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ABSTRACT

Osteoporosis is defined by a decrease in bone mass and a deterioration
in bone microstructure. It is a major public health issue and a
significant economic burden for both individuals and society. Thus,
monitoring bone mass and structure is necessary to prevent bone
fragility and osteoporosis. This study aimed to develop a prototype of
guantitative ultrasound (QUS) and to evaluate the feasibility of
backscatter mode for the bone assessment. Ultrasound (US) signals
that propagate through the bone can be characterized by comparing
the signal from both transmitter and receiver transducers. The US
backscattered signal depends on the characteristic of both medium and
transducer. In this study, we analyzed the attenuated signal based on
the parameters: type of bone (compact and spongy), type of coupling
medium (air, starch, and gel), the angle between transducers and bone
(30°, 60° and 90°), and transducer distance (0, 10, 5, 15, 20 and 25
cm). We use only 1 MHz transducer frequency. The prototype has
been evaluated by Digital Oscilloscope and LabVIEW user interface
to observe received signals. The results of this study showed that there
was a difference in amplitude of the US signal from compact and
spongy bones. The amplitude is directly proportional to acoustic
impedance and inversely proportional to the distance between
transducers. There is a negative correlation between bone
microstructure to attenuation, and compact bones have a greater
attenuation coefficient than spongy bones.
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INTRODUCTION

Osteoporosis has become known as a silent disease. There is an increasing need to improve its
diagnosis and management. Osteoporosis is currently a major public health problem suffered
by millions of people around the world. Osteoporosis is a bone disease associated with
decreased bone mass and microstructure as well as damage to bone tissue. Osteoporosis can
lead to complications of fragility and the risk of fractures. The disease is closely related to
aging factors, with a prevalence of more than 30% occurring in women over the age of 50 and
in men of 15% [1]. The mortality rate due to osteoporosis and complications is about 15 to
30% [2].

About 200 million people have osteoporosis, and about 8.9 million suffer complications from
fractures. This leads to a significant increase in morbidity, mortality, a decrease in quality of
life, and an increasing economic burden [3]. In America, the economic burden for osteoporosis
management reaches $13.8 billion annually [4]. Data of osteoporosis risk conducted in 16
regions in Indonesia showed the total risk of osteopenia of 41.7% and osteoporosis of 10.3%.
The prevalence of bone and joint diseases based on the diagnosis of health workers in
Indonesia is 11.9%, with the highest prevalence in Bali being 19.3%, followed by Aceh 18.3%,
West Java 17.5% Papua 15.4% [5].

The diagnosis of osteoporosis is generally done by evaluating Bone Mineral Density (BMD in
gram/cm2) using DEXA (Dual Energy X-ray Absorptiometry). DEXA is used to determine
the total mineral content of bone and bone mass density in the spine, hip, and arm bone. WHO
approved DEXA as the gold standard for the diagnosis of osteoporosis. Based on WHO
criteria, osteoporosis is defined as having a BMD between 2.5 standard deviations above or
below the average value of a young healthy woman [6]. However, the technology used by
DEXA is complex, result in DEXA operational costs are quite expensive [7]. The accessibility
of DEXA equipment is also limited, only provided by type A hospitals that provide specialist
medical services. Because of these limitations, several new methods for BMD assessment
were studied as a prognosis tool in first-level health facilities. There is an urgent need for a
portable, noninvasive, and radiation-free method to evaluate bone microstructure.

Quantitative Ultrasound (QUS) has been developed to evaluate bone mass density since 1984.
This method uses sound waves with frequencies in the range 0.2-1 MHz [8]. The sensitivity
of QUS assessment of the calcaneus in the prediction of hip fracture has been shown by many
studies. The value was similar to the mineral density of the hip bone measured by DEXA
method [9]. Bone microstructure was quantified based on ultrasound speed values (speed of
sound / SOS, m/s) and broadband ultrasound attenuation (BUA, db/MHz) [10]. This QUS
device is considered a safe technology because it does not expose the patient to ionic radiation,
unlike DEXA. Another advantage of QUS is that the units are smaller in size and lower
operational costs, requiring no special space [11].

Several studies have reported the advantages and potency of an ultrasound method for the
BMD evaluation. Lei and Jiping designed a prototype BMD measurement system by the
Quantitative Ultrasond method based on FPGA (Field Programmable Gate Array). The results
showed that the SOS and BUA values can reflect calcaneus bone conditions effectively, so the
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prototype can be used for a primary diagnosis of osteoporosis [12]. Furthermore, Wahab et al.,
2016 designed an ultrasound-based bone densitometry system using FPGA. The circuit system
was evaluated on the human arm and heel. At a distance of 10 cm, the prototype provides a
stable output voltage. The evaluation was also conducted by using many medium includes :
water, gel, gel plus starch, and starch solutions. Water has a very small attenuation coefficient
compared to other mediums. The A-mode ultrasound prototype was successfully characterized
ultrasound signals through the human heel [13]. Umiatin et al. developed a QUS prototype
with transmission mode using a 1 MHz transducer frequency. The results showed that the
BUA value in spongy bone is greater compared to compact bone [14].

Although QUS methods have been widely reported to assess bone density, the use in clinics
is still limited and has not replaced the DEXA method. Therefore, further study is needed to
improve the feasibility and safety of the QUS modalities. In this study, the development of the
QUS method using backscatter mode has been carried out. The scattering signal from the bone
sample was recorded for bone microstructure evaluation. These results have been compared
with transmission mode in the previous publication.

METHOD

In this study, the QUS prototypes were developed with backscatter mode to evaluate the
difference in BUA values between spongy and compact bones. The block diagram is shown

in FIGURE 1.
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FIGURE 1. Block diagram of ultrasound quantitative system scattering mode

Function generators play a role in generating signals. The system consisted of two 20 mm
diameter 1 MHz ultrasound transducer, one acting as a transmitter the other as a receiver, and
maintained at a fixed separation. Both transducers are placed parallel and have the same
distance to the bones vertically. Tx transducers will convert electrical signals into ultrasound
signals. The signal is passed to the bone that acts as a low pass filter to attenuate the amplitude.
Furthermore, the signal received by the Rx transducer will be amplified by the amplifier. Rx
signal display can be seen on the oscilloscope, and LabVIEW user interface as in FIGURE 2.
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FIGURE 2. The user interface of the QUS prototype has been developed using the LabView program. It is
consisting of initiating serial monitors, oscilloscope configurations, signal filters, output waveform graphs, and
spectrum analyzer.

We have carried out measurements of ultrasound attenuation in the bone sample. The
characteristic of ultrasound signal propagates through the bone depending on the type of bone,
coupling medium, angle between transducer and bone, and transducer distance from bone. We
used different angles between transducers with bone samples include 30°, 60° and 90° as
shown in FIGURE 3. The backscatter signal was highly variable depending on the angle of
the transducer [17].

FIGURE 3. The angle variation between both transducers of Tx and Rx transducers to the bone include angles
30°, 60° dan 90°.

In this study, we also performed backscatter ultrasound signals from different transducer
distances to the bone samples, involve: 0, 5, 10, 15, and 20 cm. The coupling medium used
consists of air starch and gel. Then, the attenuated ultrasound signal from the receiver was
analyzed to compare the bone microstructure.

RESULTS AND DISCUSSION

The complex architecture of bones and the contribution of organic and inorganic material
produce a very strong bio-structure. Commonly, the clinical osteoporosis diagnostic
modalities such as DEXA [16]. Ultrasound modalities are a low-cost, non-ionizing, and
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portable method that correlates with BMD and the potential to assess the bone structure and
its mechanical properties. The most commonly used parameters: the broadband ultrasound
attenuation (BUA) and the speed of sound (SOS) in the transmission mode, are good indicators
of the bone condition. Ultrasound backscatter parameters based on heterogeneous material
scattering theory have proven useful for evaluating the microstructure of spongy bone [15].
Scattering means that an ultrasound signal when it hit an obstacle, irradiates some of its energy
in all spatial directions. The backscattered signal can be detected through the well-known
pulse-echo technique [17].

When the ultrasound signal passes through the medium with different acoustic properties, then
there will be a change in amplitude. The signal propagation is depend on the characteristics of
the bone sample as the medium. The signals attenuate mainly due to reflection, absorption and
scattering, resulting in a decrease in amplitude and intensity. The Rx transducer receives
attenuated signals with varying intensities and amplitude depending on many factors. In this
study, we evaluated factors that involve: the coupling medium, the bone type, and the angle
between transducers and sample, and the frequency of transducers.

Optimization of The Distance Between Transducer and Bone

In this study, the distance between bones and both transducers, Tx and Rx were changed. In
the first measurement, the distance between Tx and Rx was optimized with bone samples and
air medium. A distance of 0 cm is the distance of a transducer that is squeezed with arm bones
with a thickness of 3.6 cm, which means a distance of Free Space Loss (FSL) of 0 cm. Data
retrieval was conducted as many as 10 experiments every 30 seconds, as shown in FIGURE
4,
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FIGURE 4. Transducer distance optimization to bone samples

High and stable voltage results are obtained at a distance of 5 cm. Thus, measurement using
other conduction mediums, gel, and starch, will be conducted at a fixed distance of 5 cm. The
output voltage is affected by the distance between the transducer and the medium. The gap
between the two transducers is called FSL or gain (G1). When the ultrasound signal leaves the
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transmitter, the signal will propagate in the air so that there is a weakening of the signal and
the value of G1 becomes negative. However, the signal is re-amplified by a positive value
amplifier (G2) to pass to the receiver.

Optimization of Coupling Medium
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FIGURE 5. Optimization of coupling medium includes: air, starch, and gel.

FIGURE 5 showed that the gel medium has a higher amplitude voltage than the air and starch.
The average amplitude are 0.35 mV, 1.15 mV, and 1.28 mV in air, starch, and gel. It can be
concluded that the attenuation in the gel is lower than in both of air and starch. The gel medium
can reduce reflection and improve the transmission of ultrasound signals to the bone.

The acoustic impedance of air and one has a considerable difference, which is about 4,310?
kg/m?s in air and 6,010° kg/m?s in bone. Based on the calculations, 99.97% of the ultrasound
signal will be reflected by the bone. The excessive reflection ratio will make it difficult to
identify bone microstructure because the ultrasound signal received by the receiver will be
released into the air. To reduce the reflection, the gel medium is used. The composition of the
gel is mostly water, so the impedance of the gel can be considered equal to water 1,4810°
kg/m?s. The level of ultrasound reflection by using the gel as a coupling medium is about
36.51%. This is in contrast to research conducted by Wahab et al. [13], the best transmission
medium of ultrasonic waves is water.

Optimization of The Angles between Transducers and Bone Samples

In this study, the optimization of the angle between the transducer and the bone was carried
out. The angle variations used are 30°, 60°, and 90° with a constant Tx and Rx distance of 5
cm. Cow femur bones are evaluated at five different sites, namely, points 1-5, as shown in
FIGURE 6.
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Point 5

FIGURE 6. Femur bone evaluation site. The thickness of each area : point 1 (4.49 cm), point 2 (3.21 cm), point
3 (3.79 cm), point 4 (4.94 cm), point 5 (6,36 cm).

FIGURE 7 shows the microstructure of each point recorded using the digital microscope with
a 50 times magnification.

FIGURE 7. The microstructure of the bone sample is divided into two categories: spongy bone (A, E) and
compact bone.

Femur bone test results with a frequency of 1 MHz at three angular variations with medium
gel are shown in FIGURE 8 and 9.
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FIGURE 8. Comparison between US attenuation value at 30° transducer angle of the compact and spongy bone
sample.
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FIGURE 9. Comparison between US attenuation value at 30° transducer angle of the compact and spongy bone
sample.

FIGURE 8 and 9 show that the largest attenuation level is on point 3 at an angle of 30° by
124.56 Nepres/m. The smallest attenuation level is on point 1 at an angle of 30° by 80.16
Nepres/m. The largest coefficient of attenuation indicates a greater density in compact bone.
The smallest attenuation coefficient occurs in the compact bone at an angle 60° by 69.73
Nepres/m. Overall, at each transducer angle, the attenuation coefficient of spongy bone is
smaller than that of compact bone. The attenuation value also depends on the thickness of the
bone samples. Compared to the results in the previous publication, where the position and
direction of the two transducers face each other against the bone sample, the backscatter
method not better than the transmission method [14]. However, lori et al. reported that the
backscatter mode could be used to predict the size of compact bone, which is a major factor
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in bone strength [18]. The limitation in this study only uses 1 MHz working transducer
frequency. Therefore the variation in the BUA dependence frequency can not be analyzed.

CONCLUSION

This article presents the backscatter mode of Quantitative Ultrasound that can be used to
identify bone structures based on differences in attenuation coefficients. The results showed
that the smaller angle between the transducer and the sample, the greater coefficient of
attenuation. The largest attenuation of the femur bone is obtained in compact bone with a
transducer angle of 30° of 124.56 Np/m of the lowest attenuation with a transducer angle of
60° of 80.16 Np/m on compact bones.
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