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In the past few decades, early osteoporosis detection using ultrasonic bone qual-
ity evaluation has gained prominence. Specifically, various studies focused on axial
transmission using ultrasonic guided waves and have highlighted this technique’s sen-
sitivity to intrinsic properties of long cortical bones. This work aims to demonstrate
the potential of low-frequency ultrasonic guided waves to infer the properties of the
bone inside which they are propagating. A proprietary ultrasonic transducer, tai-
lored to transmit ultrasonic guided waves under 500 kHz, was used for the data
collection. The gathered data underwent 2D Fast Fourier Transform processing to
extract experimental dispersion curves. The proposed inversion scheme compares
experimental dispersion curves with simulated dispersion curves calculated through
the semi-analytical iso-geometric analysis (SAIGA) method. The numerical model
integrates a bone phantom plate coupled with a soft tissue layer on its top surface,
mimicking the experimental bone phantom plates. Subsequently, the mechanical
properties of the bone phantom plates were estimated by reducing the misfit between
the experimental and simulated dispersion curves. This inversion leaned heavily on
the dispersive trajectories and amplitudes of ultrasonic guided wave modes. Re-
sults indicate a marginal discrepancy under 5% between the mechanical properties
ascertained using the SAIGA-based inversion and those measured using bulk wave

pulse-echo measurements.

aaubin.chaboty.1@ens.etsmtl.ca
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I. INTRODUCTION

Osteoporosis is a skeletal disorder characterized by compromised bone strength, leading
to an increased risk of fracture!”. The early diagnosis of osteoporosis is crucial as it allows
for timely intervention and prevention of fractures, and it has been extensively studied in the
past few decades. Bone density measurement is the gold standard to diagnose the disease.
However, the comprehensive evaluation of a person’s bone health and fracture risk should
ideally consider other characteristics such as the bone stiffness, the cortical thickness and/or

the bone volume fraction®.

Osteoporosis is generally more prevalent in postmenopausal women, with nearly one in
two women affected (40%). It can also be found in 15% to 30% of the over 50 years old male
population for a combined total of approximately 200 million people affected worldwide® .
Comparatively, one in ten people will develop a cancer, across all ages, and the risk to de-

10,11 Osteoporosis constitutes a major threat to

velop a cardiovascular disease is near 50%
healthcare systems and leads to significant hospitalization costs worldwide. It is estimated
that there will be nearly 6.3 million hip fractures per year around the world by 2050, repre-

senting several billion dollars in healthcare costs*. Early detection of osteoporosis is crucial

to prevent fracture risk.

Recognized as the gold standard for diagnosing osteoporosis, dual-energy x-ray absorp-

tiometry (DEXA) uses two X-rays of different energy levels to estimate the bone density,

allowing to retrieve a 2D information on the bone mineral density (BMD)'%!. To diagnose

osteoporosis in a patient, BMD is expressed in terms of standard deviation from a population
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of healthy young adults called the T-score'*. According to the World Health Organization,
a T-score of -2.5 or lower is considered as confirmed osteoporosis. The success of DEXA lies
in the fact that this technology and the interaction of X-rays with bones are well understood
and known'®. Although this technology allows for obtaining BMD for different sites in the
human body, it remains difficult to retrieve the bone mechanical properties. The poor sen-
sitivity of BMD measurements makes the monitoring of the disease’s progression difficult
to be carried out in the clinic. Moreover, DEXA is relatively expensive to implement and

requires adequate infrastructure.

Quantitative ultrasound (QUS) methods have been introduced as nonionizing alterna-
tives. The main motivation for the use of ultrasound lies in its ability to assess bone
mechanical properties, ultrasonic wave speed and attenuation being affected by the medium
of propagation'®, which allows to go beyond a simple BMD (Bone Mineral Density)

estimation4,a),li),l7,18

. QUS techniques have the advantage of being simple, safe, and cost-
effective. However, it should be noted that there is a lack of standardized quality control
and a great heterogeneity in the technologies used, making the results obtained by differ-

ent devices difficult to compare. The most widely QUS techniques used in the clinic are

transverse and axial transmission devices.

Ultrasonic guided waves are widely used in the field of nondestructive testing to character-

ize materials such as composite or bonded plates, for example'???. This method has been

24,25

adapted in recent years for cortical bones Axial transmission uses ultrasonic guided

waves and is sensitive to intrinsic properties of cortical bone. This method is applied to

26-29

long bones such as the tibia, radius, or femur . The clinical significance of ultrasound

4
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velocities in reflecting various aspects of bone strength, such as cortical thickness, stiffness,
and porosity, has been partially confirmed. The initial studies on axial transmission were
primarily focused on measuring the time-of-flight (TOF) of the first arriving signal (FAS)*°.
The velocity of the fastest wave mode was then calculated and his typically associated with
the fundamental symmetrical mode of a plate®!. Several clinical studies demonstrated that

the FAS velocity can be used to distinguish healthy from osteoporotic individuals?’»3*33,

However, assessing the mechanical and geometrical properties of bone cortical tissue us-
ing ultrasonic guided waves involves the complex issue of solving multiparametric inverse
problems™'®. This resolution process relies on inversion algorithms that attempt to match
experimental data with simulated dispersion curves of ultrasonic guided wave modes, com-
puted for simplified models such as plates or cylinders®***°. In previous studies, two ap-

proaches were proposed: operating at low frequencies (<500 kHz) and high frequencies (>1

MHz).

Low-frequency guided waves can penetrate more deeper inside cortical bone due to lower
attenuation and longer wavelengths. This ability to assess bone in its volume makes them
potentially useful to determine bone thickness, particularly in the early stages of osteoporosis
when the endosteal region is primarily affected®. Moilanen et al.>” introduced an inversion
scheme using a free isotropic plate model to estimate the cortical thickness of phantom
plates, which was later applied to tubular structures and ex-vivo bones*>*®. Similarly, Ta et
al.? used a hollow isotropic cylinder filled with a viscous liquid to determine the thickness of
bovine tibia specimens by manually matching experimental velocities with the phase veloci-
ties of simulated modes. Pereira et al.”’ studied the interaction of very low frequency (20-40

5
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kHz) ultrasonic guided wave modes with an irregular, multi-layered, and heterogeneous bone
cross-section modeled with anisotropic and viscoelastic material properties. Their results
indicated that the FAS is not a good discriminator of intracortical bone properties, high-
lighting the need to target specific modes and not only the FAS to access bone properties.
Consequently, low-frequency methods face limitations, including the challenge of retrieving
multiple bone parameters beyond cortical thickness due to the limited information contained
in the few low-order modes typically utilized. Defining the appropriate operating frequency

range remains a key challenge in low-frequency assessments.

Higher frequencies are more likely to retrieve several parameters of the bone cortex
through inverse scheme. At these frequencies, the bone shape can be approximated by
a plate-like structure. Foiret et al.*! presented an inverse characterization method to es-
timate both the thickness and bulk wave velocities of ex-vivo cortical bone samples, using
a transverse isotropic free plate model with a user-parameter-dependent algorithm. Sub-
sequently, the same research group utilized inversion schemes based on genetic algorithms
to extract information from a multimode dataset, without the necessity of prior knowledge
regarding the mode orders®*. Several studies have highlighted the complexity introduced by
the presence of soft tissues when extracting dispersion curves, leading to a larger number
of modes and higher attenuation*>**. More recently, a bilayer plate model was introduced
to explore the accuracy of the inversion method when dealing with more complex models
and the presence of soft tissue’. Results indicated that while the free plate model (without
the soft tissue layer) allows for reliable retrieval of waveguide properties, the bilayer model

could become unmanageable for solving the inverse problem due to the additional modes
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induced by the soft tissue layer. Li et al.*® later introduced deep neural networks to re-
place traditional inverse algorithms for better estimation of cortical parameters. Despite the
potential to simplify the model geometry, higher frequencies may present significant chal-
lenges in managing the inverse problem due to the numerous modes generated, which can

accommodate almost any set of model parameters.

The originality of the present method lies in using low-frequency guided waves (from 50
kHz to 500 kHz) to retrieve the cortical thickness and properties of phantom plates topped
with soft tissue, employing a bilayer model representative of the experimental samples.
This frequency range reduces the number of propagating modes despite the presence of
soft tissue, thereby increasing the accuracy of the proposed inverse method. Additionally,
Pereira et al.*® demonstrated that using the amplitude of ultrasonic guided wave modes can
significantly enhance the accuracy of the inversion, although their model did not account
for soft tissue. Thus, incorporating an excitability value into the inversion process of the
proposed method ensures that the inversion is based on both the dispersive properties of
ultrasonic guided waves and their amplitude, making the model sensitive to both cortical

thickness and cortical properties.

This paper aims to simulate a parameterized cortical bone phantom plate with a soft
tissue layer using the semi-analytical iso-geometric analysis (SAIGA)*"*® to perform the in-
verse characterization of the mechanical and the geometrical properties of soft tissue covered
bone phantom plates. Two cortical phantom plates coupled with a soft tissue mimicking
layer were used experimentally. A proprietary ultrasonic transducer specifically designed to

excite ultrasonic guided waves under 500 kHz was used for measurements. Acquired data
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were processed using the 2D Fast Fourier Transform to extract the dispersion curves of the
propagating modes. The curves were then compared with the semi-analytical predictions.
For both plates, five parameters were estimated using the inversion scheme: (1-2) the longi-
tudinal and shear velocities in the cortical layer; (3-4) thicknesses of both layers; and (5) the
sound velocity in the soft tissue layer. To ensure that the inversion between simulated and
experimental dispersion curves was based on the dispersive properties of ultrasonic guided
waves and their amplitudes, excitability of the different guided wave modes is taken into

consideration in the cost function.

II. MATERIAL AND METHODS

A. Models and Simulations Models

A numerical model comprising a bone phantom plate coupled with a soft tissue layer,
mirroring experimental bone phantom plates, was used to match experimental dispersion
curves with ultrasonic guided wave modes calculated by SAIGA*"**. Solving SAIGA equa-
tions enables the calculation of modes as well as their amplitude. Section II A 1 describes
the plate like model used as a forward model in this study. Section II A 2 then summarizes
background of the SAIGA method and detailed the formulation of the mode excitability

used.
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1. Plate-like Model

The model geometry was defined based on the experimental bone phantom plates. Con-
sider a homogeneous isotropic solid layer (2°) of infinite extend and constant thickness h*
in the direction of propagation (e;). The upper surface of the solid layer is loaded with soft
tissue layer (©/) modeled as fluid of thicknesses h/. Fig. 1(a) shows a description of the

model’s geometry.

R Fluid Layer 07

e
h* : Solid Layer QF
i

(a)

(b)

FIG. 1. (a) Geometry description of the cortical solid layer topped by a fluid finite space. (b)

Experimental bone phantom plates with the four different directions of axial transmission mea-

surements.

The cortical layer of the waveguide was modeled as a homogeneous viscoelastic medium
defined by its density (p), its Young’s modulus (£) and Poisson’s ratio (v). Longitudinal
and shear velocities of the solid layer are then derived from these parameters and used for
the inversion process. This enable the respect of thermodynamic laws and avoid having
results which have no physical meaning or values too far away from those found in the

49-54

literature The resulting model parameters, which reflect the waveguide’s stiffness,

consist of two bulk waves velocities C'p and Cjg, incorporating the mass density within
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SITIE55 - and a stiffness ratio of elastic coefficients Cp,/Ci3 = 1 —

the velocity parameters”
2(Cs/Cp)?. For the longitudinal and shear waves, two attenuation coefficients ap and g
were added to the model and used for the calculation of the viscoelastic tensor. The ratio
between ag and ap at a frequency of 1 MHz was fixed at 1.5°%°" with ap = 2.9 dB/cm
at this frequency in accordance with the manufacturer properties. Therefore, viscoelastic

tensor coefficients can be calculated as”®°":

o Cn
2C 1
M1 = N22 3686 X p X (wref) (1a)
Cs3
2C 1b
N33 = 3636 686 X 2ablg X (@res)? (1b)
Ta = M1 — 2 X N33 (1c)

where wyep = 27. freq With f,.q = 1 MHz the reference frequency used for the calculation of
the viscoelastic tensor. The values of 71, 133 and 715 are assumed to be constant within the
frequency bandwidth of interest and determined by the value of the attenuation coefficients
at frequency f,¢,. The effective stiffness tensor was then express as a complex tensor Cery =
C + inwyes. In the same way, the soft tissue layer was model as a fluid with its density (p/),
its sound velocity (C7), and its attenuation coefficient ay = 0.6 dB/cm at 1 MHz, with its

T . ><26’f><

s 5. NURBS

bulk modulus K = p/(C¥)? and its viscoelastic coefficient n/ =
basis functions of order 8 were used for the SAIGA analysis. Three patches were used in
each layer so that the number of degrees of freedom Np,; = 33. Dispersion curves were

computed within a frequency range from 50 to 500 kHz at a step of 5 kHz.

10
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2. Semi-Analytical Iso-geometric Analysis (SAIGA) Method

The SAIGA method uses the same principle as the semi-analytical finite element (SAFE)
method® %, but instead of using Lagrange polynomials for approximation, SAIGA uses
B-splines and non-uniform rational B-Splines (NURBS) basis functions, providing higher
continuity across the element boundaries, therefore significantly improving the precision,
and reducing the computational cost®%*. To determine the dispersion of guided waves, the
method considers the waves propagating harmonically in the axial direction (e;), which can

be expressed for the displacement u and the acoustic pressure p as follows:

u(xy, x9,t) = U(xg)e"(klxl’m) (2a)

p(r1,29,1) = P(Z'Q)ei(klxl*wt) o)

where w is the angular frequency, ¢ is the time, k; is the wave number in the propagation
direction (e1), vector U(xy) = (Uy, U)T and P(z) = P are respectively the amplitude of
displacement in the solid domain Q° and pressure in the fluid domain /. Essentially, em-
ploying SAIGA method leads to a quadratic eigenvalue problem to be solved for determining
the relationship between the wavenumber (k) and angular frequency (w). It could be solved

with respect to k; as follows:

(—WQM + KO + i/ﬁKl + k%KQ)V =0 (3)

where V = (P, U)T contains the global eigenvectors of pressure (P) and of displacement

(U), and M, Kg, K;, K, are the global matrices of the system. More details can be found

1 47,48

in the work of Seyfaddini and a . By solving Eq. (3), it is possible to determine the

11
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eigenvalues k; and the corresponding eigenvectors V(w, k1) of guided modes for each value
of angular frequency w. The frequency dependent phase velocity (Cp,) and the attenuation

(att) can be determined by:
Cor = w/R(k1) m/s att(w) = (k1) Np/m (4)

To ensure that the inversion between simulated and experimental dispersion curves was
based on the dispersive properties of ultrasonic guided waves and their amplitudes, the

excitability Fx of a given mode was calculated based on its mode shape as:

Rluw) e ) (5a)

m norm
_ abs(Us, surf)
max(Uys, Uss, Uy g, Usy)

Ex(k,w) =

Unorm (kla Cx.))

where Ujg, Uss, Uiy, Uss are respectively the in plane and out of plane displacement in the
solid layer, and the in plane and out of plane displacement in the top fluid layer. Us 4,5 is
the out of plane displacement at the top surface. An example of the excitability of guided
wave modes in the bi-layer model as a function of frequency is displayed in Fig. 2(a). The
color of each circle denotes the amplitude of the mode excitability associated with each
mode. Fig. 2(b) represents the mode shapes associated with the selected mode on Fig. 2(a),

with the different displacement used in the calculation of excitability.

B. Inversion scheme

It was assumed that matching experimental dispersion curves with the semi-analytical
predictions generated via SAIGA may serve as a methodological approach for deducing the
cortical bone properties (velocities Cp and Cjg, thickness h%) of the plate’s solid layer. In

12
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FIG. 2. (a) Guided modes dispersion curves with their frequency dependent excitability computed
by SAIGA for a 2D cortical bone plate of 4mm (p = 2310 kg/m?, Cp = 2900 m/s, Cs = 1600 m/s)
overlaid with 3mm soft tissue layer (p/ = 1010 kg/m?, C/ = 1400 m/s). The color scale shows
the excitability of each mode in dB normalized to the mode with the highest excitability at each

frequency. (b) Mode shape of the selected mode (red circle on (a)).

pursuit of this objective, a cost function was formulated to ascertain the optimal fit between
the experimental curves and a particular instantiation of the simulated dataset. This method
offers a systematic way to estimates the cortical bone properties of the plates. The accuracy
and robustness of this approach depends on several factors including the accuracy of the

SAIGA method, the quality of the experimental dispersion curves and the choice of the cost

function.

13
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1. Cost Function

A cost function serves as a metric to evaluate the precision of a particular model in
capturing the inherent associations within a dataset. A pronounced disparity between pre-
dictions and actual outcomes leads to an elevated value of the cost function, while more
accurate estimations correspond to reduced values. It represents the foundation for solving
an inverse problem. The choice of the cost function can influence the performance of an
inversion. It is important to use a function that represents the type of problem and the
distribution of data. Using excitability enable to add information about the amplitude of
the guided wave mode propagating in the model in addition with their dispersive trajectories
in the frequency against wavenumber plot. Consequently, the cost function was designed to
measure the difference of amplitude between experimental and simulated dispersion curves

as shown in Fig. 3.

For a given set of parameters A=(p E v h® p/ C/ h/), the amplitude difference at each

frequency is given by:

dn(A, f) = Ex(kn(A), ) = A(kn(A), f) (6)

where Ex(k,(A), f) is the excitability of mode k,(A) of the simulated dispersion curves,
A(kn(A), f) is the experimental amplitude observed at wavenumber k, for the same fre-

quency. Examples of distances d,, can be observed on Fig. 3(c).

To ensure that the inversion is based on modes with the highest amplitudes, a weighting
factor y,, is calculated as the excitability of a given mode divided by the maximum excitabil-
ity of modes for each frequency’. This ensures higher amplitude modes play a dominant

14
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FIG. 3. (a) Surface plot representing experimental dispersion curves. (b) Simulated dispersion
curves with mode excitability computed with SAIGA. (c) Projection of experimental amplitude at

350 kHz and simulated excitability at the same frequency, showing the distance measured for the

calculation of the cost function.

role in the inversion process.

e ™)

where N is the total number of simulated modes for a given frequency. £ is a user defined
threshold setting the weighting factor equal to zero if the excitability of a given mode is
inferior or equal to it. For example, by observing Fig. 3(c) which depicts distances between

15
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simulated and experimental dispersion curves at 350 kHz, with a threshold & = —15 dB, the
weighting factor y, = 0 as the excitability of the fourth mode is equal to . For the other
modes, we have y; = 0.19, x2 = 1.0 as it’s the higher amplitude mode, and x3 = 0.66.

The cost function for a set of parameters J(A) is then calculated as follow:

J(A) = Z Z(dn(Aa f) % xa(A, f))? (8)
f n=1

Such a cost function will therefore consider high amplitude modes and neglect those with
an amplitude below the threshold. Doing so reduces the risk of using irrelevant information

in the inversion and the solution can be considered as more accurate.

2. Parameters sweeping

To minimize the cost function and find the best fit between experimental and simulated
data, the cost function was calculated for every model by sweeping each parameter along a
multidimensional grid. Range of parameters were chosen to cover properties of both plates.
This enables to test the effectiveness of our methodology in distinguishing between a bone
in a healthy state and one afflicted by osteoporosis. Table [ represents the set of parameters.
Each range of parameters was defined large enough to ensure the measured properties from
the plates are far enough from the range limits.

The grid steps were determined by balancing resolution fidelity and computational ef-
ficiency. For the whole dataset, the total number of cases was 72 600. To ascertains the
robustness of our method, each parameter within the model was subject to variation, en-

compassing both values inside and outside the experimentally determined uncertainty range

16
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TABLE I. Range of model parameters and their respective step used to perform the inversion.

Parameters range Step
p (kg/m?) [2050-2550] 50
E (GPa) [11-21] 1
v [0.23-0.26] 0.01
hS (mm) [3.25-5.25] 0.5
p! (kg/m?) 1000 1
Cf (m/s) [1275-1525] 50
h! (mm) [1.6-2.4] 0.2

of measured properties (see section ITC 1 and ITT A). Based on the study of Mast®®, showing
that density of soft tissue in the human body is comprised between 950 kg/m?® and 1100
kg/m?3, the choice was made to keep the soft tissue density p/ constant and equal to 1000
kg/m3. As it will be shown in the results, the density of the soft tissue has virtually no
effect on the dispersion curves. Emphasizing the significance of capturing all mode fea-
tures, a frequency resolution increment of 5 kHz was selected, enabling 90 frequencies over
the whole range of frequency [50 kHz — 500 kHz|. To counterbalance the computational
demands inherent to such high-resolution, a comprehensive database encapsulating all pos-
sible model parameter combinations was constructed over an extended, continuous modeling

session lasting less than 48 hours, demonstrating the effectiveness of the SAIGA method.

17
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The pre-existing database was utilized to calculate the cost function values within the 6-D

space, eliminating the need to rerun the model for every subsequent optimization scenario.

C. Experimental Measurements

1. Cortical Bone Phantom Plates

The measurements were performed with two cortical bone phantom plates layered with
soft tissue mimicking material provided by True Phantom Solutions (Windsor, ON, Canada).
One plate has material properties reflecting a healthy cortical bone and the other has prop-
erties similar to an osteoporotic bone. Both plates have the same material for the soft tissue
layer. They have the same dimension: 15x15 mm with approximately 4 mm of cortical layer
and 2 mm of soft tissue. Pulse-echo measurements were performed to acquire reference val-
ues for sound velocity in each layer which will be used in comparison with those obtained by
the inversion. To do so, longitudinal and shear single element piezoelectric probes were used
(Olympus V125-RM and Olympus V154-RM respectively). Small samples of each plate were
cut and used to measure the density of each layer. To do so, the sample was weighted and
its volume measure with a 3D laser scanner (Absolute Arm 85) from Hexagon (Stockholm,
Sweden). The measurement uncertainty of density is subsequently derived from the relative
uncertainties of the measuring instruments. The thicknesses of the samples were measured
20 times and pulse-echo measurements were then performed the same number of times to
measure velocities. Then, 20 pulse-echo measurements were realized at different locations
over the rest of the phantom plates to estimate the true thickness of each layer. Assumption

18
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was made concerning the quasi-isotropic properties of the layers. However, it appeared that
the thicknesses of the layers were not homogeneous all over the plates, with 15% to 20%
variation for the cortical layers, and around 10% for the soft tissue layers. Therefore, mean

values will be used to compared with the results obtained by the inversion.

2. Axial Transmission Measurements

A proprietary ultrasonic probe was specifically built to perform ultrasonic excitation.
The probe had a central frequency of 400 kHz with a -6 dB bandwidth between 200 kHz
and 600 kHz approximately. Elements of the probe were specifically chosen to maximize the
emission of ultrasonic waves through soft tissue and cortical bone. The device was in contact
with the upper part of the soft tissue layer and coupled with an ultrasonic gel Ultragel®)
II. A series of several Hann windowed tonebursts were used as input waveform, with central
frequencies varying between 50 kHz and 500 kHz with a step of 50 kHz. The number of
cycles evolved with the central frequencies to keep a bandwidth of 50 kHz for each toneburst.
Four consecutive acquisitions were realized on the plates (two in the length-width directions
and the two along the diagonals, see Fig. 1(b)) along the direction of propagation at 60
positions equally spaced by 1 mm using a laser Doppler vibrometer (Polytech OFV-505).
The probe was repositioned between each acquisition. Raw data were processed using the
2D Fast Fourier Transform®, enabling the extraction of experimental dispersion curves for
each of the four acquisitions with the intensities of the propagating modes in a frequency-
wavenumber diagram.
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III. RESULTS

A. Phantom Plates Properties Measurement

Due to uncertainties regarding the geometrical and material properties of the phantom
plates, pulse-echo measurements were performed to determine the reference values of sound
velocity and thickness of each layer. The plates were assumed homogeneous such that
material properties and densities were measured on small samples of each layer. The same
material was used for the soft tissue layer of both plates. As mentioned previously, it is
worth noted that a discrepancy between 10% and 20% is observed for the different layer
thicknesses over the whole surface of the plates. This can be explained by the method of

fabrication of the plates. Table II summarizes the reference properties of each layer.

B. Effect of the soft tissue density

A study was conducted on the soft tissue parameters while maintaining other properties
at a constant level. Subsequently, the maximal normalized cost function value was compared
with the minimal value (J(A) = 1) corresponding to the best fit scenario. In accordance
with Mast® and other relevant studies®”, the parameter range for the soft tissue density
p’ was defined to be between 900 kg/m?® to 1200 kg/m3. The ranges for C/ and h' are
respectively [1250-1550] m/s and [1.0-2.5] mm. The study was performed on the healthy
plate and each parameter can take 31 values.

Examining the outcomes yielded by altering solely the soft tissue density p/, the normal-
ized cost function pertaining to the least favorable fitting scenario registers at Jya. (A7) =
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TABLE II. Bone Phantom Plates Properties.

Healthy Cortical Osteo. Cortical Soft Tissue
Layer Layer Layer
p (kg/m?) 2416 + 16 2139+ 14 977 + 12
Cp (m/s) 3000 £ 115 2655 £ 65 1390 + 90
Cgs (m/s) 1755 + 50 1530 + 35 -
h® (mm) 4.34+0.7 4.34+0.8 -
Soft Tissue Soft Tissue
Healthy Plate Osteo. Plate
hf (mm) 2.0+0.2 2.1+0.2 -

1.086. In contrast, the normalized cost function values for the least favorable fittings
when altering solely the soft tissue velocity C/ or the soft tissue thickness h/ stand at
Imaz(Aor) = 2.260 and Jy0(Aps) = 2.948, respectively. Furthermore, upon examining the
qualitative impact on the simulated dispersion curves (Fig. 4), p/ does not exert a substan-
tial influence on the trajectory of high-amplitude modes when contrasted with C/ and A/,
where variations in these parameters notably affect the modes of significance. Therefore,
fixing the soft tissue density can be considered as having virtually no effect on the inversion
results but reduces the parameter exploration in the fitting. The decision was taken to set

the soft tissue density p/ as a constant in our sweeping parameters.
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FIG. 4. Influence of property variations on the trajectory of ultrasonic modes: (a) soft tissue

density p/, (b) wave velocity in soft tissue C7, and (c) thickness of the soft tissue h/.

C. Fitting of Simulated Data

As previously mentioned, four acquisitions were conducted for each plate along various di-
rections to measure experimental dispersion curves. The inversion procedure was executed
for both plates to determine the optimal set of parameters from the database. Fig. 5(a-
b) illustrates the most favorable outcomes achieved through the proposed method. Semi-
analytical predictions are depicted as points overlaying the experimental surface plot. The
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experimental plots depicted herein are the result of averaging the 2D-FF'T plots obtained
from the four separate axial transmission measurements. This approach aims to consolidate
spatial frequency information across multiple measurements for enhanced clarity in visual
analysis. The alignment of experimental and simulated dispersion curves demonstrates a
highly satisfactory agreement, with all high excitability modes perfectly matched. A thresh-
old of -15dB was established to mitigate the impact of noise in experimental measurements,
facilitating clearer dispersion curves and facilitating a more straightforward fitting process.
Furthermore, the attenuation of modes in the simulated data closely aligns with the atten-

uation observed experimentally.

D. Estimated Properties

The mean of the inverse characteristics over the four axial transmission measurements
corresponding to the optimal fitting of each plate are detailed in Table III, alongside refer-
ence properties and associated relative errors. The findings indicate a strong agreement in
property values, revealing errors under 2.0% for the cortical layers. However, a more no-
table margin is observed for the soft tissue thickness, with errors up to 5%. The soft tissue
layer thickness is not uniform along the plates. Additionally, the pulse-echo measurements
introduce the potential for inaccuracies, as the layers may undergo compression during the
assessment.

Fig. 5(c-d) illustrates the inverted values in conjunction with the reference properties
and their respective uncertainties. The derived values are obtained through the averaging

of the reciprocals acquired from individual measurements across the four axial transmission
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FIG. 5. Optimal fitting results between experimental and simulated dispersion curves for (a)
healthy phantom plate, and (b) osteoporotic phantom plate. Average inverse values in conjunction
with the reference properties and their respective uncertainties, (c) velocity properties, (d) thickness

properties.

s scenarios. Associated uncertainties are represented by their respective standard deviations.

s Fach inverse value falls within the uncertainty range of its corresponding property.
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TABLE III. Average Inverse Properties of Phantom Plates with their Relative Errors.

Healthy Plate Osteo. Plate
Ref. Inv. Err.% Ref. Inv. Err.%
Cp (m/s) 3000 + 115 3052 4+ 30 1.74 2655 + 65 2653 + 82 0.07
Cgs (m/s) 1755 £ 50 1755 £ 29 0.02 1530 £ 35 1508 £ 45 1.39
hS (mm) 4.30+0.7 4.40+0.25 1.74 4.30 +0.8 4.25+0.0 1.16
Soft Tissue Healthy Plate Soft Tissue Osteo. Plate
Cf (m/s) 1390 £ 90 1437 £ 25 3.42 1390 + 90 1437 + 48 3.42
hf (mm) 2.00+0.2 1.95+0.3 2.50 2.10+0.2 2.00+0.16 4.76

1. FEstimated Bulk-Velocities

Fig. 5(c) displays the mean and standard deviation obtained for longitudinal and shear
velocities in the cortical layer of both plates, as well as the wave velocities in their corre-
sponding soft tissue layer (red circles), alongside the reference average values obtained by
pulse-echo measurement (black lines). The predicted values fell within the uncertainty range
of the reference values for both plates, and their associated standard deviations were of a
comparable range to the reference ones. It is worth remembering that ultrasonic pulse-echo
measurements were conducted across the plates (dimension of 150 x 150 mm), and the four
axial transmission measurements were taken along a 60 mm length at four different locations
(two diagonals and two perpendicular axes). Therefore, the predicted values approximately
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represent the average values across the plates, as well as the reference values. The error
was found to be less than 2% for cortical velocities and up to 3.4% for soft tissue velocity.
However, the average inverted values of the soft tissue velocity were found to be equal for
both plates, suggesting that the reference velocity of the soft tissue layer may have been
underestimated during pulse-echo measurement. Changes in the experimental environment
could have resulted in slight variations in the properties of the soft tissue sample, accounting

for this minor difference.

2. FEstimated Thicknesses

Fig. 5(d) shows the comparison between the estimated thickness of each layer (red circles)
and their corresponding reference values (black lines). Similar to the velocities, a very
good agreement can be observed between the predicted and reference values. However, as
explained in section IIT A, the thickness values of each layer were not homogeneous over
the plates, which leads to uncertainties in the reference thicknesses measured by pulse-
echo measurement. Regarding the cortical phantom layer, these reference values can be
interpreted as the equivalent thickness across the entire plate area. Analogous to an in-
vivo radius, the predicted thickness represents an averaged thickness over the entire volume
corresponding to the investigated region of interest. Axial transmission measurements reflect
the mean thickness along the propagation direction. Four axial transmission measurements
were conducted in four different directions, each separated by 45 degrees, yielding a predicted
thickness that corresponds to the mean actual thickness of the plate. Inverse properties were
found to be close enough to the reference values to exhibit an error of less than 2% for the
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cortical thicknesses and 5% for the soft tissue layers but remains in the standard deviation

of the reference values.

IV. DISCUSSION

The cost function value was computed across the multidimensional model grid, success-
fully identifying a global minimum for each acquisition and sample within the cost function
map. Sweeping through six dimensions is notably computationally intensive. Even when
using SAIGA, which enables a case calculation within a few seconds, it requires approxi-
matively 48 hours to run through the 72 600 scenarios. However, leveraging the existing
database enabled a gradual reduction in grid calculations to just a few minutes. Sweep-
ing the model parameters across a finite set (rather than employing an optimization search
routine) ensures that the global minimum is attained at each acquisition without needing ad-
ditional verification or concern regarding the optimization search’s performance and control

variables.

A. Assessment of Cortical Layer Density

Despite the promising match observed between the experimental data and the simulated
model, uncertainties persist regarding local minima. Upon investigation of cortical density,
the inverse values for the healthy cortical plate and the osteoporotic cortical plate are 2237+
165 kg/m?® and 2337 4= 221 kg/m?, respectively, with errors of 7.4% and 9.3% compared to
reference values. Through analysis of the distribution of cost function values for experimental

axial transmission measurement #4 on both plates (see Fig. 6), a local minimum can be
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identified for each density in our parameter set. These local minima remain very close to
each other, with a maximal normalized cost function of J,.:(A,) = 1.097, an no visual
differences can be seen between each solution. These uncertainties may arise concerning the

inverted properties.
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FIG. 6. Optimal fitting results between experimental axial transmission measurement #4 and
simulated dispersion curves for (a) healthy phantom plate, and (b) osteoporotic phantom plate.
Distribution of the cost function values with the corresponding density for experimental axial

transmission measurement #4 (c) on the healthy plate and (d) on the osteoporotic plate.
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However, upon inspection of the inverted cortical properties at each density (from 2050
kg/m? to 2550 kg/m?), the inverse values of longitudinal and shear velocities remain nearly
unchanged, along with a significant portion of the other parameters, except for the Young’s
modulus (refer to Table IV). These phenomena can be elucidated by the reciprocal adjust-
ment of the density and the Young’s modulus, which serve to attain longitudinal and shear
velocities consistent with the experimental dispersion curves. Moreover, looking at our range
of parameters p = [2050 : 50 : 2550] kg/m® and E = [11 : 1 : 21] GPa, for a constant Poisson
coefficient v = 0.26, target velocities can be obtained through a large number of pairs (p— E)

as shown on Fig. 7.
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FIG. 7. Longitudinal and shear velocities possible values obtained through the set of parameters
express as a function of (a) the Young’s modulus F for different values of the density p, (b) the
density p for different values of E. Red lines represent the reference values of Cp (full line) and

Cs (dote line) for the healthy plate and blue lines for the osteoporotic plate.

As shown in Table IV, density and Young’s modulus compensate each other to achieve
the correct velocities. The higher the density, the higher the Young’s modulus, for a given
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TABLE IV. Mean inverted cortical properties for each frequency, relative to the optimal fit iden-

tified for axial transmission measurement #4.

Healthy Plate Meas. #4 Osteo. Plate Meas. #4

Best fit Mean over Var.% Best fit Mean over Var.%

Meas. #4 densities (o/ref) Meas. #4 densities (o/ref)
p (kg/m?) 2400 2300 £ 166 6.90 2550 2300 £ 166 6.51
Cp (m/s) 3030 3023 £ 26 0.86 2683 2675 £ 29 1.08
Cgs (m/s) 1725 1722 £ 15 0.87 1528 1523 £ 16 1.05
h® (mm) 4.25 4.25+0.0 0.00 4.25 4.25+0.0 0.00
E (GPa) 18.0 17.2+1.3 7.22 15 13.44+1.0 6.67
v 0.26 0.26 +0.0 0.00 0.26 0.26 + 0.0 0.00

value of the Poisson coefficient. Consequently, the proposed method cannot directly assess

the density of the cortical layer.

However, several studies have demonstrated the possibility of obtaining bone density

93,6809 -~ By adapting the work of Vu®® and Pereira’® for use

through mathematical models
with the phantom plate material used in this study, it is possible to estimate p from the

bulk velocities.

For a 2D isotropic plate, the elasticity coefficients are given by Cyy = pC%, Cs3 = pC%,
Cho = (11 — 2C53. Using experimental pulse-echo measurement values, a linear interpola-
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tion can be made to express C71, C1o and C33 as a function of the density. Consequently,
longitudinal and shear bulk velocities can be expressed as functions of density (Fig. 8). This
enables the determination of density for both plates corresponding to the inverse velocities
depicted in Table II1. The results yield p = 2445 + 35 kg/m?® and p = 2130 + 14 kg/m? for

the healthy plates and the osteoporotic plate, respectively, with relative errors of 1.2% and

0.4%.
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FIG. 8. Bulk velocities varying with the bulk density, derived from the values of the elastic
properties for an isotropic medium adapting from the homogenization theory introduced in’? and
used in“® to the phantom material. (Blue lines) Inverse values for longitudinal and shear velocities

of Healthy phantom plate. (Red lines) Inverse values for longitudinal and shear velocities of

Osteoporotic phantom plate.

B. Importance of Excitability

Utilizing excitability inherently prolongs computation time for each scenario, necessitat-

ws ing the calculation of mode shape for every mode at each frequency across all parameters

31



449

450

451

452

453

454

455

456

457

458

JASA /Sample JASA Article

sets. Nonetheless, excitability guarantees the consideration of all modes exhibiting high am-
plitudes. Upon examining visually results from simulated datasets without the application
of excitability, it becomes evident that inversion biases towards modes with high amplitudes
across a broad frequency spectrum while overlooking modes of lower amplitudes. Conse-
quently, certain modes are entirely disregarded, resulting in reduced thickness values and
elevated velocities. As illustrated in Fig. 9, the second mode consistently disappears from the
simulated curves. As depicted in Table V| the inverse values demonstrate an error exceed-
ing 15% in comparison to the reference properties. Notably, several simulation parameters,
particularly the thickness of cortical and soft tissue layers, approach the lower bounds of

their respective ranges.
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FIG. 9. Optimal fitting results between experimental and simulated dispersion curves without

excitability for (a) healthy phantom plate, and (b) osteoporotic phantom plate.
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TABLE V. Average Inverse Properties of Phantom Plates with their Relative Errors without using

the excitability in the inversion scheme.

Healthy Plate

Osteo. Plate

Ref. Inv. Err.% Ref. Inv. Err.%
Cp (m/s) 3000 £+ 115 3475+ 0.0 15.83 2655 £+ 65 3064 £ 52 15.39
Cs (m/s) 1755 £ 50 2032+ 0.0 15.81 1530 £ 35 1785 £ 39 16.09
h® (mm) 4.30£0.7 3.25+0.0 24.42 4.30 £ 0.8 3.25+0.0 24.42
Soft Tissue Healthy Plate Soft Tissue Osteo. Plate
C7 (m/s) 1390 £ 90 1487 £ 75 7.01 1390 £ 90 1500 + 29 7.91
hf (mm) 2.00+0.2 1.7+£0.2 15.00 2.10+0.2 1.6 £0.0 23.81

V. CONCLUSION

In this study, the inverse characterization of two cortical phantom plates covered with

a layer of soft tissue was conducted at low frequencies (between 50 and 500kHz). The

study focuses on the estimation of five parameters: longitudinal velocity, shear velocity, and

thickness of the cortical layer, as well as velocity and thickness of the soft tissue layer. The

proposed SAIGA model successfully aligned the amplitude in the experimental dispersion

curves by utilizing a combination of multiple high excitability mode segments.

The integration of modal excitability into the cost function played a pivotal role in the in-

version procedure, substantially reducing the number of relevant modes. This reduction was
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achieved by assigning weights to the modes based on their excitabilities. The incorporation

of a limited number of modes prevents misfit of the data during the inversion process.

A high level of agreement was observed between the inversely determined properties of
cortical properties (bulk velocities and thickness) and their corresponding reference values
obtained through experimental measurements, with errors consistently below 2.0%. The
surrounding soft-tissue layer is critical during the inversion procedure due to the high num-
ber of modes involved. The model introduced in this study successfully extracted these
parameters even when a layer of soft tissue was present atop the cortical plate. Despite a
slightly larger error (inferior to 5%) in the determination of the soft tissue characteristics,

other properties remained accurately retrieved.

Additionally, the proposed low-frequency axial transmission configuration demonstrated
its efficacy in deducing equivalent bone properties within a multi-layer model. Remarkably,
this approach required fewer modes compared to conventional inversion techniques that
utilize higher frequencies. The current method serves as a promising proof of concept and
serves as a valuable reference for the development of a customized array probe, which could
be deployed for a comprehensive acquisition and reception in future extensive in-vivo and
clinical investigations. A portable device incorporating this specific probe could be utilized
in clinical settings for routine bone quality assessments, facilitating the early diagnosis of
osteoporosis at a reduced cost compared to DEXA or QCT-Scan technologies. However, a
significant challenge lies in developing a probe with a sufficiently wide bandwidth to capture
low-frequency guided waves propagating along the radius. Moreover, a dedicated design of
the setup will be required to ensure the repeatability of the location of the probe compared
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to the radius. Furthermore, a clinical study will be necessary to compare the device’s
results with reference values obtained through X-ray imaging. This comparison will help
establish a set of indicators representative of bone health, that can be used by practitioners
for diagnostic purposes.

The proposed method uses low-frequency ultrasonic guided waves to evaluate the bone
at the organ scale, while high frequency devices approximate bone by a plate-like structure.
The present study demonstrates the method’s capability to accurately retrieve the properties
of a cortical phantom plate topped by a soft tissue layer, thus serving as a proof of concept.
Consequently, this model will evolve into a radius-shaped model, filled with bone marrow
and surrounded by soft tissue, following the work of Seyfaddini et al.*®*. The computational
methodology using SAIGA for simulations will remain unchanged. To accurately represent
the bone cortex, the model will transition from an isotropic material to a transverse isotropic

18,46

medium In such a model, it will be necessary to use a homogenization scheme to

determine the elastic stiffness coefficients as a function of the bone’s porosity/density, as

described in the literature®® %!

. Additionally, the inverse scheme could evolve to by using
AT techniques to enhance its robustness, which will assess bone properties based on the

dispersive trajectories and amplitudes of guided wave modes propagating in the waveguide.
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