature. Of these, some use pathology
to categorise tissue samples by type [79,86], while a select few process the tissue for microscopic
analysis [10-12,76]. In general, histology for dielectric characterisation is an area that requires further
investigation [43]. The most common strategy is to obtain an average estimate of the tissue types
present in the sample below the probe [10,11,76]. However, most recently a more quantitative method
of counting each cell and corresponding the proportion of tissue with the measured properties has been
proposed [12]. These techniques are described and compared in this section. For dielectric property
measurements of heterogeneous tissue, breast tissues are by far the most common that have been
analysed due to the need for these properties in medical microwave imaging of the breast. As a result,
all pathology techniques discussed in this section have all been performed on breast tissues.

In Lazebnik et al., several hundred dielectric measurements were taken from normal and
malignant excised breast tissue samples using an open-ended coaxial probe [11,76]. The measurement
sites were marked on the tissue samples using a spot of black ink. The authors conducted a histological
analysis of each sample based on the tissue composition inside the region of the sensing volume of the
probe (3 mm deep x 7 mm across, for this measurement scenario, as determined in Hag]l et al. [71]).
In this way, a cross-section of each tissue sample was taken directly below the measurement location
(i.e., the ink spot). Digital microscopy images were obtained and visually inspected. The tissue
composition within the sensing volume was quantified based on the percentage of each tissue type
residing within the slice under consideration. The two-dimensional cross-section was used to obtain
an estimate of the tissue composition in the full three-dimensional sensing volume. The percentages of
each tissue type (adipose (fat), glandular and fibroconnective tissue, along with benign and malignant
tissue) were estimated visually by qualified pathologists [11,76]. A Kappa statistic was used to confirm

181



Diagnostics 2018, 8,40

consistency in the analysis between different pathologists. Several exclusion criteria were applied
during the histological process. In particular, samples were eliminated from further consideration if
the ink spot was not visible, if the ink had leaked into the tissue, or if the cross-sectional slice was
deformed. In this study, nearly half of all samples (49.8%) were excluded based on difficulties during
the histological procedure [76].

Following the studies by Lazebnik et al., Halter et al. performed a study that also examined
the region under the probe using histological analysis. In Halter et al., the dielectric properties of
in vivo and ex vivo breast tissues were measured in the microwave frequency range with open-ended
coaxial probes [10]. After the in vivo tissue measurement was recorded, a biopsy clip was embedded
in the tissue at the measurement location. The tissue was then excised and sectioned into 5 mm thick
pieces. The excised samples were measured again (at the same site as for in vivo, as identified by the
clip). Initially, the pathologist examined a 1 cm X 1 cm square area around the measurement location
and, thus, the tissue types were estimated based on a large area. Later, the strategy was improved by
inserting two pins covered in ink into the tissue on either side of the depression left by the probe in
order to mark the measurement location. The tissue sample was fixed with formalin, stained, and then
slides were prepared. The pin holes were then used during the analysis to determine the probed region
in which the tissue types were estimated by the pathologist. In this study, details were not provided
regarding whether or not samples had to be excluded from consideration due to histological challenges.
The pathologist examined the tissue histology within the ~1 cm x 1 cm region, which was a horizontal
slice relative to the probe position (i.e., perpendicular to the plane of the probe axis), unlike the vertical
(or parallel) slice used in Lazebnik et al. However, in both cases, the full tissue composition within the
sensing volume was estimated based on the given slice. Furthermore, as only one pathologist was
involved in the study, a Kappa analysis similar to that in the study by Lazebnik et al. was not needed.

Most recently, in Sugitani et al., excised breast tissue samples were obtained and their complex
permittivities measured using an open-ended coaxial probe [12]. The samples contained a combination
of tumour tissue, normal fat tissue, and normal stroma (connective) tissue. The work aimed to
calculate the effective permittivity of the tumour tissue based on the idea that each sample is
an inhomogeneous mixture of cells with different permittivities. It was proposed, and confirmed,
that, since the “tumour” tissue is composed of cancer cells mixed in with normal cells, the volume
fraction of cancer cells in a sample affects the dielectric properties. In particular, the sample was
treated with a hematoxylin-eosin stain and then digital images of each slice of the sample were taken.
The slide images were analysed by counting the number of pixels of cancer cells and cells of other
tissue types presented. The ratios of each type of tissue cell, relative to all of the cells in the slice,
were calculated. The three-dimensional fractional volume of each cell type was calculated based on
the two-dimensional slice using Bruggeman’s effective medium approximation theory [162]. This
method has the advantage of being highly quantifiable—each cell is counted—however, the process is
tedious and time-consuming. The work does not mention if any samples had to be discarded or were
contaminated during the histological procedures. Furthermore, the sample analysis was not restricted
to a specific sensing depth region (sample sizes ranged from 5 cm to 30 cm). A similar study on various
types of malignancies was presented in Sugitani et al. [85], for which the pathological procedures were
the same as those in Sugitani et al. [12].

Overall, there is no consensus in the literature to date on the best practice for conducting histology
in relation to dielectric measurements. Furthermore, there has been no reported comparison of the
different histology techniques used in the above-mentioned works, therefore, it is not known if some
methods are more accurate than others. However, it is likely that some features from each of the
studies lend themselves to obtaining more accurate data, for example, involving multiple pathologists
and using Kappa analysis to verify consistency between them (as in the study by Lazebnik et al.) could
only add to the study quality.
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8. Discussion and Conclusions

Although notable progress has been made in achieving accurate dielectric data, the coaxial probe
design still represents a limit for certain types of dielectric experiments. An improved probe design
that could allow measurements over a wider spectrum of frequencies and across multiple tissue
samples would be useful for future studies. Moreover, during the measurement procedure, the use of
appropriate force and position sensors could considerably increase the stability of the measurement
system and reduce tissue-related confounders that are strictly dependent on the expertise of the
operator conducting the dielectric measurement (i.e., probe-tissue contact and probe-tissue pressure).

Furthermore, interpretation of dielectric data acquired with the open-ended coaxial probe can be
improved by quantitatively examining and compensating for tissue-related confounders that cannot be
fully eliminated during the measurement procedure. To this extent, dielectric studies have modelled
the effect of temperature, tissue dehydration, and animal age on the dielectric measurement of tissues.
The quantitative characterisation of tissue-related confounders improves the interpretation of the
acquired data and could support the interpretation of dielectric data from historic studies that did not
provide information on all confounders. In order to clarify how such a characterisation could be done,
a series of examples demonstrating how to determine the total uncertainty in a dielectric measurement
are provided below.

This example scenario considers the case of dielectric measurement of mouse liver in the
microwave frequency range, as the effect of the time from excision, temperature, and age of the
mouse have all been quantified on liver tissue at these frequencies. In this example, it is assumed
that the confounders of time from excision (TFE), temperature (T), and age (A), are the only ones
impacting the dielectric data. The uncertainties introduced by these confounders are denoted as prgg,
ur, and pp, respectively. The relative permittivity of liver has been acquired at room temperature,
3.5 h from excision from a 70 day old mouse. From the literature it is known that at the frequency
of 900 MHz, the relative permittivity changes by 0.13% per degree Celsius [30], decreases by about
25% after 3.5 h from excision [147], and decreases by approximately 15% within 70 days of life [142].
This quantitative information needs to be taken into account for the calculation of the combined
standard uncertainty according to the NIST guidelines [74,75], which provides , the total uncertainty
added to dielectric data. A series of hypothetical studies are listed in Table 4, along with the resulting
uncertainty. The technique of calculating combined standard uncertainty to achieve a total estimate on
the uncertainty introduced in dielectric measurement studies due to tissue-related confounders can
and should be applied to all datasets, which lack quantitative information on confounders.

Given the importance of modelling the effect of the confounders for the interpretation and
comparison of existing dielectric datasets, further investigation is needed to quantitatively examine the
main tissue-related confounders (i.e., temperature, dehydration) on other tissue types and to analyse
confounders not yet quantified (i.e., heterogeneity, probe pressure). Such quantitative analysis will not
only improve the analysis of new dielectric data, but will also support the interpretation of historical
dielectric datasets.

In conclusion, this work has presented the dielectric measurement process with an open-ended
coaxial probe and reviewed the most relevant works, with a critical discussion of known equipment-
and tissue-related confounders. This work supports the aim of achieving accurate dielectric
measurements of biological tissues. As these properties are fundamental to electromagnetic safety
studies and medical technology design and improvement, an understanding of the measurement
process is of interest to a wide ranging community of scientists and medical professionals.
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Table 4. Example calculations of total uncertainty in dielectric data resulting from tissue-related
confounders under different measurement scenarios: Uncertainty due to time from excision (urpg),
due to temperature (u7), and due to age (na). W is the total uncertainty added to dielectric data,
calculated as combined standard uncertainty. Uncertainty data is for the relative permittivity of mouse
liver at 900 MHz, obtained from the literature. Note that 0.91% is 0.13%/°C - 7°C.

Case Scenarios ur WUTFE HUA n
Known TFE,
Known age, 0.91% N/A N/A 0.91%
Unknown T (between 18 °C and 25 °C)
Known T,
Known age, N/A 25% N/A 25%
Unknown TFE (within 3.5 h)
Known T,
Known TFE, N/A N/A 15% 15%
Unknown age (within 70 days old)
Known T,
Unknown TFE (within 3.5 h), N/A 25% 15% 29.15%
Unknown age (within 70 days old)
Known TFE,
Unknown age (within 70 days old), 0.91% N/A 15% 15.02%

Unknown T (between 18 °C and 25 °C)

Unknown TFE (within 3.5 h),
Unknown age (within 70 days old), 0.91% 25% 15% 29.17%
Unknown T (between 18 °C and 25 °C)
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1. Introduction

The prevalence of Type 2 diabetes has been rapidly increasing through the latter half of the twentieth
and into the twenty-first century. It has been associated with changes in life style during that period,
including increasing adoption of unhealthy dietary habits and limited daily activity. In 2014, the prevalence
of diabetes among adults older than 18 years globally had increased to 8.5%, from 4.7% in 1980 [1].
Mortality resulting directly from diabetes was estimated to be 1.6 million in 2015. Diabetes is a chronic
condition and must be managed well to prevent complications of the disease, including (but not limited to)
cardiovascular disease, blindness, kidney failure, increased risk of stroke and lower limb amputation [2].
A large number of techniques have been considered for non-invasive glucose monitoring, including the
analysis of sweat, urine (e.g., [3]), tears (e.g., [4]), and saliva (see the recent review in [2]), breath analysis
(relating blood glucose levels to acetone, which is produced during ketosis [5-8]), as well as various
spectroscopic methods, with limited or no success to date [2,9,10]. Furthermore, few of these techniques
are suitable for continuous monitoring (particularly those requiring samples of saliva, urine and breath),
although potentially still of use for non-invasive validation, or even calibration, of other wearable sensors.

Currently, blood glucose levels are mostly monitored with ambulatory monitoring devices, where
a drop of blood has to be drawn via a lancet and placed onto a chemically pre-treated strip inserted
in a device [2]. When the blood is dropped onto the strip, the glucose creates a low-level current.
The monitoring device quantifies the blood glucose level via the intensity of the current. These ambulatory
devices suffer from error rates as high as 20% for older devices and 15% for devices meeting the current
International Standards Organisation standard for blood-glucose monitoring systems [10,11]. Furthermore,
these devices measure the capillary blood glucose levels (since the blood sample is usually drawn from
finger tips, or sub-cutaneous measurements using ‘needle-patches’ placed on the torso for more modern
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‘continuous monitoring” systems) and it is known that the capillary blood glucose levels lags behind the
actual glucose levels (e.g., [2,10]). The main disadvantage of the current ambulatory monitoring devices are
the invasiveness, after the relatively recent development of commercial ‘continuous monitoring’ systems
(such as Dexcom’s G6 system, Abbott’s FreeStyle Flash/Libre system and Medtronic’s Guardian systems,
some of which have sensor lifetimes up to 14 days [10]). Off-the-shelf monitoring devices have a number
of practical obstacles, however, for example, the blood glucose levels is known to be affected from the
sanitation of the measurement site, it is advised that the measurement site should be washed with warm
water to increase the circulation, the patient is vulnerable to infections, the tissue becomes increasingly
deformed at the measurement site over time and the cost of the measurement. Therefore, there is a need
for new technologies that can offer reliable and continuous measurements while being unobtrusive to the
patient and reducing costs. It is worth noting that blood glucose monitoring would also be of interest for
non-diabetic people, such as astronauts, elite athletes and security personnel.

One such technique that has captured the attention of researchers is the RF/microwave sensing of
blood glucose levels. Within the last decade, with the development of wireless technologies, an increased
interest in the interaction of electromagnetic waves and biological tissues has emerged. With the motivation
of designing medical diagnostic and therapeutic devices, many studies focussed on characterization
of dielectric property profiles of biological tissues and anomalies, with applications including burn
or wound monitoring and detection of cancerous tissue (for example, [12-14]). The possibility of
using radio-frequency (RF) or microwave sensing for blood glucose level characterization has also
been investigated during this period (in fact, such technologies have been investigated throughout the
twenty-first century at least, including various unsuccessful attempts at commercialisation; an interesting
perspective on research into non-invasive glucose monitoring can be found in [10]). In this paper, we review
the studies conducted to investigate the interaction of electromagnetic waves with glucose molecules,
covering frequencies between approximately 1 kHz and 100 GHz, with a focus on ‘microwave’ frequencies
(which we take to mean 0.1-20 GHz in this paper). We will mostly use the term ‘microwave spectroscopy’
to describe this technique, but will also use dielectric spectroscopy interchangeably (although the latter is
the more general). A related term, impedance spectroscopy, is used at low radio frequencies (below about
1 MHz), where it is more convenient to represent the material properties as resistances, capacitances and
inductances. As these are related directly to the complex permittivity (and complex permeability, where
relevant), we will mostly avoid this terminology to avoid confusion.

The paper is organized as follows: we begin by examining the glucose-dependent properties of
human tissues, with the intent being to highlight the first major obstacle to non-invasive monitoring via
microwave spectroscopy, sensitivity. We also briefly discuss the second major issue, selectivity, or how
to attribute measured changes in dielectric properties to changes in blood glucose. We then review the
various frequencies used in the literature and discuss how the operating frequency might be chosen
in the light of the sensitivity and selectivity issues. A survey of resonators and antennas used in the
literature follows, with some comments based on the frequency and mode of operation and the sensitivity
and selectivity issues. We conclude with a brief discussion of possible ways to meet the sensitivity and
selectivity challenges.

2. Glucose Dependent Dielectric Properties

The dielectric properties of a material govern the wave behaviour in that medium. Therefore,
the dielectric properties of a medium are one of the primary design parameters of RF/microwave
structures. The growth of, first, mobile (cellular) communications, followed by body-centric
communications (including various wearable and implantable communications devices), together with
the possibility of using such devices for physiological monitoring, has encouraged a great deal of interest
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in how the human body affects electromagnetic waves, whether for health and safe exposure, maintaining
links between a cellular phone and base station or maintaining links between that same phone and a
Bluetooth headset [15]. To provide the necessary database, the dielectric properties of biological tissues,
including those with biological anomalies, have been extensively reported in the literature [16-19]. Since the
success of microwave diagnostics and treatment applications depend on the dielectric property discrepancy
between the normal and abnormal tissues (e.g., [13,14]), the evaluation of the dielectric properties is
critical. Recently, the possible application of microwaves for non-invasive and continuous blood glucose
monitoring has motivated many researchers to investigate the glucose-dependent dielectric properties
of blood and other liquids. To this end, dielectric properties of blood plasma, blood, saline solutions
and deionized water have been reported in the literature. The remainder of this section summarizes
the reported literature on glucose-dependent dielectric properties. We first provide a brief primer on
terminology.

The permittivity is a complex quantity, with the imaginary part representing the loss, which includes
heating and conductive effects. Key terms include:

e  permittivity—a bulk (that is, volume-average) material property quantifying the ability of the medium
to store electrical energy;

e electric constant—also called the vacuum permittivity or permittivity of free space, this is the
permittivity for an ideal vacuum and a physical constant;

e relative permittivity—the permittivity of a medium normalised by the electric constant (this is often
applied to the real part of the normalised permittivity only);

e  dielectric loss factor—another name for the imaginary part of the permittivity (often referring to the
imaginary part of the normalised permittivity);

o effective permittivity—the permittivity of a composite (heterogeneous) material (for example,
a layered structure, where each homogeneous layer has different properties) represented as
an equivalent homogeneous medium (this could be used for the relative effective permittivity,
which should be evident from context);

e  loss tangent—a means of representing the loss in a dielectric as the ratio of imaginary to real parts
(usually denoted “tan(6)");

e  conductivity—the ability to transfer charge, which is a loss mechanism for dielectrics;

e phantom—a digital or physical object that allows the parameter of interest to be changed in
a controlled manner;

e  tissue-mimicking material—a material designed to have the same dielectric properties as the tissue of
interest, for use in physical phantoms;

e Q factor—a term used to quantify the performance of resonators, where greater Q-factors imply
stronger resonances and more narrow bandwidths. A distinction is made between the ideal
(‘unloaded’) performance and the ‘measured’ (‘loaded’) performance;

e  resonant frequency—strictly, this is the frequency at which the input impedance of a resonator is
purely real (resistive); in practice, this can be used for the frequency of a maximum (transmit-mode)
or minimum (reflect-mode) of the resonator response. Changes in the dielectric properties ‘loading’
the resonator can affect some or all the resonant frequency, the bandwidth at resonance and the
magnitude of the resonance (maximum or minimum) in detectable amounts.

2.1. Measurements Performed with Biological Tissues

In [20], glucose levels of blood plasma, collected from ten adults with ages ranging from 18 to 40 years,
were changed in-vitro by adding 5% dextrose solution to the plasma to achieve values between 0 mg/dL
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to 16,000 mg/dL. The blood glucose concentration was changed by doubling the previous level; that is,
first the plasma glucose levels were increased from 0 mg/dL to 250 mg/dL, then from 250 mg/dL to
500 mg/dL, etc. The dielectric properties of the blood plasmas were measured for each glucose level
between 0.5 GHz and 20 GHz. A meaningful change was observed when the glucose levels were increased
from 2000 mg/dL to 4000 mg/dL. The dielectric properties were measured with Agilent’s Open-ended
Coaxial Dielectric Probe Kit [21]. As a continuation of this study, the Cole-Cole equation was fit to the
collected dielectric property data [22]. The Cole-Cole equation is a mathematical expression that has been
utilized in the literature to model dielectric property behaviour with a minimum number of variables.
In [18], the four-pole Cole-Cole equation was utilized to model the dielectric properties of biological
tissues; however, it was concluded in more recent studies that a single-pole Cole-Cole equation is adequate
to model dielectric property behaviour of biological tissues over an ultra-wide frequency range. The
single-pole equation is [23]:

€5 — €co 0;

B(w) = eoo + 17 Gon)Tm + e

@
where ¢, is the relative permittivity at field frequencies, ¢ is the static permittivity, T is the relaxation time
for a dispersion region, a represents the broad distribution of the relaxation time constant and o; is the
ionic conductivity. The difference es — €« is denoted as Ae and the effective permittivity € is a function of
frequency f = w/2m.

In [22], after fitting the Cole—Cole parameters to blood plasmas with different glucose concentrations,
the Cole-Cole parameters were represented as polynomial equations to depict the glucose-dependent
change of dielectric properties. These polynomial equations for the Cole-Cole parameters are used in this
work with the intention to demonstrate quantitatively the dielectric property behaviour of tissues when
changing the glucose level. The polynomial equation is a quadratic, of the form:

u(X) = an?(2 + an +cp 2)

with u a dummy variable representing a given parameter and x representing the glucose concentration.
Coefficients a,, b, and ¢, are given in [22] for each Cole-Cole model parameter. The polynomials with
numerical coefficients are also given below:

oo(X) =099 x 1072 x x2 4047 x 107" x x +2.3 3)
Ae(x) =093 x 1072 x 2 — 021 x x +71.0 )
T(x) =012 x 1072 x x24+0.23 x x +8.7 (5)
0i(x) = 0.63 %1072 % x> — 0.14 % x +2.0 ©)

The Cole—Cole equations are plotted using the polynomials and coefficients for glucose concentrations
of 72 mg/dL, 216 mg/dL, 330 mg/dL and 600 mg/dL (equivalently, 4 mmol/L, 12 mmol/L, 18.3 mmol/L
and 33.3 mmol/L, respectively). Figure 1a,b show the change in relative permittivity and conductivity,
respectively. This range of glucose concentrations was chosen based on the following: first, the blood
glucose of a healthy human changes between 72 mg/dL to 216 mg/dL; second, a glucose level of
330 mg/dL was reported in [24] for a diabetic patient and is here used as a realistic value that must
be detectable; and the maximum glucose level that can be measured by the current commercial ambulatory
monitoring devices [25], 600 mg/dL. It can be seen that both relative permittivity and conductivity
decrease as the glucose concentration increases from 72 mg/dL to 600 mg/dL. More importantly, however,
it is evident that the sensitivity of the dielectric properties to realistic values is extremely small, being
around 0.2 units for the relative permittivity and 0.1 S/m for the conductivity. The decrease in relative
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permittivity with the increase in blood glucose levels is slightly greater than the decrease in conductivity,
but monitoring of both parameters may still be required. Furthermore, highly sensitive sensors will be
required to detect small changes if continuous monitoring is desired, especially when including the effects
of system noise and other factors that also affect the tissue dielectric properties. Although [22] presents a
model to represent the glucose-dependent dielectric properties, the Cole-Cole parameter fittings show
that e, increases with the increase in glucose levels. This is not consistent with the measurement results
and the fitting provided for the Ae. Nevertheless, to the best of the authors” knowledge, both the approach
and utilization of blood plasma provides the most realistic insight to the glucose-dependent dielectric
property change.
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Figure 1. Dielectric properties of blood plasma with glucose variations graphed with Cole-Cole parameters
polynomials given in [22]: (a) relative permittivity e,; (b) conductivity .
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In another study [24], blood samples were collected from twenty patients (two per patient),
where eight of the patients were diabetic and twelve of the patients were non-diabetic. One blood
sample per volunteer was placed in a vial containing Ethylenediaminetetraacetic acid, utilized to prevent
blood clots forming in the withdrawn sample; the other samples were kept without additives. The volume
of each blood sample was 3 mL. The blood samples were then transferred to 5-mL dishes and the dielectric
properties of the samples in the dish containers measured with Agilent’s high temperature dielectric probe
kit [21]. The blood glucose levels of the collected blood samples varied between 79 mg/dL to 330 mg/dL.
A modified two pole Cole-Cole model was fit to the collected dielectric property measurements. It was
concluded that the relative permittivity of blood drops five units between 80 mg/dL and 140 mg/dL.
It should be noted that the measurement results were noisy and this could be due to the small sample
size. The sensing volume of the probe could be larger than the sample thickness. Also, the number of
measurements was not given in detail in the reported study.

2.2. Measurements Performed with Phantom Materials

Performing measurements using biological tissues is necessary for obtaining realistic results,
but carries legal, ethical and financial implications. In addition, the complexity of real tissues can make
the task of interpreting measurements challenging. The use of phantoms in place of tissues is common,
particularly in the earlier stages of research and product development, to minimise these issue, although
in vivo studies will always be required at some stage. In one study [26], tissue-mimicking phantoms
replicating the dielectric properties of blood and other tissues were fabricated with oil-in-gelatin dispersion
phantoms to quantify the realistic glucose-dependent dielectric properties. Oil-in-gelatine dispersion
phantoms are used in the literature to imitate the dielectric properties of all biological tissues [27]. Such
phantoms mainly include deionized water, gelatin, oil, a surfactant (e.g., dishwasher detergent) and salt
(NaCl). The gelatin helps to solidify the phantom, deionized water is both used for dissolving the gelatine
and increasing the dielectric properties. The surfactant is used increase the homogeneity when mixing the
oil and other ingredients. Oil has very low dielectric properties and thus, decreases the dielectric properties
of the mixture; finally, NaCl is utilized for increasing the conductivity of the phantom. Most (all) human
body tissues can be obtained by using the same base recipe; however, the amounts of the ingredients have
to be adjusted to obtain the desired tissue dielectric properties. For high water-content tissues, the amount
of oil should be reduced and the reverse is true for low water-content tissues. Examples of the recipes for
fat-, skin-, muscle- and blood-mimicking materials are given in Table 1 [26].

Table 1. Recipes of Tissue-Mimicking Materials including low, intermediate and high water-content tissues
from 300 MHz to 20 GHz [26] (food colouring is used to distinguish the materials).

Ingredient (g) Wet Skin  Fat  Blood Muscle
Deionized Water 230.0 574 230.0 230.0

Gelatine 34.1 150 341 34.1
NaCl 1.4 0.0 1.2 1.2

Oil 75.0 3296  15.0 35.0
detergent; 40.0 0.0 40.0 40.0
detergent; 0.0 10.0 0.0 0.0
food colouring 13 0.0 0.0 13

After characterizing the blood-mimicking material, different amounts of powdered dextrose was
added to four blood-mimicking phantom materials. Note that the dextrose is the naturally available form
of glucose in the blood and it can either be obtained in powder form or dissolved in water. The amount
of dextrose added to the phantoms is equivalent to the blood glucose levels between 0 mg/dL and
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216 mg/dL. This captured the realistic dielectric property change, since the blood glucose levels of a
healthy person varies between 72 mg/dL and 216 mg/dL. The phantoms were prepared and left overnight
to solidify. Next, the dielectric properties of the phantoms were measured with Agilent’s high temperature
open-ended coaxial dielectric probe kit. The measurements were repeated twenty times for each phantom
and the median values of the measurements were taken as the dielectric properties of the phantom
materials. This process was important, since the commercially available open-ended coaxial probes suffer
from high measurement error rates, 5% for off-the-shelf open-ended coaxial probes [21]. According to the
authors’ experience, the reported error rate may increase depending on the equipment wear off, cable type,
calibration quality and cable/probe movements. Considering that the change of blood glucose levels does
not result in high dielectric contrast, the accuracy of the dielectric property measurements becomes critical
to quantify the glucose-dependent dielectric property change.

A one-pole Cole-Cole equation, given by (1), was fit to the measured dielectric properties to quantify
the glucose-dependent dielectric property change [26]. The accuracy of the fitting was checked by
calculating the Euclidean distance, given in Equation (7). The accuracy of the fitting is also critical to
minimize error that would hinder accurate detection of the dielectric property change due to a change in

glucose levels.
1N o g 2 P/ 2
R I [k Y 7)
N 5|\ median [s&,]} median {EZ';,]

where ¢, and ¢, are the measured real and imaginary parts of the permittivity, &, and &/, are the

equivalent fitted dielectric properties and N is the number of points used within the measurement
frequency range.

When the fitted Cole—Cole parameters were analysed, it was seen that the Ae parameter decreased
with the increase in the dextrose levels in the blood-mimicking phantoms. This is consistent with the
previously reported results, where it was concluded that the increase in dextrose levels decreases the
permittivity of the blood plasma [20]. The change in Ae parameter is shown in Figure 2; it can be seen that
Ae parameter changed by one unit when the dextrose levels increased from 0 mg/dL to 216 mg/dL. This
again emphasises how the sensitivity of the measurement system will be critical in successfully tracking
changes in blood glucose level, particularly in continuous measurement scenarios.
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Figure 2. Glucose-dependent change in Ae parameter collected from the blood-mimicking phantoms with
glucose levels ranging from 0 mg/dL to 216 mg/dL, reported in [26].
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The authors of [28] also used recipes for blood mimicking phantom materials (proposed in [29]). The
phantoms were composed with water, salt, flour and sugar [28]. The recipe for the blood-mimicking
material required 66.9%, 0.8%, 25.0%, and 7.3% by weight for water, salt, flour, and sugar,
respectively [28]. A change of glucose level was emulated by adding varying amounts of sugar. In
particular, the results from real blood samples (Section 2.1) were used to predict the equivalent amount of
sugar to use in the phantom recipe (in place of the amount specified in the provided phantom recipe [28]).
Reasonable agreement at the higher frequencies used (approximately 2.2-6 GHz) were observed between
the blood measurements and phantoms fabricated for all sugar amounts (two phantoms were made for
each amount of sugar), with greater divergence at the lower frequencies.

Most of the reported work in the literature was performed to characterize the glucose-dependent
dielectric property change with broadband measurement techniques; namely, open-ended coaxial
probes. Although the technique offers a number of advantages, including minimal sample preparation
requirements and broadband measurement capabilities, it suffers from greater measurement errors.
Therefore, a more narrow-band resonator technique was employed in [30] to retrieve the dielectric
properties of phantom materials made using flour, water and sugar (note that these phantoms were not
blood mimicking material, but were used to represent the lossy medium of the human body). With the
proposed analytical method, highly accurate permittivity results were obtained, despite the fact that the
resonator was not fully optimised for this task. The loss in the phantom (human body) acts to increase the
bandwidth of the resonator, increasing the noise included with the measurement and reducing sensitivity.
An extremely narrow-band (high Q-factor) resonator may give even greater sensitivity, also improving
accuracy. Importantly, the methodology employed [30] gave accurate results despite the limitations of the
narrow-band resonator employed.

2.3. Measurements Performed with De-lonized Water

In an attempt to simplify the sample preparation, some research groups approximate blood with
water. In some studies, this was justified by the fact that the blood plasma is a high water-content tissue
and, since the mineral percentages in blood plasma are very low, the minerals can be ignored. Others
argued that a ‘physiological solution’ (0.9% NaCl solution) tends to imitate blood and can thus, be used as
a base for measuring the change in dielectric properties with respect to change in glucose levels. The rest
simply investigated the glucose-dependent dielectric properties of de-ionized water, since it is free of other
interactions and this helps with quantifying the effect of only glucose to dielectric properties.

In [31], blood-simulating solutions were obtained by adding 10, 20, 30, 40 and 50 percent-by- weight
table sugar into the de-ionized water. The dielectric properties of the solutions were measured from
200 MHz to 5 GHz. As expected, the permittivity of the solutions decreased with the increase in sugar
levels, whereas the conductivity increased. Essentially, this work shows the macro trends in dielectric
property behaviour with respect to changes in sugar levels. However, this may not represent the dielectric
property behaviour for realistic glucose levels.

In [32], the dielectric properties of physiological solutions and de-ionized water were measured,
having seven different glucose amounts varying from 0 mol/L to 6 mol/L at 1 mol/L increments (that is,
from 0 mg/dL to 108,000 mg/dL with 18,000 mg/dL increments). As noted earlier, the normal range
of glucose is between 72 mg/dL and 216 mg/dL for a healthy person. A Type 2 diabetes patient can
experience higher blood glucose levels. Ambulatory devices are unable to measure glucose levels above
600 mg/dL [25]. If the blood glucose levels are above 600 mg/dL, the patient is at high risk of experiencing
hyperosmolar hyperglycaemic state (HHS). Therefore, an increase of 18,000 mg/dL is much higher
than the realistic glucose level changes. Also, this study does not specify the type of glucose used to
obtain the mixtures. The reported measurement results confirm that the increase in the glucose levels
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decreases the relative permittivity of the mixture at lower frequencies. However, it concludes that, at
higher frequencies, the increase in glucose levels increases the relative permittivity of the mixture. For
conductivity, it was concluded that the increase in glucose levels has an effect on conductivity and this effect
is frequency-dependent; also, the amount of change in conductivity is smaller when compared to relative
permittivity. It should also be noted that the reported measurements were performed with Agilent’s
open-ended coaxial performance probe between 500 MHz and 67 GHz. The technical specifications
indicate that the probe is reliably operational between 500 MHz and 50 GHz [21]. Therefore, the reported
measurements above 50 GHz are higher than the recommended operation range of the probe. Unlike other
reported studies, the measurements presented in [32] were performed at 37 °C (that is, at human body
temperature). It was concluded that the sensitivity of both relative permittivity and conductivity values
to the glucose was between 0.01% to 0.02% per mmol glucose change in one litre of blood-mimicking
material. Considering that the relative permittivity of blood in the 2.45 GHz license-exempt Industrial,
Scientific and Medical (ISM) band is 58.2 units [17,18], the relative permittivity change will be 0.05 units if
the blood glucose is increased from 72 mg/dL to 216 mg/dL.

The dielectric properties of glucose-water solutions were used to model the glucose-dependent
dielectric property change at 25 °C in [33-35], with glucose concentrations between 0 mg/dL and
16,000 mg/dL. The measurements were performed with an in-house fabricated open-ended coaxial
probe and an in-house algorithm. The dielectric properties were retrieved using artificial neural networks
that fit the Debye model to the measurements for each glucose concentration. The Debye model is very
similar to the Cole-Cole model; in the Debye model, the « parameter in Equation (1) is zero and the ionic
conductivity is also ignored (¢; = 0). The Debye parameters were then again expressed as polynomials
with variables representing the change in glucose levels, with the same basic polynomial model given in
Equation (2) used. The coefficients of the polynomials are given in Table 2 for e«, €5 and T.

Table 2. Polynomial coefficients fitted to the Debye parameters [33]. Reproduced with permission from
Turgul V., Kale I., Sensors and Actuators A: Physical, Elsevier, 2018.

u a, by cn

£ —8214x 1078 2148 x 1073 8722
e 2318x1077 2793 x10* 81.015
T —8370x1077 5150 x10~* 8776

The approach used in [22] was modified for the Debye parameters and adopted in this study to
characterize the glucose-dependent dielectric properties of de-ionized water. Equation (2) and the Debye
parameter coefficients are used to obtain Figure 3, depicting the dielectric property change as the glucose
levels increase from 72 mg/dL to 600 mg/dL. As seen from the magnified plots inset in the figures, the
relative permittivity of the de-ionized water decreases with the increase in glucose concentration, while the
conductivity of the deionized water increases. In fact, the observed behaviour of the conductivity changes
when the frequency is increased above 9 GHz. The conductivity of the mixture started to decrease with
the increase in glucose concentration. Although the trend in relative permittivity agrees with the earlier
publications, the trend in conductivity is different when compared to other reported work. As explained
earlier, the broadband dielectric property measurement techniques are prone to errors. Since the change in
conductivity is expected to be even smaller than the change in permittivity, the conductivity change due to
glucose concentration might have been lost.

The dielectric properties at four different frequencies (0.5 GHz, 2.5 GHz, 5.0 GHz and 10.00 GHz) are
listed in Table 3, generated using the dielectric property graphs given in Figures 1 and 3. These frequencies
were chosen since 500 MHz is close to the Medical Device Radiocommunications Service (MedRadio) and
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Wireless Medical Telemetry Service (WMTS) bands [36,37], 2.5 GHz and 5.0 GHz are close to license-exempt
ISM bands in common use for wearable devices and 10 GHz represents the glucose-dependent dielectric
behaviour at higher frequencies. The conductivity of blood plasma is higher than the conductivity of
the deionized water at frequencies lower than 10 GHz. This could be due to sodium and other minerals
present in the blood plasma. The change in conductivity is very small at all frequencies. Figure 3b does
suggest that the conductivity change between 18-20 GHz is greater than other frequencies. It should
be noted, however, that measurements at higher frequencies require special equipment and this change
might merely due to the greater measurement/fitting errors at higher frequencies. The relative permittivity
change is somewhat greater than the conductivity change and seems to be greatest at 10 GHz, among the
frequencies shown in Table 3.

This quantitative comparison of models from the literature serves to confirm that the dielectric
property changes due to changes in glucose levels are very small. The relative permittivity displays
a consistent trend: an increase in glucose level corresponds to a decrease in the relative permittivity of
blood plasma and other blood mimicking materials. Since the glucose-dependent relative permittivity
change is very small, there is a need to develop structures that are sensitive to dielectric property change
and algorithms that can sense the glucose-dependent change among other factors that may affect the
dielectric properties of the biological tissue.

In [38], an impedance analyser was utilized in the frequency range of 1 kHz to 1 MHz. Two sets of
measurements were performed. The first used aqueous solutions of glucose, with concentrations from
0 mmol/L (0 mg/dL) to 225 mmol/L (4050 mg/dL), at steps of 25 mmol/L (450 mg/dL); hence, this set
of measurements did not address the sensitivity issue. It was observed that both the permittivity and
conductivity of the glucose solutions were decreasing with the increase in the glucose concentrations [38].
Similar to other studies, the dielectric properties were modelled with the three pole Cole-Cole equation,
while the changes in Cole-Cole parameters with respect to change in glucose concentration was modelled
with polynomials. The change in the Ag; plotted to demonstrate that the &5 — € is decreasing with the
increase in glucose concentration [38]. The second set of measurements examined the effect of changes
in blood volume during the cardiac cycle and used the bio-impedance parameter directly, rather than
extracting permittivity and conductivity [38]. These are discussed further in Section 3.2.
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Figure 3. Dielectric properties of water with glucose variations graphed with Debye parameters
polynomials given in [33]: (a) relative permittivity; (b) conductivity.
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Table 3. Dielectric property change of blood plasma (BP) and water-glucose with respect to glucose
concentration at 0.5, 2.5, 5.0 and 10 GHz based on the Cole—Cole and Debye parameter polynomials given
in [22,33]. (d-water—de-ionised water)

Glucose

& & 4 o
Concentration Fr?gl;;zl;cy BP d-water BP[22]  d-water [33]
(mg/dL) [22] [33] (S/m) (S/m)

72 0.50 72.75 80.94 2.065 5.55 x 1072
219 72.73 80.9 2.046 5.57 x 1072
330 72.71 80.87 2.030 5.58 x 1072
600 72.66 80.79 1.995 5.62 x 1072
72 2.50 69.74 79.64 3.498 13.62 x 107!
219 69.70 79.58 3482  13.67 x 107!
330 69.67 79.54 3.470 13.70 x 101
600 69.59 79.43 3.441 13.78 x 1071
72 5.00 64.62 75.86 7.078  51.59 x 107!
219 64.56 75.76 7.069  51.71 x 1071
330 64.51 75.69 7.062  51.80 x 10!
600 64.39 75.51 7.046  52.01 x 1071
72 10.00 53.24 64.07 16.91 17.00

219 53.14 63.90 16.91 17.00

330 53.07 63.76 16.91 16.99

600 52.88 63.44 16.90 16.97

2.4. Discussion

It is clear, from the qualitative review and quantitative examples given, that the application of

dielectric spectroscopy for glucose detection is both possible (as seen by the in vitro experiments) and
extremely challenging, due to the small magnitude changes in permittivity associated with the small
changes in glucose encountered in realistic scenarios. The next section discusses the issues around selection
of the operating frequency and bandwidth.

A few comments must be made here regarding the selectivity issue. All the studies reported on above

have examined the behaviour of the dielectric properties under the controlled change of sugar level and
our discussion has focussed on the sensitivity issue. In reality, these properties will be affected by other
inter-related factors, such as:

temperature—much of the above research was conducted at standard laboratory temperature and
there is little-to-no research available on the combined effect of temperature and glucose-level changes
on the dielectric properties. Furthermore, the effect of temperature on various tissues is known to be
frequency-dependent with complex behaviour [39];

perfusion—the volume of blood in the measured region during the measurement period will obviously
affect the data and this volume will change with temperature, pulse rate, activity level and clothing
(for example, tight sleeves or watch bands can restrict the flow of blood);

sensor positioning and motion—different locations on the body have been considered for sensor
placement (such as the ear lobe, the wrist, the thumb and the torso, as discussed in Sections 3.2 and 4),
either for convenience of testing, comfort for continuous-monitoring scenarios, or for tissue properties
at that location (e.g., the ear lobe has a relatively thin skin layer and no bone or muscle). Small motions
of the test subject can induce errors in the measurement (e.g., introduction of a small air gap between
sensor and skin), potentially even for static test scenarios. For the ideal of continuous monitoring, any
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sensor must be robust to motion-induced artefacts from small changes in sensor position, as well as
related issues (e.g., activity level, contamination of the test site from sweat, dirt and other materials);

e  other biological activity—tissues are dynamic inhomogeneous materials, with many bio-chemical and
bio-physical process occurring. Examples that may affect the dielectric properties include (but are not
limited to) changes in the levels of blood gases (particularly oxygen and carbon dioxide), urea, lactic
acid (affected by activity level), as well as changes induced by injury or infection.

Amperometric glucose-sensing, such as used with minimally invasive needle-type bio-sensors,
use specific enzymes and filtering membranes to provide selectivity, sensitivity and sensor longevity [2].
A major challenge for non-invasive spectroscopic detection methods is to achieve the selectivity necessary
to properly attribute dielectric changes to blood glucose changes.

Another aspect that must be considered is the subject-specific variation in tissues. In particular, there
can be significant variation across the population in tissue thickness for various locations on the body,
possibly correlating across one or more of gender, age, ethnicity and affluence (and its impact on physical
health and fitness), among other factors. Any system that could not accommodate such variation into its
model for extracting the dielectric properties would be restricted in application at best. Those systems
attempting to penetrate furthest into the body will need to account for variation in muscle and fat tissues,
plus other internal tissues (dependent on the location of the device on the body); all systems must account
for skin thickness variation. To illustrate this issue, we summarise some key points of a recent paper on
measuring the dielectric properties of skin (not aimed at glucose monitoring [12]).

As described in [12] and elsewhere (e.g., [26,40]), there are at least five different ways of modelling
skin (ignoring voxelized phantoms from MRI scans). The skin can be considered as a single homogeneous
layer in its simplest form, with one effective permittivity. This can be perfectly acceptable and accurate,
electromagnetically speaking, depending on the application. Increasing complexity comes by sub-dividing
the skin into constituent layers, with the most complex in use being a four-layer model, consisting of
the [12]:

e  stratum corneum (the outermost and driest layer);
e  viable epidermis;

e dermis;

e subcutaneous fat layer.

Intermediate-complexity models come from merging one or more of these layers into homogeneous
effective media. (Some also may argue against including the fat layer; from an electromagnetic perspective,
there is no particular problem with this, so long as the effective medium averages the constituent media
correctly.) The stratum corneum is approximately 20 um thick, but can be thicker, dependent on body
location (and likely varying between subjects to some extent) [12]. The epidermis is normally between
0.06-0.1 mm thick and the dermis is between 1.2-2.8 mm thick [12]. It is noted that a blood layer may be
added for glucose-monitoring applications. Furthermore, resonators will typically include at least one
dielectric layer in their construction, which must be included in models appropriately.

The models and the effect of the various layers, were investigated numerically between 26.5 GHz and
40 GHz, using models of open-ended coaxial probes and open-ended waveguide (two common probes
used in material characterisation) [12]. Further measurements were made at several body locations on three
test subjects [12]. The important sources of both modelling and measurement errors were also investigated.
Accuracies of up to 85% and 95% were reported for relative permittivity and relative dielectric loss factor,
respectively [12].

In addition to this, it has been shown that non-invasive blood glucose sensing at finger-tips is affected
by layer thickness and even the presence of small air-gaps caused by finger-prints [41,42]. A shift in
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resonant frequency of around 20 MHz was observed due to these air-gaps [41] and potentially as much as
100 MHz, depending on fingerprint depth [42]. Given that the air-gaps will differ depending on how the
finger is placed on the sensor [41,42], in addition to the effect of pressure on the tissues in the finger tip, it
is clear that this effect must be carefully considered, given that frequency shifts as low as 8 MHz [43] could
be produced by changes in glucose concentrations, at least for resonators with relatively low Q-factors.

It is also worth noting that the models discussed above assume planar layers of uniform thickness in
most instances. The effect of pressure (e.g., ofa finger pressed on a sensor, or a smart watch strap on the
wrist) will be to reduce the thickness of at least some of the layers in a non-uniform manner, in addition to
affecting the flow of blood and interstitial fluid through the tissues.

3. Frequency of Choice

3.1. An Empirical Approach

Different frequencies have been utilized for blood glucose level detection in the literature, ranging
from radio frequencies to millimetre waves. Although some applications at terahertz and infrared range
have also been investigated (e.g., [44,45]), the scope of this review is limited to RF/microwave and some
millimetre-wave applications. Most of the work reported focusses on narrow-band applications, with a few
reporting wide-band behaviour. Since microwave diagnostic and treatment applications are based on the
dielectric property discrepancies between the anomalous and healthy tissues, the behaviour of dielectric
properties that is dispersive with respect to frequency is one of the primary constraints for frequency of
choice.

Another related factor in frequency selection is penetration depth: as conductivity increases with
frequency for all tissues, the electromagnetic wave encounters greater loss at higher frequencies, which can
be related directly to how much tissue the wave can pass through and still be detectable at the system’s
minimum threshold for detection. (A related parameter is the skin depth; we do not discuss this here, but
the penetration depth is always greater than the skin depth.) For most implementations of sensors for
glucose monitoring, a reflection mode is used; a few use a transmission mode (e.g., for systems placed on
the ear lobe). The penetration depth is essentially a reflection-mode parameter; transmission-mode systems
can be expected to have a maximum allowed sample thickness approximately twice that of the penetration
depth (because the reflected wave passes through the tissues twice). Penetration depth decreases with
frequency for all tissues. At low frequencies (e.g., below 100 MHz), the penetration depths for skin, fat
and muscle would be more than thicknesses typically encountered; above 10 GHz, however, very little
penetration into muscle can be expected, while penetration depths for skin and fat are of less than or equal
to typical thicknesses [46]. We note that the limits on exposure, particularly the Specific Absorption Rate
[SAR], place an upper bound on transmit power, which translates into a maximum penetration depth for a
tissue of given loss.

As noted before, microwave frequencies have been employed for breast cancer imaging and treatment
purposes due to the dielectric property discrepancy between the benign and malign tissues [47]. In
microwave imaging, the employed frequency range is between 3 GHz and 7 GHz. The resolution of the
microwave images increases at higher frequencies; however, penetration depth and wavelength decrease.
To illustrate the penetration depth and wavelength in tissue, we plotted the behaviour two values with
respect to frequency in muscle tissue. The muscle tissue dielectric properties have been utilized before
in the literature to represent the lossy medium of the human body [40]. The relative permittivity and
conductivity of muscle tissue is shown in Figure 4a; the change of wavelength and penetration depth in
muscle tissue medium with respect to frequency is shown in Figure 4b. Similar to high water-content
tissues, the relative permittivity of the muscle tissue decreases with the increase in frequency, while
the conductivity of the muscle tissue increases. Both the dielectric property change and the increase in
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frequency affects the wavelength and penetration depth. From Figure 4b, it can be seen that both the
wavelength and the penetration depth is less than 5 mm. This demonstrates that, above 10 GHz, the body
tissues will be even more lossy and the propagating wave will quickly attenuate.
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Figure 4. Muscle tissue dielectric properties and wave behaviour in muscle tissue medium: (a) relative
permittivity and conductivity of muscle tissue between 200 MHz and 20 GHz; (b) wavelength and
penetration depth in muscle medium.

One other criterion that can be considered while choosing the frequency of operation is looking into the
utilization of the bands. For example, the US Federal Communications Commission’s MedRadio spectrum
allocation covers the 413-419 MHz, 426-432 MHz, 438-444 MHz, 451-457 MHz and 2360-2400 MHz
ranges. These bands are specifically useful for implants and body-worn devices for off-body, on-body
and in-body communications, since the signal is still quite strong for these bands. Other possible bands
include the license-exempt 2.4-2.5 GHz and 5.725-5.875 GHz ISM bands. At 2.45 GHz, the wavelength
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and penetration depth in muscle tissue is around 22 mm for both quantities. At 5.8 GHz, the wavelength
and penetration depth in muscle tissue is around 7.6 mm and 7.4 mm, respectively.

Lastly, it can be concluded from Section 2 that the glucose-dependent dielectric property change
is very limited, especially in the microwave region, such that the glucose-dependent change does not
display a significant variation between the frequencies. This indicates that the limited change in blood
dielectric properties due to the glucose variations can only be measured by employing a highly sensitive
technique. Broadband dielectric property measurement techniques, such as the open-ended coaxial probe,
are known to suffer from accuracy and repeatability limitations, whereas narrow band measurement
techniques are known to be more precise. Therefore, empirically we can conclude that a narrow-band
technique will be more sensitive to glucose-dependent dielectric property changes. Ultimately, the
sensitivity of a resonator also depends on the measurement technique and the performance of the employed
technique at the operation frequency. The Q factor, which is indicative of the measurement sensitivity, of
narrow-band resonators is expected to increase at higher frequencies (that is, higher order modes for a
given resonator tend to have higher Q factors). Considering the constraints imposed by the lossy nature of
the biological tissue media (higher loss and smaller penetration depth with increasing frequency) and the
band availability, plus the fact that resonators tend to be some multiple of a half-wavelength in size (hence,
physically larger at lower frequencies), a narrow-band resonator operating at a narrow band frequency
between 4 GHz and 7 GHz can be a viable option. Of course, it is still possible to employ other frequencies,
both higher and lower, as can been seen in the literature. We now review these choices, with a discussion
following in Section 3.3.

3.2. Frequencies Employed in the Literature

Different frequencies have been employed in the literature to sense the glucose change. For example,
in [48], a monopole antenna operating between 1-6 GHz was designed. The antenna response between
1.5-3 GHz was observed to shift during simulations and while testing it with blood mimicking phantoms.
However, it is known that the response of wideband and ultra-wideband antennas are less sensitive to
the dielectric property changes in a medium. For instance, Vivaldi antennas are frequently employed for
microwave medical imaging applications to both provide a wideband signal and prevent the antenna
detuning due to close proximity to human body. Additionally broadband dielectric property measurement
methods known to suffer from low measurement accuracy. Considering that the realistic dielectric property
change with respect to change in glucose levels is very limited, there is a need to employ more sensitive
techniques.

As mentioned above (Section 2.3), an impedance spectroscopy approach was used in [38];
here, we describe the second set of measurements using the bio-impedance parameter directly, measured
using a system from Biopac. Initially, measurements were performed on agar phantoms with aqueous
solutions using varying quantities of glucose: 0 mmol/L, 50 mmol/L (900 mg/dL), 100 mmol/L
(1800 mg/dL) and 200 mmol/L (3600 mg/dL); again, it must be stated that these are not realistic values,
so questions regarding the sensitivity are not addressed. The bio-impedance of glucose solutions with
solutions having different glucose concentrations were calculated at 10 Hz and supported the expectation
that the change in bio-impedance decreased with increasing glucose concentration. An additional set of
measurements were performed on a non-diabetic test subject, in conjunction with direct measurements
with a commercial portable blood glucose meter (ACCU-CHEK Performa). Measurements were taken
over the course of a 135-minute period, at five-minute intervals for the bio-impedance and thirty-minute
intervals for the blood meter, during a type of oral glucose tolerance test. After some signal processing and
curve-fitting, it was observed that there was an inverse correlation between the measured bio-impedance
and the measured glucose level [38]. This work reported that the temperature, minimum and maximum
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blood volume and other components of blood (such as haemoglobin) might effect the bio-impedance
calculations.

A spiral resonator operating between 628 and 677 MHz was introduced in [30]. This resonator was not
tested with realistic glucose values and the response was explored to retrieve the relative permittivity of
the tissues. The sensitivity of the resonator can not be judged. It should be noted that the wavelength and
penetration depth is quite large at these frequencies. Therefore, the response of the structures operating
close to MedRadio bands can be affected by other factors, such as the size of the tissue loaded to the
resonator. When the final application is considered, this could emerge as a problem when setting a
calibration standard.

Another resonator was presented in [26,43], operating close to 2.45 GHz when loaded with four- and
five-layer tissue-mimicking materials (composed of dry skin, wet skin, fat, blood and muscle tissue). This
resonator, which was not optimised for the wearable glucose monitor application, consisted of a microstrip
patch resonator with two capacitively coupled feeding strips and had a Q-factor of around 4, making it
relatively poor in terms of sensitivity. The penetration depth and wavelength at this frequency is still quite
large (around 20 mm in muscle tissue); therefore, the calibration problem may still emerge at a smaller
scale. One option to achieve matching for different loads is to utilize a impedance-matching circuit at
these frequencies. However, this approach should be implemented so that glucose-dependent change in
impedance will not be masked.

A serpentine-shaped capacitive structure operating between 3.0 GHz and 6.0 GHz was presented
in [33,49]. The sensitivity of this structure was analysed for the best matching. Initially, the structure
was designed to operate at 4.8 GHz; this frequency was chosen after analysing the penetration depth
and reflections between different tissue boundaries. It is worth noting that most of the simulations were
performed in commercial electromagnetic simulation programs; when the RF/microwave sensors are
loaded with lossy materials (such as four-layered tissue-mimicking materials with frequency-dispersive
dielectric properties), the simulations take longer to complete than simulations in air. Therefore, it is
advised to run such simulations on workstations; even then, the cost of optimizing these sensors to operate
at a certain frequency is high.

Two patch antennas operating at 2.45 GHz and 5.8 GHz were designed and tested with dextrose
solutions in an attempt compare the performance of the antennas at these two frequencies [50].
The antennas are mounted at the bottom of two 3D printed cups. The cups were filled with dextrose
solutions having concentrations ranging from 0 mg/dL to 5000 mg/dL. From 0 mg/dL to 1000 mg/dL, the
amount of dextrose was increased by 200 mg/dL. When the behaviour of the patch antenna was analysed
while changing the dextrose amount, it was observed the operation frequency did not change. However,
the matching of the antennas changed with the increase in dextrose levels. Although the change was not
linear, it was observed that the matching of the antenna operating at higher frequency was more sensitive
to the dextrose change. The response of both antennas are given in Table 4. Since the antenna types were
identical, the glucose-dependent change in antenna matching is attributed to the frequency of operation.

Table 4. Comparison of patch antennas operating at 2.45 GHz and 5.8 GHz tested with deionized
water—dextrose solutions [50].

Dextrose Levels (mg/dL)  Si1 Response (dB) at 2.45 GHz  S11 Response (dB) at 5.8 GHz

0 —14.87 —26.32
200 —14.82 -30.19
400 —15.4 —38.85
600 —14.45 —38.52
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A resonator operating at 1.4 GHz was proposed in [51]. The sensor, which had a Q-factor of about 800
in air [51], was proposed to be placed on the abdomen region of the body, where its Q-factor was reduced
to about 80 [51]. The sensor was tested with humans and the response compared with the commercial
glucose sensors. Also, an in vitro interference test technique was proposed to test the sensor performance
with glucose and other materials. The resonator response shifted 600 kHz when the glucose levels were
increased from 0 mg/dL to 600 mg/dL. The in vitro performance of this resonator does not only depend on
the frequency; the structure itself also has an important role. Therefore, in the abdomen region the tissue
should not be considered homogeneous in the 1.4 GHz frequency range. Changes in other parameters are
likely to affect the resonator response. In [51], the effect of other parameters was mitigated with a reference
structure that was separated spatially from the tissue and main resonator, but otherwise identical to it.
Hence, the change in resonant response (frequency and bandwidth) for the reference resonator can be
used to track temperature via a calibration curve, thus allowing detection of permittivity changes with
the main resonator caused by other factors. A clinical trial of this sensor involving 24 human subjects
(eight non-diabetics, four Type-1 diabetics and 12 Type-2 diabetics) undergoing an oral tolerance test was
reported [52] and assessed using the Clarke Error Grid and the mean absolute relative difference (MARD)
parameter. Two versions of the sensor were used (12 subjects per sensor); some differences between sensors
were possibly evident, based on MARD values of 11% and 14% for the respective test groups, although no
detail is provided on the test subject groups to allow identification of other possible causes. An overall
MARD value of 12.5% was calculated. Although the majority of test samples were in regions A and B of the
Clarke Error Grid, there were some values in the upper C region (attributed to unexpected movement by
the test subjects in [52]), demonstrating further work is necessary to enhance robustness. The comparison
in time between the sensor and the reference glucose readings (taken using a YSI 2300 Glucose and Lactate
Analyzer) was visually close in both papers [51,52]; curve-fitting models were developed in [51] that have
presumably been used in [52] to produce estimated blood glucose levels (in mg/dL) directly.

Another microwave resonator operating at 6.53 GHz was proposed in [53]. When a container of
de-ionized water-glucose solution, with a concentration of 0.75 mg/mL, was placed on the resonator, the
resonance frequency shifted to 3.43 GHz. The glucose concentration was then increased to 1 mg/mL, then
in 1 mg/mL increments to 5 mg/mL. The resonance frequency shifted to 3.53, 3.93, 4.23 and 5.03 GHz for
glucose concentrations of 1 mg/mL, 2 mg/mL, 3 mg/mL, 4 mg/mL and 5 mg/mL, respectively. Although
a very good resonance shift is observed, it should be noted that the sensitivity can not be merely attributed
to frequency of operation. Both the resonator structure and the frequency of operation, thus, the Q factor,
are all parameters that needs to be considered in this work. The readers should note the units used,
which have a factor of 100 difference to those used in this work, such that the normal range of glucose
concentration is stated as from 0.75 mg/mL to 2.16 mg/mL by the authors of [53]. The concentrations
used are therefore similar to the values used in this review for quantitative comparisons.

A microstrip-line-based multi-band resonator, operating between 100 MHz and 500 MHz and 1.4 GHz
to 1.8 GHz, was proposed in [54]. The resonator was tested using glucose solutions, with concentrations
from 0 mg/dL to 5000 mg/dL. The resonance shift, as well as the matching of the resonator, was observed
for both frequencies. It was concluded that the resonator displayed a better sensitivity to the glucose
change at higher frequencies.

In [55], three versions of a resonator, operating at 1.92 GHz, 5.16 GHz and 7.16 GHz, was designed
for measurement of glucose concentrations in microlitre volume solutions. A dielectric sensing cup with
a microlitre volume was designed and integrated to these structures to hold the liquid. The Q factor of
all three structures was investigated with solutions having different glucose concentrations. The Q factor
changed by up to five units for glucose concentration ranging from 0% to 10%.

A spiral resonator was proposed in [56], operating at 7.65 GHz when placed in aqueous glucose
solution and operating at 7.77 GHz when placed in a sample of pig blood. During the tests, the sample
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under test was put into a Petri dish with a diameter of 8 mm, which was placed in turn on the resonator
(first, the aqueous solutions were tested, followed by the blood samples). Glucose concentrations for the
aqueous solutions were from 0 mg/dL to 600 mg/dL; for the pig blood samples, concentrations from
100 mg/dL to 600 mg/dL were tested. The observed shift in operating frequency was negligible; thus, the
authors reported the change in matching of the resonator. For the aqueous samples, with concentrations
ranging from 0 mg/dL to 600 mg/dL; the S;; response decreased from —40 dB to —55 dB; for pig blood
samples (concentrations ranging from 100 mg/dL to 600 mg/dL), the Sq; response decreased from —18 dB
to —25 dB. The change in the S;; response with respect to volume was also reported in this work. To the
best of the authors’ knowledge, the sample volume should be chosen in such way that the electromagnetic
energy completely attenuates within the material under test (MUT) at the operating frequency, in order to
explore the true performance of the structure during such experiments. The effective permittivity of the
medium measured by the resonator will then only depend on the permittivity of the substrate and the
permittivity of the MUT. Since the glucose-dependent dielectric property change is very limited, this is a
paramount parameter to explore the full potential of a microwave sensor for blood glucose monitoring.

A metamaterial-based resonator operating at 2 GHz was proposed in [57]. In this work, the change
in both amplitude and phase of Sy; was tracked. The resonator was simulated with digital phantoms,
with the relative permittivity of the digital phantoms changed based on the glucose-dependent dielectric
property change equations described in [24]. To simulate the change in blood glucose levels between
0 mg/dL and 250 mg/dL, the relative permittivity of the digital blood-mimicking phantom was changed
from 69.4 units to 47.5 units, respectively. When compared to the conclusions drawn in [26], where the
change in relative permittivity was expected to be 1 unit for glucose levels from 0 mg/dL to 216 mg/dL,
these changes in permittivity values are very large. Since no experimental validation was performed, the
performance of the proposed structure can not be fully judged.

The millimetre-wave part of the spectrum, specifically around 60 GHz, is the operating band selected
by a company called MediWise for their GlucoWise system [58,59]. This was chosen “...as the wavelength is
short enough for a relatively compact antenna sensor and the penetration depth is large enough for interrogation of
thin human tissue regions with sufficient blood concentration” (Saha et al., 2017 [59]). The developed sensors
are intended to work either on the ear lobe or the fleshy part of the hand between thumb and first finger
and are based on a pair of patch antennas (resonators) acting in transmission mode. Standard in vitro
measurements were conducted using aqueous solutions of glucose and the authors stated the system “can
detect as low as 0.025 wt% of glucose in water” [59]. Ten non-diabetic male subjects underwent an intravenous
glucose tolerance test IVGTT) while wearing the system. Results for two subjects showed reasonable
correlation; poor results for the other test subjects were attributed to hand motion and “... gradual sliding of
the holder during the session, possibly due to fatigue or stress” [59], emphasising the challenges introduced by
external factors. The lag between direct blood measurements and indirect tissue measurements was also
evident [59]. A more recent study involving an anaesthetised pig was reported [58], again using an IVGTT
to introduce glucose ‘spikes’ to the blood stream. The sensor was compared with a “spectrophotometric
clinical blood chemistry analyzer (iLab 650 by Diamond Diagnostics) and a commercially available glucometer
(Contour Next EZ by Bayer)” [58]. The antennas were located at different positions on the ear of the pig and
with varying separations, to investigate variability and the detuning effect. The spikes in glucose level
were evident in the sensor response, with a lag of about thirteen minutes. This lag was attributed, in part,
to the distance from the injection site and to the known lag between venous blood samples and interstitial
fluid. It was also stated that “although the area is convenient for the sensor placement, it is not particularly rich in
blood and contains significant amounts of interstitial fluid” [58].
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3.3. Discussion

As seen from the literature reviewed above, there is no settled choice of frequency for non-invasive
blood glucose monitoring using dielectric spectroscopy. Some systems use lower frequencies to gain
tissue penetration, others use higher frequencies to avoid penetration and most do not specify the reason
behind the frequency selection, or else are making it for pragmatic reasons related to design issues, such as
device size (a lower frequency means a larger resonator), cost of electronic components (higher frequency
components are generally more expensive than lower-frequency components), or wanting to operate in
licence-exempt ISM bands. The question of measurement location is affected by and affects, the choice of
frequency, via the penetration depth: a finger tip or ear lobe, for example, may require a smaller penetration
depth, thus, supporting selection of a higher frequency (e.g., [58,59]). The electronic system must also be
capable of sufficient accuracy and precision at the proposed frequency (have sufficient dynamic range and
be low-noise).

While there are various arguments for using lower or higher frequencies, it should be mentioned
that no system chooses the operating frequency based on the observed spectroscopic behaviour of the
glucose molecule. Ideally, measurements would be performed at a frequency ‘near’ to a resonance in
the spectroscopic response for glucose, as this would maximise the dielectric property change induced
by a change in glucose concentration. We say ‘near’, as it is possible that the human tissues modify the
response. Unfortunately, these molecular resonances are almost entirely in the terahertz (THz) part of
the spectrum, between roughly 1 THz and the lower end of the infra-red part of the spectrum [10,60].
This is problematic for a number of reasons, including the extremely poor tissue penetration and current
technological limitations for operating in this band. Although selective detection of glucose (and other
similar molecules) has been successfully demonstrated using THz nano-antennas [60], with resonances
between 0.5-2.5 THz, this approach has yet to be translated for work with human tissues, to the authors’
knowledge. Given the poor penetration depth, it remains far from clear that a change in blood glucose
concentration could be detected in this band. There would also need to be studies to determine how these
resonances appear within tissue samples and whether the resonances of other molecules might obscure
that of glucose.

4. Utilized Microwave Resonators and Antennas

In this section, we review the resonator geometries utilised in the literature, to try and identify any
useful trends. We note that there are different terms used for the microwave sensor in the literature, namely
‘antenna’ and ‘resonator’. Since most antennas are resonant elements, the distinction is somewhat vague
(even artificial). Nevertheless, to avoid confusion from the respective camps, we have split the review
along these lines, which perhaps arises from the respective backgrounds of the researchers: antennas
researchers see the sensor as ‘radiating’ into the body tissues and its response being ‘de-tuned’ by those
tissues; resonator designers, perhaps coming from filter design or material characterisation backgrounds,
may think in terms of loaded and unloaded Q factors, field distribution across the sample under test
and similar things. Essentially, these describe the same responses, but there can be some subtleties in the
descriptions.

4.1. Antennas

Antennas employed for glucose-dependent dielectric property change include both wide and
narrow-band antennas. A wideband monopole antenna operating between 1 GHz and 6 GHz was proposed
in [48]. This antenna was simulated with a hand phantom and the Sy; response of the antenna was tracked
during the simulations. In addition to the drawbacks listed for employing a wideband method, a monopole
antenna has an omnidirectional radiation pattern, suggesting that the S;; response of the antenna will
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be vulnerable to the changes in the vicinity of human body and the antenna. Considering that the
glucose levels are only slightly changing the dielectric properties, the variations in S;; response due to
glucose-dependent dielectric property change might be lost in uncontrolled environment.

Patch antennas, operating at 2.45 GHz and 5.8 GHz when loaded with deionized water and glucose
solutions, are given in [50]. The antennas were printed on FR4 substrate and also covered with an FR4
superstrate to prevent the shorting of the antenna. When the end application is considered, a superstrate
can be useful for managing the SAR within the allowed limits. As a side note: since non-invasive
measurements are also envisioned for continuous use, the proposed materials should either be built with
bio-compatible materials or should be covered with a bio-compatible material. During the experiments, it
was observed that the matching of the antennas were changing with the change in glucose levels. The
change was non-linear and the antenna operating at a higher frequency was more responsive to the change
in glucose levels.

In [61], a patch antenna was proposed, operating at 5 GHz in air and around 2 GHz (depending on
glucose concentration) when loaded with a phantom. The antenna was tested with two liquid phantoms,
namely physiological solutions and pig blood, with glucose levels ranging from 0 mg/dL to 500 mg/dL.
Simulations predicted a linear shift in resonant frequency of 5 MHz for the physiological solution;
measurements did not display any correlation, which was attributed to possible differences in temperature
and volume between test samples. Simulations using pig blood digital phantom predicted shifts of
200 MHz (comparing 125 mg/dL to 0 mg/dL) and 300 MHz (comparing 250 mg/dL to 125 mg/dL).
When the antenna was tested with pig blood, smaller shifts were observed. A linear fit was performed;
the resonant frequency increased by 43 MHz when increasing the concentration from 0 mg/dL to
125 mg/dL and from 125 mg/dL to 250 mg/dL and by 86 MHz when increasing glucose concentration
from 250 mg/dL to 500 mg/dL. The number of sample points is relatively low, however and further
experimental investigations seem advisable.

In [33], a serpentine-shaped antenna with passive coupling was proposed, designed to operate at
4.8 GHz in air. The antenna was envisioned to be placed on the finger tip in the end application. The
proposed structure was simulated with a finger model and measured in vivo, with the S1; response tracked
(with no monitoring of glucose). It was observed that the antenna had a very narrow bandwidth when
operating in air; however, when the antenna was loaded with the finger (finger model), it was observed
that the bandwidth increased (a result of the loss of the loading tissues) and it becomes impedance-matched
(at the 10 dB return loss level) between 2.8 GHz and 5.5 GHz (or roughly 2.6-3.6 GHz for the simulation).
This suggests that the proposed sensor essentially has a wideband behaviour. Since the human body is
lossy, the permittivity and conductivity affects the characteristics of the antenna. To quantify the response
of the antenna to the change in glucose levels, it was simulated with phantoms representing glucose
solutions using de-ionized water. The glucose concentration changed from 0 mg/dL to 2000 mg/dL,
resulting in a maximum shift in resonant frequency of 32 MHz. Simulations using a four-layer tissue
model of the finger were also performed. The resonance peak shifted from 3.288 GHz to 3.292 GHz when
the glucose levels were increased from 0 mg/dL to 2000 mg/dL, a shift of only 4 MHz, demonstrating
again the sensitivity challenge.

One other aspect was discussed, namely the effect of the geometry on the electric field, by comparing
the proposed serpentine geometry with the patch resonator from [43]. The serpentine resonator was seen
to have a higher sensitivity to glucose variation, which is in accord with the idea that geometries with
narrow-band responses give more sensitivity. Another way of understanding this is in the effect on the
electric field, with the serpentine structure having both greater field intensity and greater field localisation
in the central portion of the resonator, when compared with the patch structure. This illustrates another
trade-off in the design process: compact geometries tend to achieve greater field intensities in smaller
cross-sections, implying greater penetration depths and, potentially, improved sensitivity to changes
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in effective permittivity. The proviso is that smaller cross-sections also imply less averaging across the
monitored volume, implying sensitivity to sensor location (and subject variability) could also increases.
(SAR limits obviously still apply, as a constraint on the field intensity.) This study was recently extended
in [62] to include the spiral resonator from [30,63] (see Section 4.2), with similar results. The spiral was
deemed to be more sensitive than the patch structure and less sensitive than the serpentine structure
(again in accord with the Q-factors), with the patch structure achieving greater field intensities. The greater
uniformity of electric field for the spiral (compared to the patch) was seen as a contributing factor in the
greater sensitivity, as well as in improving measurement uncertainties [62].

4.2. Resonators

An open-ended spiral resonator was presented in [63]. The resonator is basically a spiral-shaped
microstrip transmission line and has two ports, with two straight microstrip lines capacitively coupled to
the spiral line. The spiral shape was chosen to minimize contact orientation errors, due to the symmetry of
the structure and to form a standing wave. The amplitude of the standing wave was tracked by measuring
the amplitude of Sy;. The resonator was modified to accommodate typical human thumbs and tested with
human subjects. The tests were performed with healthy subjects using an informal oral glucose tolerance
test, where the subjects were given a soda drink and the sensor response tracked over time, while the
blood glucose levels were tracked with a commercial glucometer. A good agreement was reported in this
study.

Following the reported study in [63], an open-ended spiral resonator with direct coupling was
designed and tested with flour-and-water phantoms with varying permittivities in [30], as described
in Section 2.2. The goal in this study was to retrieve the dielectric properties from the response of the
resonator for a single frequency. This is performed by using polynomials that related the S;; response
to the permittivity of the material placed on the resonator. The dielectric properties of the material were
retrieved around 600 MHz.

A patch resonator operating in the 2.45 GHz ISM Band (when placed on a four-layered
tissue-mimicking phantom) was designed and tested in [26]. The input impedance of the resonator
was tracked at the operating frequency to quantify the blood glucose change. The blood layer of the
four-layered phantom was changed, with the blood-mimicking materials having different concentrations
of dextrose. It was concluded that the change in the real part of the input impedance was approximately
0.04% per unit change in glucose concentration of the blood-mimicking material.

Printed resonators operating at three different frequencies were proposed in [55], with dielectric
microlitre cups to hold the liquid samples. The resonators were tested with deionized water and glucose
solutions, with concentrations ranging from 0% to 10%. The response of the resonator to glucose
concentration change was quantified by tracking the Q factor of the resonator. The maximum change in
Q-factor (comparing 10% to 0%) was less than seven units, but the response was fairly linear and good
agreement between simulation and measurement was observed. This reported study is not suitable for
measuring the blood glucose levels continuously, however.

In [51], a ring resonator sensor was proposed. As noted before (Section 3.3), a reference resonator
is used to calibrate the sensor for temperature changes in the sensing environment. An interference test
system was proposed and the fabricated resonator tested with water solutions to quantify the change
in sensor response, both with respect to glucose change and with respect to change of other vitamins
and sugars present in the blood. It was concluded that the glucose levels caused greater changes in the
resonant frequency and bandwidth of the resonator than other factors, such as ascorbic acid and maltose.

A resonator designed by combining a spiral inductor and interdigital capacitor was introduced in [64].
The resonator was printed on a GaAs substrate and operated at 5.8 GHz in air. The resonator was tested
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with glucose-water solutions by dropping the solution on the resonator. The experiments were also
repeated with the blood plasma (denoted as human serum/human sera) with varying glucose levels.
When the blood plasma was placed on the resonator, the resonant frequency shifted to 0.642 GHz; the
resonant frequency then increased with the increase in the glucose levels. A sensitivity of 199 MHz per
mg/mL change in glucose levels of the sample was reported.

In [53], a cross-coupled stepped-impedance resonator was designed and printed on a GaAs substrate.
The resonator operated at 6.53 GHz in air: when loaded with the lossy material (that is, deionized-water
and glucose solutions and blood plasma, denoted as human sera in the reported work) with varying
glucose levels, the resonance frequency shifted to 3.4 GHz. The sample was dropped on the resonator
and the relative permittivity of the samples retrieved from the resonator response. A change in the shunt
capacitance of the resonator corresponds to an effective permittivity change and thus, the change in glucose
levels. The Sy response of the resonator was tracked; the resonance peak shifted 978.7 MHz per mg/mL
change in glucose levels of the sample.

4.3. Discussion

The majority of the work reported in the literature has used ‘standard’ geometries (e.g., ring resonators,
patch resonators, strip/line resonators, spiral resonators). The geometries with greater Q-factors (more
narrow-band responses) show greater sensitivities to glucose changes, as suggested throughout this
paper. Resonators with spirals and interdigitated capacitors may have the greater sensitivities [33,62].
There seems to be an opportunity to further investigate the resonator geometries most suited for the
glucose-monitoring application. There is also no real discussion of electrode geometries for systems
using impedance spectroscopy for glucose monitoring in the engineering literature, although the body of
literature for monitoring bio-electric signals (such as from the heart and muscles) may be of use. Some
allusion to this issue is also made in patent documents and publications by Biovotion, with minimal or no
detail or justification; Biovotion are discussed below in Section 5.1.

One aspect not widely considered or explained in any depth is the effect of resonator geometry on the
field distribution around the resonator and into the tissues, the notable exceptions being [33,62]. (Again,
some allusion to this issue is also made in patent documents and publications by Biovotion, with minimal
or no detail or justification.) This also stands out as a research opportunity.

Although some of the sensors described have undergone some optimisation (e.g., for the intended
body location, such as the finger [41,62,63]), much of the reported work has not considered this aspect. This
is a gap in the literature, in the opinion of the authors, indicating a research opportunity. This is particularly
true for sensors intended for wearable continuous glucose-monitoring systems. Here, there should be
some consideration for the form factor of the final device. For wearable systems, there seem to be two
main possibilities: a device strapped to the arm (e.g., a smart watch, or a specific device, as in [65,66]) or a
‘smart plaster’ for use on the torso, (upper) arm or (upper) leg. Such a smart plaster could offer greater
surface area for accommodating larger resonator structures, but the issue of powering the sensor becomes
more complicated.

5. Addressing the Selectivity Challenge

Thus far, we have described (in Section 2) the ability to detect changes in glucose level via dielectric
spectroscopy and emphasised the challenge of sensitivity. Although there is possibly some scope for
improvements in recipes for tissue-mimicking materials, we believe the sensitivity issue has been clearly
demonstrated in the literature and that future research must have a greater focus on addressing the
sensitivity and selectivity challenges. We further suggest that a multi-band approach seems preferable to
single narrow or wide band sensors (Section 3). The justification for this is that narrow band resonators
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will give greater sensitivity to the observed small changes in effective permittivity than wide-band sensors,
but insulfficient selectivity against other factors affecting the relative effective permittivity. This limitation
would be mitigated, in part, by multiple narrow-band resonances. The research (not to say, commercial)
challenge then becomes the selection of the resonant frequencies and realisation of the resonator, which
are affected partly by the form-factor and location of the wearable device on the body (Section 4). The
use of multiple frequencies is unlikely to be sufficient, however, even with improved electromagnetic
models for extracting the permittivity (e.g., compensating for small air-gaps). Additional sensors are
almost certainly required to compensate for the ‘external factors” and substantial (large-scale) studies
required to understand the ‘internal factors’ (Section 2.4). In the following, we briefly review some existing
approaches to multi-parameter sensing, before discussing how the remaining limitations may be overcome
and then describing how this might work within an integrated diabetes management system, through
comparison with studies conducted using commercial glucose monitors.

5.1. Multi-Parameter Sensing

The monitoring of various physiological signals is of broad interest, with applications in healthcare,
sports (elite/professional and amateur), security and space [67,68]. Indeed, the growth of fitness
trackers and smart watches attest to the growing trend to monitor personal activity in order to meet
personal ‘well-ness’ goals. The value of monitoring such factors for use in glucose monitoring has
also been recognised in the literature. For example, Choi et al. account for the effect of temperature via
a dual-resonator approach [51,52], while the GlucoWise system “includes two thermometers (one to measure the
sample or skin temperature and one to monitor the ambient air temperature) and a solid-state three-axis accelerometer
to detect movement” (Saha et al., 2017) [59]. This system of additional sensors is not yet used to automatically
correct the data, however, which would be required for realistic use.

One of the more developed systems in the literature is the ‘Multi-Sensor” by Biovotion [65,66,69-73].
This has a long history, with predecessor companies being Pendragon and Solianis (some of the principals
for Biovotion were involved in one or both of these predecessors) [10] and patent applications dating back
to 2001. The elements of the Multi-Sensor are [65,66]

e dielectric property monitoring using resonators optimised for three frequency ranges:

- 1-200 kHz, to ‘monitor sudomotor activity” [65] (that is, sweat monitoring);

- 0.1-100 MHz, to ‘monitor the effect of glucose variations’ (using three different resonators at the
low, high and central parts of the band) [65];

- 1 GHz and 2 GHz (separate electrodes), to ‘monitor water migration” [65];

° two temperature sensors;

e  one humidity sensor;

e anaccelerometer (it is unclear how many axes);

e  optical ‘diffuse reflectance’ sensors, to ‘monitor hemodynamic changes’ [65].

A sketch of the layout of the bottom of a printed circuit board used to form the various resonators is
shown in Figure 5, based on drawing of a recent iteration of the Multi-Sensor from a patent document [74].
A number of different geometries have been used, including ring-type, line-type and inter-digitated
capacitor ‘electrodes’ (this term is used to describe the Multi-Sensor resonators in the various publications
and reflects the impedance spectroscopy perspective).
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Figure 5. A sketch of the Biovotion Multi-Sensor arm-band, showing the various electromagnetic sensors
(some of the sensors described in the text, including the humidity sensor and accelerometer, are within
the housing and not visible in this image), based on a drawing from a recent patent document [74]:
(a) inter-digital electrode operating in 1-20 kHz band as a sweat sensor; (b) ‘short’, (c) middle and (d) ‘long’
MHz-band electrodes; (e) ‘short” and (f) ‘long” GHz electrodes; (g) optical reflection sensors consisting of
light sources and detectors. (Not to scale; geometries have been simplified) [65,74].

The Multi-Sensor is designed to be worn on the upper arm and has daily calibration
requirements [65,66]. It is relatively bulky and not necessarily suited for continuous monitoring on
some practical and aesthetic criteria, but it can be argued that the important task is to develop
a fully functioning and reliable non-invasive monitoring device, with such considerations left as future
refinements. In the most recent study, twenty Type-1 patients used the system for a total of 1072 study days
in home and clinical settings. Training was required to ensure the patients could place the Multi-Sensor on
the arm comfortably. One of the objectives of the study was to obtain a larger dataset, over a longer period,
than currently available, to guide further refinements and this is an objective that should be considered by
other researchers as well.

The results of the study were evaluated using the mean absolute relative deviation (MARD)
and the Clarke Error Grid. As expected, there were subject/device-specific variations and a lower
accuracy in uncontrolled (home) compared to controlled (clinical) settings. An overall MARD of
35.4 mg/dL was reported, which is still higher than the current state-of-the-art minimally invasive
devices (using biosensors); furthermore, although 86.9% of points fell in the A and B zones of the Clarke
Error Grid, 0.6% fell in the C zone, 12.1% in the D zone and 0.4% in the E zone. The algorithm used to
modify the raw impedance spectroscopy data based on the other sensor inputs is not disclosed in detail,
although the improvements in mean absolute deviation (MAD) are discussed. Previous papers suggest the
use of principal component analysis and linear regression models (e.g., [73,75]), suggesting one possible
source of error is an inadequate sample population. Thus, the potential to detect changes in glucose has
again been clearly demonstrated, but not yet in a system that is clinically viable.
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5.2. Case Study

In this case study illustrating the above issues, we present previously unpublished results from
a small-scale study with human subjects conducted by the authors in 2014, investigating the effect of
pressure on the response of a patch resonator placed on the wrist. As described above, the patch resonator
was previously tested with tissue-mimicking phantoms to verify the proper functioning [26]. The ultimate
test domain, to understand the true performance of the structure, requires measurements with human
subjects, implying carefully designed experiments to minimize the effects of other changes in the body to
the resonator response. One factor that is known to affect the resonator response from earlier observations
is the applied force. This effect is due to the change in superstrate geometry and in return effective
permittivity changes when the tissue is pressed, squeezed or stretched. Thus, there is a need to calibrate
the response of the resonator in order to gather the data relating to the permittivity change due to the
glucose levels. However, this approach requires both a multiple sensor system and a smart algorithm to
detect the relevant data. As a necessary preliminary step towards this objective, this study conducted
initial human experiments performed under controlled conditions. We will use the terms ‘force” and
‘pressure’ somewhat interchangeably below, possible as the area of the sensor used is fixed.

A measurement platform monitoring both the applied force and the resonator response was built
by embedding the patch resonator inside a wooden block and placing two commercial force sensors on
the two ends of the resonator. Measurements were performed on one male and four female subjects. The
subjects were asked to fast overnight; this was deemed necessary so that the blood glucose levels of the
subjects were at the minimum level before the experiment. The effect of the applied force to the resonator
response was measured for the different subjects while the blood glucose levels were at a minimum, to
establish a baseline and understand the potential measurement uncertainties due to changes in pressure.
For this preliminary study, however, the focus was on the development of a robust and reliable test
procedure for use in clinical environments; hence, no direct blood glucose measurements were made at
this stage.

The patch resonator presented in [26] was mounted on a wooden test bench with the dimensions
of 140.5 x 360 x 18 mm?>. The dielectric properties of the wooden bench were measured at the design
frequency of 2.45 GHz, giving ¢, = 1.8 and tan(d) = 0.15. Two force sensors were taped at both end
of the resonator, leaving 2 mm space between the resonator and the force sensors. The force sensors
were identical and the length, width and thicknesses of the sensors were 100 mm, 14 mm and 0.203 mm,
respectively. Both of the force sensors used in this study were A201 type FlexiForce™ commercial thin-film
type sensors [76]. The transparent cover of the commercial sensors was polyester (Mylar) with dielectric
properties of ¢, = 3.2 and tan(é) = 0.005. The experimental configuration of the test bench is shown in
Figure 6. The simulation configuration is identical to the experimental set-up. Note that the force sensors
were considered as homogeneous Mylar materials during the simulations.

The commercial force sensors can measure applied forces between 0 N and 440 N. The conditioning
circuit, used for each force sensor, is shown in Figure 7. The conditioning circuits were built on a breadboard
and output voltage of the force sensors were measured with multimeters. The variable resistances were
fixed to 203 kQ).
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(b)

Figure 6. Configuration of the test bench: (a) the resonator and force sensors; (b) wooden test bench.
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Figure 7. Conditioning circuit for thin-film force sensors [76].

The sensors were calibrated to express the applied force, as given by the output voltage, in terms of
weight. Calibration was performed by placing a disk of known mass onto the sensing area of the force
sensors to concentrate the weight only on the sensing area of the sensors; precise masses were then placed
on top of the disk and the output voltages of the sensors measured with multimeters. The calibration
graph for the sensor are shown in Figure 8a, where the plotted points are the median values of two sets of
data taken from the first and second sensors. The coefficients for the power fitting function is a = 0.085 and
b = 0.678. The R-square value is 0.965, quantifying the goodness of the fitting. Residual plots are given in
Figure 8b.

Force measurements were performed with one male and four female healthy subjects. The Body
Mass Index (BMI) of the each subject is given in Table 5. The age of the subjects were ranging from
25 to 40. The blood glucose levels of the subjects were expected to be constant and low (around 72 mg/dL,
or 4-5 mmol/L), as the subjects were fasting overnight before the experiment. The subjects were asked to
press the inner part of their right arms to the bench where the resonator and the sensors were mounted.
The subjects” arms were also marked with arm bands, to ensure the same tissue block on each subject
was measured and to ensure the placement of the arm matched with the previous measurements for each
subject, maximising the repeatability.
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Table 5. Body mass index (BMI) of the subjects.

Subject BMI Subject BMI

Femaley 221  Femaley 219
Female,  25.0 Maleq 22.1
Females  22.5
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Figure 8. Calibration measurements: (a) the power fitting to the calibration values; (b) residuals of the

power fitting.

During the force experiments, the subjects were asked to apply the same amount of force to both
force sensors on either side the resonator. The experimenter recorded the resonator response when the
same level of force was reached on both sensors (implying an equivalent force was applied evenly across
the resonator). For each force level, the resonator response was recorded five times. The subjects applied
four different levels of force as determined by the force sensor output voltages, from 0.5 Vto2 Vin 0.5V
increments, with force determined from the calibration curve in Figure 8a when required (the results given
below are expressed in terms of the directly measured sensor output voltages). The median of the collected
response was taken for each force level for each subject, shown in Figure 9. In Figure 9, the red curve,
expressed by y = ax? 4+ cwherea = 0.12, b = —1.13, ¢ = 2.49, shows the median of all measurements.
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The median fitting indicates that the superstrate permittivity increases with the increase in applied
force. When the applied force is very low, for example at 0.5 V output, an air gap might be introduced
between the tissue and the resonator, minimising the effect of the tissue superstrate on the resonator output
(note that the resonance shift has a 5.3% decrease between 0.5 V and 1 V outputs). As the applied force
increased, the magnitude of the resulting resonance shift decreases. The decrease in resonance is 1.7% and
0.8% for an increase in applied force from 1 V to 1.5 V and from 1.5 V to 2 V, respectively. This could be due
to the tissue displacement: it is hypothesized that the fat tissue is displaced with the increase in applied
force (also suggested recently in the literature [42,62]). This experiment was important to assess the effect
of the applied force to the resonator. From the change observed in Figure 9, it is clear that the applied
force has a significant effect on the resonator response; thus, it should be kept constant to differentiate the
effect of the glucose change to the resonator response, ideally. In real-world scenarios, appropriate models
should be utilised to remove the effect of pressure changes. Note that during the experiments subjects
were not be able to apply greater forces consistently (the sensor output can reach up to 5 V).
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Figure 9. Change in sensor Sq; response with the applied force voltage output.

After the force measurements were completed, the subjects were asked which force level was most
comfortable. The subjects reported that the 1 V output was the most comfortable force level. The standard
deviation from the mean () on each applied force level among the five measurement was also calculated
and are shown in Table 6; the 1 V applied force level shows least deviation. Although obviously only
a small and unrepresentative sample, this type of information could be useful in the design stage for
resonators and effective permittivity models, by looking for deviations from the target pressure and having
models for changes in tissue properties (such as from compression) and air gaps.

221



Diagnostics 2019, 9, 6

Table 6. Standard deviation from the mean (¢) on each applied force level.

Force Female; Female, Female; Femaley Maleq
(4%) oc(MHz) o¢(MHz) o (MHz) o¢(MHz) o (MHz)

0.5 25.954 9.5513 24.954 13.257 29.681
1 4.2943 4.6416 8.5015 1.1808 12.343
15 17.162 4.7459 25.373 12.159 10.428
2 6.7883 2.4348 2.7803 0.88977 19.459

5.3. Discussion

We have reached a point in this review where we believe we have demonstrated that the detection of
glucose via dielectric spectroscopy requires highly sensitive systems that can account for a large number of
external factors (such as temperature variability, the effect of pressure and the effect of sweat) to accurately
determine the effective permittivity of glucose. This is independent of the frequency (or frequencies)
used for the spectroscopic measurement, the optimum choice of which is far from clear. The fact that
systems accounting for one or more of these external factors (e.g., [51,52,65,66]) still fall short of the
required accuracy for acceptance by clinicians and regulatory bodies demonstrate that it is the biological
factors—what we have called ‘internal factors’, plus issues of variation between subjects—that are the
main hurdle (although we do not rule out the possibility for improvements in compensation of external
factors, we do not believe these to be the primary limitation at this stage). Unfortunately, we do not believe
that some clever design of wearable resonator operating at some ‘special’ frequency will overcome these
limitations; hence, microwave engineers and other electromagnetic experts will not be able to address this
challenge alone. We reiterate we are considering wearable microwave sensors for non-invasive monitoring;
we are not considering implants, or whether THz sensors near the molecular resonance of glucose may
be able to operate on the skin successfully. Even for these cases, of course, we would expect strong,
multi-disciplinary teams to be necessary; it is possible, however, that the problems of sensitivity and
selectivity would be less severe in these scenarios.

One possible research strategy to find answers to the above issues is as follows: in addition to
continued improvements in capturing good permittivity data and isolating “‘unexplained’ variations from
variations explained by other sensor outputs, more work is required to look at how the tissue permittivity
varies with changes in other substances in tissues, both in vitro (including the use of phantoms) and in
vivo. This will help build up a mass of knowledge that can be used to design better regression models,
or even use in machine-learning and artificial intelligence techniques (e.g., fuzzy logic classifiers, neural
networks and decision trees [8]), to build predictive systems. Real-time tracking is obviously important,
but it is predictive capability that will save lives by warning of potential hypo- and hyperglycaemic
events [10]—even if the action by (initial versions of) the system is to warn the user to confirm blood
glucose level via a blood sample. Recent improvements in the use of technology in medical studies—such
as the use of Apple’s HealthKit, CareKit and ResearchKit (e.g., [77,78]) to capture data, the improvements
in ambulatory monitoring devices in comfort and form-factor, the use of commercial wearables to provide
activity and other data (although the accuracy of such systems has been questioned, they appear adequate,
with the possible exception of low-intensity activities [79-81])—should all be leveraged to help achieve the
required dataset. Commercially-available minimally invasive systems from the likes of Abbott, Dexcom
and Medtronic now communicate with smart phones and to the cloud, allowing diabetics (as well others,
such as spouses and healthcare professionals) to receive alerts for high and low glucose excursions,
improving patient outcomes and peace-of-mind. A similar approach, potentially capturing other data,
could be used to collect the necessary dataset across a wider sample population (e.g., [82-84]). Personalised
models have been shown to have greater predictive power than global models (e.g., [73]), implying a period
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of calibration or learning by the system to realise the full potential. This would be in conjunction with
traditional monitoring by blood samples and transition the system from the (acceptable but less accurate)
global model to the personalised model.

6. Conclusions

In this review article, we have sought to convey both the potential and the challenges associated with
measuring blood glucose levels non-invasively via microwave dielectric spectroscopy. We have shown
(qualitatively, via the review of the literature and quantitatively, by applying realistic glucose levels to
models from the literature) how changes in glucose levels produce only small changes in the dielectric
properties, even under controlled conditions. This implies a highly sensitive sensor will be required
to detect the small changes, which in turn implies low-noise electronics and a ‘high-Q” (narrow-band)
resonator to reduce the impact of noise and maintain the system dynamic range.

We have further discussed the issue of selectivity: the measured dielectric properties are the
effective’” properties of a medium equivalent to an average of the constituent tissues, each of which
has biological process that affect the individual contributions. These ‘internal factors’ are temperature-
and frequency-dependent and are coupled with ‘external factors’ that include such things as external
temperature, activity level and even the fit of the clothes worn. A accurate method for retrieving the
effective permittivity of the tissue(s) from the resonator response was briefly discussed (Section 2), but this
is independent from relating the effective permittivity to the blood glucose level. We have described a
number of ‘multi-parameter” sensing strategies designed to mitigate or remove the effect of the ‘external
factors” and discussed the challenges of dealing with the ‘internal factors’.

Given these challenges, it may seem that dielectric spectroscopy is unsuitable for the task at hand.
Indeed, with the decision to suspend activities into a smart contact lens for glucose monitoring by Verily
(part of Alphabet, owner of Google) [85], the dream of non-invasive monitoring may seem unachievable
(although the early work by Noviosense, which also works with tears and notably uses an enzyme-based
approach to achieve selectivity, offers some hope [9,86]). Rather than concede this, we have suggested
avenues for further exploration that may enable true non-invasive, continuous monitoring of blood glucose
levels to be achieved. In particular, we have suggested that a number of frequencies must be monitored
and combined with data from other sensors in a suitable fashion.

Admittedly, there may be some scepticism [10] that adding additional sensors will overcome the
fundamental issues of the low sensitivity of the effective dielectric to changes in blood glucose level and
the sensitivity of the dielectric properties to other factors and this cannot be dismissed out-of-hand. On the
other hand, it is certainly true that signal processing techniques can be used to ‘clean up’ a received message
or radar return in order to extract low-amplitude variations in the presence of large-magnitude variations,
given suitable measurements and models. Furthermore, there are now methods for identifying otherwise
unrecognisable patterns in data that could help tease out the relationship between blood glucose level and
effective permittivity, given a large enough dataset. As the availability of computational resources and
machine-learning techniques is far greater now than even five years ago, as are new ways of collecting the
data required from a suitably large sample population at a reasonable cost (e.g., using Apple’s ResearchKit,
coupled with smart watches that can collect other data, including heart rate and activity level). We suggest
that there is still scope for progress, but believe that it will ultimately require even greater cross-disciplinary
collaboration than seen to date. It has been suggested [10] that, for non-invasive continuous monitoring of
blood glucose to be realised,

‘.

w“

..a reasonable chance at success requires in-depth knowledge of all the
following disciplines:
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e  The engineering disciplines related to [the] primary technology, e.g., optics, electronics,
software, mechanical engineering, etc.

e  Biochemistry, especially knowledge of the glucose molecule and its relation to the chosen
field of technology.

e  Physiology, especially the distribution of glucose in fluids and tissue.

e Metabolism, especially glucose sources and sinks.

e Diabetes, especially aspects of the disease that will affect [the primary] technology—the
more understanding of endocrinology, the better.

e The history of non-invasive investigations, especially in [the primary] technology
field—what didn’t work and why.

e  The regulatory requirements for a diagnostic device and the evolving structure of the
market for existing devices.” (Smith, 2018 [10])

We also suggest the engineering expertise required must include specialists in signal processing and
computational intelligence, as well as microwave and electromagnetics specialists, medical professionals
and patients. Attention should focus on the design of compact, highly sensitive resonators (preferably
at multiple frequencies, although the selection of these frequencies remains an open research question),
coupled with methods of removing the effect of the various external factors from the measured signal
and then analysing the signal in the context of a sufficiently large dataset to extract reliable glucose data
while accounting for subject-specific variations and the complex internal factors also affecting the effective
permittivity.
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