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Ultrasonic guided waves (UGWs), which propagate throughout the entire thickness of cortical bone, are attractive for
the early diagnosis of osteoporosis. However, this is challenging due to the impact of soft tissue and the inherent difficulties
related to multiparametric inversion of cortical bone quality factors, such as cortical thickness and bulk wave velocity.
Therefore, in this research, a UGW-based multi-parameter inversion algorithm is developed to predict strength-related
factors. In simulation, a free plate (cortical bone) and a bilayer plate (soft tissue and cortical bone) are used to validate
the proposed method. The inversed cortical thickness (CTh), longitudinal velocity (V1) and transverse velocity (V1) are in
accordance with the true values. Then four bovine cortical bone plates were used in in vitro experiments. Compared with
the reference values, the relative errors for cortical thickness were 3.96%, 0.83%, 2.87%, and 4.25%, respectively. In the
in vivo measurements, UGWs are collected from the tibias of 10 volunteers. The theoretical dispersion curves depicted by
the estimated parameters (V, Vi, CTh) match well with the extracted experimental ones. In comparison with dual-energy
x-ray absorptiometry, our results show that the estimated transverse velocity and cortical thickness are highly sensitive to
osteoporosis. Therefore, these two parameters (CTh and V) of long bones have potential to be used for diagnosis of bone

status in clinical applications.
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1. Introduction

Osteoporosis can lead to an increased risk of fracture
due to the low bone mass and micro-architectural bone
deterioration,[!?! and can affect almost all skeletal sites.[?!
Thus, it is important and necessary to perform a bone exam-
ination when someone is getting shorter or their upper back
begins to curve forward. Nowadays, bone mineral density
(BMD) is a widely accepted parameter for assessing bone sta-
tus, and is tested by dual-energy x-ray absorptiometry (DXA).
However, DXA has limitations of ionizing radiation and high
cost. Therefore, it is difficult to test BMD frequently and reg-
ularly using DXA. In contrast, because of its advantages of
being radiation-free, cheap and sensitive to mechanical prop-
erties, ultrasound was proposed for the evaluation of bone
status. (46!

Cortical bone represents 80% of the weight of a human
skeleton. The properties of cortical bone, such as cortical
thickness and bulk velocities, are important parameters relat-
ing to bone status.!”~%) The axial transmission (AT) technique
was first used to evaluate cortical bone 30 years ago.[!%-13 The
ultrasonic signals collected from cortical bone and recorded

by the AT technique are mainly of two types. One type
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is first arriving signals (FASs) and the other type is ultra-
sonic guided waves (UGWs). FASs can correspond to lat-
eral waves which propagate along the surface of cortical bone,
while UGWs, which propagate through the whole thickness
of the cortical bone, are more sensitive to bone minerals and
architecture.!4~161 Thus, UGWs are very attractive for assess-
ment of cortical bone.!'7-??! Nicholson et al. extracted the A0
Lamb mode, which is sensitive to the thickness of cortical
bone. %231 Moilanen et al. obtained the cortical thickness in
an in vitro study from the group velocity of UGWs based on
an inversion scheme.!”*! Song et al. proposed a blind identi-
fication method to extract a single UGW mode, and a mean
error of 4.3% for cortical thickness was achieved.!?>! Bai et al.
used guided waves to assess the fatigue level of cortical bones,
and the results showed that the mean phase velocities of Lamb
modes Al and S1 for intact bone were higher than those of
fatigue-damaged bones. 2!

Only one parameter was obtained to evaluate the status
of the long bones in the above-mentioned studies. However,
cortical bone is affected not just by one parameter but by mul-
tiple parameters together, for example cortical thickness, bulk
velocities, porosity and so on. Therefore, many researchers
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have begun to focus their attention on extracting multiple pa-
rameters for long bones. Pereira et al. used low frequencies
(20 kHz-85 kHz) to investigate intracortical bone and found
that the phase velocity and cut-off frequency of UGWs were
sensitive to the properties of cortical bone.?’! Minonzio et al.
estimated cortical thickness and porosity level and found that
these two parameters are sensitive to non-traumatic fractures
in post-menopausal women.?8! Tran ez al. developed an in-
version procedure to estimate the cortical thickness and bulk
velocities of one coated bone plate; their results showed that
these parameters were accurately obtained.®! Bochud e al.
used two models (a free plate model and a bilayer model) of
long bones to obtain cortical thickness and elastic velocities
in both in vitro and in vivo experiments, and their results sug-
gested that the free plate model was sufficient to inverse the
parameters even in the in vivo experiments.!”] Li et al. inves-
tigated the possibility of utilizing a neural network to obtain
cortical thickness, transverse velocity and longitudinal veloc-
ity for bovine plates; their results demonstrated that the neural
network method was able to assess the parameters of bovine
cortical bones precisely. [>!]

Following these studies, most researchers have limited
their evaluation to in vitro or ex vivo bone-mimicking plates
due to the soft tissue layer and irregular bone structure; few of
them have identified osteoporosis using UGWSs quantitatively.
Considering that cortical thickness, longitudinal velocity and
transverse velocity are three important parameters for evaluat-
ing bone status, we aim to develop a multi-parameter inversion
procedure to acquire these three parameters simultaneously.
Simulation and in vitro experiments are used to test the accu-
racy of the proposed multi-parameter inversion procedure. In
vivo measurements are also carried out to find the quantitative
relationship between osteoporosis and UGWs.

This paper is arranged as follows. Theory and methods
are reported in Section 2, with details on forward calculation
of the dispersion curves of UGWs, experimental dispersion
curve extraction and the inversion algorithm. This is followed
in Section 3 by the simulations, in vitro experiments on bone
plates and in vivo measurements. Then the corresponding re-
sults and discussion are given in the Sections 4 and 5, respec-
tively. Finally, our conclusions are given in Section 6.

2. Theory and methods
2.1. Computing theoretical dispersion curves

Two bone models are utilized in this research to calcu-
late the theoretical dispersion curves. One is a free solid
plate model (cortical bone), and the corresponding guided
modes are Lamb waves.[?*3° The other is a fluid—solid bi-
layer model (cortical bone coated by soft tissue), and the corre-

sponding guided modes are leaky waves because the energy of

the guided waves leaks from solid to fluid.®! The solid layer,
which models cortical bone, is elastic and isotropic. The soft
tissue layer is modeled as an acoustic fluid medium. The theo-
retical dispersion curves can be depicted by solving an eigen-
value problem

(K1 (0)+ kKK, +ikK3] V =0, (1a)
v=[RUP], (1b)

where K, K>, and K3 are matrices related to global mass
and rigidity, k is the wavenumber along the axial direction, i is
the imaginary unit,  is the angular frequency, Py (a0 = 1,2)
is the global pressure and U is the displacement field.[3-!1 By
solving Eq. (1), the eigenvalue k and the corresponding eigen-
vector V (w, k) of the UGWs can be obtained for a given o.
Then the theoretical dispersion curves can be calculated by
sweeping @ in a given range.

2.2. Extraction of experimental dispersion trajectories

In order to inverse cortical thickness, longitudinal veloc-
ity and transverse velocity from the UGWs, the dispersion
curves for the simulations and in vitro and in vivo experiments
need to be extracted based on the ultrasonic signals g(x,7). In
the first step, g (x,) collected in the time (¢) and spatial (x) do-
mains, was transformed to frequency (f) and wavenumber (k)
domains based on the two-dimensional Fourier transform (2D-
FT) method. The distributions of mode energy H (®,k) are the
corresponding experimental dispersion trajectories, which can

be expressed by the following equation: 3]

Foo oo )
H@M:/ / g (x,1)e @) drdx, 2)

The 2D-FT method is easily affected by noise and frequency
aliasing, and the finite number of receiving signals further lim-
its the wavenumber resolution in long cortical bone.?!! Thus,
in a second step, the Burg method was used to obtain a rel-
atively high resolution with the finite sampling points in our
case (details of the Burg method are shown in Ref. [33]).

2.3. Multi-parameter inversion procedure

After 2D-FT and the Burg algorithm, the experimental
dispersion energy is obtained and saved in the form of a two-
dimensional matrix A, which is expressed as

A = [ajj] i=1,...,n, j=1,...,m, 3)

mxn’

where m and n are the index ranges of frequency and
wavenumber and a;; is the corresponding energy value at point
(i,j). The theoretical dispersion curves in the wavenumber
and frequency domains can be written as a matrix B,

i=1,..

B:[bij]an, PN (N j=1,...,l’l7 (4)

where b;; = 1 if the theoretical dispersion curves go through
the (la J) pOint; otherwise bl] =0.
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The non-linear objective function J is given by

m 2
_Zl Yoy (aij >TS) (W?,j - bijwij)
J=E

- S
where TS is the threshold of the experimental dispersion en-
ergy. If a;; > TS, then (a;; > TS) in Eq. (5) equals 1, other-
wise it is 0. wy ; and WE’ ; are the wavenumbers of experimental
dispersion data and the theoretical dispersion curve at (i, j),
respectively, and L is the point number that meets the thresh-
old in the entire matrix A. The minimum J,;, inverses the
optimal parameters (cortical thickness CTh, longitudinal ve-
locity V1, and transverse velocity Vr) by the best-fit theoretical

dispersion curve.

2.4. Finite-difference time-domain method

The simulated ultrasonic signals are calculated by the
FDTD method.3*! For stability and precision, the space step
Ax (spatial resolution) and time step Ar (temporal resolution)

should satisfy the following expressions:

Ax < )l'min/zo ~ }vmin/107 (6)
1 Ax
Ar < T o )

where Ay, denotes the shortest wavelength, d is the dimension
of the model and Cp,, is the fastest longitudinal bulk velocity
in the simulation.

The inversion method was tested on two sets of simulated
data. One was for a free plate and the other was for a bi-
layer model. Perfectly matched layers (PMLs) were on both
sides of the models to absorb the reflection. The PMLs com-
prised an artificial absorbing medium and were able to achieve
quasi-perfect absorption of the incident waves so as to reduce
boundary reflection. The cortex is simulated as an isotropic
and elastic solid layer. The soft tissue is simulated as acoustic
fluid. The simulation parameters of cortex and soft tissue are
shown in Table 1, and are similar to the parameters of human
bones.

Table 1. Simulation parameters of cortex and soft tissue by the FDTD method.

Soft tissue Cortical Cortical longitudinal

Cortical transverse ~ Soft tissue density ~ Soft tissue velocity Cortical density

Simulation . . . _1 . 1 3 _1 _3
thickness (mm) thickness (mm) velocity (m-s™") velocity (m-s™") (kg'm™) (m-s™") (kg:m™7)

Simulation 1 0 3.8 3500 1900 - - 1930

Simulation 2 1 3.5 3700 2000 1000 1540 1930

A Gaussian envelope sinusoid was used as the excitation:

2
— (=1
p(t) = Aexp exp%

sin (2w ft), 8)
where p(r) is the acoustic pressure of the excitation, A is a
constant value, 6 = 5.95 x 10~7 and 7o = 1.5 us. The cen-
ter frequency f was 1 MHz for simulation 1 (free plate) and
0.5 MHz for simulation 2 (bilayer model), with the same val-
ues being used in the in vitro and in vivo experiments, respec-
tively.

3. Experiments
3.1. In vitro experiments

Four bovine long bones were bought in a supermarket and
tested in the in vitro experiments. After removing the soft tis-
sue, the bovine bones were polished into plates. The thick-
nesses of the four bovine cortical bone plates were 2.78 mm,
3.58 mm, 3.83 mm, and 4.00 mm, respectively.

The setup of the in vitro experiments is shown in Fig. 1.
A three-cycle Gaussian envelope sinusoidal wave was pro-
duced by an arbitrary waveform generator (Agilent 33220A,
CO, USA). After amplification, this Gaussian envelope sinu-
soid signal was used to drive a transmitter with a central fre-
quency of 1 MHz.

After propagating in the bovine cortical bone plate the
waves were received by a 64-element array receiver. The pitch
size, central frequency and —6 dB bandwidth for the array re-
ceiver were 0.675 mm, 1 MHz, and 0.1 MHz-1.5 MHz, re-
spectively. The transmitter and array receiver were aligned
on the same side of the bovine cortical bone plate, with
24.5 mm being the closest offset, and coupled by ultrasonic
gel, which ensured that the transducers and bovine bones were
in very good contact. The received signals were collected by
a Vantage-64 system (Verasonics, WA, USA) with a sampling
frequency of 31.25 MHz, which was also synchronized with
the excitation signals. The 64 signals received for 2.78 mm
bovine plate are shown in Fig. 2(a). Each bovine plate was
measured 10 times under the same conditions.

Arbitrary waveform generator

(Agilent 33220A, CO, USA) g Programmable multichannel
ultrasonic experiment platform
1 (Vantage-64, Verasonics, WA USA)

Power amplifier
(AG1021, T&C Power Conversion,
NY, USA)

. Array receiver
External transmitter Y

Bovine cortical bone plate

Fig. 1. Setup for the in vitro experiments.
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Fig. 2. Received ultrasound signals: (a) in vitro experiment, (b) in vivo ex-

periment.

3.2. In vivo measurements

Ten volunteers (six normal healthy and four with osteo-
porosis) who had been tested by DXA were measured at mid-
tibial level with an ultrasonic axial transmission device. In-
formed consent was obtained from all volunteers who partici-
pated in this study, and local ethical committee approval was
sought and attained.

Figure 3 shows the setup for the in vivo measurements
which were conducted in a different lab. Thus the in vivo ex-
perimental setup is not the same as the in vitro one. In or-
der to obtain signals with larger amplitudes from the human
tibia, two transducers with a central frequency of 0.5 MHz
were used as transmitter and receiver, and they were perpen-
dicular to the tibia of the volunteers. Fixing the transmitter,
the receiver was moved along the tibia with a closest offset
of 22.5 mm. The moving step was 0.5 mm, and 60 receiv-
ing signals were scanned under computer control. Sampled at
10 MHz, and averaged 100 times, the received signals were
collected by a PC-based digital oscilloscope. The experiment
was done three times for each volunteer under the same con-
ditions. A set of 60 ultrasound signals is shown in Fig. 2(b).

Arbitrary waveform

generator (Model 5411,

PC host
National Instruments, o8

Austin, Texas) b

I

Power amplifier
(AG1021, T&C Power
Conversion, NY, USA)

Transmitter ’i‘

Digital oscilloscope

(Model 5102, National

Instruments, Austin, Texas)

Soft tissue

Cortical bone

Fig. 3. Setup for in vivo measurements.

4. Results

4.1. Simulation results

Figures 4(a) and 4(b) show the results of simulation 1 and

simulation 2. The black trajectories are the extracted disper-

sion curves by the Burg algorithm. The red lines are the the-
oretical dispersion curves based on the parameters of cortical
thickness, longitudinal velocity and transverse velocity, which
were obtained from the inversion algorithm. For simulation
1, the inversed cortical thickness, longitudinal velocity and
transverse velocity are 4.0 mm, 3550 m-s~! and 1950 m-s~!,
respectively. In comparison with the true values, the relative
errors are 2.6%, 1.4%, and 2.6%, respectively. For simula-
tion 2, the inversed parameters (CTh, Vi, V) are 3.5 mm,
3600 m-s~! and 2050 m-s~! and the relative errors are 0%,
2.7%, and 2.5%, respectively. Therefore, the proposed multi-
parameter inversion algorithm is able to estimate the cortical
thickness, longitudinal velocity and transverse velocity accu-

rately.

é 3 E 5

) T 4

] 2 )

= E 3

) 8 9

g ! VA -

g [ /{ [ /‘ g 1 -~
b5) 0 [ [ ) 0///

% 0 0.5 1.0 1.5 g 0 0.4 0.8
= 2

Frequency (MHz) Frequency (MHz)

Fig. 4. Comparison between extracted dispersion trajectories (black) and the-
oretical dispersion curves (red continuous lines) using estimated parameters
for (a) simulation 1 (free plate) and (b) simulation 2 (bilayer).

4.2. In vitro results

As an initial example of the in vitro experiments, fig-
ure 5(a) shows the results for the 2.78 mm thick bovine plate.
The black experimental trajectories were extracted from the
acquired ultrasonic time signals (Fig. 4(a)) based on the Burg
method. Then the corresponding parameters (CTh, Vi, Vt)
were estimated by the inversion procedure as 2.89 +-0.19 mm,
3911 +56 m-s~!, and 1817 423 m-s~!, respectively. The rel-
The theoretical
dispersion curves (red lines) based on the estimated parame-

ative error for cortical thickness is 3.96%.

ters (2.89 mm, 3911 m-s~!, 1817 m-s~!) are also shown in
Fig. 5(a), and the experimental trajectories are consistent with
the theoretical dispersion curves. Figures 5(b), 5(c), and 5(d)
show the results for 3.58 mm, 3.83 mm, and 4.00 mm bovine
bones, respectively.

The results for estimation of cortical thickness, longitu-
dinal velocity and transverse velocity for these four bovine
bones are shown in Table 2. The real cortical thicknesses and
the relative errors are also shown in Table 2. The root-mean-
square error (RMSE) for cortical thickness (CTh) is 0.11 mm.
Both the small error in cortical thickness and the matching
of experimental dispersion trajectories with theoretical disper-
sion curves suggest that the proposed inversion method can

accurately estimate the cortical bone parameters.
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Table 2. Parameter estimations for the bovine plates and the relative errors for cortical thickness.

True cortical Estimated cortical

Bovine plate

Estimated transverse

Estimated longitudinal Cortical thickness

thickness (mm) thickness (mm) velocity (m-s~!) velocity (m-s~1) error

Bovine plate 1 2.78 2.89+0.19 1817423 3911+56 3.96%

Bovine plate 2 3.58 3.55+0.11 17134+41 3814452 0.83%

Bovine plate 3 3.83 3.94+0.09 1689466 3751423 2.87%

Bovine plate 4 4.00 4.17+0.06 1756 +33 3793+44 4.25%
g Bovine plate 1 g Bovine plate 2 é Bovine plate 3 g Bovine plate 4
~ ~ ' ' ~ ~ 3
< < / 3 < (d)
@ 3 / @ &
= Na) = s 2
— — / / i S /
2 2 2 2 1 e /i
g g i/ g £ | / /// ]
B 3 . = /| 3 / ( \ ‘
g 1=} \ | | =} [ = 0 il
4 1.0 g 0.5 1.0 1.5 % 1.0 1.5 % 0 0.5 1.0 1.5
3 3
= Frequency (MHz) = Frequency (MHz) < Frequency (MHz) = Frequency (MHz)

Fig. 5. Comparison between experimental dispersion trajectories (black) and theoretical dispersion curves (red lines) using estimated parameters of the in
vitro bovine cortical bones for different cortical thicknesses: (a) 2.78 mm, (b) 3.58 mm, (c) 3.83 mm, (d) 4.00 mm.

4.3. In vivo results

Table 3 shows the estimated parameters for tibias in vivo by the UGW method. Cortical thickness, transverse velocity and

longitudinal velocity are obtained from the multi-parameter inversion algorithm. The extracted dispersion trajectories (black)

and theoretical dispersion curves (red continuous lines) based on the inversed parameters for the 10 volunteers are shown in

Fig. 6. The results demonstrate that the experimental trajectories basically match well with the theoretical dispersion curves,

which suggests the results of Table 3 are reasonable estimates of the three parameters for tibias in vivo.

Table 3. Parameter estimation for tibias in vivo by the UGW method.

Volunteer Thickness estimation (mm) Transverse velocity estimation (m-s™!) Longitudinal velocity estimation (m-s~1)
No. 1 2.67+0.13 2183 +62 3711+78
No. 2 5.07+0.22 2541+41 3951+63
No. 3 3.12+£0.05 2521+49 3901 +24
No. 4 5.55+£0.09 2527+17 3459 £59
No. 5 2.514+0.06 2404 +26 3703 +45
No. 6 3.11£0.07 2206 +32 4016 +2
No. 7 4.544+0.20 2515+57 4009 +25
No. 8 2.05+0.21 2006+ 34 3904+11
No. 9 3.42+£0.07 2011+26 3911+3
No. 10 3.03+£0.10 1954 +£58 3857+45
Table 4. DXA detection results for osteoporosis.
Volunteer number 1 2 3 4 5 6 7 8 9 10
T-score -2.5 -0.7 -2.7 —0.6 -0.9 -2.9 -0.9 -2.9 -3.7 -2.6
DXA results osteoporotic  healthy osteoporotic  healthy healthy osteoporotic healthy osteoporotic —osteoporotic —osteoporotic

To test the practicability of the UGW method, the 10
volunteers are also underwent DXA detection; the results are
shown in Table 4. Six volunteers were diagnosed with osteo-
porosis (T-score < —2.5) and four volunteers were diagnosed
as healthy normal (T-score > —2.5)

A comparison of diagnosis of osteoporosis with the UGW
method and DXA detection is shown in Fig. 7. Red cir-
cles denote volunteers with osteoporosis and blue triangles
denote healthy normal volunteers, based on DXA detection.
Figure 7(a) shows the osteoporosis results tested by inversed
transverse velocity. Basically, the transverse velocities of

healthy volunteers are higher than those of osteoporotic vol-
unteers except for No. 3, which suggests that the transverse
wave velocity is very sensitive to human osteoporosis. Fig-
ure 7(b) shows the osteoporosis results based on testing by in-
versed longitudinal velocity, which is probably not as sensitive
as transverse velocity to human osteoporosis because the lon-
gitudinal velocities do not obviously distinguish osteoporotic
and healthy normal volunteers. Figure 7(c) shows osteoporo-
sis results on the basis of inversed cortical thickness testing.
The cortical thicknesses of osteoporotic volunteers are thinner
than those of the healthy volunteers except for No. 5, which

074301-5
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suggests that when osteoporosis occurs the cortical thickness
is reduced. Therefore, transverse velocity and cortical thick-
ness are probably more sensitive to human osteoporosis than
longitudinal velocity.

Bl £ No. 2
E No. 1 E 5
E EI
g 3 g
g 2 £ ]
= 1 5 !
0=
0 : %
= Frequency (MHz) =
: :
S s No. 3 =
£ 4 £
o 3- - —
£ 9 - 2
= =
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£ 9 £ 0
° 4 el 4
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Z 3 E 3
g8 9 g 2
Q Q
51 : o1
2 g g e
= =
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£ £ 0
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Fig. 6. Comparison between extracted dispersion trajectories (black) and the-
oretical dispersion curves (red continuous lines) using estimated parameters
for the tibias of 10 volunteers.

5. Discussion

In the simulation, two models (free plate and bilayer)
were used to mimic single cortical bone and coated cortical

bone. The estimated cortical thicknesses, longitudinal veloci-
ties and transverse velocities were nearly the same as the true
values used in the simulations. This suggests that the proposed
method is able to evaluate the bone parameters accurately.

In the in vitro experiments, four bovine plates were used
to validate the proposed inversion method. The experimen-
tal dispersion trajectories obtained by the Burg method were
very clear. The theoretical dispersion curves based on the es-
timated CTh, Vi, and V1 matched well with the experimental
ones. Compared with the reference values, the biggest rela-
tive error in these four cortical thicknesses was 4.25%, and the
RMSE for cortical thickness was 0.11 mm. These suggest that
although real cortical bone is anisotropic, the proposed inver-
sion method was able to estimate the bone parameters success-
fully.

Compared with simulations and in vitro bone plate exper-
iments, ultrasonic signals collected from in vivo tibia suffer
much more noise due to the coated soft tissue layer. Therefore,
the extracted experimental dispersion trajectories are much
noisier for the in vivo experiments. Nevertheless, the theoret-
ical dispersion curves for the estimated parameters (CTh, V1,
and V) are consistent with the experimental dispersion trajec-
tories, which suggests that the proposed inversion algorithm is
also able to evaluate bone parameters in vivo.

Velocities are important parameters for characterizing
dispersion of guided waves.*!l When longitudinal and trans-
verse velocities change, the corresponding dispersion curves
will change. Therefore, based on the different dispersions of
guided waves, the changed longitudinal and transverse veloc-
ities could be inversed. When osteoporosis occurs in older
people the holes are much larger than in healthy bone, which
means that the cortical layer becomes porous (filled with mar-
row) and less dense. As is well known, longitudinal waves
can propagate in solids, liquids and air; however, the longitu-
dinal velocity in a solid is higher than the other two media.
On the contrary, transverse waves can only propagate in solid
media. Therefore, the longitudinal and transverse velocities
for osteoporosis patients should be lower than in health, and
the change in transverse velocity should be larger than that of
longitudinal velocity because transverse waves cannot propa-
gate through the liquid or air which fills the much larger holes
when osteoporosis occurs. Although it is hard to obtain some-
one’s transverse velocities before and after the occurrence of
osteoporosis simultaneously, this was partially demonstrated
in our study. The transverse velocities of volunteers with os-
teoporosis were lower than those of healthy volunteers except
for No. 3 (Fig. 7(a)); this means that even for different volun-
teers, the transverse velocity changes a lot when osteoporosis
occurs, so that a clear transverse velocity gap could be ob-
served between osteoporotic and healthy volunteers. On the
contrary, longitudinal waves propagate not only in solids but
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also in liquids and air. When osteoporosis develops, the lon-
gitudinal velocity will change, but not as much as the trans-
verse velocity. Thus, for different volunteers with different
bone masses, the longitudinal velocity is not as good a good
biomarker for distinguishing between osteoporotic and healthy
bones (Fig. 7(b)).
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Fig. 7. Osteoporosis: between DXA and UGW methods: (a) transverse ve-
locity results, (b) longitudinal velocity results, (c) cortical thickness result.
Red circles denote volunteers with osteoporosis and blue triangles denote
healthy volunteers.

Many researchers have listed cortical thickness as being

8.21.35] because it will change when

a key point in their studies!
osteoporosis develops in elderly people, and this is also shown
in our study (Fig. 7(c)). The cortical thicknesses of all six vol-
unteers with osteoporosis was less than 4.0 mm, which sug-
gests that when osteoporosis occurs the cortical thickness be-
comes thinner than before. Therefore, transverse velocity and
cortical thickness could be good biomarkers for differentiating

osteoporosis; combining them to diagnose osteoporosis may

be a good choice in clinical applications.

There are some important limitations in our study. Only
10 volunteers were recruited. More subjects are needed to test
the relationship between osteoporosis and parameters that are
inversed by the UGWs. However, there is a clear trend that the
inversed transverse velocity and cortical thickness are highly
correlated with human osteoporosis. The multi-parameter in-
version algorithm could be computationally expensive because
it compares experimental dispersion trajectories with all pos-
sible theoretical dispersion curves. In our study, it will run
for about 15 min to solve the bone inversion procedure for
one subject on a computer with an Intel Core i7 4.00 GHz
processor. This is sufficient for an offline study; however, it
is not acceptable for use in real-time bone diagnosis. Thus,
in future work, we will improve the inversion procedure to
lower the computational cost. Apart from that, real bone is
an anisotropic irregular hollow shell, a middle layer between
tissue and marrow. Although an isotropic free plate model is
suggested for acquiring cortical bone properties even in vivo,
a proper bone model is worth studying in future work.

6. Conclusion

In this research, a multi-parameter inversion algorithm
based on UGWs is introduced to estimate the cortical thick-
ness, longitudinal velocity and transverse velocity of long
bones. The feasibility of the proposed algorithm is verified us-
ing simulations, in vitro bovine plates and in vivo tibias. The
results demonstrate that the multi-parameter inversion algo-
rithm was able to evaluate cortical thickness and bulk veloc-
ities (Vr and V) accurately. Besides, compared with DXA
detection, transverse velocity and cortical thickness are more
sensitive to human osteoporosis than longitudinal velocity, and
these two parameters could be good biomarkers for divide os-
teoporotic and healthy bone. Therefore, these two parameters
(CTh and V7) of long bones can potentially be used to assess
bone status in clinical applications.
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