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Numerical Modeling for Shoulder Injury Detection
Using Microwave Imaging

Sahar Borzooei
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Abstract—Rotator cuff tear (RCT) is one of the most common
shoulder injuries, which can be irreparable if it develops to a severe
condition. A portable imaging system for the on-site detection of
RCT is necessary to identify its extent for early diagnosis. We
introduce a microwave tomography system, using state-of-the-art
numerical modeling and parallel computing for detection of RCT.
The results show that the proposed method is capable of accurately
detecting and localizing this injury in different size. In the next
step, an efficient design in terms of computing time and com-
plexity is proposed to detect the variations in the injured model
with respect to the healthy model. The method is based on finite
element discretization and uses parallel preconditioners from the
domain decomposition method to accelerate computations. It is
implemented using the open source FreeFEM software.

Index Terms—Microwave imaging, parallel computation,
inverse problem, regularization, shoulder injury.

I. INTRODUCTION

CT accounts for 70% of shoulder pain and dysfunction
Rin adults [1]. It can be caused by a variety of factors,
including age-related degeneration, overuse and acute injury [2].
RCTs are found in around 20% of 60 a olds, 30% of 70 a olds,
and 50% of 80 a olds [3]. Rotator cuff repair incidence in the
United States is reported over 15 per 103 people in 2006 [4].
Rotator cuff is a group of muscles and their tendons that work
together to stabilize the shoulder, elevate and rotate the arm [5].
Most of the RCTs occur in the supraspinatus tendon [6]. A
front view of the shoulder joint and RCT is shown in Fig. 1.!
There are two types of RCTs: partial and complete. A partial
tear is when the tendon of the rotator cuff is damaged but not
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Fig. 1.  Shoulder anatomy.

completely severed. A complete tear is when the soft tissue is
detached from the bone. Complete tears can be categorized as
small, medium or large and massive [7]. The severity of RCT
does not correlate with the pain experience and it can also be
without symptoms, making it challenging to diagnose [8]. In
addition, early detection of a partial RCT can help in preventing
its development to full tear and may allow for nonsurgical
treatment options [9]. After surgery, healing rate decreases with
increased tear size as for small tears 66%, medium tears 68%,
large tears 47%, and massive tears 27% [10]. This shows the
importance of early diagnosis of this incidence. The standard
imaging modalities being used to assess the presence and size
of RCTs are magnetic resonance imaging (MRI), magnetic
resonance angiography (MRA) and ultrasound (US) [11]. How-
ever, these methods are not always accurate in depicting the
size and number of involved tendons [12], [13]. MRI as the
first-choice imaging modality for the RCTs detection is costly,
bulky and is not suitable for on-site early detection. There is
frequent intra-operative reports claiming to find tears much
larger than determined on MRI, or even the lack of a tear [14].
MRA is an invasive procedure that requires the injection of a
contrast agent [15]. US is operator-dependent and limited by
the patients body habitus [16]. An alternative low-cost, portable
and non-invasive method is in demand for on-site preliminary
diagnosis of RCTs, specifically for competitive athletes such as
tennis players or swimmers [17], [18]. Portable electromagnetic
imaging (EMI) systems have shown promising results as an early
stage diagnosis method, which can lessen the burden on MRI
usage [19], [20], [21]. The mobile approach can enable imaging
of patients with mobility challenges, when they live in long
distances from the imaging centers or are unable to travel to these
centers [22]. Fully circular tomographic-based EMI systems are
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designed for different applications, such as brain [23], [24],
breast [25] and knee imaging [26]. Circular data acquisition
effectively helps in increasing the cross-range resolution of the
reconstructed images [27]. To the best of our knowledge, there
is no EMI system to detect shoulder injuries. Designing an EMI
system for shoulder is challenging due to following reasons.
First, the complex anatomy of the shoulder prevents designing
a fully circular phased array for spherical scan and full data
acquisition. As a consequence, the antenna array has to be
defined conformal to the shoulder geometry. Another challenge
would be the electrically large size of the shoulder along with
the heterogeneous nature of the tissues, characterized by high
losses (also a characteristic of the matching medium), making
it difficult to achieve a high resolution three-dimensional (3D)
reconstruction. The shoulder being located in the near-field of
the antenna array, an efficient 3D EM-modelling is required to
consider coupling effects and near-field interactions between the
imaging system and the shoulder. Besides, the variability in the
shoulder anatomy among individuals prevents us to consider a
particular shoulder structure as a priori knowledge. Finally, the
accurate knowledge of the dielectric properties of the shoulder
tissues, and more specifically the synovial fluid (SF), remains a
challenge. At the early stage design, when assessing the potential
of EMI on a new application, using numerical modeling to help
designing the system presents several advantages: it allows to
accurately model the human body complexity and electrical
properties, and to simulate various anatomical scenarios in a
flexible way, while reducing cost and time. In this paper, we
propose a feasibility study based on numerical assessments to
design a shoulder injury detection system and demonstrate its
performance. We make use of an anthropomorphic numerical
model of the shoulder and a built-in EM modeling based on the
open source code FreeFEM. The paper is organized as follows:
Section II discusses the dielectric properties of the shoulder
tissues, while Section III describes the choices for a first shoulder
imaging system with a dense number of antennas to achieve high
resolution. The mathematical framework of the EM modeling is
outlined in Section IV, and numerical solutions are presented in
Section V. Section VI investigates the reduction of the number
of antennas in the EMI system.

II. DIELECTRIC PROPERTIES OF THE SHOULDER TISSUES

Once the RTCs occurs, SF accumulates at the location of the
tear [28], [29] that leads to a change in the dielectric properties
in the shoulder joint [30]. It is reported that the volume of
SF on aspiration prior to arthroscopic rotator cuff repair cor-
relates with tear size. The mean aspirate volume of partial tears
is 0.76 + 0.43 mL, small tears 1.46 4+ 1.88 mL, medium tears
3.04 +£2.21 mL, and large tears 6.60 + 3.23 mL [29]. When
there is a difference in the dielectric properties between different
shoulder tissues and the SF, microwave imaging can detect this
contrast. The larger the difference, the easier the detection. Thus,
it is essential to measure the dielectric properties of the SF in
relation to the other tissues. In a recent work with the purpose of
detecting knee injury [26], high values of SF are considered
compared to the rest of the tissues; however, to the best of
our knowledge, no measurement of dielectric properties of SF
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Shoulder phantoms and real permittivity values.

is published in this or any other literature. It is reported that
low frequencies ranging between 0.5—3 GHz are suitable to
achieve deeper tissue penetration as well as acceptable imaging
quality [31]. In this section, the dielectric properties of the SF
and the liquid mixtures mimicking the materials of muscle,
bone cortical and tendons are measured in the frequency range
of 1—4 GHz. Four patients with knee or shoulder pain were
sampled to obtain the real human SF. We computed the aver-
age value of the measured dielectric properties of the four SF
samples, which had different temperature and pathology. The
mixtures of the other tissues were made based on the SUPELEC
RECIPES? [32]. An optimization code based on Kraszweski’s
binary law gives the concentration of TritonX-100 and salt re-
quired to produce mixtures, whose dielectric properties are close
to those given by a Cole-Cole model, for each biological tissue
of the shoulder region [33]. Measurements were performed
using a homemade coaxial probe connected to a ZVH8 Vector
Network Analyzer [34]. Fig. 2 gathers our measurements in
dotted lines and the values from the references in solid lines
for comparison [35], [36]. Our approach is in a good agreement
with the references.

The relative contrast between SF and other tissues over the
frequency range of interest is around 30%, except for the muscle
for which there is a 20% difference in the real part, making the
tear detection feasible but challenging. The anthropomorphic
shoulder model is shown in Fig. 3. The complex permittivity
values of the shoulder tissues at 1 GHz are given in Table I
and are used in the simulations. In this Table, the SF value
corresponds to our measurements and the values of other tissues
are the reference values, also available on the websites.?* * The
complex permittivity of the matching medium is chosen equal
to that of the muscle.

2[Online]. Available: http://applis.iut.univ-paris-diderot.fr/CNRS/
3[Online]. Available: http://niremf.ifac.cnr.it/tissprop/
4[Online]. Available: https://itis.swiss/virtual-population/tissue-properties/
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TABLE I
COMPLEX DIELECTRIC PROPERTIES AT 1 GHZ

Region Complex Permittivity | Color in Fig. 3
Bone cortical 12.4 —2.79j Blue
Tendon 45.6 — 13.667 Yellow
Muscle 54.8 — 17.43j Transparent
Skin 40.9 — 16.175 Green
SF 68.0 — 29.05 Red

Fig. 4. EMI system for the shoulder.

III. ELECTROMAGNETIC IMAGING SYSTEM

We first design an EMI system with a dense array of antennas
that illuminates the shoulder from different angles. This multi-
view approach helps in reconstructing a comprehensive and
accurate representation of the internal structures [37]. Results
will be used as reference for the optimized system described in
Section VI. The EMI system consists of 96 ceramic (g, = 59)
loaded open-ended waveguides arranged on 2 metallic fully-
circular and 2 metallic half-circular layers. The two sides of the
imaging chamber are open. This wearable imaging system with
open sides is adapted to the real shoulder structure and designed
to surround it partially, as shown in Fig. 4. The width and height
of the rectangular waveguides are 2.1 cm and 0.75 cm, respec-
tively. Their frequency bandwidth is 0.93 —1.85 GHz. Here, the
operating frequency of 1 GHz is chosen as a good compromise
regarding penetration depth and low specific absorption rate
(SAR) [38]. Considering the matching medium as the reference
permittivity, the wavelength in this medium is . = 4.05 cm. The
diameter of the chamber is 7.407A, the larger length is 3.11A
and the distance between antenna layers is 0.493A. The larger
size of the modeled large and partial tears is 0.72A and 0.41A,
respectively. Note that we can expect a better resolution than
0.25A, because EMI system is operating in the near field [39].
The space between antennas and the shoulder is filled with a
matching medium to overcome air-skin reflections [40].

IV. MATHEMATICAL FRAMEWORK
A. Finite Element Mesh Generation

Finite element 3D mesh generation of the complete system
is a challenging step due to both the complex geometry of the
real body from and the imaging system components. For Finite
element 3D mesh generation, we have used realistic surface
Computer-Aided Design (CAD) models for shoulder profile

and bones including humerus and scapula from a library of
3D models related to the anatomy.> A simple model of rotator
cuff tendons was then built surrounding the shoulder joint. The
skin is considered with a thickness of 2 mm surrounding the
muscle geometry. The injury is modeled as an ellipsoid in the
approximate location of the tear in the supraspinatus tendon,
with two different size configurations. The regions correspond-
ing to the different tissues are visible in Fig. 3. The remaining
area (excluding bone, injury, tendon, skin) corresponds to the
muscle. We built the 3D mesh of the complete system by giving
special attention to the interfaces between domains to ensure
that the mesh is well-aligned, conformal and continuous [41].
In this work, we use the open-source finite element software
FreeFEM [42]. FreeFEM is interfaced with the MMG remeshing
library which makes it possible to generate adapted tetrahedral
meshes [43].

B. Forward Modeling

The 3D domain (£2) includes the imaging system and the
shoulder as a heterogeneous dissipative non-magnetic medium
of complex permittivity &, = (], — 5—530) with o the conduc-
tivity, /. relative permittivity of each tissue, £( the permittivity
of free space, and w the angular frequency. In the frequency
domain, the electric field e(x, t) = R(E(x)e'“*t) has harmonic
dependence on time of angular frequency w, where E(x) is
its complex amplitude depending on the space variable x. The

boundary value problem is defined in (1).

V x (Vx E) - k’E =0, in Q,
Exn=0, onl',,
VXExn+ifnx (Exn)=g onT} (1)
VXExn+ifnx (Exn)=0 onT,
VXExn+iknx (Exn)=0 onl,,

where E(x) is the solution of equation (1) for each transmitting
antenna and k = w,/€,Eo o is the complex wavenumber of the
inhomogeneous medium, with 1y the permeability of free space.
B is the propagation constant along the waveguide. The exci-
tation term is defined as g = 2iBE” %10, imposing an incident
wave corresponding to the excitation of the dominant transverse
electric mode (TE1q) of the transmitting waveguide. I'; is the
port of the transmitting waveguide, I',. corresponds to ports of
receiving waveguides, I',,, represents the metallic surfaces of the
waveguides and the walls between them, and I',, represent the
three open sides (right, left and bottom) of the chamber and the
boundaries of shoulder profile. Through the solutions of (1) for
each transmitting antenna, we compute the scattering matrix, a
set of complex-valued reflection and transmission coefficients,
given in equation (2):

fF E.-ETEw0
frr [ETEw0|2

The computed S;; matrix of size 96 x 96 is used to produce
synthetic data by adding a multiplicative white Gaussian noise.

Sij = 2

3[Online]. Available: https://www.plasticboy.co.UK/store/index.html
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The Gaussian noise is applied independently to the real and
imaginary parts of each .S;; coefficient as independent random
variables. To start, we have corrupted the data S;; with 23 dB
noise. The finite element discretization of our problem leads to a
large ill-conditioned linear system Au = b for each transmitting
antenna. Domain decomposition methods (DDMs) are efficient
tools to solve such large systems in parallel, both in terms of
convergence and computing time [44], [45]. A Krylov iterative
solver (GMRES) along with an Optimized Restricted Additive
Schwarz (ORAS) preconditioner is chosen to solve our problem.
The domain decomposition preconditioner is implemented in
the HPDDM library [46], an open source high-performance
unified framework for domain decomposition methods which
is interfaced with the FreeFEM software.

C. Inverse Problem

Let x = k? be the unknown complex parameter of the inverse
problem in each point of 2. In this step an optimization problem,
including a fit-to-data term and a regularizing term, is defined
with the following cost function:

1 L[Sk
222 :

Jj=11i=1

— s
+ aR(k). (3)

Sempty | 2

where 577" are the scattering coefficients obtained from the
forward problem and are referred to as synthetic data in the
rest of the paper. S7; are the scattering coefficients computed

for the unknown « at the current iteration. Sf;"*"” are the
coefficients computed from the simulation when the domain
is filled only with the homogeneous matching medium, used
for normalization. NNV is the number of antennas of the system.
We use the limited memory Broyden-Fletcher-Goldfarb-Shanno
(L-BFGS) algorithm for optimization and the Tikhonov reg-
ularization method for reducing the noise effect, defined as
R(r) = % [, |Vk[% The regularization parameter « is chosen
empirically equal to 10 to reach a good compromise between
denoising as well as achieving suitable image quality with
respect to certain properties such as smoothness or sparsity [47].
We refer to [48] for a detailed description of the inverse modeling
that we have followed in this work. Note that we avoid inverse
crime by adding noise to the synthetic data (explained in Sec-
tion I'V-B) and not using a priori knowledge of the body structure.
Eliminating a priori knowledge is done by using a mesh that
includes the geometry and structure of the body for generating
synthetic data (Fig. 5, left) but defining a different homogeneous
mesh that is limited to the imaging chamber (Fig. 5, right)
for the inverse problem. Using Nedelec edge finite elements
(FE) of first degree for the FE discretization results in 510531
unknowns for the forward problem and 357535 unknowns for
the inverse problem. The spatial resolution for both generated
meshes is the number of points per wavelength n;, here n;, = %,
where A corresponds to the wave propagation in the matching
medium/muscle tissue.

Fig.5. Left: Synthetic data. Right: Inverse problem.

Fig.6. Cross-section of the real part of the permittivity. Top: exact permittivity,
bottom: reconstructed permittivity. From left to right: Healthy, partial tear and
large tear.

V. NUMERICAL RESULTS

Results are obtained on the Université Cote d’Azur’s High-
Performance Computing (HPC) center. In this HPC center,
cluster is composed of 48 CPU computing nodes, including 32
nodes with Dual Intel Xeon Gold processor, providing 40 cores
per node and 192 GB of memory and 16 nodes with 2 AMD
Epyc processors, providing 32 cores per node and 256 GB of
memory. The simulations presented in this paper were carried
out using 480 cores. Each reconstruction starts from an initial
guess of homogeneous matching medium. The reconstruction
results shown here are obtained after 60 iterations; the residual
is decreased by a factor of 1072, Subsequent iterations do not
provide any further noteworthy decrease. Figs. 6 and 7 show a
cross section of the exact (top) and reconstructed (bottom) results
for healthy, partially injured (1 mL SF) and fully injured (5 mL
SF) shoulder on the regions of interest. Note that in the healthy
shoulder case, the ellipsoid is filled in with muscle as shown
in Figs. 6 and 7 for comparison purpose. The tear is visible in
reconstructed real and imaginary parts. For a better view, we also
plot the difference between reconstructed permittivity of healthy
case and those for the partially and largely injured cases, known
as differential images [49]. They are shown for the magnitude
of the ¢, in Fig. 8, proving that the inverse algorithm succeeds
in detecting the injury, with respect to size and location, even
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Fig. 7. Cross-section of the imaginary part of the permittivity. Top: exact
permittivity, bottom: reconstructed permittivity. From left to right: Healthy,
partial tear and large tear.

Fig. 8. The differential image (|,-|) for partial and large tear.

Fig. 9. The absolute error. Top: real part, bottom: Imaginary part. From left
to right: Healthy shoulder, partial and large tear.

for the partial tear.

o reconstructed exact
ETTabsolute = |57~ —&p (4)

The reconstruction is further assessed by computing the abso-
lute error on the real and imaginary parts according to (4) applied
on each pixel of the reconstructed domain. Results are shown in
Fig. 9. Error distribution is not uniform across tissues. Highest
values are on the edges of the bone area, due to the higher contrast
between the complex permittivity of bone and muscle. However,
inside the bone in the areas that are not in the vicinity of the
edges, the error decreases as expected, due to better performance
of the inversion algorithm in a homogeneous region compared
to the interfaces. The minimum values of the absolute error in
the injury area are 0.78 and 0.435, respectively for the real and
imaginary parts of the partial tear. These values for the large tear
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Fig. 10. From top to bottom: phantom variation, solution on the real part of
the injured model and the differential image (|e,|). Scale ratio for (a) is 1.11,
for (b) is 0.85 and for (¢) is 1.05.

e

Fig. 1.  Optimal shoulder EMI system.

are 0.0088 and 0.065, respectively. To further assess the image
reconstruction, 3 different variations of the phantoms of different
size and different realistic location of injury are studied in each
column. In Fig. 10, the new phantoms are shown in yellow which
are changed with different scale ratios in three directions. The
reference phantom of Fig. 8 is shown in blue for comparison.
The volume of injuries are 4.5 mL for (a) and 2.5 mL for (b)
and (c). We can see that the tears are detectable for all cases,
however for (c) it is more difficult compared to the others, due
to its placement under the bone and lack of antennas in that part.

VI. AN IMPROVED DESIGN OF EMI SYSTEM

In this section, an efficient design of the imaging system in
terms of reduced number of antennas is proposed. With less
transmitting and receiving waveguides, faster computing time
as well as cost-effective design can be achieved. The system is
optimized according to the following guidelines:

e The number of antennas is a power of two to ease practi-

cally feeding signals into a switching matrix.

® We introduce a spatial shift between antennas of adjacents

rings as shown in Fig. 11, in order to preserve the spatial
diversity.

Different design configurations are assessed based on the
value of the L2 norm relative error, referred to as err according
to (5), as well as the mean value of the subtraction between the
reconstructed injured model and reconstructed healthy model in
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Fig. 12.  Top: Solution on the imaginary part, bottom: absolute error on the
imaginary part. From left to right: N = 64, N = 32, N = 16.

TABLE I
err IN THE INJURY AREA AND TOTAL DOMAIN FOR THE PARTIAL TEAR CASE,
AND COMPUTING TIME

N Total Injury time
real imaginary real imaginary | (min:s)
96 | 8.8% 21.4% 14% 24.4% 20: 09
64 | 9.0% 21.2% 10.4% 19.2% 16 : 24
32 | 9.4% 20.6% 16.8% 33.3% 12: 02
16 | 10.8% 17.2% 19.3% 45.9% 11:27
TABLE III

ctr IN THE INJURY AREA FOR PARTIAL AND LARGE TEARS WITH DIFFERENT
NOISE LEVELS

N Noise of 23 dB Noise of 15 dB Noise of 10 dB
real | imaginary real imaginary real imaginary
_ | 96 | 1.803 1.910 1.934 1.767 1.973 1.696
»g 64 | 1.605 1.673 1.664 1.654 2.233 1.503
£ | 32| 0.890 0.690 0.843 0.669 0.599 0.681
16 | 0.133 0.1918 —0.136 0.0193 0.3617 0.256
96 | 5.254 5.101 5.182 5.230 5.412 5.033
gn 64 | 5.053 4.312 5.145 4.310 5.396 4.244
S |32 | 2.322 2.241 2.467 2.191 2.524 2.204
16 | 0.750 0.711 0.692 0.681 0.787 0.780

the injured area, defined in (6). Three different configurations
are considered, with 16, 32, and 64 antennas; the reference con-
figuration corresponds to the complete system with 96 antennas.
In Fig. 12, the solution and the absolute error for imaginary part
of largely injured model are shown for reduced N. It is visible
that the presence of injury in solution fades with decreasing
number of antennas, while the error in the injury area increases.
The values of err for each configuration are computed in the
whole domain as well as in the injury area for the partially
injured model and are gathered in Table II. Looking at the err
values on both real and imaginary parts, there is no significant
increase when reducing the number of antennas by 64 (N = 32).
However, further removing 16 antennas and going from N = 32
to NV = 16 antennas leads to a higher increase in err. In order to
make the decision about [V, we look at the contrast (ctr) between
the healthy and the injured shoulder model. It has to be positive
at the tear location, since the SF has an higher ¢,, compared to
the rest of the tissues. The contrast values are shown in Table IIT
for both partial and large tear and with different levels of noise.

In the partial tear case, the value of ctr remains positive notable
for N = 32 for all noise levels, and we expect to be able to
detect the injury. In contrast, ctr is either negligible or negative
for N = 16, resulting in poor differential images. The N = 32
configuration is chosen as our best compromise design which
still allows detection of the most difficult partial tear as seen
by the positive ctr for all investigated noise levels. This was
further confirmed by extracting and comparing the differential
images for each configuration, but due to space limitation the
images are not shown in the paper. The optimal N' = 32 antennas
configuration is depicted in Fig. 11 and has 11 and 10 antennas
in both full layers and 6 and 5 antennas on both half layers, from
left to right. Note that the computing time decreases to about
half of the required time for the full N = 96 configuration.

Hg:econstructed _ 8f':zca,ct ‘ |2

err = (&)

|legzact]]2

injured __ Eﬁealthy (6)

ctr = ¢,

VII. CONCLUSION

We have conducted the first numerical study on the feasibility
to image the shoulder joint with an EMI system. The first
part of the study consisted in the investigation of the dielectric
properties of the shoulder tissues, in particular the synovial fluid
which was measured for the first time. Secondly, we have shown
that it is possible to reconstruct 3D images of the shoulder
joint based on an anthropomorphic numerical model of the
shoulder with an imaging system composed of 96 antennas. The
reconstruction takes 20 minutes and 9 seconds on 480 computing
cores and shows great promise for rapid diagnosis or medical
monitoring. Finally, we take advantage of numerical modeling to
optimize the number of antennas in the EMI system. We achieve
a drastic reduction from 96 to 32 antennas. After having proved
the relevance of microwave imaging for the detection of shoulder
injury, the next step will be to move on the experimental phase.
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