CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Amplitude modulation excitation for cancellous bone evaluation using a portable

ultrasonic backscatter instrumentation

Boyi Li(Z=18Z), Chengcheng Liu(X1] %), Xin Liu(XI|fiX), Tho N. H. T. Tran, Ying Li(Z=#), Dan Li(Z% H.), Dongsheng
Bi(E 7 42), Duwei Liu(XIIJE4)), and Dean Ta(fth 15 %)

Citation:Chin. Phys. B, 2022, 31 (11): 114303. DOI: 10.1088/1674-1056/ac7a18

What follows is a list of articles you may be interested in

Nonlinear inversion of ultrasonic guided waves for in vivo evaluation of cortical bone

properties

Xiaojun Song(K/NZE), Tiandi Fan(#t K Hh), Jundong Zeng(® 12 4¢), Qin-Zhen Shi(£1 #)#), Qiong Huang(#Es),
Meilin Gu(JliZE#k), Petro Moilanen, Yi-Fang Li(Z= X /7), and Dean Ta({th 15 %)
Chin. Phys. B, 2022, 31 (7): 074301.  DOI: 10.1088/1674-1056/ac3eca

Single SH guided wave mode generation method for PPM EMATs

Guo-Fu Zhai(# [E &), Yong-Qian Li(Z 7k &)
Chin. Phys. B, 2020, 29 (5): 054303.  DOI: 10.1088/1674-1056/ab81f8

Ultrasonic backscatter characterization of cancellous bone using a general Nakagami

statistical model

Chengcheng Liu(XI| i), Rui Dong(#4< &), Boyi Li(4=1#2)), Ying Li(Z=30), Feng Xu(#1%), Dean Ta(fth 15 %2), Weiqi
Wang(F g )
Chin. Phys. B, 2019, 28 (2): 024302. DOI: 10.1088/1674-1056/28/2/024302

Influence of mode conversions in the skull on transcranial focused ultrasound and

temperature fields utilizing the wave field separation method: A numerical study

Xiang-Da Wang(F4£1X), Wei-Jun Lin(#£41: %), Chang Su(751%), Xiu-Ming Wang( .75 )
Chin. Phys. B, 2018, 27 (2): 024302. DOI: 10.1088/1674-1056/27/2/024302

Acoustic-electromagnetic slow waves in a periodical defective piezoelectric slab

Xiao-juan Li(Z=/)MH), Huan Ge(% XR), Li Fan(YE#), Shu-yi Zhang(5K#1X), Hui Zhang(7K#%), Jin Ding( T £h)
Chin. Phys. B, 2017, 26 (7): 074302.  DOI: 10.1088/1674-1056/26/7/074302


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7a18
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7a18
https://doi.org/10.1088/1674-1056/ac7a18
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac3eca
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac3eca
https://doi.org/10.1088/1674-1056/ac3eca
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab81f8
https://doi.org/10.1088/1674-1056/ab81f8
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/024302
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/024302
https://doi.org/10.1088/1674-1056/28/2/024302
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/2/024302
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/2/024302
https://doi.org/10.1088/1674-1056/27/2/024302
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/7/074302
https://doi.org/10.1088/1674-1056/26/7/074302

Chin. Phys. B 31, 114303 (2022)
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The ultrasonic backscatter (UB) has the advantage of non-invasively obtaining bone density and structure, expected
to be an assessment tool for early diagnosis osteoporosis. All former UB measurements were based on exciting a short
single-pulse and analyzing the ultrasonic signals backscattered in bone. This study aims to examine amplitude modulation
(AM) ultrasonic excitation with UB measurements for predicting bone characteristics. The AM multiple lengths excitation
and backscatter measurement (AM-UB) functions were integrated into a portable ultrasonic instrument for bone charac-
terization. The apparent integrated backscatter coefficient in the AM excitation (AIBay) was evaluated on the AM-UB
instrumentation. The correlation coefficients of the AIB sy estimating volume fraction (BV/TV), structure model index
(SMI), and bone mineral density (BMD) were then analyzed. Significant correlations (|R| = 0.82 —0.93, p < 0.05) were
observed between the AIB Ay, BV/TV, SMI, and BMD. By growing the AM excitation length, the AIB sy values exhibit
more stability both in 1.0-MHz and 3.5-MHz measurements. The recommendations in AM-UB measurement were that the
avoided length (T1) should be lower than AM excitation length, and the analysis length (T2) should be enough long but
not more than AM excitation length. The authors conducted an AM-UB measurement for cancellous bone characterization.
Increasing the AM excitation length could substantially enhance AIBay values stability with varying analyzed signals.
The study suggests the portable AM-UB instrument with the integration of real-time analytics software that might provide

a potential tool for osteoporosis early screening.

Keywords: ultrasonic backscatter measurement, amplitude modulation, osteoporosis, bone diagnosis
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1. Introduction

Osteoporosis is a systemic skeletal and metabolic
disease!! 3! that is becoming a serious public health challenge
to both developed and developing countries. It occurs in the el-
derly, the pregnant, or even adolescents. *! Longevity resulting
in aging populations may lead to an increase in prevalence.l!
The researchers estimated that the majority of adults over the
age of 50 years in China will surge from 15.55% in 1990 to
23.43% in 2050.1°! In recent years, osteoporosis has brought a
heavy economic burden!”! to patients and society. %!

The key to osteoporosis early diagnosis is detecting
bone characteristics degeneration. Bone characteristics de-
generation relies on multiple factors,®! including bone min-
eral density (BMD) and microstructure reduction, which are
strongly associated with morbidity and disability.l'’) Com-
monly, BMD reduction is considered of substantial impor-
tance to the strength of bones and correlates to osteoporotic
fracture.l'!] On the other hand, microstructures characteris-
tics such as the bone volume fraction (BV/TV), the struc-
tural model index (SMI), the trabecular thickness (Tb. Th),
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and the trabecular number (Tb. N), are also responsible for
the compression strength of the bone and are crucial factors
for bone integrity. Additionally, collagen type I in bones es-
sentially provides the bone with tensile strength and ductil-
ity due to its viscoelastic properties. Now advanced age,!'”!
genetics, ethnicity,!'*! low body weight, physical inactivity,
diet, heavy smoking, excessive alcohol consumption, vitamin

4] are known risk

D deficiency, and inadequate calcium intake
factors for osteoporosis. Lactation and postmenopausal osteo-
porosis also threaten females’ health. The development of new
methodologies and instrumentation for osteoporosis whole-
bone early screening and treatment has become a global focus.

The dual-energy x-ray absorptiometry (DXA)[!S) evalu-
ating the BMD has been extensively exploited in diagnosing
osteoporosis. The BMD index derived from the x-ray attenua-
tion describes a two-dimensional (2D) plane density and usu-
ally expressed in the unit of g/cm?. The DXA image is the
projection of volume onto a plane in bone tissue. The fracture
risk assessment tool (FRAX)!!6] combines DXA and multiple
osteoporosis risk factors for diagnosis. It is worth mention-
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ing that more than 50% of fracture cases occur without BMD
shortage. However, these DXA-based tools could not fully
predict the biomechanical stiffness and strength of bones. The
BMD, microstructures, collagen, and non-mineralized com-
position are co-determining the bone biomechanical and as-
sociated with osteoporosis fracture risk.l'’! Balancing high-
cost DXA services!!® while screening osteoporosis has be-
come a serious problem in both developed and developing
countries. At the same time, fast and low-cost risks of bone
fracture assessment services and instruments are in increasing
demand. "]

Quantitative ultrasound (QUS) could achieve the biome-
chanical characteristics in bone diagnosis,?”! which has the
advantages of safety without ionizing radiation,?!! quick de-
ployment, and low cost.[>>-2* Recently, Wear et al.1>>=3%! and
Matsukawa et al.3!! reviewed that ultrasound is an effective
tool in bone diagnosis. The QUS has led to development of
many approaches, including ultrasonic axial (UA),3>-381 yl-
trasonic transmission (UT), ultrasonic backscatter (UB), ultra-
sonic echo-graphic (UI),*) and ultrasonic computer tomog-
raphy (USCT). Due to the physical structure limitation of the
dual transducers, UA and UT are challenging to measure ar-
eas where potential fractures occur sites, such as the proximal
femur, lumbar, hip, and calcaneal. The cancellous bone degen-
eration in these sites has correlations with osteoporosis. [0+

In the recent decade, UB intelligently utilizes one trans-
ducer to achieve excitation and receiving. The previous explo-
rations were mostly focused on the propagation of a single-
pulse into bones, extracting parameters from backscatter
signals,[*>**] and estimating bone characteristics.[*>*! The
apparent-integrated backscatter coefficient (AIB), ! as a cru-
cial parameter in UB for bone evaluation, has been validated
in the neonate reflecting cancellous bone characteristics.>!]
AIB is also exploited for the dynamic characterization of ma-
terial properties to monitor the setting process of bone-graft

s,53-561 gych

substitutes.[’?] Several backscattering parameter
as BC and IRC, were proposed for the estimation of bone. Re-
cently, Hoffmeister et al. 157 extracted features directly from
the amplitude of the backscatter signal in the time domain for
estimating bone characteristics, including the amplitude de-
cay constant (BADC), the normalized mean of the backscat-
ter amplitude ratio, and difference (nBAR, nMBD). It should
be noticed that the above parameters are based on using a
short single-pulse excitement method. However, the cancel-
lous bone responses to the ultrasonic amplitude modulation
(AM) with multi-length excitation have not been fully under-
stood. It motivates us to develop portable instrumentation in-
tegrated AM-UB technique for the assessment of bone charac-
teristics.

In the present scrutiny, the main objectives are to extract
the AM-UB parameter from the cancellous bone’s backscatter

signal when using multi-length AM excitation; and to evalu-
ate its performance in estimating bone characteristics. A novel
AM-UB instrumentation is developed, and an AM-UB param-
eter namely the AM excited AIB coefficient (AIBayp) is pro-
posed, and its performance is proved for estimating BV/TYV,
SMI, and BMD.

2. Methods

The in-vitro experiment processing and data acquisition
flowchart are illustrated in Fig. 1(a). To examine the AM-UB
method performances, both the AIBpm results and the micro-
CT scanned BV/TV, SMI, and BMD results are compared and
analyzed. The AM excitation’s central frequency and length
effect on AIB M performances are also studied. Details are as
follows.

2.1. Preparation specimens, micro-CT, and AM-UB mea-
surement processes

A total of twenty-four cancellous bones are prepared be-
fore the in vitro experiment. The preparation process is as
follows. The fresh bovine femur’s heads and neck are dis-
sected and sliced by an automatic electric bone cutter (260-
1500W, DARIBO, China). All bone tissues are polished into
15 mm x 15 mm x 10 mm cuboid shapes specimens. Then
specimens are immersed in 0.9% saline at a temperature of
39 °C and washed marrow and lipids out of the medullary
cavity by employing a high-power irrigator. Finally, de-
gassing specimens are in distilled water for 30 minutes and
then scanned by a micro-CT Sky-scan 1076 scanner (Skyscan,
Antwerp, Belgium). By employing 75 kV and 130 pA with
rotating from 0° to 180° at intervals of 0.8° to fully scan each
specimen. All scanned data are imported into NRecon and
CTan software suites (Skyscan, Antwerp, Belgium) for the re-
construction and statistics analysis. The statistics characteris-
tics of specimens including the BV/TV, SMI, and BMD pa-
rameters are listed in Table 1. In AM-UB measurement, each
specimen is non-exposed to the air and separately degassed for
30 minutes before measurement. A digitally controlled water
heater (HY-738 800 W, HANYANG, China) regulates the de-
aerated distilled water temperature at 19.0+0.5 ° C in a water
tank.

Table 1. Statistics of micro-CT measured specimens’ characteristics results.

Characteristics parameters™ Mean+SD  Max Min

Bone volume fraction (BV/TV, %)
Bone mineral density (BMD, g/cm?)
Structural model index (SMI, index)

23.19+£7.35 3582 11.39
0.234+0.06 031 0.12
0.514+0.75 151 —1.55

* All parameters have been reconstructed with the Otsul>®! threshold

method in 18-pum spatial voxel size.
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2.2. AM-UB instrumentation features, algorithm, and
measurement processes

The developed bone ultrasonic diagnosis and therapy in-
strumentation (BUDT), which is supporting multiple lengths
AM excitation and high sampling resolution UB measurement,
its hardware architecture, and software user interface, as pre-
sented in Figs. 1(c)-1(e). The AM-UB process in instrumen-
tation is as follows: (i) the FPGA (Xilinx spartan 6, CA, USA)
generated AM digital signal with adjustable central frequency
and length; (ii) an Analog Front to End IC (LM96551, TI. Inc.
USA) amplified digital signal and outputted to transducers to
generate AM excitation, the central frequency supported from
0.2 MHz to 15.0 MHz; (iii) an Analog-to-Digital Converter
(ADC) (AFE5803, TI. Inc. USA) with 8 channels received
backscatter signals at a bandwidth 50 MHz/60 MHz sampling

(@)

Building BUDT platform
Preparing Bone Specimens

~
AM-BU Measurement

1.0 MHz, 3.5 MHz, 10 ~ 1 cycles length

Traverse T1 and T2 calculating AIB,y,

~~
Micro-CT Scanning

Reconstruct Data
Calculating BV/TV, SMI, and BMD

Investigating performance of AIB,,,

Calculating Correlation Coefficient

(c)

BUDT System Architecture

9 " ARM [__ADC |
FPGA

User
Interface

Switch

A ]
v v
Multi High Analog )
Power Voltage Front #g:f;:.’;':r
Modules " Module %" End  [»

frequency with 12-bit or 14-bit resolution; (iv) the FPGA re-
constructed ADC data and transferred it to an advanced RISC
machines (ARM) processor; (v) the AIBay is evaluated and
saved by the ARM processor (Exynos 4412, Samsung, Korea)
and then displays results on a 10.1-inch (1 inch = 2.54 cm)
touchscreen. BUDT supports synchronization with external
devices, equips the USB interface, expandable storage up to
4.0 TB, Bluetooth 5.0, Wi-Fi, and 4G/5G cellular networks to
easily upload data to the cloud server. The BUDT is powered
by alternating current (AC) from 100 V to 230 V, or direct
current (DC) 21-V lithium batteries lasting 18 hours. All the
above components and transducers are integrated into BUDT,
weight 1.5 kg with 27.0 cm % 23.0 cm x 4.5 cm. Compared
with the traditional UB measurement platform constructed by

(b)
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Measurement
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Transducers
® 3D Motor
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Fig. 1. Experiment process, (a) flowchart, (b) measurement platform, (c) the architecture of BUDT, (d) hardware user interface, (e) software user interface.
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a signal generator, a signal amplifier, a power amplifier, a PC
with a display, and numerous power supplies with BNC con-
nectors and cables, our portable instrumentation integrates all
the above components in one device. It offers a solution with
high integration, real-time display results, programmable and
extensible functions, miniaturization, portability, and rapid de-
ployment in clinical measurement.
The AM ultrasonic excitation could be written by

AM (t) = A-sin(2f.t) - G(N/ f.), (1)

where A denotes the maximum amplitude of the AM excita-
tion, and it is set as 84.0 voltage peak to peak. The AM central
frequency f; is set equal to 1.0 MHz and 3.5 MHz, correspond-
ing to the center frequency of the transducers. A rectangular
function G(N/f.) is the modulation signal. The AM excita-
tion total length sustained N/ f; (us), where the cycle N equals
[10,9,...,1], especially the case of N = 1 represents the tradi-
tional UB single-pulse excitation.

The BUDT connects two planar ultrasonic transducers
(V539, V546, Olympus-Panametrics Inc., MA, USA), as
demonstrated in Fig. 1(b), which have 1.0 MHz and 3.5 MHz
central frequency with a 6.35-mm and a 12.70-mm diame-
ter. The transducers are driven to move by a three-axis preci-
sion displacement controller (Ultrapac scanning, PK268-03B,
NJ, USA), and the LabVIEW SDK suite (National Instrument,
USA). A polished SUS304 stainless steel cuboid (SSC, sizes
30 mm x 30 mm X 30 mm) is placed 25.4-mm distance to the
transducers in distilled water, and then placed all degassed
specimens’ surfaces parallel to the SSC. The region of inter-
est (ROI) is locked in the same range of 15.0 mm x 15.0 mm.
It methodically controls and adjusts both the distance and an-
gle of transducers to ensure the reflections from each speci-
men travel at the same time as from the surface of the SSC.
The BUDT generates the AM excitations with ten kinds of
lengths (N from 10 to 1), respectively. Averaging 1024 times
in each measurement, thus a total of 20480 backscatter sig-
nals are recorded for each specimen. We propose a parameter
AIBaMm (dB)PY definition. The AIBay could be formulated
in the following form:

1 fu Pra (f) }
AlBam = M;fH_fL /fL 10log, {PREF(f) df (dB).

2

The detailed calculation process of AIBay is given as fol-
lows. First, the signal of interest (SOI) is segmented backscat-
ter signals into avoided length (T1) and the analysis length
(T2) by two rectangular-window functions, where the Pr (f)
represents the backscatter signal’s power spectrum in T2, and
Prer (f) denotes a reference power spectrum, which acquired
signals from the SSC. The function Pp(f) is divided by

Prer (f) to eliminate systematic errors, such as possible fluc-
tuations in the near-field measurement. The limits of inte-
gration (i.e., fi, and fy) are set as 0.51 MHz~1.30 MHz and
1.62 MHz—4.69 MHz corresponding to the —6-dB bandwidth
in reference power spectral density, which is acquired from
SSC signals using single-pulse excitation. Then each spec-
imen is measured and averaged M (equal to 1024) times to
calculate AIBay. Finally, the AIBaM equation is compiled in
Matlab (Mathworks, Natick, MA, USA) and deployed equa-
tion in the BUDT through Matlab Coder Toolbox and Android
NDK (Google Inc., CA, USA). The BUDT has a friendly APP
with its hardware drivers for users, which directly operates on
an open-source Android operating system.

2.3. The statistical analysis to examine the AIB,y; perfor-
mance

The statistical analysis that Pearson’s linear correlations
coefficients (R-value) and a 95% confidence interval (CI) are
computed, examine the performance for AIBay to estimate
BV/TV, SMI, and BMD. The result is considered statistically
significant when the p-values are lower than 0.05. The BUDT
updates all data to an Intel Core i5-11400H 64 GB Memory
notebook (Legion Y7000P, Lenovo, China), and then all sta-
tistical computations are processed in the notebook by SPSS
Statistics (IBM Corporation, New York, USA) and visualized
by Origin graphing software (OriginLab Northampton, MA,
USA). All data are checked in SPSS Statistics through the K-
S normality test that BV/TV, SMI, BMD, and AIB sy obey the
normal distribution in measurements.

3. Result

3.1. The cancellous bone responds to AM excitation

Here we show AM-UB measured three BV/TV levels
cancellous bones as an example illustrated in Fig. 2, which
includes low (12.44%), medium (27.22%), and high (32.91%)
cancellous bones responded to the AM excitation (AM central
frequency 1.0 MHz with length 10 us).

Figure 2(a) demonstrates the received 64.0-us signal us-
ing the f. = 1.0 MHz with G(N/f;) = 10.0-us length AM
excitation. The total SOI length is 30.0 us and highlighted in
the figure. Subsequently, the SOI is segmented into T1 and
T2. The start point of T1 is marked as an absolute value that
reaches a 2% threshold of the maximum vibration. From O ps
to 34.0 us are not included because they may contain near-
field fluctuation. For preventing undesired signals of the multi-
reflection between the transducer and cancellous bone, signals
after SOI are excluded (> 64 ps).

Intuitively, the backscatter signals present a fluctuating
at the beginning (T1 = 0 us, T2 < 2 ps), as highlighted in
Fig. 2(b), this phenomenon is consistent with the single-pulse
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UB results. However, it is substantially different from single-
pulse results,>”! in which a constant amplitude vibration state
can be detected (T1 =2 us, T2 < 10 ps), and the duration
is roughly equal to the AM length. Finally, the signal’s enve-
lope presents an exponential attenuation function (T1 = 12 us,
T2 <10 ps).

(a) Received signals

1000
——From low BV/TV
750 ——From medium BV/TV
——From high BV/TV
> 300 sor | T
E 250 e ;
'_CLUJ 1 y :
JO0 e S— , ) 1
£ [P Rl :
g‘ —250 Start of T1 1| ; i
] ) I
< =500 R S L
—750 T1 T2
1.0 MHz with 10 us AM length
—1000
0 16 24 32 40 48 56 64
Time (us)
(b) SOI
’>'\ 250 -
——From low BV/TV
\8/ 125k {0 L ——From medium BV/TV
o) . ——From high BV/TV
g 0 ...J ’ Faaila0m000es
R
‘B —125¢ | ‘
g
< —250

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30
Time (ps)

Fig. 2. The cancellous bones response to the AM excitation.

3.2. The effect of AM excitation related factors on AIB
performance

Each sample’s AIBw results at multiple-length AM ex-
citation are evaluated using Eq. (2). Here we show AIBam
measured from a medium BV/TV (27.22%) cancellous bones
responses to the 1.0-MHz central frequency AM excitation as
an example. To compare the effects on AIBay value stabil-
ity, here set the AM excitation length as 10, 7, 4, and 1 us in
Eq. (1), and the values of T1 and T2 are set as 0.1 us ~ 15 ps
according to Fig. 1(a). Figures 3(a)-3(c) illustrate AIBay as-
sociated with AM excitation length, T1, and T2. By setting
G(N/f:) =1.0 psin Eq. (1), N = 1 stands for the traditional
single-pulse excitation, in which the traditional AIB result has
been shown in Fig. 3(d). The AM excitation length is specified
by the dotted lines, and each pixel represents a 0.1-ps step for
T1 and T2.

The AIBapM values are stabilized when the values of T1
and T2 are lower than the pulse length. The stable values re-
gion shrinks with the decreasing of AM length, as presented in
Figs. 3(a)-3(c). Especially, using the single-pulse excitation
(AM length sets 1 ps), the stabilized AIB value is only placed
within an exceedingly small interval (T1 < 1 ps), as presented
in Fig. 3(d). Meanwhile, T2 keeps a relatively small influence
on the AIBayM values, as shown in Figs. 3(a)-3(d). The same

conclusion is also reached in our 3.5-MHz measurements.

(a) AM excitation length 10 ps (b) AIB,); excitation length 7 ps
0

T1 (ps)

0 5 10 15 0 5 10 15
T2 (1s)

(d) AM excitation length 1 ps AIBy (dB)
0

7 —5.00
e o
20.00

—20.00

—35.00

—50.00

T1 (ps)

10 15 5

5

T2 (us)

Fig. 3. The AIBam values varied with related factors, T1 and T2 on AIBam
results, (a)—(c) AM excitation, (d) traditional single-pulse excitation.

T2 (ps)

3.3. The effect of AM excitation central frequency on
AIB,y performances

Based on the above results, in Eq. (1), let us set f. =
1.0 MHz and 3.5 MHz, N = 10 for G(N/f;) to examine the
effect of the AM excitation central frequency on the AIBsm
performance. The maximum Pearson’s correlation coefficient
R-value between AIBaym and BV/TV, SMI, and BMD with a
95% confidence interval (CI) are listed in Tables 2 and 3.

Table 2. The AIBm performances using 1.0-MHz excitation.

Correlations R-value Confidence interval
AIBawm versus BV/TV +0.89, p < 0.05 +0.76 +0.95
AIBaMm versus SMI —0.82, p < 0.05 —0.91 —0.62
AIBaMm versus BMD +0.92, p < 0.05 +0.82 +0.96

Table 3. The AIBam performances using 3.5-MHz excitation.

Correlations R-value Confidence interval
AlIBawm versus BV/ITV  +0.93, p < 0.05 +0.80 +0.98
AIBawm versus SMI  —0.88, p < 0.05 —-0.93 —-0.72
AIBaMm versus BMD  +0.86, p < 0.05 +0.80 +0.97

Figures 4-6 demonstrate R-value in 1.0-MHz and 3.5-
MHz central frequency AM excitation measurement at in-
tervals of 0.1-ps length in each T1 and T2 selection. Each
R-value pixel represents the AIBay performance. The sig-
nificant correlation areas have been marked with the contour
lines. The obtained results reveal that the AIBaym has a high
performance and remarkably correlates to the BV/TV, SMI,
and BMD in AM excitation measurement (|R| up to 0.93,
p <0.05).

The AIBam estimates BV/TV results, as presented in
Fig. 4. In the case of 1.0-MHz measurements, the strong posi-
tive correlations are chiefly concentrated in T1 from 0.1 ps to
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10.0 us and T2 from 1.0 ps to 10.0 us. The |R| range is from
0.83 to 0.89, p < 0.05, in Fig. 4(a). For the case of 3.5-MHz
measurements, strong positive correlations are also observed,
which are essentially concentrated in T1 from 0.1 ps to 3.0 ps
and T2 from 1.0 ps to 10.0 ps. The range of |R| is from 0.80
to 0.93, p < 0.05, according to Fig. 4(b). The value BV/TV
describes the bone volume density and could be treated as a
bone density indicator. Moderately in higher BV/TV speci-
mens, microstructures produce a stronger reflection and scat-
tering, therefore, AIBay substantially positively correlates to
the BV/TV.

(a) AIB,y versus BV/TV 1.0 MHz
0

(b) AIByy versus BV/TV 3.5 MHz R value
0 g 1.00

0 5 10 15 0 5 10 15

Fig. 4. The correlations between AIBay and BV/TV in terms of T1 and T2:
(a) 1.0-MHz results, (b) 3.5-MHz results.

(a) AIB,y versus SMI 1.0 MHz
O 1.00

4

(b) AIBjy versus SMI 3.5 MHz R value
0

T1 (us)

T2 (us)

Fig. 5. The correlations between AIB sy and SMI in terms of T1 and T2: (a)
1.0-MHz results, (b) 3.5-MHz results.

(a) AIB,y versus BMD 1.0 MHz (b) AIB,y; versus BMD 3.5 MHz R value
0

1.00

T1 (ps)

5 5
T2 (us) T2 (ps)

Fig. 6. The correlations between AIBay and BMD in terms of T1 and T2:
(a) 1.0-MHz results, (b) 3.5-MHz results.

The AIBaMm also estimates the SMI results, as demon-
strated in Fig. 5. It is worth mentioning that the negative
correlations are observed both in 1.0-MHz and 3.5-MHz mea-
surements. According to Fig. 5(a), in the case of 1.0-MHz
measurements, the significant negative correlations are mostly
concentrated in T1 from 0.1 ps to 10.0 pus and T2 from 1 ps
to 10.0 us, where the corresponding |R| range is 0.75 to 0.82,
with p < 0.05. In 3.5 MHz measurements, the significant neg-

ative correlations are mainly concentrated in T1 from 0.1 ps

to 3.0 us, and T2 takes from 1.0 pus to 10.0 us such that the
range of |R| is 0.80-0.88, with p < 0.05, as demonstrated
in Fig. 5(b). The SMI is to describe trabeculae geometry in
cancellous bone, plate-like geometry structure produces more
negative SMI values, but rod-like geometry structure gener-
ates more positive values. The remarkable decrease in signal
amplitude leads to the lessening of the AIB sy value when the
bone alters from plate-like to rod-like geometry structure, thus,
AIBaM with SMI correlations are negative.

There exist strong positive correlations between AIBam
and BMD both in 1.0-MHz and 3.5-MHz measurements. In
the case of 1.0 MHz (see Fig. 5(a)),
0.91, p < 0.05, which is essentially concentrated in T1 from
0.1 psto 10.0 ps and T2 from 1.0 ps to 10.0 us. For the case of
3.5 MHz (see Fig. 5(b)), the achieved results reveal that the |R|
range is 0.80-0.86, p < 0.05, and the corresponding intervals
of T1 and T2 in order are 0.1 pus—3.0 ps and 1.0 pus—10.0 ps.
Considering when the BMD lessens, the signal amplitude and

R| range is from 0.80 to

the AIBanm value noticeably reduce, thus, the AIBay is posi-
tively correlated with the BMD.

4. Discussion

4.1. Transient-state and steady-state responses in the
backscatter signal

Former researchers observed transient-state responses
in single-pulse UB measurements, and the backscatter sig-
nal’s envelope approximates an exponential attenuation signal.
However, the AM excitation to obtain steady-state responses
has not been fully paid attention to before. In the present
scrutiny, the AM-UB produces more information than the
single-pulse UB in the time domain, as presented in Fig. 2(a).
The AM-UB backscatter signals fluctuate at the beginning of
vibration (< 2.0 ps), and finally, its envelope appears with an
exponential attenuation signal (> 12.0 ps). These results are
consistent with the single-pulse UB studies. It should be also
mentioned that the AM-UB introduces a steady-state response
in the signal, and its maximum-minimum amplitude keeps
steady from 2.0 ps to 12.0 pus (see Fig. 1(b)). It implies that
the responses are associated with the length of excitation. The
steady-state signal length in the time domain also decreases
with the lessening of the AM length, resulting in AIB ) sta-
bilizes value region significant contraction. This process has
been illustrated in Figs. 3(a)-3(d).

The reason for the steady-state response could be ex-
Although
complex microstructures of trabecular in cancellous bone,

plained by the theory of mechanical vibrations.

herein, we assume and simplify a lumped cancellous bone
model for the discussion. In this model, the cancellous bone
mass is concentrated at a single degree of freedom coordi-
nate. It could be depicted as the stiffness coefficient of a lin-
ear spring, exerting a force, and the displacement would be
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proportional to the mass. When the AM excitation acts on
the cancellous bone, the vibration of cancellous bones to the
AM excitation force could be described as a forced vibration
process, and the corresponding ordinary differential equation
(ODE) of motion could be written as

Bm).C'(t)+BCX(t)+ka(l‘):FAM(t). 3)

where equation (3)[%) represents a nonhomogeneous second-
order ODE with constant coefficients, By, is described as the
trabecular mass in bone, B is the damping coefficient, By
is the stiffness coefficient, x(¢) is the dynamical displace-
ment, and Fay (¢) represents the AM external forces. The re-
ceived backscatter signals in the SOI could be outlined as total
responses!6!]

SOI (1) = x7 (t) +xs (¢) .. 4)

It can be seen from Eq. (4) that the responses to the AM ex-
citation are divided into two parts, the transient-state response
xt (¢) and the steady-state response xs (f). The transient re-
sponse could be written as x (¢) = Xe*. By imposing the rest
conditions (the initial displacement of xo = 0, the initial ve-
locity of vg = 0), and Fam(7) = O, then the xr (¢) could be

determined by solving Eq. (3) in the following form:

xr(r) = e’v‘wﬂf\/ (xo—lsz)2+ ((;)2
x (cos (v/(1= &), (1)~ 90) ). (5)

In Eq. (5,1 the term Ast is a ratio that defined by
Fam/Bm®2, and the term & = B, /\/4By, By represents the vis-
cous damping factor. The frequency ratio is also defined by

A = Q/®,, where Q is the angular frequency of the external
excitation and w, denotes the n-th natural frequency. Obvi-
ously, using Eq. (5), the transient response xt (f) exhibits an
exponential attenuation vibration due to the appearance of &,
which could explain the result in a single-pulse UB.[>!

The steady-state response could be written by x(t) =
X cos(Qt — @), by setting AM(t) = fycos(Qt — @), then xg (7)
could be obtained as follows:

fo

V(@ -2+ (280,27

xs (1) = (cos(Qt—@)). (6)

Equation (6)(0! clearly suggests that the steady-state response
length would be the same as the duration of the AM external
force.[9?] Therefore, too short single-pulse excitation causes
transient and steady-state responses overlaying in signal, then
reduces the AIB performance. However, the AM-UB extracts
the AIBaym feature from the steady-state response and effec-
tively deduces AIBay fluctuation through increasing the AM
length. It is one of the reasons that the AM-UB performs bet-
ter than the previous studies. The single-pulse UB results and
the performance comparison are provided in Table 4.

4.2. AM-UB versus single-pulse UB performance compar-
ison

In conventional single-pulse UB measurement, the AIB
represents a complex product of the backscatter effect.[#>0]
In the present study, AIBaym includes the effects mentioned
above, and the surface and subsurface characteristics in can-
cellous bone are analyzed by selecting T1 and T2. For the
case of T1 length shorter than the AM excitation length, the
signal mostly includes a backscatter effect, such as AM exci-
tation length = 10 us, T1 =2 ps, T2 < 12 us, and the signal
amplitude chiefly presents a steady state. In the case of T1
greater than the AM excitation length, the Fayp () = 0 leads to
the rapid decaying of the signal amplitude. It could explain the
reason that AIBay stabilized region shrinks with the growth
of the AM excitation length and sharply reduces by growing
of T1, such as the regions specified by T1 > AM excitation
length, as marked in Fig. 3.

The formerly conducted explorations in 200941 and
2015!91 exhibited significant positive correlations (R =
+0.74 ~ 40.78, p < 0.05) between the AIB and the BV/TV in
both 1.0-MHz and 3.5-MHz measurements. Liu ef al.l%*) ex-
amined the AIB correlations to the BV/TV from 0.5 MHz to
10.0 MHz in single-pulse UB measurements. Recently, Li et
al.1%1 obtained a substantially stronger correlation by select-
ing appropriate T1 and T2 in 1.0-MHz single-pulse UB mea-
surement, |R| up to 0.86, p < 0.05. However, noticing these

[63.66] the significant correlation only

previous studies’ results,
exists in a tiny interval of T1, so it could be difficult to se-
lect its appropriate T1 when in-vivo. The signal-to-noise ratio
(SNR) could be lower due to the attenuation effect of tissues,
and the individual differences in the thickness of soft tissues;
therefore, it could be difficult to precisely determine the start-
ing point of T1 causing value fluctuation in Fig. 3(d).

In the present study, the obtained results reveal that
the AIBam exhibits a better |R| performance for estimating
BV/TV than the single-pulse UB listed in Table 4. Compared
to previous investigations, the range of T1 options has been
expanded by 2 to 10 times. T1 expands from (0-2.0) ps
to (0-10.0) us in the presence of 1.0-MHz measurement.
In the case of 3.5 MHz, Tl expands from (0-1.5) us to
(0-3.0) us. Moreover, T2 could be from 1.0 ps to 10.0 us
in this time domain both in 1.0-MHz and 3.5-MHz measure-
ments, and the Pr; (f) is relatively stabilized in the frequency
domain. This issue could be one of the reasons that the AIBam
presents more correlation with BV/TV than the single-pulse
AIB. Compared with the previous studies’ offline analysis of
data through multiple scientific instruments, the BUDT offers
a one-stop measurement service, less than 1-ms real-time mea-

surement, and 60 fps display results with quickly deploy.
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Table 4. Performance comparison between single-pulse UB and AM-UB.

Method Single-pulse excitation AM excitation
Frequency Index Ref. [54] Ref. [63] Ref.[65] Present study

T1 (us) 2 0~1 0~1 0~ 10

1.0MHz T2 (us) 1~5 2~10 2~10 1~10
R-value +0.78"  +0.74T  +0.86"  +0.877+0.02

T1 (us) 1.0 1.5 - 0~3

35MHz T2 (us) 1~5 1.5 - 1~10
R-value  +0.767  +0.747 - +0.937 +0.01

The statistically significant correlation with 2-tails, at the 0.05 level.
4.3. Recommendations for selections of AM excitation
lengths T1 and T2

Selecting the appropriate T1 starting point and T2 length
The indi-
vidual differences in soft tissue that cause the thickening are

are of particular significance for measurements.

mostly unknown,!%”! and the distance varies between the sur-
face of the transducer and the curved surface of the bone. Per-
haps, the single-pulse excitation cannot be a good excitation
because accurately determining the starting point of T1 could
be a challenge from a low SNR signal; on the other hand, by
employing a short pulse, the AIB may fluctuate with T1, as
illustrated in Fig. 3(d). These factors could produce a lower
AIB performance in-vivo than in-vitro.

In this study, by increasing the AM excitation length,
the steady amplitude state with high SNR is observed from
2.0 us to 12 ps, as demonstrated in Fig. 3(b). The AIBam
presents much more stability and correlates to bone parameters
in the ranges of T1 and T2, as illustrated in Figs. 3(a)-3(c) and
Figs. 4-6. The AIBspm may enhance the performance of frac-
ture risk prediction. According to the above extracting AIB am
conclusions, we advise that the value of T1 should be lower
than the AM excitation length, and the level of T2 should be
appropriately long but not more than the AM excitation length.
Considering the AM length G(N/f.), the N should be appro-
priately more when using a high center frequency f, transduc-
ers. Appropriately increasing the AM length would be more
conducive to observing steady-state and obtaining a more sta-
bilized AIBaM value. However, it should be customized in-
vivo. As shown in Fig. 2(a) from O ps to 34.0 us, it could be
considered a signal from the soft tissue, the AM length should
be set according to the thickness of soft tissue when the in-vivo
measurement is employed. An improper AM length will result
in a backscatter signal and secondary reflection signal aliasing.
In addition, the planar transducer should be placed parallel to
the surface of the bones during in-vivo measurement.

4.4. Limitations

The main limitations exist as the following. This study
constructed an in-vitro AM-UB measurement method. How-
ever, the human skeleton is naturally curved, and thereby the
diffraction effects should be appropriately corrected if in-vivo

AM-UB measurement. On the other hand, AIBay estimates
other microstructural parameters that will be further explored,
such as utilizing higher frequency AM excitation to estimate
Tb. Th, and Tb. N.

5. Conclusion

This paper introduces a novel AM-UB instrumentation
that provides a one-stop estimation bone service with easy and
quick deployment. In-vitro experiments are performed to val-
idate the advantages of the AM-UB method and instrumenta-
tion. The main findings of the present study are itemized in the
following. Firstly, the steady-state responses are successfully
observed through multiple-length AM excitation acts on can-
cellous bone. Secondly, the extracted AIBaym parameter could
be a biomarker in estimating BV/TV, SMI, and BMD, and it
has higher performance with respect to the traditional single-
pulse UB method. The AM-UB method and instrument will
advance the QUS technique in osteoporosis diagnosis.

Appendix A: List of abbreviations

Measurement method

QUS: Quantitative ultrasound, UB: Ultrasonic backscat-
ter measurement, AM-UB: Amplitude modulation ultrasonic
backscatter measurement, UA: Quantitative ultrasound ax-
ial measurement, UT: Quantitative ultrasound transmission
measurement, Ul: Quantitative ultrasound echo-graphic imag-
ing method, DXA: Dual-energy x-ray absorptiometry, FRAX:
Fracture risk assessment tool.

Ultrasonic backscatter signal, parameters, and index

SOI: Signal of interest, ROI: Region of interest, T1:
Avoidance length in backscatter signal, T2: Analysis length in
backscatter signal, AIB: Apparent integrated backscatter coef-
ficient, AIBaM: Amplitude modulation excited apparent inte-
grated backscatter coefficient, IRC: Integrated reflection coef-
ficient, BC: Backscatter coefficient, nMBD: Normalized mean
of the backscatter difference, nBAR: Normalized backscat-
ter amplitude ratio, BADC: Backscatter amplitude decay con-
stant, BUDT: Bone ultrasonic diagnosis and therapy instru-
ment, R-value: Pearson’s linear correlations coefficients, CI:
Confidence interval.

Micro-CT parameters

BMD: Bone mineral density, SMI: Structure model index,
BV/TV: Bone volume fraction, Tb. Th: Trabecular thickness,
Tb. Sp: Trabecular separation, Tb. N: Trabecular number.
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