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ABSTRACT The evaluation of the microwave imaging (MWI) prototype and imaging algorithms on
experimental bone phantoms is a precursor step before clinical testing for measuring in vivo dielectric
properties of human bones. To this end, this paper presents microwave tomographic image reconstruction
of experimental phantoms of normal and diseased human calcaneus bone using an MWI prototype and
distorted Born iterative method (DBIM) algorithm for bone health monitoring application. A two-layered
simplified cylindrical-shaped 3-D printed phantom was used to mimic the human calcaneus bone. The
external and internal layers of the bone phantom mimic the cortical bone and trabecular bone, respectively.
Liquid tissue-mimicking mixtures (TMM) for normal bone, osteoporotic bone, and osteoarthritis bone
were prepared. The phantoms were placed in the imaging prototype and the electromagnetic inverse
scattering problem was solved using the DBIM to create the complex permittivity images. An L2-based
regularization approach was adopted along with the iterative method with adaptive thresholding for
compressed sensing (IMATCS) to overcome the ill-posedness and to solve the underdetermined set of
linear equations at each DBIM iteration. The reconstruction of dielectric properties of bone phantoms
have shown that L2-IMATCS approach provides a robust reconstruction of diverse bone phantoms with
acceptable accuracy. Moreover, the osteoporotic and osteoarthritis bone phantoms were distinguished based
on reconstructed dielectric properties with an average percentage difference of 26% at 3 GHz. This paper
has made the first attempt to validate an MWI prototype for bone imaging application. A DBIM-based
iterative method has been employed to classify normal and diseased bone phantoms.

INDEX TERMS Bone health, calcaneus bone phantom, dielectric properties, distorted born iterative method,
microwave imaging.

I. INTRODUCTION
Osteoporosis is an important and significant bone disease
resulting from a loss of minerals from the bone tissue and the
resulting fragility giving an increased likelihood of fracture
[1]. Indeed almost 8.9 million fractures annually are reported
due to osteoporosis worldwide [2], with older patients more
susceptible - 50% of the women and 20% of the men over the
age of 50 years will suffer an osteoporosis-related bone frac-
ture [3]. Current clinical practices widely employ dual-energy
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X-ray absorptiometry (DXA) for monitoring osteoporosis.
But, due to the cumulative effect of repeated X-ray doses over
time, the DXA scan poses long-term health risks [4]. Further,
DXA does not offer any insight on bone quality which is dic-
tated by the structure, tissue microarchitecture, composition,
and the degree of microdamage, each of these are considered
as important components towards bone health [3], [4].
Similarly, quantitative computed tomography (QCT) is rarely
used in clinical practice due to the high-intensity X-ray doses
(greater than 0.86 mrem), expensive equipment, and the cost
of the test [5]. Therefore, there is a need for safer modalities
for osteoporosis monitoring. Microwave imaging (MWI) is
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a potential imaging modality that relies on the inherent
dielectric contrast between healthy and diseased tissues of
the target anatomical site in the human body [6]. The target
anatomical site to monitor osteoporosis is trabecular bone [7].
Recent studies on dielectric measurements of the bones
have found a notable dielectric contrast between healthy
and diseased human trabecular bones indicating a potential
role for MWI in monitoring pathology in this tissue [1],
[9], [11]. MWI has made significant development towards
the diagnosis of breast cancer [12]–[17] and brain stroke
monitoring [18]–[20]. Various experimental prototypes have
been developed for breast imaging and stroke detection, and
some of these have been tested in clinical trials [21]. The key
clinical advantages of MWI include non-ionizing radiations,
portability, and low cost [1].

While MWI has been proposed to monitor osteoporosis
based on the dielectric contrast between healthy and diseased
human trabecular bones [9], [10], [22], no dedicated MWI
system has been developed to measure in vivo dielectric
properties of human bone in the microwave frequency range.
To date, only two studies have measured in vivo dielectric
properties of the human trabecular bones. Gilmore et al. [23]
reported in vivo dielectric properties of the human forearms
including bone by microwave tomography (MWT). The
forearms of five healthy volunteers were imaged to evaluate
the image reconstruction quality under the varying thickness
of the arm’s external adipose tissue layer. The authors
found that without the use of prior information a thicker
adipose tissue layer leads to a poorer image reconstruction
quality. However, the image reconstruction quality has
notable improvement when prior information is incorporated
as an inhomogeneous background in the inversion algorithm.
While the study demonstrated the successful reconstruction
of in vivo dielectric properties of the bone, the relation
between dielectric properties and bone health was not
investigated. Meaney et al. [9] reported in vivo human heel
imaging to assess the dielectric properties of calcaneus bone
by using MWT. In this study, the human calcaneus of two
patients (suffering from a lower leg injury) was imaged using
a breast imaging prototype [9]. The study focused on the
investigation of the correlation between the MWT images
and corresponding bone mineral density (BMD) values.
The (negative) correlation between the MWT images and
BMD demonstrated by the authors indicates the potential
of MWT for monitoring bone health. However, the study
only considered two patients and results need to be further
validated in a larger sample size. Despite promising initial
results in the reconstruction of bone dielectric properties and
evidence of the relationship between dielectric properties and
bone health, no clinical MWI system has been developed
for bone health monitoring. The authors have previously
reported an experimental MWI prototype developed solely
for calcaneus bone imaging [24], however, the prototype was
not experimentally evaluated by imaging bone phantoms.

The focus of this study is to evaluate the imaging of differ-
ent diseased bone phantoms using the experimental prototype

to demonstrate the feasibility of MWI for use in monitoring
osteoporosis. The contributions of this study include:

i) Development of different diseased bone phantoms,
ii) MWT reconstruction of the normal and diseased bone

phantoms using the distorted Born iterative method (DBIM)
approach and to assess its robustness and accuracy to image
a simplistic two-layered bone structure,

iii) Distinguishing between osteoporotic and osteoarthritis
bones based on the reconstructed dielectric properties.

To this end, three phantoms representing normal, osteo-
porotic, and osteoarthritis bone were developed. The tra-
becular bone microarchitecture of osteoarthritis patients is
compact and dense compared to osteoporotic patients [10].
The dense trabecular microarchitecture of bone indicates a
higher degree of mineralisation due to the greater amount of
bone present. Therefore, the bone samples from osteoarthritis
and osteoporotic patients allow establishing the variation
in bone dielectric properties due to variation in minerali-
sation content and microarchitecture between two diseased
bones [10]. The bone phantoms representing samples from
these two sets of patients would incorporate variation in bone
dielectric properties that would be representative of variation
between healthy and diseased bones. The human calcaneus
bone was modelled with an equivalent simplified two-layered
three dimensional (3-D) printed cylinder. The calcaneus
bone, in general, resembles an irregular shaped cylinder,
therefore a cylindrical structure is a good approximation
for initial imaging evaluation. The external layer of the
cylindrical phantom constitutes the liquid tissue-mimicking
mixture (TMM) for human cortical bone, whereas the inner
layer constitutes the liquid TMM for human trabecular
bone. Numerous studies have used 3-D printed breast and
head models filled with liquid TMMs for MWI prototype
testing [18], [20], [25], [26]. Recent advancements in
manufacturing technologies have enabled building complex
and relatively easily reproducible 3-D printed structures
for use in phantom development. One drawback of 3-D
printed moulds is the limited choice of fabricating substrates
with acrylonitrile butadiene styrene (ABS) being the most
commonly used. The ABS is commonly used despite its
electrical permittivity and conductivity is far from the
dielectric properties of biological tissues [27]. Therefore, the
thickness of these 3-D printed structures should be kept as low
as possible to minimize the effect it has on the microwave
image [27]. This results in a balancing act between rigidity
and low field perturbation. In the current study, the authors
have tested ABS structures of 1.5 mm thickness and 2 mm
thickness. The thickness of 2 mm for ABS structures ensured
that the liquid TMMs do not leak to adjacent layers in
a multi-layered 3-D printed structure and provides good
mechanical stability. While liquid TMMs for cortical bone
and normal trabecular bone have been previously reported
by Amin et al. [24], TMMs for diseased trabecular bones
particularly osteoporosis and osteoarthritis have not been
previously reported in the literature. Therefore, new TMMs
were developed to simulate the osteoporotic and osteoarthritis
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conditions. These new TMMs were prepared by varying
composition of trabecular bone to achieve the dielectric
properties of osteoporotic and osteoarthritis trabecular bones,
which have been reported by Amin et al. [10]. To scan
these phantoms using the MWI prototype, a corresponding
cylindrical-shaped 3-D printed phantom holder was designed.
To acquire the microwave signals through the bone phantom
antennas were mounted in the form of a circular array placed
at equidistance to each other.

The acquired microwave signals were then used with
the DBIM algorithm for the reconstruction of the dielec-
tric profile of each phantom. The DBIM is a well-
known linear approximation technique for solving the
electromagnetic (EM) inverse scattering problem [28], [29].
Gilmore et al. [29] have used DBIM approximation to
reconstruct the numerical leg phantom. However, the authors
only considered cortical bone for leg imaging. Previously,
Amin et al. [22] reported the reconstruction of numerical
bone phantoms by employing the DBIM algorithm with an
iterative method with adaptive thresholding for compressed
sensing (IMATCS). While Amin et al. [22] has used
the DBIM-IMATCS approach to reconstruct the numerical
phantoms, this study has used the DBIM-IMATCS approach
for the first time to reconstruct the experimental phantoms.
Further, the EM inverse scattering problem is approximated
as linear during the reconstruction process, therefore, the
IMATCS algorithm may diverge after some iterations.
To address this limitation, an L2-regularization strategy is
employed that leads to stable signal recovery [30].

To quantitatively evaluate the reconstructed tomographic
images, most of the previous studies have only used nor-
malized root mean square error (NRMSE) as a performance
metric [20], [21], [32]–[34]. The NRMSE computes the
difference between two images pixel-by-pixel. The difference
is summed and normalized over all pixels. Therefore,
it becomes difficult to differentiate between pixels that
have higher error values compared to pixels that have
lower error values. To address this limitation this study
has also used the structural similarity index (SSIM) as an
additional performance metric. The SSIM compares two
images based on spatially near-pixels [15]. The SSIM reflects
the similarity between reference and reconstructed images
based on the luminance, contrast, and structure of images.
To further evaluate the reconstructed images pixel-by-pixel
this study has created histograms of reconstructed images.
The reconstructed images having a large number of pixels
close to the reference value are considered better images.
The adoption of three-dimensional quantitative analysis helps
to thoroughly compare the reference and reconstructed
images. The proposed liquid TMMs are characterized over
a frequency range of 1.5 – 4.5 GHz. Further, the average
percentage difference between the relative permittivity of
reference data and proposed liquid TMMs was found to be
less than±10%. However, a slightly more deviation has been
observed for the conductivity values. The findings on the
evaluation of the MWI prototype and DBIM based MWT

imaging algorithm have demonstrated that the bone phantoms
can be reconstructed with acceptable accuracy. Moreover, the
reconstructed complex permittivity images are good enough
to distinguish between healthy and diseased bone phantoms.
This two-layered 3-D printed cylindrical bone phantom and
imaging prototype can be used as a tool for pre-clinical
assessment of calcaneus bone imaging.

The remainder of the paper is organized as follows:
Section II discusses the methodology for the preparation
of calcaneus bone phantom and the preparation of liquid
TMMs, dielectric characterization of liquid TMMs, the
imaging prototype, a summary of DBIM and L2-IMATCS
approach, the simulation scenario, and the performance
metrics to evaluate the reconstructed images. Section III
discusses the results of dielectric properties of liquid TMMs
and dielectric properties of reconstructed experimental bone
phantoms. Finally, conclusions and future work are presented
in Section IV.

II. METHODOLOGY
A. PREPARATION OF CALCANEUS BONE PHANTOM AND
LIQUID TMMs
This study used the two-layered hollow cylinder model
previously presented by Amin et al. [6] to mimic the human
calcaneus bone as shown in Figure 1. As the anatomy
of the calcaneus bone resembles an extended cylinder,
a hollow cylinder model is a reasonable approximation. The
dimensions of the inner chambers of the calcaneus model
were designed to mimic the dimensions of the cortical and
trabecular bone layers of the calcaneus bone [34], [35]. The
thickness of the cortical bone was kept at approximately
6 mm, whereas, the trabecular bone was modelled with a
thickness of 44 mm to ensure the maximum penetration of
the EM field. Moreover, motivation for the use of the human
calcaneuswas due to the similar cortical to the trabecular ratio
of that bone to that found in the femoral head and lumbar
spine [34], [35] which are considered as primary targets
for monitoring osteoporosis. The 3-D cylindrical models
were produced using the Autodesk Fusion 3D software
package, with these computational models then printed using
an Ultimaker 2+ Extended 3-D printer at 200 ◦C using a
polylactic acid (PLA) filament. Next, the outer and inner
layers of the hollow cylinder were filled with cortical bone
and trabecular bone liquid TMM respectively. To prevent the
leakage of liquid TMM material the cylinder wall thickness
was set at 2mm.

FIGURE 1. 3-D printed cylindrical calcaneus bone structure (a) Top view
(b) Side view.
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The methodology for the preparation of liquid TMMs has
been outlined by Amin et al. [6]. The solution of Triton
X-100, deionized water, and salt (NaCl) was put in a glass
beaker and was thoroughly mixed until the disappearance
of air bubbles. While liquid TMMs for normal bone have
been previously reported by Amin et al. [24], TMMs for
diseased bones particularly osteoporosis and osteoarthritis
have not been previously reported in the literature. Therefore,
this study presents the liquid TMMs for osteoporotic and
osteoarthritis human trabecular bones. The composition of
constituents was adjusted until the dielectric properties of
TMMs were close to the reference values of osteoporotic and
osteoarthritis bones reported by Amin et al. [10]. The recipe
for cortical bone and trabecular bone TMM was obtained
from Amin et al. [24]. The composition of TMMs that mimic
the dielectric properties of each target tissue is given in
Table 1.

TABLE 1. Composition of liquid TMMs.

This study considers a total of three bone phantoms. The
outer layer in all phantoms contains liquid TMM of the
cortical bone. The inner layer that mimics the trabecular
bone was varied to account for the natural pathological
changes seen in the clinical conditions (osteoporosis and
osteoarthritis) compared to the normal trabecular bone as
reported by Amin et al. [10]. The sequence of bone tissues
for outer and inner layers with their corresponding labels are
tabulated in Table 2.

TABLE 2. Experimental bone phantoms.

These antennas have been previously used for breast imag-
ing studies [13], [15], [36], and authors have reported that
the optimal reconstruction was found at 3 GHz. Therefore,
the reconstruction of dielectric properties of all experimental
bone phantoms was performed at 3 GHz, the other frequency
points were not considered for the reconstruction of dielectric
properties. To this end, the proposed TMMswere prepared for
3 GHz frequency. The relative permittivity and conductivity
of the proposed TMMs at 3 GHz are tabulated in Table 3.

TABLE 3. The relative permittivity and conductivity for liquid TMMs
at 3 GHz.

B. DIELECTRIC CHARACTERIZATION OF LIQUID TMMs
Dielectric characterization of the liquid TMMs was per-
formed using an open-ended coaxial probe (OECL) over
the frequency range of 1.5 – 4.5 GHz. A Keysight slim
form probe 85070E was connected directly to the Keysight
E5063A vector network analyzer (VNA) [37]. The measure-
ment equipment was first calibrated using a standard three-
load one-port calibration (air, short, and deionized water).
To verify the calibration, the dielectric properties of the 0.1M
NaCl solution (saline) were measured at 22 ◦C, with the
saline acting as a reference material [38]. The uncertainty of
the accuracy of the equipment is reported in Table 4 and is
defined as:

ACCUC (f ) =
(
ymeas (f )− yref (f )

yref (f )

)
× 100 (1)

where ymeas and yref represents the measured and reference
dielectric properties of 0.1 M NaCl respectively [38], and f
represents frequency. Table 4 also reports the uncertainty in
repeatability of measurements, with this defined as:

REPUC (f ) =
(
ymeas (f )− ymean (f )

ymean (f )

)
× 100 (2)

where ymean represents the mean of the measured dielectric
properties. The ymean is calculated by taking the mean of
6 measurements. Finally, the total combined uncertainty
which is the sum of ACCUC and REPUC is also reported in
Table 4.

TABLE 4. Percent uncertainty in accuracy and repeatability of
measurements.

C. MICROWAVE SCANNING OF THE PHANTOMS
The imaging prototype was designed by modifying the
cylindrical model. The height of the imaging tankwas 82mm,
whereas the overall width was 54 mm. A total of six holes
were fabricated in a plane in a radial pattern to house the
flexible microstrip antennas [15]. These antennas have been
previously used in a 16-element antenna array with patients
for breast imaging applications [13], [15], [36]. In earlier
breast imaging studies, these antennas were designed to
contact the skin directly [13], [15], [36], hence no matching
medium was used. In this study the skin layer was not
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included in the bone phantoms, therefore, a mismatch at the
first interface has been observed. The inclusion of a skin
layer in future phantom will reduce the mismatch and will
further improve the reconstructed images. The microwave
signals from the antenna array were measured by a 2-port
ZNB40 VNA and ZN-Z84 24-port switching matrix (Rohde
and Schartz GmbH, Munich, Germany). Hence, the imaging
prototype was composed of these 6 flexible microstrip
antennas placed equidistant to each other. An overview of
the experimental setup is shown in Figure 2. The VNA
and the MWI prototype were not moved during the whole
measurement procedure. This is achieved by raising theMWI
prototype on a lift table and acquiring measurements until
repeatable results are obtained. The signals were collected
in the frequency range of 1.5 – 4.5 GHz as this is the
optimal frequency range for the operation of the antennas
with this system [15]. As the imaging prototype is composed
of six antennas, a total of fifteen measurements (N (N −1)/2,
where N denotes the number of antennas) were recorded
that included the unique measurements from each transmit-
receive antenna pair. The redundant data from reciprocal
channels and monostatic channels was not recorded. The
input power of the VNA was set to 0 dBm.

FIGURE 2. Realization of a 3-D MWI system prototype. A VNA is connected
to a switching matrix. The switching matrix is connected to the cylindrical
imaging prototype through cables.

D. IMAGE RECONSTRUCTION USING DBIM
FORMULATION AND IMATCS ALGORITHM
The EM inverse scattering problem is ill-posed and non-
linear as the number of measurements is less than the
number of unknowns [39]. The dielectric properties of the
target region from the measured EM scattered fields are
computed by an EM simulation using an inversion of a linear
approximation of the EM field [39]. More precisely, this
study used the DBIM approximation proposed by Chew and
Wang [40]. During each DBIM iteration, the EM scattering
wave equation is linearized by replacing the total field with
a known incident field which is estimated in the presence
of known background [41]. The integral equation of EM
field at measurement point r ′ and frequency ω can be

expressed as:

1Es
(
rT , rR , ω

)
= Et

(
rT , rR , ω

)
− Eb

(
rT , rR , ω

)
(3)

= ω2µ

∫
V
Gb
(
r ′, rR , ω

)
δ
(
r ′, ω

)
E t
(
r ′, rT , ω

)
dr ′, (4)

where 1Es is the scattered field due to the unknown contrast
function δ

(
r ′, ω

)
in volume V , Et is the unknown total field,

Eb is the background field, Gb is the dyadic Green’s function
which denotes propagation from the source located at
r ′ ∈ V to rR, rT and rR representing the transmitter and
receiver locations, and ω represents the angular frequency.

To find the inverse solution, this study has employed the
IMATCS method [30]. The IMATCS method employs an
adaptive threshold approach. The initial threshold value is
exponentially decreased at each iteration of the IMATCS
algorithm. The measurements in Eq. (4) are not linear which
leads to instability and divergence of IMATCS iterations.
To overcome this problem, an L2-regularized approach is
adopted [30]. The L2-IMATCS method can be expressed as:

xk+1 =
1

1+ β2
Th0e−αi

(
xk + β1A∗ (y− Axk)

)
(5)

where Th0 is the initial threshold, A∗ is the conjugate trans-
pose of measurement matrix, β is the relaxation parameter
and controls the convergence, xk is the unknown vector, α
denotes the threshold step size, and i is the iteration number.
The initial value of xk in Eq. (5) starts with zero. The xk is
recovered after the specified number of IMATCS iterations.
β1 and β2 controls the convergence of the algorithm. The
L2-IMATCS approach provides a stable and better recovery
of xk from measurements given in Eq. (4).

E. FDTD MODELLING AND CALIBRATION
OF MEASURED DATA
The measured data was collected from the imaging pro-
totype composed of 6 flexible microstrip antennas. The
scattered EM signals from the bone phantoms were recorded.
To perform the numerical simulation a similar imaging
model was developed as used in the experimental setup.
However, the antennas used in the numerical setup are
not realistic. A total of six ideal dipole antennas were
placed in a circular array. For the two-dimensional (2-D)
geometry, the dipole antennas correspond to point sources.
The finite-difference time-domain (FDTD) method was used
to perform the numerical simulations. The initial guess for
the DBIM inversion assumes that the imaging region is
composed of the homogenous background medium ε∞ =

2.848,1ε = 1.104, σs = 0.005 S/m [30]. To simplify
the FDTD simulation, the relaxation time constant was
considered spatially invariant with a constant value of
0.5 ps. Further, no a-priori information regarding the shape
of the target was used for the inversion procedure. The
evaluated bone phantoms, simulations, and reconstructions
are performed for 2-D imaging scenarios. The L2-IMATCS
approach reconstructs the single-pole Debye parameters
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whichwere then converted into a complex permittivity profile
of bone. The solution of the inverse problem relies on the
comparison between the measured experimental data and the
simulated scattered EM field data [42], [43]. The FDTD
2-D numerical model is not perfect in comparison to the
experimental model due to the use of non-realistic antennas
during the inversion procedure. Due to the use of non-
realistic antennas in the numerical model, the reconstruction
process is prone to propagation and scattering errors. Further,
it is often challenging to incorporate a realistic antenna
in the numerical model which requires specialized antenna
modelling software and increases computations. However,
calibration is a straightforward and robust method to mitigate
such errors [32]. Therefore, before the inversion of EM
scattered field data, a calibration of the measured data was
performed as follows:

Emcal (f ) =

(
Smscat (f )
Smref (f )

)
Esref (f ) (6)

where Smscat (f ) represents the measured transmission coeffi-
cients in the presence of the test object, Smref (f ) represents
the measured transmission coefficients in the absence of test
object, and Esref (f ) is the corresponding simulated reference
signal. During the reconstruction process Emcal (f ) is used
for comparing with the scattered field data from FDTD
simulations [42], [43].

F. EVALUATION OF RECONSTRUCTED IMAGES
To quantitatively evaluate the reconstructed images of bone
phantoms this study has considered NRMSE, SSIM, and
histogram-based analysis. The histogram-based analysis is
the novel analysis proposed in this study to address the
limitations of NRMSE and SSIM as described in Section I.

1) Normalized Root Mean Square Error: The NRMSE
computes the error between the complex permittivity
of reference bone phantom and reconstructed bone
phantom. The NRMSE is the standard metric used to
evaluate the reconstructed phantoms as reported in the
literature [18], [20], [32], [44]. The NRMSE is defined
as:

NRMSE =
‖ εr (f )− ε̂r (f ) ‖2L2
‖εr (f ) ‖2L2

(7)

where εr (f ) is the complex permittivity profile of refer-
ence bone dielectric properties and ε̂r (f ) is the complex
permittivity profile of reconstructed bone dielectric
properties. The NRMSE values range between 0 and 1,
a value of 0 indicates no error, however, a value of 1,
indicates maximum error between two images under
comparison. The NRMSE is separately calculated for
both the real (ε′) and imaginary (ε′′) parts of complex
permittivity profile for all bone phantoms.

2) Structural Similarity Index: The SSIM computes the
correlation between the reference and reconstructed
bone dielectric properties [15]. The correlation is

computed based on the luminance, contrast, and
structure between the reference and reconstructed
images. The SSIM values range between 0 and 1.
A value of 0 reflects no structural similarity and a
value of 1 reflects themaximum similarity between two
images. The SSIM is separately calculated for both the
real and imaginary parts of the complex permittivity
profile for all bone phantoms.

3) Histogram-based Analysis:While NRMSE and SSIM
provide a good estimate of the quality of reconstruc-
tion, these metrics do not provide insight into pixel-
wise error between the reference and reconstructed
images. Therefore, to compare the distribution of
reconstructed pixels of bone phantoms with corre-
sponding pixels of reference bone phantoms this study
has proposed a novel histogram-based analysis as an
additional performance parameter. The histogram of
reconstructed pixels was created. The reconstructed
images having histogram distribution with a large
number of pixels close to corresponding reference
value are considered better images. The histogram
analysis provided an additional tool to evaluate the
accuracy of reconstructed images.

III. RESULTS AND DISCUSSION
This section presents the dielectric properties of liquid TMMs
developed to mimic different types of bones. Moreover, the
results obtained by L2-IMATCS approach for bone dielectric
properties reconstruction using dielectrically informed exper-
imental bone phantoms are also presented in this section.

A. DIELECTRIC PROPERTIES OF LIQUID TMMs
The liquid TMMs were made to mimic the dielectric
properties of cortical bone, trabecular bone, osteoporotic
bone, and osteoarthritis bone. While the recipe for cortical
bone and trabecular bone was obtained from Amin et al. [24],
the recipe for osteoporotic and osteoarthritis was developed in
this study as described in Section 2. The dielectric properties
of all TMMs were analyzed. The composition of TMMs that
mimic the dielectric properties of each target tissue is given
in Table 1.

The dielectric properties of liquid TMMs and the corre-
sponding reference dielectric data are shown in Figure 3. The
solid lines represent the dielectric properties of liquid TMMs
and the dashed lines represent corresponding reference
dielectric data. The solid lines in Figure 3 indicate the mean
value of six measurements taken between 1.5–4.5 GHz. The
reference dielectric data for normal human cortical bone and
trabecular bone was taken from Gabriel et al. [45]. The
reference dielectric data for human osteoporotic bone and
human osteoarthritis bone was taken from Amin et al. [10].
It can be observed from Figure 3 (a) and (b), that the mean
dielectric properties of all TMMs are well aligned with
the reference dielectric properties of modelled tissues and
maintain a significant dielectric contrast to each other.
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FIGURE 3. Dielectric properties of liquid TMMs over 1.5 – 4.5 GHz
frequency band: (a) Relative Permittivity (b) Conductivity. The measured
dielectric data of TMMs (solid lines) are compared with reference data
(dotted lines) from Gabriel et al. [45] and Amin et al. [10].

The average percentage difference between the overall
relative permittivity of the TMMs and corresponding refer-
ence tissues is observed as less than ±10%, which is inside
the expected variance in biological tissue [6]. The relative
permittivity of liquid TMMs shows very good agreement
with the reference data compared to the conductivity values.
However, there is a relatively large deviation between the
conductivity of liquid TMMs and reference data specifically
for osteoporotic bone and osteoarthritis bone TMMs. This
large deviation is mainly observed due to the presence of
a high amount of deionized water in these TMMs and
the variations observed (both in relative permittivity and
conductivity) agree with the literature reporting TMMs for
human biological tissues [20], [25], [46], [47]. The proposed
TMMs maintain a realistic contrast between the conduc-
tivities of target bone tissues. Moreover, MWT relies on
the contrast in relative permittivity, therefore, the variations
observed in conductivity values are not critical to this specific
investigation.

B. RECONSTRUCTION OF EXPERIMENTAL BONE
PHANTOMS P1, P2, AND P3
The two-layered 3-D printed calcaneus structure was placed
in the imaging prototype shown in Figure 2. The scattered
EM signals from all 6 flexible microstrip antennas were
measured. These EM signals were used to reconstruct the
complex permittivity profile at 3 GHz. The FDTD simulation
was used as a forward solver for the inversion process
with a uniform grid cell size of 1 mm. The choice of
the number of IMATCS iterations, DBIM iterations, and
threshold Th0 was based on the parametric analysis. The
minimum value of NRMSE was obtained for five IMATCS
iterations. Regarding the DBIM iterations, the minimum
value of NRMSE was observed for the first DBIM iteration.
Therefore, the reconstruction of all bone phantoms in this
study was obtained for the first DBIM iteration. The value
of the threshold was kept in the range of 2 – 3 for the
reconstruction of all considered bone phantoms. For bone
phantoms P1, P2, and P3, the external layer of the 3-D printed
calcaneus structure was composed of liquid TMM for human
cortical bone. The numerical equivalent models representing
reference real and imaginary parts of the complex permittivity
were developed as shown in Figures 4(a) and (b), 5(a) and (b),
and 6(a) and (b) for the bone phantoms P1, P2, and P3
respectively. The outer layer in all numerical equivalent
models mimics the cortical bone, whereas the inner yellow
layer mimics the human trabecular bone for P1, human
osteoporotic bone for P2, and human osteoarthritis bone
for P3.

For the bone phantom P1, the internal layer of the 3-
D printed calcaneus structure was filled with the liquid
TMM of human trabecular bone. The dielectric contrast
between cortical bone and trabecular bone is low, due to
which reconstructing the dielectric profile of a two-layered
bone structure by employing MWT is challenging. To this
end, a DBIM based MWT imaging algorithm along with
L2-IMATCS approach was chosen to reconstruct the complex
permittivity profiles of bone phantoms. The DBIM algorithm
is known to be effective for reconstructing low contrast
imaging scenarios, therefore, one of the objectives of this
study was to assess the robustness and accuracy of the
DBIM approach to image a two-layered bone structure. The
reconstructed real and imaginary parts of complex permit-
tivity of bone phantom P1 are shown in Figure 4(c) and (d)
respectively. Comparing the reference and reconstructed real
and imaginary parts of the complex permittivity profiles,
it can be observed that the reconstructed profiles have
a relatively low error at the region of interest (central
trabecular bone region) in the reconstructed image. While
the shape is not perfectly preserved in reconstruction, it is
evident from the reconstructed images that both layers
have been reconstructed. The artefacts are prominent at
the boundary of the imaging domain as expected. These
artefacts can be attributed to EM field perturbation at
the boundaries of two mediums with different dielectric
properties.
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FIGURE 4. Real and imaginary parts of complex permittivity at 3 GHz of
(a) and (b) reference bone phantom P1, (c) and (d) reconstructed bone
phantom P1.

For the bone phantom P2, the internal layer of the
3-D printed calcaneus structure was filled with the liquid
TMM of human osteoporotic bone. The reference dielectric
data for human osteoporotic bone was obtained from
Amin et al. [10]. The reconstructed real and imaginary parts
of complex permittivity of bone phantom P2 are shown in
Figure 5(c) and (d) respectively. Comparing the reference
and reconstructed real and imaginary parts of the complex
permittivity of bone phantom P2, it can be observed that good
reconstructions of bone dielectric properties are achieved
by using DBIM based MWT imaging algorithm along with
L2-IMATCS approach.

FIGURE 5. Real and imaginary parts of complex permittivity at 3 GHz of
(a) and (b) reference bone phantom P2, (c) and (d) reconstructed bone
phantom P2.

For the bone phantom P3, the internal layer of the 3-D
printed calcaneus structure was filled with the liquid TMM of
human osteoarthritis bone’s TMM. The reference dielectric
data for human osteoarthritis bone was obtained from

Amin et al. [10]. The dielectric properties of osteoarthritis
bones are higher as compared to osteoporotic bones. The
contrast between dielectric properties of outer and inner
layers of bone phantom P3 is higher compared to the bone
phantoms P1 and P2. The reconstructed real and imaginary
parts of the complex permittivity of bone phantom P3 are
shown in Figure 6 (c) and (d) respectively. Comparing
the reference and reconstructed real and imaginary parts
of the complex permittivity parts of bone phantom P3, it
can be observed that good reconstruction of experimental
bone phantoms can be achieved by using DBIM and
L2-IMATCS approach, even for higher contrast two-layered
bone phantom.

FIGURE 6. Real and imaginary parts of complex permittivity at 3 GHz of
(a) and (b) reference bone phantom P3, (c) and (d) reconstructed bone
phantom P3.

C. QUANTITATIVE EVALUATION OF RECONSTRUCTED
PROFILES
To quantitatively evaluate the reconstructed bone phantoms
P1, P2, and P3 this study has used NRMSE, SSIM, and
histogram-based analysis. The results of NRMSE for real and
imaginary parts of complex permittivity for all reconstructed
bone phantoms are tabulated in Table 5. The lower error
values of NRMSE for all reconstructed bone phantoms
indicate the robustness of the L2-IMATCS approach for the
reconstruction of experimental data.

The results of SSIM between real and imaginary parts
of reference and reconstructed complex permittivity profiles
are tabulated in Table 5. Based on SSIM values in Table 5,
it can be observed that the reference and reconstructed
bone dielectric properties have high similarity in terms of
real and imaginary parts of complex permittivity for each
considered bone phantom. The values of NRMSE and SSIM
for the real and imaginary parts of the complex permittivity
as tabulated in Table 5 suggests that good reconstructions
of bone dielectric properties can be achieved by using
L2-IMATCS approach.
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TABLE 5. NRMSE and SSIM between original and reconstructed bone
phantoms.

While NRMSE and SSIMdo not evaluate the reconstructed
images pixel-by-pixel which has paramount significance
to evaluate the images in-depth, therefore, to address this
limitation this study has proposed a novel histogram-
based analysis. The histogram-based analysis computes the
difference between all the corresponding reference and
reconstructed pixels. The reconstructed image is classified
as a better image if the majority of the pixels are centred
at 0. Figure 7 (a), (b), and (c) represents the relative error
distribution for the relative permittivity of bone phantoms
P1, P2, and P3 respectively. The x-axis in the bar plot
represents the difference between the relative permittivity
of the reference and reconstructed relative permittivity and
the y-axis represents the percentage of reconstructed pixels.
It can be observed from Figure 7 (a), (b), and (c) that
the majority of the reconstructed pixels have a low relative
error. For bone phantoms, P1, P2, and P3 about 19.28%,
22%, and 17.44% of the reconstructed pixels respectively
have relative error values close to 0. Furthermore, it can
be observed from Figure 7 (a), (b), and (c) that few of

FIGURE 7. Distribution of reconstructed real part of complex permittivity
of (a) bone phantom P1 (b) bone phantom P2 (c) bone phantom P3 at
3 GHz.

the reconstructed pixels have non-zero error value due to
non-uniform reconstruction of the imaging domain. This is
because the MWI problem is inherently ill-posed and non-
linear [39], therefore multiple solutions of the reconstruction
domain exist. The reconstruction showed slightly large error
values at the edges of the bone phantom and the interface
between cortical bone and trabecular bone as can be seen in
Figures 4, 5, and 6. The lower error values suggest that the
reconstructed real part of the complex permittivity of bone
phantoms P1, P2, and P3 can be achieved by using DBIM
along with L2-IMATCS approach.

D. CLASSIFICATION OF NORMAL AND DISEASED BONES
BASED ON RECONSTRUCTED COMPLEX PERMITTIVITY
PROFILES
An analysis has been performed to compare the peak values
of the complex permittivity of reconstructed bone phantoms
with the corresponding reference values. Figure 8(a) and (b)
represents the comparison of the peak values of real and
imaginary parts of the complex permittivity of bone phantoms
P1, P2, and P3 respectively. The blue bars represent the
peak value of the complex permittivity of the reference
bone phantom, whereas, the brown bars represent the
peak value of the reconstructed complex permittivity for
each bone phantom. It can be observed from Figure 8
(a) and (b) that the differentiation between the different
diseased bones is possible using the real part of the recon-
structed complex permittivity of bone phantoms. Hence, the
adopted approach for the differentiation of osteoporotic and
osteoarthritis bone phantoms can be employed for bone health
monitoring.

FIGURE 8. (a) Peak values of the real part of complex permittivity of
reconstructed and reference bone phantoms (b) Peak values of the
imaginary part of complex permittivity of reconstructed and reference
bone phantoms at 3 GHz.
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To avoid the possibility during the classification of normal
and diseased bones that the detected peak value could be
an artefact, this study has performed a histogram-based
analysis to analyze the distribution of relative permittivity
values of reconstructed pixels for the region of interest
(central trabecular bone region) in the reconstructed image.
Figure 9 (a), (b), and (c) represents the distribution of
reconstructed relative permittivity for bone phantoms P1, P2,
and P3 respectively. The x-axis in the bar plot represents the
relative permittivity distribution and the y-axis represents the
percentage of the reconstructed pixels. It can be observed
from Figure 9 (a), (b), and (c) that the relative permittivity
of the majority of the reconstructed pixels for each bone
phantom is close to their corresponding reference values
which ensures that the peak value used to classify normal
and diseased bones is not an artefact. For bone phantom
P1, P2, and P3 about 19.33%, 21.51%, and 16.45% of
the reconstructed pixels respectively have values close to
their respective reference values. The distribution of relative
permittivity of each bone phantom compared to the reference
profile ensures the robustness of L2-IMATCS approach for
the reconstruction of diverse bone phantoms. Hence, the
adopted approach for the differentiation of osteoporotic and
osteoarthritis bone phantoms can be employed for bone health
monitoring.

FIGURE 9. Distribution of reconstructed real part of complex permittivity
of (a) bone phantom P1 (b) bone phantom P2 (c) bone phantom P3 at
3 GHz.

IV. CONCLUSION
The evaluation of theMWI prototype and imaging algorithms
on experimental bone phantoms assists with assessing the
robustness of the imaging approach for the reconstruction
of dielectric properties under practical imaging situations.
This study has presented the experimental evaluation of the
MWI prototype designed to image a simplified calcaneus
bone phantom. An equivalent simplified cylindrical model
was used to mimic the shape of the human calcaneus bone.
A dedicated MWI prototype was then presented to image the

two-layered 3-D printed cylindrical calcaneus bone phantom.
The external and internal layers of the cylindrical phantom
were filled with liquid TMMs of cortical bone and trabecular
bone respectively. A total of three bone phantoms with
dielectric properties of different diseased human trabecular
bones were developed. The TMMs were composed of
Triton X-100, deionized water, and salt. The calcaneus
bone phantom was placed in the MWI prototype and EM
scatteredwaveswere recorded at each antenna. To reconstruct
the dielectric properties a DBIM based MWT approach is
adopted in conjunction with L2-IMATCS approach.
The results of reconstructed bone dielectric properties have

shown that the adopted approach for linear inversion provides
good reconstruction in comparison to the reference bone
dielectric properties. The results have shown that the osteo-
porotic and osteoarthritis bones can be distinguished based
on the reconstructed complex permittivity profiles. While the
considered imaging scenario of a two-layered cylindrical-
shaped bone phantom is rather anatomically simplistic, the
study demonstrates the feasibility of reconstruction of bone
dielectric properties using the proposed imaging method
and the MWI prototype. Future work will focus on the
estimation of dielectric properties of anatomically realistic
bone phantoms that would also include skin, fat, and muscle
layers by employingMWT to ultimately progress towards the
measurement of in vivo dielectric properties of bone.
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