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Abstract

In this work, we propose an ultrasound-guided remote measurement technique, utilizing an
acoustic radiation force (ARF) beam as our excitation source and a receiving hydrophone, to
noninvasively assess a bone’s mechanical properties. Features, such as velocity, were extracted
from the received acoustic pressure from the bone surface. The typical velocity of an intact bone
(3540 m/s) is higher in comparison to a demineralized bone (2231 m/s). According to the receiver
operating characteristic (ROC) curve, the optimal velocity cut-off value of = 3096 m/s yields 80%
sensitivity and 82.61% specificity between intact and demineralized bone. Applying a support
vector machine (SVM), the hours of bone demineralization are successfully classified with
maximum accuracy > 80% using 18% training data. The results demonstrate the potential
application of our proposed technique and machine learning for monitoring bone mechanical
properties.
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Introduction

Noninvasive techniques such as vibration analysis and quantitative ultrasound (QUS) have
been used to assess long bone mechanical properties. Vibration analysis utilizes an impact
hammer to generate vibrational waves and measure the resonant frequencies to assess the
mechanical properties of long bones (Sonstegard and Matthews 1976) (Jurist 1970, Steele, et
al. 1988, Van der Perre, et al. 1983). In QUS analysis, guided waves from axial transmission
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measurement along the bone surface has been used to determine the material properties of
long bones (Gerlanc, et al. 1975, Siegel, et al. 1958) (Bossy, et al. 2004, Lee and Yoon 2004,
Lowet and Van der Perre 1996, Moilanen 2008, Mole and Ganesan 2010, Rose 2004, Ta, et
al. 2009, Vavva, et al. 2008, Viktorov 1970). Recent progress in QUS, has focused on the
extraction of the dispersion curves and to exploit multimodal waveguide of long bones to
extract cortical thickness and stiffness (Xu, et al. 2016, Vallet, et al. 2016). However, the
clinical utility of both vibrational analysis (Cornelissen, et al. 1986, Saha and Lakes 1977,
Van der Perre, et al. 1983, Ziegert and Lewis 1979) and QUS (Bossy, et al. 2004, Lee and
Yoon 2004, Lowet and Van der Perre 1996, Moilanen 2008, Moilanen, et al. 2006, Vavva, et
al. 2008) has been challenging due to the impact of soft-tissue. The bone and overlaying
soft-tissue layer guide wave modes overlap in time and frequency (Lee and Yoon 2004,
Moilanen 2008). In a vibrational analysis, considerable differences in magnitude and
temporal measurements occur when performed on the skin and directly on the bone (Ziegert
and Lewis 1979). Bochud et a/. (Bochud, et al. 2017) summarized the effects of overlying
soft-tissue on QUS and demonstrated reliable bone strength estimates from calibrated bone
phantoms using an inversion scheme based on the free-plate model, despite the presence of
soft-tissue. Thus, this study represents a step forward in quantifying the overlaying soft-
tissue effects on QUS assessment of bone tissue.

In 2006, Azra Alizad, et al. (Alizad et al. 2006) utilized acoustic radiation force excitation to
study the change in resonant frequencies of a bone due to change in its physical properties
due to a fracture. The method offered the advantage of applying a force remotely and
directly to the bone under test, thus avoiding interference of overlaying muscle or other
tissues on force distribution. Similarly, Callé, et a/. (Callé et al. 2003) utilized acoustic
radiation force to generate vibrations along the bone tissue, however in their study the
acoustic pressure radiating from the bone tissue was captured by a hydrophone. The
captured signal was then used to produce an image of the bone tissue internal structure.

In order to improve the noninvasive assessment of bone mechanical properties, an
ultrasound-guided remote measurement technique using acoustic radiation force (ARF)
excitation in combination with machine learning is proposed. The ARF excitation exerts a
localized transient force noninvasively on the bone surface, inducing vibrational waves along
the bone surface. The radiated acoustic pressure from these vibrational waves is obtained for
bone demineralization assessment. It should be noted that the acoustic radiation force does
not propagate along the bone. The acoustic radiation force acts as a body force onto the bone
surface generating the propagation of bending waves along the bone. The bending waves
cause a deflection in the plane perpendicular to the bone surface. By coupling our receiver to
the bone surface, the radiated pressure from the deflection of the bone is captured.
Thereafter, a machine learning classification algorithm based on the support vector machine
(SVM) (Vapnik 2000) is utilized for classifying the levels of bone demineralization.

In this paper, features are extracted from the acoustic responses from the ultrasound-
stimulated remote measurements. A SVM model is trained using the extracted features.
Thereafter, the trained SVM model is then used to classify the levels of demineralization of
the bones.
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Context

Relating bone demineralization and bone mechanics

In order to demonstrate that bone mechanics directly reflect bone demineralization, ex vivo
experiments comparing bone mineral density (the clinical gold standard for bone quality
assessment) and elasticity measurements are conducted. Our goal with this experiment is to
provide the pretext, that although bone mineral density (BMD) is a gold standard for clinical
bone assessment it is unable to fully explain bone quality and strength. Bone specimens are
demineralized to mimic the degradation of the bone mechanical properties. Thereafter, the
relationship between the elasticity and bone mineral density (BMD) are examined. The bone
demineralization and mechanics of porcine femurs (7=2) and tibia (#=2), obtained from a
slaughterhouse, are examined. The ex vivo bone specimens’ BMD were measured using a
General Electric Lunar iDXA (GE Healthcare, Madison, WI) dual-energy X-ray
absorptiometry (DEXA) densitometer. Thereafter, the BMD and mechanical measurements
were conducted in 6 time points. The first test was done on the intact (no demineralization)
bone. The subsequent experiments were conducted in incremental demineralization events,
where the bones were left in the 10% acid solution for 3, 6, 11, 17, and 23 days, respectively.

The DEXA changes of the porcine femoral bone were observed from the intact (no
demineralization) stage (day 0) to the day 23 of demineralization. In parallel, the bone
elasticity was measured by a 4-point bending test using a MTS servo hydraulic 858 (MTS
Corporation, Minneapolis, MN) and 500N load cell (Interface Inc., Scottsdale, AZ). The
samples were tested to 100 N at a rate of 33.33 m/s. The elastic modulus (£) was obtained
using the following equation (Reed and Brown 2001):

75ml3
121 (1)

where m is the slope of the linear regime of the load-deflection curve, /cross-sectional area
moment of inertia and /=50 mm is the loading span distance.

Figure 1 shows the decrease of BMD and elasticity with demineralization. Figure 1a shows
that the bone BMD decreases by approximately 33% from the intact state (day 0) to the day
23 of demineralization. Similarly, the elasticity decreases by over 80% from an intact state to
the 23" day of demineralization in Figure 1b. The BMD and elasticity results are plotted on
a linear and log scale, respectively; the logscale plot was done in order to capture the rapid
decline of the porcine elasticity as a function of demineralization. This decrease in elasticity
is over one order of magnitude, whereas the decrease in BMD did not reach one order of
magnitude. These results demonstrate that monitoring elasticity may be used as a surrogate
for monitoring bone BMD, with the added advantage of higher sensitivity.

We propose a technique to noninvasively monitor parameters related to bone elasticity. Our
technique is based on remote measurements along the bone surface using ARF excitations to
induce radiated acoustic pressure to be captured. By extracting features from the radiated
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acoustic pressure that correlate with elasticity, one can in turn monitor bone mechanical
properties.

Working theory

Radiated acoustic pressure from a Bernoulli-Euler beam

In this section, we consider modeling a long bone as an Euler-Bernoulli beam. The Euler —
Bernoulli beam theory provides a means for obtaining the deflection of a beam and has been
extensively applied to the estimation of stresses in long bones (Lowet et al. 1993, Collier et
al. 1982, Khalil et al. 1981, Stock et al. 2007, Roberts et al. 1996, Thomsen et al. 1990).
Following, Tang et a/. (Tang, et al. 2007) we model the sound radiated from an Euler-
Bernoulli beam under ARF excitation using a Green’s function formulation.

The beam is assumed to be immersed in a host-fluid with an ARF excitation ~occurring at
the location of x; = x, acting on the beam surface. The beam transverse deflection U (x; )
and host-fluid pressure P (x1 , X») are governed by the respective equations of motion

? P
<_{ > +—2> P+k3P=0
dl‘l 81’2 (Za)

4
FU@) _ ) 22U (1) =FS(a1 )

ET
Oz} (2b)

where the host-fluid wavenumber vector k¢= &, + ki, is composed of axial (ky;) and

vertical (ky,) components, where the wavenumber %=/ kZ,+k2,=w/cy has a fluid velocity
of cr. Equation (2b) has a bending wavenumber of 1:—.,? /¢ for the beam, where

cs=+/w\/EI1/(psA) is the bending wave velocity (csis dependent on frequency), £is the
Young’s modulus, A the cross-sectional area of the beam, /is the cross-sectional area
moment of inertial and ps is the density of the beam material. Since Eq. (2b) is a fourth-
order differential equation, the deflection U (x1 ) has four solutions for wavenumber & :

) ks=+\/w \/psA/(EI) is for the waves propagating in the positive direction.

—Vw/psA/(EI) is for the waves propagating in the negative direction.

ks=+j Vw \/psA/(EI) is for the evanescent waves going in the positive
direction.

ks=—3j vw/psA/(EI) is for the evanescent waves going in the negative
direction.
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If ks is real, then the wave propagates without attenuation. If s is purely imaginary and not
equal to zero (Im {kg} # 0), then the wave is evanescent with an amplitude exponentially
attenuating by &M {AsXL. Therefore, evanescent waves do not propagate. Assuming a simply
supported beam, the modal solution for the deflection U ( x1 ) yields,

U —2F22qm lﬂ'.LO/L me(lWJJl/L)
pSALCsl 1 ]f (3)

where k;= Irr/L is the modal wavenumber, k= w/csand x, is the ARF excitation position.
The integer /of the modal wavenumber denotes the beam’s mode of vibration. Even and odd
numbers of /are the antisymmetric and symmetric modes of vibration, respectively. Due to
its out-of-phase vibration, causing less volume of fluid to be displaced by the beam, the
antisymmetric modes are a less effective sound radiator compared to the in-phase vibrations
from the symmetric modes. Therefore, the beam’s symmetric modes of vibration are usually
the main contributors to the radiated pressure in the fluid.

The following boundary conditions at the interface between the fluid and beam must be
satisfied:

i Continuity of the displacement field at the beam and fluid interface,

Uf|l’2:0+:U‘I2:0’ (4a)

ii. Continuity of the particle speed at the beam and fluid interface,

oP 9P U
019 gyot (4b)

where pris the density of the fluid and Uris the transverse displacement field in
the fluid. In boundary condition (ii), the fluid particle speed is expressed in terms
of pressure and the beam particle speed in terms of displacement.

A general solution for the pressure field of a vibrating structure can be derived in the form of
an integral equation. This yields the Kirchhoff-Helmholtz integral equation for a general
formulation of the pressure field,

P(g):?LhWQU (;L‘l)G(g,.%'l)dl'l (5)

where the pressure is evaluated over a 2L finite distance. The free space Green function Gis
well-known as
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Gl 2o) = HY (hle=zal) gy

where 77{") denotes the 0™ order Hankel function of the first kind. Satisfying the boundary
conditions in Eqgs. (4) at the interface x, = 0% between the hos-fluid and beam, the axial
wavenumber is equal to the bending wavenumber &, = &, therefore the vertical component

of the fluid wavenumber kz,= £ 4/ k?-’f? can be expressed in terms of the bending
wavenumber. For wavenumber k., the acoustic pressure 2 has two solutions: (1) If &y, is
real, a wave from the beam interface propagates into the fluid; (2) If &, is imaginary and
(Im {4y} # 0), then the wave is evanescent and not propagating with its amplitude
attenuating by &M (ke

Simulation analysis

Consider the simply supported Euler-Bernoulli beam immersed in fluid is excited by an F=
0.01N ARF beam. The host-fluid density o= 1.22 kg/ m?, and cr =344 m/s sound speed.
The beam has a pA = 15 kg/m product density-area and /= 44 mm # cross-sectional area
moment of inertia. The radiated pressure from a beam is simulated for the elastic moduli of
E=5GPa and £=100 MPa, which have similar respective elastic moduli’s with that of an
intact and demineralized bone as observed in Fig. 1b. The time-frequency responses of the
radiated acoustic pressure Pare obtained at x = (0, 0.001L ) observation point. The temporal
response of the beam for both elastic moduli is shown in Figure 2.

Figure 3 shows the time-frequency responses of the bandpass filtered (50-500 kHz) radiated
acoustic pressure signal using an 8-point Butterworth filter. Time-frequency analysis
utilizing the spectrogram has been conducted in noninvasive evaluation of long bones
(Protopappas, et al. 2007). Xu et al. (Xu, et al. 2010) used time frequency analysis to
separate individual modes from multimodal guide wave signals in long bones. Figure 3
demonstrates a frequency shift decreasing with the beam’s elastic modulus. The average
weighted-mean frequency of the spectrograms shifted with decreasing elastic modulus from
434 kHz (£= 5 GPa) to 688 kHz (£= 100 MPa). The magnitudes of the lower frequencies
(approximately below 200 kHz) become attenuated with decreasing elastic modulus. A
reduction in the beam’s Young’s modulus increases the value of the bending wavenumber kg,

allowing for /2 to be larger than k]% whereby the vertical wavenumber &, becomes an
imaginary value and the wave from the beam interface is evanescent. Therefore, little to no
acoustic pressure radiates into the beam’s host-fluid at these lower frequencies
(approximately below 200 kHz).

Materials and Methods

Ultrasound-stimulated remote measurements

In total, 7=25 rabbit femoral bones (farm raised, unknown gender, and non-New Zealand
white rabbits) were obtained from a slaughterhouse. The typical lengths of the rabbit
femoral bones were 8 cm with /=32.9 mm# cross-sectional area moment of inertia. The
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overlaying soft tissue was removed. The elastic modulus of a selected number of intact ex
vivo rabbit femoral bone specimen (/7=12) were measured by a 4-point bending test using a
MTS servo hydraulic 858 (MTS Corporation, Minneapolis, MN) with TestStar Il control
software and an SMT2-2000N load cell (Interface Inc., Scottsdale, AZ). A preload was
applied to eliminate the error induced by uneven surface conditions. The samples were
tested to 50 N at a rate of 33.33 m/s. Load and displacement data were collected every 5 N.
The elastic modulus (£) of the bone was obtained using /=32.9 mm?* for the moment of
inertia and /=10 mm for the loading span distance. Thereafter, the specimens were
demineralized. Placing the specimens in containers with an excess amount of 20% acetic
acid, the bones were left in the acidic solution for 24, 48 and 72 hours. The specimens were
then placed in a 0.9% sodium chloride buffer solution and rinsed in sterile water. The elastic
modulus of a selected number of demineralized bones was measured by a 4-point bending
test: 24 hours (/7=13), 48 hours (/=5) and 72 hours (/=5). It should be noted, that not the
entire rabbit femoral specimen followed the progressive demineralization process from
intact, 24, 48 and 72 hours of demineralization. The bones were categorized as /7=23 intact
bones and demineralized bones (7=25): n=13 (24 h), n=7 (48 h) and =5 (72 h). Remote
acoustic measurements were conducted on the bone samples using a fully programmable US
platform (Verasonics V-1, Verasonics, Kirkland, WA USA) equipped with a 5MHz linear
array transducer to guide and focus the ARF beam. The US-guided ARF beam consists of a
5-cycle and 5045 toneburst focused on the bone surface. The radiated acoustic pressure is
obtained using the TC4034-1 omnidirectional hydrophone (Teledyne RESON, Slangerup,
Denmark, frequency range: 1 Hz to 470 kHz +3/ 10 dB; receiving sensitivity 218 + 3 dB (at
250 Hz)). The hydrophone is placed along the edge of the transducer. The hydrophone was
coupled to the bone surface using acoustic gel. It should be noted that the experiments were
not conducted in water. In Figure 4, a 0.5 cm non-attenuating gel pad was placed between
the transducer and bone surface to obtain an F-number >1 for an ARF beam focused on the
bone surface.

Principles of support vector machine

Cortes and Vapnik (Cortes and Vapnik 1995) first proposed the SVM as a binary decision
method which constructs the optimal hyperplane for a high dimensional feature space

(Fayyad 1996). Training data {(z;, yi)}fil, where z;is the feature vector belonging to the
class label y; € {-1,1}, is used to construct the optimal hyperplane by dividing the features
based on the class labels. To this end, the optimal hyperplane is determined by minimizing

the function,

B(w, &)= Lu” CQ
(w, §)= ¥ w+ 7:2157 -

with the following constraints to Eq. (5),
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where wis the normal vector to the hyperplane, £= 0 is the slack variable and Cis the
penalty factor. The solution to the optimization problem of Eq. (5) with constraints of Eq.
(6) is given by the Lagrangian ® ( w, b, a, & pP) , where a, Bare the Lagrange multipliers

00 00 9D
(Minoux 1986). The Lagrangian has to be minimized \ 9w~ 9b  9¢ ) with respect to

w, b, xand maximized with respect to the Lagrangian multipliers. The Lagrangian duality
satisfies both conditions by transforming Eq. (6) into a dual optimization problem

Q 100
max {g}:Zai—EzzaiajyiijT(Ei)w@j)
i=1 i=1j=1 7

with the following constraints,

OSCMSC. Z:1,,Q (88.)

Q
> aiyi=0
i=1

(8b)

where a are the support vectors, the inner product ¥/ (x) w(Xj) = K(Xj, X)) is the kernel
function. Solving Eqg. (7) with constraints Eq. (8) the optimal hyperplane in the feature space
is given by,

Q
f(z)=sgn (Zazyzf( (z, &-))
= ©

where sgnis a sign function.

SVM features and labels

Several features are extracted from the acoustic signal for the classification of bone
demineralization. The following features are extracted:

1. Velocity. The wave velocity in the bone is obtained by sequential remote
measurements at ARF foci distances ap and @ from the hydrophone. Figure 4b
shows the excitations at the two foci locations separated by Ad= d} - ay
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distance. The distance between the ARF foci (Ad') were Ag= 1 mm and 1.2 mm.
The time lag 7,4 at the peak of the cross-correlation function between the
measured signals is used to estimate the velocity feature. A threshold of > 0.9 for
the peak cross-correlation coefficient is established for the z,,, time lag. The
velocity is calculated as,

Ad

Tmax (10)

2. Root Mean Square (RMS). The RMS value for the measured signal at a distance
ap is obtained. The RMS is expressed as,

where AT is a time constant and x (¢) is the acoustic signal.

3. Ratio of Power (ROP): The power distribution of an acoustic response in the
frequency domain is determined using the ratio of the lower frequency band to
total frequency band (Martins, et al. 2014). The ROP value is given by:

SR Xl
Zitno Xk (12)

where m to , define the range of the lower frequency band, m to N, kHz define
the total frequency band, and X is the 4-th discrete Fourier transform of the
acoustic signal.

4. Average Weighted-Mean Frequency (AMF). The spectrogram weighted-mean
frequency of the acoustic signal at a time Zis given by,

() ~ JwS(t,w)dw
CStw)dw  (13)

where Sis the spectrogram and w is the angular frequency. Averaging {w) along
the spectrogram time axis yields the AMF feature.

The RMS, ROP, and AMF features are respectively determined from the temporal response,
spectral response and spectrogram analysis of the radiated pressure p(?). These features, as
defined above, are directly related to the attenuation of the radiated pressure. Therefore, a
decrease of the elastic modulus, as observed in the Euler-Bernoulli beam simulation in Figs.
2 and 3, would be reflected by these features. Each feature in Eqs. (11-13) is associated with
its class label e.g. intact, 24, 48 and 72 hours of bone demineralization.
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SVM training and classification

A dataset of M=48 total intact (7=23) and demineralized (7=25) bone features are used as
inputs into the SVM. Randomly selected subsets of Aintact and A/ demineralized bones are
utilized for training. Meanwhile, an M - 2N dataset is used for testing. LIBSVM, a widely
used SVM tool (Chang and Lin 2011), generates a decision model from the training dataset.
Thereafter, the LIBSVM decision model is used to classify the test dataset. This process is
repeated 1000 times for maximum accuracy. A flowchart of the SVM classification is
detailed in Figure 5.

Statistical analysis

Results

In order to assess the performance of the feature which best delineates demineralization, the
receiver operating characteristic (ROC) analysis was performed. An optimal cut-off value,
which maximizes the sensitivity and specificity of the ROC curve, was established. The one-
way ANOVA was utilized to test for significant differences in the acoustic features among
the demineralization states. The significant test was followed up with the Tukey’s HSD post-
hoc tests. The p values of less than 0.05 were considered to indicate statistical significance.
Statistical analyses were performed using MATLAB software.

Remote measurements

Table 1 summarizes the median and interquartile range (IQR, 25175t percentile) elastic
moduli of the intact and demineralized bones. The results demonstrate a p< 0.0001
significant difference between the bone states. The median values of the elastic moduli do
not necessarily decay monotonically. The variations in the median elastic modulus values
between the 24 and 48 hour demineralized bones are most likely due to residual mineral left
in the bone matrix (Summitt and Reisinger 2003) from the partial demineralization process.
This occurs because the demineralization process is not uniform along the bone. With full
demineralization, such as the 72 hour demineralization, the mineral content of the bone
varies minimally therefore the elastic moduli would be similar. This is demonstrated by the
lower interquartile range (0.05 GPa) of the 72 hour demineralized bones in comparison to
the other levels of demineralization.

In Figure 6a, the measured acoustic signal at distances ap and &, for an intact bone is
presented. One can clearly observe that the signal shape obtained at @; is approximately a
time delayed version of the measured signal at g distance. The received pressure signals
were bandpass filtered from 50 to 500 kHz, thereafter using Eq. (10) the velocity is
estimated. The frequency responses (normalized with the maximum magnitude) of an intact
and 72 hour demineralized bone measured at ¢ distance, are shown in Figure 6b. For
frequencies below 200 kHz, the magnitude of the demineralized bone is highly attenuated.
This was also observed in our simulation, and an explanation of this effect was provided.
Therefore, for the ROP feature the 50-150 kHz band will be used for the , — 5 low
frequency range. The 50-400 kHz band is used for the m — Aj total frequency band. Also,
the RMS feature is obtained for the bandpass filtered acoustic signal in the 50-100 kHz
frequency band.
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The spectrograms of an intact and 72 hour demineralized bone at ag are shown in Figures 7.
The spectrograms are constructed with a 4096 point rectangular time window and 4000
overlapping points. Figure 7b shows that the lower frequencies (< 200 Hz) are highly
attenuated in comparison to the intact bone spectrogram in Figure 7a. This results in an
AMF shift from 409 kHz (intact bone) to 426 kHz (72 hour demineralized bone). In Figure
8, comparative boxplots of the acoustic features for the intact and demineralized bones are
constructed. Figure 8a shows that the velocity features decrease with hours of bone
demineralization. The median velocity between intact (3540 m/s) and demineralized (2231
m/s) bones show a significant reduction in velocity. In Figure 8(b—d), no significant
difference was obtained for the RMS, ROP and AMF features. The ANOVA and post-hoc
test results are summarized in Table 2. The results demonstrate a significant difference
between intact and 72 hour demineralized bones for velocity, RMS, and ROP. Other notable
results from Table 2, 48 hour and 72 hour demineralized bones had a significant difference
in AMF and ROP.

Since velocity is the best feature delineating hours of bone demineralization, a velocity cut-
off value between intact and demineralized bone is established. According to the receiver
operating curve (ROC) analysis between intact and demineralized bones in Figure 9, the
optimal velocity cut-off value < 3019.6 m/s yields 80% sensitivity, 82.6% specificity and
83% positive predictive value (PPV).

SVM classification of bone demineralization

Figure 10(a—b) shows the maximum accuracy (the highest percentage bone condition
correctly classified using a specific training and testing dataset) of the LIBSVM
classification between intact and demineralized bones for each individual and combination
of acoustic features. Figure 10a shows that velocity and RMS are the best acoustic features
delineating demineralization, achieving a maximum accuracy > 80% with more than 10%
training data. Figure 10b shows that a maximum accuracy > 80% can be achieved using
various combinations of features in addition to velocity. The combination of all the features
has a maximum accuracy of 88% using 14% training data.

In Figure 10c, all the acoustic features are combined to classify between intact and the hours
of demineralization (24, 48 and 72 hours). A maximum accuracy of 100% is achieved with
10% training data for classification between intact and 72 hour demineralized bones. In the
classification between intact and 48 hour demineralized bones, the maximum accuracy
increases with the percentage of training data. The maximum accuracy increased from 50%
to 100% with 10% and 18% training data, respectively. The classification between the intact
and 24 hour demineralized bones has the lowest maximum accuracy (> 90%). However, a
maximum accuracy >80% is achieved for all the percentages of training data.

Discussion

In this study, ultrasound-guided remote measurements in combination with SVM were used
to classify the levels of bone demineralization. Acoustic features of the measured signals
were obtained from rabbit femurs. Velocity was the dominant acoustic feature delineating
with levels of bone demineralization. Previous ultrasound studies (Bossy, et al. 2004, Mehta,
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et al. 2001, Mehta, et al. 1998, Raum, et al. 2005), have shown velocity to be highly
correlated to the mechanical properties of bone tissues. The demineralization process
gradually reduces the bone elastic modulus (Burstein, et al. 1975), therefore changing the
flexural rigidity (product of the bone elastic modulus and moment of inertia) of the bone
(Guo, et al. 1991, Lewandrowski, et al. 1995). Flexural rigidity is directly related to the
velocity of the lower frequency waves, as well as the resonant frequency in vibrational
analysis (Van der Perre and Lowet 1996). Thus a reduction in flexural rigidity due to
demineralization lowers the velocity, which has been observed in our results.

In the ROC analysis, the optimal cut-off velocity value (< 3096 m/s) resulted in a low PPV
(< 70%) when classifying between intact and level (hours) of demineralized bones.
Applying a SVM approach, using all of the acoustic features for training and testing,
increased the classification accuracy of differentiating between intact and demineralized
bone (> 80%). Classifying intact and the 24 hour demineralization bones is a challenge, with
no significant difference between the two bone states.

There are several limitations of this work. Firstly, the bone specimen was assumed to be an
isotropic material. Thus, the elastic coefficient is assumed to be uniform in all directions.
Second, our receiving hydrophone is omnidirectional, as opposed to a directionally focused
transducer. Thus, the received pressure has contributions in all directions. However, since the
hydrophone is perpendicular to the bone surface, the displacement in this direction
(deflection) will be the main contributor to the received pressure. Third, the changes in
velocity with respect to the rabbit femoral bone density were not investigated. Since,
velocity is not solely dependent on the elastic modulus but is also related to density. It
should be noted however, that in the porcine experiments the elastic modulus decreased at
faster rate than the BMD results. Demonstrating that the elastic modulus is the dominate
factor reflecting the demineralization effects.

Further investigation, as well as additional data, is required to increase SVM classification
for the levels of bone demineralization. Additional acoustic parameters, such as attenuation,
can possibly further increase the accuracy of our SVM results. A larger dataset can aid in
identifying the levels of bone demineralization.
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Figure 1.

Porcine femur and tibia bone (a) BMD and (b) elastic modulus results. The error bars
represent +1 standard deviation of the measurements in each bone group.
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Figure 2.
Temporal response of radiated pressure from Euler-Bernoulli beams with £=5 GPa and £=

100 MPa elastic moduli.

Ultrasound Med Biol. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Denis et al. Page 18

w
o
o
w
o
o

60 -60
4 400 80 3400 80
z =
= 300 =100} =500 -100
g 120 g f l nne : | 1w
3 20 3 200 [y .w. il wIIH e
=3 140 T | LR |. i |
3 c MR oy l =140
w 100 160 w 100 I I ) )I ﬂl III‘ Ii f
0 | -180 0 EI nl m e
01 02 03 04 05 0.1 02 0.5
Time (ms) Time (ms)
(a) (b)
Figure 3.
Euler-Bernoulli beam radiated acoustic pressure spectrogram for (a) £=5GPa and (b) £= 100
MPa
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Hydrophone

Bone Specimen

(a)

Figure 4.

(b)

Experimental setup: Left panel - positioning of the transducer and the hydrophone on the
bone. Gel pad is used to provide appropriate distance to focus the beam on the bone surface.
Right panel — B-mode image showing the bone surface. The ultrasound beam in red is

focused on bone surface. In another experiment (see section on
is shifted by Ad.
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Figure 5.
SVM flowchart.

Ultrasound Med Biol. Author manuscript; available in PMC 2019 March 01.

Page 20



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Denis et al.

05

Magnitude (dB)

Amplitude
o

Intact
Demin.

|

0.025 0.03 005 80 130 180 230 280 330 380
Time, (ms) Frequency (kHz)

(a) (b)

05

Figure 6.
(a) Intact bone acoustic responses. (b) Frequency responses of an intact and 72
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Figure 7.
Spectrogram of an (a) intact and (b) 72 hour demineralized bone at distance.
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Boxplot comparisons of (a) speed, (b) average mean frequency, (c) ratio of power, and (d)
RMS as a function of hours of demineralization. The central box represents values from the
lower to upper quartile (25th — 75thpercentile). The line through each box represents the
median. Error bars show minimum and maximum non-extreme values. ‘+’, are extreme

values.
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Figure 9.
ROC curve of intact and demineralized bones.
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Figure 10.

LIBSVM analysis of (a) individual, (b) combination of acoustic features and (c) LIBSVM
analysis of hours of bone demineralization.
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Summary of the median and interquartile range (IQR, 25-75t percentile) elastic moduli of the intact and

demineralized bones.

Time of Demineralization (hrs) | # of bone samples | Median, GPa | IQR, GPa
0 (Intact) 12 5.19 0.85
24 13 0.75 1.33
48 5 1.54 0.47
72 5 0.02 0.05
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