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The goal of this study is to analyze the statistics of the backscatter signal from bovine cancellous bone using a
Nakagami model and to evaluate the feasibility of Nakagami-model parameters for cancellous bone characterization. Ul-
trasonic backscatter measurements were performed on 24 bovine cancellous bone specimens in vitro and the backscatter
signals were compensated for the frequency-dependent attenuation prior to the envelope detection. The statistics of the
backscatter envelope were modeled using the Nakagami distribution. Our results reveal that the backscatter envelope
mainly followed pre-Rayleigh distributions, and the deviations of the backscatter envelope from Rayleigh distribution de-
creased with increasing bone density. The Nakagami shape parameter (i.e., m) was significantly correlated with bone
densities (R = 0.78-0.81, p < 0.001) and trabecular microstructures (|R| = 0.46-0.78, p < 0.05). The scale parameter (i.e.,
£) and signal-to-noise ratio (SNR) also yielded significant correlations with bone density and structural features. Mul-
tiple linear regressions showed that bone volume fraction (BV/TV) was the main predictor of the Nakagami parameters,
and microstructure produced significantly independent contribution to the prediction of Nakagami distribution parameters,
explaining an additional 10.2% of the variance at most. The in vitro study showed that statistical parameters derived with
Nakagami model might be useful for cancellous bone characterization, and statistical analysis has potential for ultrasonic

backscatter bone evaluation.

Keywords: ultrasonic backscatter, cancellous bone, statistical analysis, Nakagami model

PACS: 43.60.+d, 43.80.+p, 42.25.Fx

1. Introduction

Osteoporosis is a metabolic bone disease that is charac-
terized by a systemic impairment of bone mass and microar-
chitecture, leading to an increased risk of fractures.!'=3! Cur-
rently, the diagnosis of osteoporosis centers on the bone min-
eral density (BMD) measured with dual energy x-ray absorp-
tiometry (DXA).[*! The DXA provides an area-based measure
of bone mineral and does not allow assessment of bone geom-
etry or inner trabecular microarchitecture, which are impor-
tant determinants of bone strength.!'! Quantitative ultrasound
(QUS) has been used as a promising and non-invasive tool for

5-15

bone assessment.!>~13 The ultrasonic through-transmission

measurements of calcaneus bones were widely used to predict
the fracture risk in the clinic.!1%-18]

Recently, ultrasonic backscatter has attracted attention
and has shown potential for cancellous bone evaluation.[!°-28]
With only one transducer working in the pulse-echo mode,
the backscatter measurement provides easier access to the hip
and spine bones, where osteoporotic fracture is more likely
to occur.!?”! Cancellous bone could be modeled as a random

isotropic continuum containing scatters and ultrasonic scatter-
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ing from cancellous bone could be estimated using a weak
scattering model based on small perturbations in a binary
mixture.?”) The ultrasonic backscatter was demonstrated to
be significantly correlated with BMD, trabecular structure and
elastic modulus. 303!

Statistical distributions have been used extensively in ul-

B4 Various models

trasonic characterization of soft tissues.
have been introduced in the literature for the first-order statis-
tics of the echo envelope. Based on the properties of the
backscatter statistics, the distributions of backscatter envelope
were initially classified into pre-Rayleigh, Rayleigh, and post-

135,36

Rayleigh (or Rice) distribution I Ultrasound speckle re-

sults from the accumulation of scattering from within the res-

olution cell.[37-38

| When the number density of random scat-
terers is large and the phases of the scattered waves are uni-
formly distributed over 0-27 (referred to as fully developed
speckle in B-mode image), the central limit theorem applies
and the envelope of the backscatter echo will be Rayleigh
distributed.3%40 If some of the scatterers are periodically or-
ganized or sufficiently dense such that there is little variation
in the phases of the scattered waves, coherent signal compo-

nent appears in net scattered field and the probability density
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function of echo envelope will be Rice distribution.3%*] Pre-
Rayleigh distributions corresponds to relatively fewer scatter-
ers per resolution cell (the central limit theorem does not ap-
ply), and the statistical properties were commonly determined
by the effective number of scatterers per resolution cell.[*]
The K-distribution was also used to model ultrasonic scatter-
ing from a variable density of random scatterers and the K dis-
tribution approximates to the Rayleigh distribution under con-
ditions of high values of the effective number of scatterers. 4]
The homodyned K-distribution corresponds to the general case
of a variable effective density of random scatterers with or
without a coherent signal component and was considerably
more general than the Rayleigh model to describe the statistics

341 A much simpler model

of the backscattered envelope.!
based on the Nakagami distribution could describe the statis-
tics of the backscattered envelope from an ensemble of scat-
terers with varying number densities, varying cross sections,
and the presence or absence of regularly spaced scatterers
(i.e., coherent component).'3®! The Nakagami model is a gen-
eral model that can incorporate Rayleigh or K distributions as
special cases with different values of the shape parameter m.
Shankar showed that the Nakagami distribution corresponds
to a Rayleigh distribution with m = 1, Rice distribution with
m > 1, and pre-Rayleigh distributions with m < 1.136] De-
strempes et al. also proved that, for all practical purposes,
the Nakagami model coincides with the K-distribution and
Rice (or Rician) distribution for the case m < 1 and m > 1,
respectively.[*!] The Nakagami distribution is an approxima-
tion to the homodyned K-distribution, but comprising two pa-
rameters instead of three.[*!! Therefore, the Nakagami model
is a general model that has the advantages of a simple ana-
lytical nature and the ability to encompass different scattering
conditions, which might be useful in modeling the backscatter
signal from cancellous bone with quasiperiodic and random
scatterers.

Cancellous bone is a porous tissue that is composed of
plate-like or rod-like trabeculae and bone marrow that fills in
the pore spaces.!**1 Due to a relatively high mismatch of
the acoustic impedance between the trabeculae and soft tis-
sue (i.e., bone marrow), cancellous bone can be treated as a
scattering medium. 46! The ultrasonic echoes scattered by the
trabeculae in cancellous bone can be described as a result of
the random walk process.[*”) The received backscatter signal
is a superposition of the ultrasonic echoes scattered by the tra-
beculae in a resolution cell.’®%! Wear and Garra measured
the signal-to-noise ratio (SNR) of the backscatter envelope
(not compensated for attenuation) from calcaneal bone and
revealed that the radio frequency signal approximately obeys
circular Gaussian statistics and the envelope obeys Rayleigh
statistics.[*®! Litniewski er al. modeled the envelope of ul-
trasonic backscattered echoes from trabecular bone using the

Rayleigh distribution and found deviations of the backscatter-
ing properties from the Rayleigh distribution.!?’! Wang et al.
measured the backscatter signal in the tibia and the calcaneus
in vivo, and found that the Nakagami parameters for osteo-
porotic patients are higher than those for healthy subjects. 7]
The results imply that the statistics of the backscatter signal in
the cancellous bone might be useful for quantitative measure-
ment of the bony tissues.

The goal of this study is to analyze the associations be-
tween Nakagami parameters and bone densities and structure,
and to evaluate the availability of using the Nakagami distribu-
tion parameters for cancellous bone characterization. In-vitro
backscatter measurements were performed on bovine cancel-
lous bone specimens, and statistics of the backscatter enve-
lope was analyzed using Nakagami model. The associations
between the Nakagami parameters and the bone features were
analyzed using simple and multiple linear regressions.

2. Materials and methods
2.1. Nakagami distribution model

Initially, the Nakagami model was proposed to describe
the statistics of returned radar echoes. Shankar invoked this
model for the ultrasonic characterization of soft tissue.*®! Un-
der the Nakagami model, the probability density function of
the envelope is defined by

mp2m—1
p(R) = %exp (-57): M
where I'(+) is the Euler gamma function, R is the envelope of
the backscatter signal, and m is the Nakagami shape parame-
ter. Statistical distributions of backscatter envelope are mainly
dependent on the shape parameter m. The parameter m is ex-
pressed from the moments of the envelope as

[E (R*))*
E[R2—E(R)]*

m= @)

The scaling parameter £ is related to the average energy
or power in the signal and can be obtained from the expec-
tation of the second moments of the ultrasonic backscattered
envelope

Q=E (R (3)

The signal-to-noise ratio (SNR) of the backscatter enve-
lope can be computed as a ratio of the mean to the standard
deviation of the envelope,

E(R)

SNR= ——t .
E(R*)—E(R)?

“

In Eqgs. (2)—(4), E stands for the statistical mean or the expec-
tation.
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2.2. Cancellous bone specimen

Cancellous bone specimen was cut from the proximal
end of fresh bovine femurs along the anatomic orientations
(i.e., proximal-distal, medial-lateral, and anterial-posterial di-
rections). With the dense cortical part removed, the cancellous
bone specimen was sawed into a cuboid shape (approximately
2.0 x2.0 x 1.5 cm) in a local machining center. The bone mar-
row was flushed out using a high-pressure water jet. After the
water flush, the bone specimens were stored for 48 hours in a
solution of 1:1 chloroform/ethanol to dissolve any remaining
bone marrow. A total of 24 cancellous bone specimens were
used in this study.

The bone specimens were degassed in distilled water
and underwent a Micro-CT scan (Sky-scan1076, Skyscan,
Antwerp, Belgium) for measurement of the bone density and
microstructure. The Micro-CT measurement was performed
by certified technicians. The bone specimens were scanned
and reconstructed with a spatial resolution of 18 um. Recon-
struction was done using NRecon®software (version 1.6.9.8,
Skyscan, Antwerpen, Belgium). A cuboid volume of interest
(approximate 10 mm in length) within the center of each bone
specimen was delineated for data analysis. Morphological
properties of trabecular structure were measured using direct
method without any model-based.3! The CT Analyzer soft-
ware suite (CTan, version 1.14.4.1, Skyscan, Antwerp, Bel-
gium) was employed to calculate the BMD and microstruc-
tural information of the specimens, including the bone vol-
ume fraction (BV/TV), the bone surface over the total volume
(BS/TV), mean trabecular thickness (Tb.Th), trabecular num-
ber density (Tb.N), mean trabecular separation (Tb.Sp), con-
nective density (Conn. D), structure model index (SMI) and

the degree of anisotropy (DA). 4]

2.3. Ultrasonic backscatter measurements

Figure 1 shows a schematic view of the backscatter mea-
surement system. The ultrasonic backscatter measurements
were performed using a three-dimensional ultrasonic scanning
system (Ultra-pac scanning, PK268-03B, NJ, USA). A fo-
cused ultrasonic transducer (V305, the diameter A = 0.75 inch
(1 inch=2.54 cm), focal length F = 1 inch, central frequency
is f = 2.25 MHz, Olympus-Panametrics Inc., MA, USA) was
immerged in degassed water and used to transmit the ultra-
sonic signals. Cancellous bone specimens were placed in de-
gassed water tank. The distance between bone specimens and
transducer was adjusted in each case so that the depth of the
backscatter signal used for data analysis (approximately 8 ps—
14 us, as shown in Fig. 2) was approximately centered about
the transducer focal length.[?3 The ultrasonic beam was along
the medial-lateral direction of the specimens and the ultra-
sonic waves propagated perpendicular to the main trabecular
orientation.['%#*] The backscattered signal was received by the

same transducer and recorded with a 128-waveforms average
in the time domain to reduce the random noise. The sam-
ple frequency of the backscatter signal was 100 MHz. Us-
ing a 3-axis motor controller (Ultrapac scanning, PK268-03B,
NJ, USA), spatial scan was performed on each bone speci-
men with a 1.0-mm interval, and the scanned region of interest
was 1.0 x 1.0 cm across the top of bone specimen. Therefore,
100 A-line backscatter signals from different locations were
obtained for each specimen. The backscatter signals were
stored for offline analysis. Considering the bone samples in
a cuboid shape (approx. 2.0 x 2.0 x 1.5 cm) and the ultrasonic
scanned region of interest (1.0 X 1.0 cm), there was at least
approx. 4-mm bone tissue between the ultrasonic mainlobe
beam and the surrounding border of bone sample. Therefore,
the contribution of reflected waves from surrounding trabecu-
lar border was relatively small and might be neglected. The
analyzed backscatter signal was mainly derived from the scat-
tering from the internal structure of cancellous bone. The wave
reflected by a polished steel plate at the focal length of the
transducer was measured as the reference signal. The effec-
tive frequency band (1.46 MHz-3.22 MHz) was determined
from the —6-dB bandwidth of the reference signal.

oscilloscope

(HP 54642A)  [€—» PC

! !

] backscatter signals
pulser/receiver

(panametrics 5900PR)
7y

3-axis motor controller
(Ultrapac scanning,
PK268-03B)

transducer

specimen

water tank

Fig. 1. A schematic view of the backscatter measurement system.

2.4. The backscatter signal analysis

The frequency-dependent attenuation was estimated
using a short time Fourier analysis multinarrow-band
technique.>3>% A narrow rectangular window (length =2 ps)
was displaced with 50% overlap along each analyzed part of
backscatter signal (8 pus—14 ps) and the backscatter power
spectrum was obtained with each windowed signal. The power
spectrum from all scanned sites were averaged to obtain the
spatially averaged power spectrum. Assuming that the trabec-
ular bone specimen is homogeneous, the frequency-dependent
attenuation (ct(f)) could be estimated as a function of fre-
quency from the slope of a linear fit to the logarithmic de-
cay of the spatially averaged power spectrum versus ultra-
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sonic propagation depth in cancellous bone.[*>° The mea-
sured normalized broadband ultrasound attenuation (nBUA)
of the bone specimens had a mean = standard deviation of
16.7 + 2.7 dB/MHz/cm, and ranged from 8.7 dB/MHz/cm to
23.0 dB/MHz/cm.

The measured backscatter signals were compensated
for the frequency-dependent attenuation in the following
method. ?°! First, the backscatter signal was fast Fourier trans-
formed (FFT) to obtain the amplitude spectrum. Then, each
spectral component in effective frequency band was individ-
ually compensated for ultrasonic attenuation. Next, inverse
Fourier transform was applied to the attenuation-compensated
spectrum. Finally, the attenuation-compensated backscatter
signal (S(¢)) was determined as the real part of the constructed
complex signal. The frequency-dependent-attenuation com-
pensation process is described by the formula?"!

S(¢) = Real fmZMFFwaexp(Za (f)ct)-exp(=2mift)|, (5)
Smin
where FFT is a complex spectrum of original backscatter sig-
nal, ¢ denotes velocity of the longitudinal wave in trabecular
bone, a(f) is the frequency-dependent attenuation of ultra-
sound waves, i stands for the imaginary unit, and [ finin — fmax]
is the effective frequency band.

JR— original backscatter signal

0.6 |' compensated backscatter signal
i[ =—=-envelope
0.4_ |I :...
> Voo b
~ 0.2 i
9
e}
£ o0
E
s —0.2
—0.4F
selected signa
—0.6F
1 1 1 1 1 1 1 1 1
0 4 8 12 16 20

Time/us
Fig. 2. A typical original backscatter signal and the attenuation-
compensated backscatter signal from cancellous bone.

Figure 2 shows a typical A-line original ultrasonic
backscatter signal and the attenuation-compensated wave-
form. The envelope of the backscatter signal was obtained
using Hilbert transform. A specular echo (i.e., reflected wave)
with relatively large amplitude is usually observed in front
of the backscatter signal. The reflected wave is a specular
reflection resulting from the mismatch between the acous-
tic impedances of soft tissue (or water) and bone. To ana-
lyze the backscattering effect of cancellous bone, the specular
echo was usually excluded in the backscatter analysis.!!%>!]
As illustrated in Fig. 2, a rectangular window (length=6 us)
starting after the excluded signal (length=4 us) was used to
select the backscatter envelope for data analysis. For each

bone specimen, the measured 100 A-line backscattered wave-
forms with a 6-ps-duration analyzed signal (sampling fre-
quency = 100 MHz) resulted in a data sequence of 6 x 10* en-
velopes, which are sufficient for statistical analysis. The Nak-
agami parameters m, €2, and the SNR were calculated with the
analyzed envelopes (6 x 10* data for each bone specimen) us-
ing Eqgs. (2)—(4), respectively. Considering that the frequency-
dependent attenuation was compensated for the backscatter
signal, different selections of backscatter signal showed little
influence on the backscatter statistics.

2.5. Statistical data analysis

Descriptive statistics and the distribution of all of the
measurements were examined. Means and standard deviations
(SD) were calculated for all of the bone and backscatter pa-
rameters. Kolmogorov—Smirnov (KS) tests were conducted
to test the hypothesis that the backscatter envelope followed
a Nakagami distribution with the measured model parame-
ters. Using simple linear regressions, we assessed the relation-
ships between bone features and Nakagami-model parameters.
Finally, forward stepwise multiple regressions were used to
produce optimal models for predicting Nakagami distribution
properties using combinations of bone density and microstruc-
tural variables. The introduction and removal of new variables
in the equation was analyzed with regard to significance of R
change (an entrance tolerance of 0.05, and an exit tolerance of
0.10). The adjusted multiple R? of these optimal models was
calculated as well as the increase of R> (AR?), representing the
variance of backscatter properties explained by these optimal
models independently of BV/TV. Statistical results were con-
sidered significant for p values less than 0.05, except specifi-
cally noted. All of the statistical computations were processed
in MATLAB (Mathworks, Natick, MA).

3. Results
3.1. Descriptive statistics for backscatter in cancellous
bone

Table 1 lists the descriptive statistics for the Nakagami pa-
rameters and bone features. The Nakagami parameter m was
with a mean £ standard deviation of 0.84 0.13, ranged from
0.58 to 1.09. The SNR of the envelope was 1.84 £0.09, in
the range of 1.63 to 1.97. KS tests showed that the backscatter
envelope followed a Nakagami distribution with the measured
parameters m and 2 at a 0.05-significance level (KS test fails
to reject the null hypothesis at the 0.05 significance level). Fig-
ure 3 shows examples of histograms of the backscatter enve-
lope from cancellous bone specimens with low bone density
(a) and high bone density (b). The fitted Rayleigh distribution
and theoretical Nakagami distribution were also illustrated in
Fig. 3. Note that for Rayleigh distributions, m is equal to 1,
and SNR is 1.91.0536] The value of m and SNR indicated
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that there was a deviation from Rayleigh distribution and the
backscatter signal from cancellous bone mainly followed pre-
Rayleigh distributions. As bone density increased, the devia-
tion from Rayleigh distribution decreased and the backscatter
envelope gradually yield Rayleigh statistics for high-density
cancellous bone.

Table 1. Descriptive statistics for the Nakagami model parameters and
bone features. SD: standard deviation.

Variables Unit Mean SD Min Max
m - 0.84 0.13 0.58 1.09
Q v? 0.006 0.003 0.001 0.012
SNR - 1.84 0.09 1.63 1.97
BMD glem? 0.23 0.07 0.12 0.37
(BV/TV) % 26.68 9.35 13.35 43.04
(BS/TV) 1/mm 4.34 1.13 2.39 6.73
Tb.Th mm 0.20 0.04 0.13 0.29
Tb.N 1/mm 1.31 0.38 0.68 2.14
Tb.Sp mm 0.60 0.16 0.32 0.88
Conn.D 1/mm? 12.74 10.64 291 51.47
SMI 1 0.84 0.53 -0.48 1.77
DA 1 1.95 0.34 1.28 2.78
7000
3 (a)_\ —— Nakagami distribution
6000 A —-—Rayleigh distribution
5000
) L BV/TV =17.0%
ﬁ 4000+ Nakagami m =0.67
-g | Nakagami 2=0.004 V2
2 3000 SNR=1.75
Z -
2000
1000
O I ; lu:l“ - 1 j - L
0 0.10 0.20 0.30 0.40
Envelope/V
7000
L (b) —— Nakagami distribution
6000 - —-—Rayleigh distribution
5000
% 4000 BV/TV =34.8%
*g L Nakagami m = 0.98
5 3000 F Nakagami 2 =0.005 V2
z I SNR=1.92
2000
1000
0
0 0.10 0.20 0.30 0.40
Envelope/V

Fig. 3. Examples of histograms of the backscatter envelope from can-
cellous bone specimens with (a) low density and (b) high density.

3.2. Associations between Nakagami statistics and bone
features
The scatter plots of the associations between the param-
eter m and BV/TV and mean trabecular number (Tb.N) are
shown in Fig. 4(a) and Fig. 4(b), respectively. The m yield a

significant correlation with the BV/TV (R = 0.81, p < 0.001).
A significant, positive correlation was found between m and
Tb.N (R =0.77, p < 0.01). As shown in Fig. 5, significant
correlations were observed for the parameter 2 and the BMD
(R =0.8, p <0.001) and the structure model index (SMI,
R=-0.65, p <0.01).

1.1}

1.0

0.9 r

0.8 |

m

0.7 F

0.6

0.5

(a) .

R=0.81, n =24, p<0.001

10 20 30 40 50
(BV/TV)/%

1.1k
1.0
0.9}
g 08F
0.7}
0.6 |

0.5

R=0.77, n =24, p<0.001

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Tb.N/mm™!

Fig. 4. The associations between (a) parameter m and BV/TV and be-
tween (b) parameter m and Tb.N.

0.012F

0.010

0.008}

Q/v?

0.004

0.002}

0_

0.006

() -

R=0.80, n =24, p<0.001

0.10 0.15 0.20 0.25 0.30 0.35 0.40

BMD/g-cm—3

0.012

0.010

0.008

0.006

Q/V?

0.004

0.002

R=-0.65, n =24, p<0.001 -

1
—-0.5 0 0.5 1.0 1.5 2.0

SMI

Fig. 5. The associations between (a) parameter 2 and BV/TV and be-
tween (b) parameter 2 and SMI.
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Table 2 summarizes Pearson’s linear correlations between
the statistics of the backscatter signal and the bone features.
The statistics from the backscatter signal were significantly
correlated with BMD (R = 0.76-0.8, p < 0.001), BV/TV
(R=0.77-0.81, p < 0.001) and the microstructure of cancel-
lous bone (|R| = 0.41-0.78, p < 0.05). No significant cor-
relations were observed between the backscatter statistics (m,
Q, and SNR) and the degree of anisotropy (DA). Among the
bone features, the BV/TV yielded the best correlation with the
Nakagami parameters and SNR of the backscatter envelope.

Table 3 summarizes the optimal models for predicting
Nakagami distribution parameters using combinations of bone

density and microstructural variables. The results showed

that the BV/TV was the main determinant of Nakagami pa-
rameters. Among the microstructures, only mean trabecular
bone separation (Tb.Sp), bone surface over the total volume
(BS/TV) and SMI produced significantly independent contri-
bution to Nakagami distribution parameters, and the increase
of the variance explained was small (AR2 =6.4-10.2%, p <
0.05). The multiple regression models based on BV/TV com-
bined trabecular microstructure achieve slightly better predic-
tive performances (adjusted R? = 0.74 at best, p < 0.001) than
models based on BV/TV alone. The BMD did not contribute
significantly to the multiple regression models in prediction of

Nakagami distribution parameters.

Table 2. Linear correlations between the distribution statistics and bone features. Bold values indicate better correlations than other results and
corresponds with the most predictive univariate predictor. p < 0.05; ®p < 0.01; ¢p < 0.001.

BMD BV/TV BS/TV Tb.Th Tb.N Tb.Sp Conn.D SMI DA

m 0.78¢ 0.81¢ 0.78¢ 0.49 0.77¢ -0.78¢ 0.53b -0.46 n.s.
Q 0.80° 0.81¢ 0.69¢ 0.45% 0.71¢ ~0.59° 0.432 -0.65¢ n.s.
SNR 0.76° 0.77¢ 0.68¢ 0412 0.68¢ —0.69° 0.42¢ -0.53b n.s.

Table 3. Multiple regression models predicting Nakagami-model parameters with bone densities and microstructure. The associations were
positive unless otherwise indicated by a negative sign before the independent variable. 2p < 0.05; ®p < 0.01; ¢p < 0.001. The third column is
the root mean square error (RMSE) of the regression. The fourth column is the square of the adjusted Pearson’s correlation coefficient of the
regression. The fifth column is the increase in the square of the adjusted Pearson’s correlation coefficient compared to a univariate regression

based on BV/TV as the independent variable.

Dependent variable Independent variables in model RMSE Adjusted R? AR?/%
m BV/TV¢, Tb.Sp®, BS/TV? 0.06 0.74 10.2
Q BV/TV¢, SMI* 0.02 0.70 6.4
SNR BV/TV¢, Tb.Sp?, BS/TV? 0.05 0.66 9.6

4. Discussion

The backscatter signal from cancellous bone was influ-
enced by the backscatter effect, ultrasonic attenuation and
transducer diffraction properties. Ultrasonic attenuation in
cancellous bone was much heavier than that in soft tissue.
The frequency-dependent attenuation of ultrasound produced
a depth-dependent exponential decay for the backscattered sig-
nal in cancellous bone. The attenuation affect the amplitude
and frequency content of the scattered signal and thus sig-
nificantly influenced the envelope statistics. Therefore, we
compensated the frequency-dependent attenuation for ultra-
sonic backscatter signals in cancellous bone. A strong fo-
cused transducer (f-number = 1.33) was used in the backscat-
ter measurements. Due to the effect of focusing, the ultra-
sonic beam was variated with ultrasonic propagation depth
along the main axis. In the backscatter measurements, the ul-
trasonic interrogated trabecular volume (approximate 5.0 mm
in length) was centered about the focal point of the trans-
ducer. Considering that 1-dB decay of the sound intensity
along the main axis corresponded to a depth of focus of ap-

prox. 80y x A x (F/A)?> = 5.4 mm (04 = 0.51 correspond-

52,531 We can see that

ing to 1-dB ultrasound intensity decay).!
the variation of the analyzed ultrasound signal due to focusing
effect was quite small (less than 1 dB). The impact of focus-
ing on the analyzed signal could be diminished with the mea-
sured trabecular volume centered about the transducer focal
length.[?3!

The statistics of backscattered envelope were essentially
dependent on the effective number of scatterers per resolution
cell.’*1 The volume of resolution cell (VRC) was mainly de-
termined by the ultrasonic beam profile and the range resolu-

tion of backscatter measurement. 38->

I Assuming the speed of
ultrasound at 2.25 MHz in cancellous bone is v = 1690 m/s
(Riekkinen et al., 2006), the range resolution of ultrasound
waves is determined as AL = v x AT/2 = 0.93 mm, 38>
where AT = 1.1 ps is the pulse length corresponding to pulse
waveform above — 10-dB threshold of the reference signal.
The lateral radius of the —10-dB mainlobe beam is estimated
as r = 0.94 x F/A = 0.90 mm,*72] where the transducer
diameter A = 0.75 inch, focal length F = 1 inch. Consid-
ering the main beam is in a circular shape in lateral direc-

tion, the cross-sectional area of the beam was approximately
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2.54 mm?. The VRC could be estimated as the product of
the cross-sectional area of the —10-dB mainlobe beam and the

range resolution, i.e., VRC=2.36 mm?3, 38

! The mean tra-
becular number (Tb.N) describe the number density of trabec-
ular scatterers (i.e., the regular and diffuse trabecular bones).
Therefore, the number of scatterers per resolution cell is es-
timated as VRC x Tb.N? = approximately with a mean value
of 5.3, ranged from 0.7 to 23.1 scatterers (the Tb.N is with a
mean value of 1.31/mm, ranged from 0.68/mm to 2.14/mm).

The measured Nakagami parameter m, ranged from 0.58
to 1.09, yield significant positive correlations with bone den-
sities and trabecular number density. The number of scatter-
ers in resolution-cell volume is estimated ranged from fewer
than 1 to plenty 23.1 scatterers, dependent on the bone den-
sity of the specimens. Considering that the low-density bone
specimens with relatively small Tb.N, the number density of
scatterers in resolution-cell volume seems not high enough
to meet the requirements of the central limit theorem. Ac-
cording to Shankar, a few scatterers in the range cell (a low
concentration) result a pre-Rayleigh distribution or Nakagami-
Gamma distribution with m < 1.13¢] Therefore, the backscat-
ter envelopes from the low-density cancellous bones mainly
followed pre-Rayleigh distributions (m < 1 and SNR < 1.91).
The Rayleigh (Nakagami m = 1 and SNR =1.91) and Rice dis-
tributions (Nakagami m > 1 and SNR > 1.91) emerged only
when the number density of the scatterers is high enough (a
high concentration) to meet the requirements of the central
limit theorem. 3647361 With increasing bone density, the num-
ber density of scatterers (trabecular bones) increased (Tb.N
was positively correlated with BV/TV) and approached the re-
quirements of the central limit theorem, the envelope of the
backscatter signal changed from pre-Rayleigh to Rayleigh dis-
tributions, resulting in an increase in the Nakagami parameter
m and the SNR of the envelope. That might be the reason for
the positive correlations observed between parameter m (and
SNR) and the bone density and Tb.N. The scaling parameter
Q, calculated as the expectation of the second moments of the
backscattered envelope, was related to the average energy or
power in the signal. Note that the backscatter scatter signal
was compensated for ultrasonic attenuation in this study. As
the bone densities increased, the backscatter cross-section in-
creased and the signal energy of the backscatter signal was
increased. Therefore, positive correlations were observed be-
tween £ and the bone density measurements.

The Nakagami distribution statistics (m, €2, and SNR)
yielded significant correlations with the bone densities (BMD
and BV/TV) and trabecular structural features. The best deter-
minant for the backscatter distribution statistics was BV/TV,
explaining approx. The 59%—66% of the variance in the Nak-
agami statistics, and the remaining variance might be due to
other factors such as bone microarchitecture or measurement

errors. Multiple linear regressions based on bone density plus
microarchitectural features achieve slightly better predictive
performance than models based on bone density alone, which
indicates that trabecular microstructure produced significant
contributions to the prediction of backscatter statistics (m, €,
and SNR) independent of bone densities. It is important to
note that the envelope statistics are not only dependent on the
nature of trabecular bone being measured, but also are depen-
dent on the resolution cell volume of backscatter measurement
system. The variation in the number of scatterers in resolu-
tion cell volume may be due to the insonating frequency, pulse
shape, and the characteristics of the transducer. Measurements
with different transducers would have a direct influence on the
statistics of the backscatter envelope. Therefore, careful de-
sign of backscatter measurement system is quite necessary for
the statistics of backscatter envelope from trabecular bone.
One limitation of this study is that bovine cancellous bone
were used in the in-vitro backscatter measurements. In addi-
tion to that the bovine bone was slightly denser than human

6.241 there might be some difference in the ar-

cancellous bone, !
chitecture between bovine bone and human bone. The Tb.Th
of bovine bone specimens in this study (0.20+0.04) was much
bigger than that of human bone (0.138 £0.025),[%?*! while ap-
proximately same values of Tb.N (1.31 £ 0.38/mm for bovine
bone in this study and 1.33 & 0.40/mm for human bone).[®->4]
The Nakagami model parameters might have potential for can-
cellous bone characterization, but the extrapolation of conclu-
sions drawn from bovine bones to human bones should be
more careful. The present in-vitro study was performed on
cancellous bone without the cortical bone and overlying soft
tissue. However, the outer cortical bone and overlying soft
tissue emerge naturally for in vivo measurements. The over-
lying soft tissue and cortical bone will produce a frequency-
dependent attenuation of ultrasonic waves, 1571 while the influ-
ence on Nakagami model parameters await future studies be-
fore clinical application. The multiple reflections in the dense
cortical bone showed significant influence on the backscatter

38391 We suspect the multiple reflected waves might

signal.!
also produce interference signals for the measurement of Nak-
agami model parameters. The influences of soft tissue and
cortical bone need to be determined before the in vivo mea-
surement of cancellous bone using the Nakagami distribution

model.

5. Conclusions

In conclusion, in-vitro ultrasonic backscatter measure-
ments were performed, and a general Nakagami model was
adopted for bone evaluation. The statistics of the backscat-
ter envelope yielded moderate to strong correlations (R up to
0.81, p < 0.001) with bone density and microstructure mea-
surements. The results also demonstrated that the backscat-
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ter signal from cancellous bone mainly followed pre-Rayleigh

distributions. Multiple linear regressions showed that BV/TV

was the main determinant of Nakagami parameters, but mul-

tiple models based on BV/TV combined with trabecular mi-
crostructure (i.e., SMI, BS/TV, and Tb.Sp) achieve slightly
better predictive performances than models based on BV/TV

alone, with a moderate increase of the variance explained

(AR?

=10.2% at best, p < 0.05). The parameters derived with

Nakagami model might be used for cancellous bone charac-

terization. This study suggests that the statistical models have

potential for the ultrasonic backscatter characterization of can-

cellous bone.
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