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Abstract
Adolescent idiopathic scoliosis (AIS) is a three-dimensional curvature of spine. Children with AIS and low bone quality
have higher chance to get curve progression leading to bigger spinal curvature. In addition, bone quality affects acoustic
impedance of bone, thus influencing the reflection coefficient of ultrasound signal from the soft tissue–bone interface.
This study aimed to estimate the bone quality of AIS patients based on the reflection coefficients to determine the cor-
relation of the bone quality with curve severity. A simple bone model was used to develop an equation to calculate the
reflection coefficient value. Experiments were conducted on five different phantoms. Acrylic was used to design a ver-
tebral shape to study the effect of surface roughness and inclination, including: smooth flat surface (SFS), smooth curved
surface (SCS), rough curved surface (RCS), and the rough curved inclined surface (RCIS). A clinical study with 37 AIS
patients were recruited. The estimated reflection coefficient values of plate phantoms agreed well with the predicted val-
ues and the maximum error was 6.7%. The reflection coefficients measured from the acrylic-water interface for the SFS,
SCS, RCS, RCIS (3� and 5�) were 0.37, 0.33, 0.28, (0.23 and 0.12), respectively. The surface roughness and inclination
increased the reflection loss. From the clinical data, the average reflection coefficients for children with AIS were 0.11
and 0.07 for the mild curve group and the moderate curve group, respectively. A moderate linear correlation was found
between the reflection coefficients and curve severity (r2 = 0.3). Patients with lower bone quality have observed to have
larger spinal curvature.
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Introduction

Scoliosis is a three-dimensional spinal deformity char-
acterized by a lateral curvature of the spine. Adolescent
idiopathic scoliosis (AIS) is the most commonly diag-
nosed form of scoliosis with unknown etiology,1 affect-
ing 1%–4% adolescent population especially children
from 10 to 16 years old.2,3 The severely progressed
curves can have negative impact not only on patients’
psychosocial health but also on their physical well-
being such as back pain, diminished pulmonary func-
tion, and increased mortality rate.4,5 The standard
method to measure the severity and monitor the pro-
gression of scoliosis is to measure the curvature on the
frontal radiograph, which is called the Cobb angle.
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However, taking radiographs has a significant negative
impact on patient well-being. The radiation dose
received by a scoliosis patient during radiographic
examination has been estimated at between 150 and
678mSv.6,7 On average, a 10-year-old child who is diag-
nosed with scoliosis may require 10–22 radiographs
during the entire treatment period.8,9 The lifetime risk
of radiation is also more pronounced in children than
in adults.

From literature, osteopenia or low bone density,
quantified by bone mineral density (BMD), is more
commonly observed in children with AIS than the nor-
mal children.10–13 BMD measures the amount of cal-
cium and is usually tested by dual-energy X-ray
absorptiometry (DXA). Furthermore, children with
AIS not only have lower BMD, but also have lower
bone quality.14 Bone quality, which is related to bone
strength, describes its microarchitecture, mineraliza-
tion, turnover rate, and micro-fractures.15 Bone quality
can be assessed by radiographic methods.4 Again, the
ionizing radiation exposure to children is a concern.
Studies have revealed that the AIS groups have deterio-
rated bone quality and lower bone mass when com-
pared with the control groups.14,16–19 Lee et al. also
found the Cobb angle of scoliosis was inversely and
independently associated with BMD.12 Furthermore,
researchers have reported that bone quality could be a
risk factor and used to predict the progression of
AIS.20–22 Improving children’s bone strength could
reduce the risk of curve progression. Treatment man-
agement may be provided more effectively if the child
has a higher risk of curve progression.

On the other hand, quantitative ultrasound (QUS) is
a non-invasive and ionizing radiation-free technique to
evaluate bone quality. Lam et al. used the ultrasound
transmission-through technique to measure bone prop-
erties at calcanei on healthy group as well as both mild
and moderate AIS subjects.14,23 Two measured QUS
parameters, namely speed of sound (SOS) and broad-
band ultrasound attenuation (BUA), and the third
derived stiffness index (SI), which is a combination of
BUA and SOS, were found statistically lower in AIS
group than the healthy control group. Further, they
suggested that SI was an independent and prognostic
factor for curve progression and treatment planning.23

Similar to the study of finding the relationship between
BMD and severity of AIS,12 Du et al. attempted to cor-
relate SOS with Cobb angles.24 They found AIS sub-
jects had lower SOS-values compared to non-scoliotic
controls; however, they concluded no significant corre-
lation between SOS and Cobb angles. So far, research
findings have shown consistently that both bone quan-
tity (BMD) and bone quality (SOS, BUA, and SI)
could be found lower in AIS patients as compared to
those of normal controls. The findings of low bone
quality or BMD in patients with AIS implied that low
bone quality could be concurrent with AIS. Studying
bone quality in AIS could gain a better understanding
of the etiology and bone health in AIS. Furthermore,

bone quality was also used as a risk factor to predict
progression of AIS,23,24 which could assist in the pre-
vention of curve progression and treatment plans of
AIS.12–14 However, a positive correlation between bone
quantity or quality and curve severity has not been
assertively established yet. In addition, the QUS usually
uses transmission method to assess bone quality at per-
ipheral sites other than spines, namely calcaneus and
radius.14,24 The use of reflected echoes from spinal
scans to evaluate bone quality of the spines is limited.

When ultrasound propagates into the tissue, energy
is reflected by any scatter which has a contrast of acous-
tic impedance with the surrounding, and the strength of
the echo mainly depends upon the magnitude of the
contrast. Soft tissue–bone interface is an example of
strong reflector.25,26 Given that the acoustic impedance
of bone, which is a product of SOS and density, is
related to the bone stiffness, and thus bone quality.
Zheng et al. proposed to measure the ultrasound echoes
directly from spines to assess bone quality and corre-
lated with spinal severity of AIS.27 They introduced a
reflection index (RI), which is a ratio of the received
echo from the vertebra and a reference echo from a
referenced phantom. The results showed that the RI
decreased with the increase of curve severity; however,
the correlation coefficient was small and the thickness
of the soft tissue was ignored. Due to the limited funda-
mental work and experimental justification in the study
of Zheng et al. we would like to develop a framework
to explain the fundamental phenomenon of ultrasound
echo from spine to assess bone properties.

Therefore, this study aimed to (a) develop the theo-
retical framework to explore the feasibility of determin-
ing reflection coefficients from the ultrasound echoes
acquired directly from spines, and (b) investigate if
there are correlations between the reflection coefficient
with the curve severity in children with AIS.

Materials and methods

Reflection coefficient and bone properties

In this study, the clinical application of the reflection
coefficient is to estimate the bone properties of spine.
The elastic modulus of cortical bone, E, varies with its

density r, through E=0:09r7:4.28 Other forms of the
relationship were provided in a review study by
Helgason et al.29 Elasticity is then associated with velo-

city through c= E(1�n)
r(1+ n)(1�2n)

� �1=2
, where n is the

Poisson’s ratio.30 Changes in bone properties such as
density and velocity affect the acoustic impedance of
the bone, and thus large reflection coefficient of the
soft tissue-bone interface implying better bone quality.
From the literature, the density of cortical bone in
human ranges from 1800 to 2000kg/m3,31,32 and corre-
spondingly velocity ranges from 2617 to 3666m/s,33,34

which corresponds to the impedance range of 4.7–7.3
Mrayls, and thus R-range of 0.49–0.64.
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Theoretical formulation

A simple bone model with the cortex overlaid by soft
tissue (Figure 1(a)) was used to develop the correlation
of the reflection coefficient and the amplitude of the
ultrasound signals. Both cortex and soft tissue are
assumed to be homogeneous and isotropic. The thick-
ness of soft tissue is h while the thickness of cortex is
not relevant in this study. The cortical bone and soft
tissue are characterized by the velocity (c), density (r),
and the attenuation coefficient (a), where the subscripts
b and s are used to denote bone and soft tissue, respec-
tively. The recorded amplitude of the echo can be
described by

A=A0Rsbe
�2ash ð1Þ

where A0 and A are the amplitudes of the ultrasound
source and echo signals, respectively; Rsb is the reflec-
tion coefficient of the soft tissue–cortex interface, e�2ash

accounts for the attenuation of the signal in the soft-
tissue layer, and as is the attenuation coefficient of the
soft tissue (np/cm). It is noted that we did not consider
the signal loss due to spreading with distance h because
the distance h is small in comparison with the width of
the transducer.

The relationship between bone properties and the
reflection coefficient is expressed as

Rsb=
Zb � Zs

Zb +Zs
ð2Þ

where Zb and Zs are the acoustic impedances of bone
and soft tissue, respectively.

The extraction of Rsb in equation (1) requires the
knowledge of A0 of the source signal and the attenua-
tion coefficient a of the tissue medium. To estimate A0

and a in the following phantoms’ study, we utilize the
multiple reflections or reverberation within a piece of
soft-tissue mimic. Figure 1(b) shows one primary echo
and two reverberations within the phantom. The fol-
lowing equations show the correlation of the reflection
coefficient, amplitude of reflected signals and the ampli-
tude of the source signal:

A1 =A0Rtae
�2ath,

A2 =A0 Rtað Þ2Rtme
�4ath,

A3 =A0 Rtað Þ3 Rtmð Þ2e�6ath

ð3Þ

where A0, A1, A2, A3 are the magnitude of the source
signal, first, second and third reflected signals. The sub-
scripts t, a, and m refer to soft-tissue mimic, acrylic,
and matching layer of the transducer respectively; at,
Rta, and Rtm are respectively the attenuation coefficient
of the soft-tissue mimic, the reflection coefficients of
the soft-tissue mimic–acrylic, and soft-tissue mimic–
matching layer interfaces.

By defining

A1
0
=

A1

Rta
=A0e

�2ath,

A2
0
=

A2

Rtað Þ2Rtm

=A0e
�4ath,

A3
0
=

A3

Rtað Þ3 Rtmð Þ2
=A0e

�6ath,

ð4Þ

equation (4) can be generalized as

An
0
=A0e

�2at(nh) (n=1, 2, 3): ð5Þ

Taking logarithm of both sides linearizes the above
equation

lnðAn
0 Þ=� 2at nhð Þ+ln A0ð Þ ð6Þ

where � 2at and ln(A0) are the slope and intercept of
the best fitting line (ln An

0� �
vs nh) by linear regression.

Plated phantom study

Experimental setup. The SonixTouch Q+ultrasound
system equipped with a 128-element C5-2/60 convex
transducer (BK Medical, MA, USA) was employed for
the study. The center frequency of the transducer was

Figure 1. (a) A simple bone model with a transducer on top of
soft tissue which covers the cortical bone and (b) the primary
and multiple reflections within the tissue mimicking layer used
to estimate A0 and at.
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set at 3.3MHz for the whole study unless otherwise
stated.

Figure 2(a) shows the experimental setup on one of
the testing materials, acrylic plate. The transducer was
mounted on an aluminum frame and placed in contact
with a piece of 2.9-cm thick blue phantom (BP) (CAE
Healthcare, FL, USA) overlying an acrylic plate, which
was supported by two rubber corks. BP was used
because it has ultrasound properties similar to those of
soft tissue. Ultrasonic gel (Parker Laboratories, NJ,
USA) was applied to all contacting surfaces between
the transducer and the BP as well as between the BP
and the test plate to ensure good coupling. The thick-
ness of BP after being compressed by the transducer
was approximately 2.2 cm. The received RF ultrasound
signal was recorded and used to determine the A0 and
at based on equation (6).

Reflection coefficient (R) of five different materials. Various
phantoms were used to validate the theory and to study
the affecting factors on the ultrasound signals. Based
on the previous experimental setup, the acrylic plate
was also replaced by different metal plates such as alu-
minum, brass, copper, and steel to estimate their reflec-
tion coefficients with BP. The stiffness of the tested
materials ranged from soft to hardest (related to den-
sity) while the acoustic impedance of bone should be
between that of acrylic and aluminum. Equation (1)
was used to determine the reflection coefficient of the
five materials based on the measured ultrasound
signals.

The determination of theoretical reflection coeffi-
cients is based on equation (2) and requires the

predetermined densities, velocities, or acoustic impe-
dance. The density of the BP was measured by the
Archimedes’ principle while the densities of the five
plates were referenced from the literature. The veloci-
ties of the used materials, i.e. BP and five plates, were
measured by the ultrasonic pulse-echo method using
the previous described framework. We obtained the
travel time from the RF signals and measured the
thicknesses by caliper. The velocity is the ratio between
the travel time and the thickness. Regarding the match-
ing layer of the transducer, its acoustic impedance is
pooled from reference.35 These values used for the cal-
culation of reflection coefficients are listed in Table 1.

Effect of surface roughness and inclination upon the echo-
amplitude. Beside the plate study, a 2.4-cm thick acrylic
plate with a 19-cm diameter arc on one side
(Figure 2(b)) was used to mimic the posterior arch of a
vertebra. The surface of the arc was rough, which was
caused by the circular-saw cutting. The transducer was
placed at 3.5 cm from the rough surface of the phan-
tom, which was similar to a normal distance from an
ultrasound transducer to a lamina when the ultrasound
was used to scan a scoliotic patient. To investigate the
influence of the surface roughness, three scans were
performed on (a) a smooth flat surface (SFS), (b) rough
curved surface (RCS), and (c) a smooth curved surface
(SCS) which was created by sanding the rough curved
surface. The phantom at RCS was also tilted at about
3� and 5� in the direction perpendicular to the long axis
of the transducer array, named RCIS, to examine the
effect of inclination on the recorded echo amplitudes
(Figure 2(b)). The experiments were carried out in a

Figure 2. (a) Experimental setup to measure the ultrasound properties of Blue Phantom and an acrylic plate and (b) experimental
setup to measure the reflection from a rough curved surface. The surface is also tilted about 5� around the X axis (in YZ plane).
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water tank with both the transducer and the phantom
immersed in water.

Cadaveric vertebral phantom study

A second phantom study was performed on a cadaveric
dry lumbar vertebra. The vertebra phantom was fixed
to the bottom of the water tank with LePage� Fun-
Tak� mounting putty (Lepage, Canada). Similar to the
acrylic arch phantom experiment, the vertebra was sub-
merged in water with the transducer set at 3.5 cm from
the laminae. Again, the reflection coefficient of the cor-
tical bone surface was calculated using equation (1)
with the measured ultrasound signal amplitudes.

In vivo pilot study

The in vivo pilot study was to further validate the pro-
posed approach and to investigate if there was a corre-
lation between the reflection coefficient with the curve
severity in children with AIS.

Study participants. Thirty-seven children (9M; 28F),
aged 14.06 1.6 years old (ranged between 11 and 17),
were recruited from the local scoliosis clinic. Ethics
approval was obtained from the University of Alberta
Health Research Ethics Board (Pro00005707). All par-
ticipants signed the written consents prior to participa-
tion. The inclusion criteria were participants who (1)
were diagnosed with AIS, (2) had the age ranging from
10 to 18 years old, (3) had Cobb angle between 10� and
45� (mild to moderate cases), and (4) had no prior
surgeries.

Data acquisition. The same ultrasound system described
in the phantom study with the convex transducer was
used for the in vivo study. The scanning parameters
used were: 215dB power, 6-cm imaging depth, and
50% gain with linear time gain compensation (TGC).
These parameters were selected based on the previous
studies with some minor adjustments to ensure optimal

image quality.46 Data was obtained by an operator with
2-year experience in using the ultrasound system to
scan AIS subjects. The participants were asked to stand
in a standard upright posture (Figure 3(a)) within a
frame to prevent twisting of the body. The ultrasound
gel was applied to their backs prior to scanning. During
scanning, the transducer was positioned perpendicular
to the coronal profile of the subjects and moved along
the spinal curve. Transverse B-mode images (cross-sec-
tion image of a vertebra) (Figure 3(b)) were displayed
in real-time, this allowed the operator to ensure the
transducer was almost perpendicular to the lamina
region. In this study, we used the low lumbar region
(either L4 or L5) for analyses because these two verteb-
rae usually had little axial rotation in the spinal axis.
Approximately 50–100 B-mode images and the corre-
sponding radio-frequency (RF) data were exported for
further analysis.

Selection of B-mode frames. The lamina has been identi-
fied as a strong ultrasound reflector because the lamina
area is usually a relatively flatten surface.25 This was
similar to the arch phantom and the linear plate studies.
The middle of the lumbar vertebra L5 was first identi-
fied. If the quality of image on L5 was poor, L4 was
then used. Five consecutive B-mode frames around the
middle of the vertebra with the most leveled pair of
laminae were used.

Signal processing for both phantoms and in vivo
studies

The acquired RF data was exported by Matlab soft-
ware (R2019a, MathWorks, MA, USA). Each ultra-
sound frame had 256 time series (A-lines). Hilbert
transform was applied to the series to obtain the envel-
opes of the signals.47 The peaks of the envelopes were
used as amplitudes to calculate the reflection coeffi-
cients. The envelope technique has been shown to be
robust in facilitating the detection of the peaks of noisy
signals, thereby yielding more consistent and stable

Table 1. Properties of the materials used in the study.

Material Density (kg/m3) Velocity (m/s) Impedance (Mrayls)

Water 100036 148036 1.48
Blue Phantom (BP) 900 1485 1.34
Soft tissue 105037 154038 1.62
Cortical bone 193039–41 325039–41 6.27
Acrylic 118042 2720 3.21
Aluminum 270042,43 6150 16.61
Brass 841543 4275 35.97
Copper 890042,43 4515 40.18
Steel 803042 5700 45.77
PZT – – 33.0035

Matching layera – – 7.30b

aZmatching = (ZsZPZT )1=2 35

bThe value falls within the range given by the literature.44,45
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results. For the studies of plate phantoms, three records
with maximum amplitudes from the center of the trans-
ducer were used. In the vertebral phantom and in vivo
studies, about3–5 records of maximum echo-magnitudes
corresponding to each lamina were exploited to mea-
sure the R. The measured R is the result of averaging
the R from both laminae.

Results

Phantom studies

Determination of A0, ct, and at. The primary echo and
two reverberations traveling within the BP are shown
in Figure 4(a) with the envelope peaks (An) being
15,863, 2120, and 274, respectively, which were the
average of the three time series at locations correspond-
ing to the center of the transducer. By means of equa-
tion (4), the An are converted to An

0
with Rtm and Rta

from Table 2. The best fitting line goes through the
three points (Figure 4(b)) with a r2 close to unity, indi-
cating the perfect fit between the data and the line. The
source amplitude, A0 was calculated to be 84,000. The
best-fitted at is 0.18 np/cm or 1.53 dB/cm, which is
compatible to the results obtained by transmission-
through measurements with the correction for trans-
mission loss through the water–BP interfaces.48 The

determined at thus can be considered the intrinsic
absorption coefficient of BP. Figure 4(c) demonstrates
the effect of varying a (0.3, 0.5, and 0.8 dB/cm/MHz)
on the signal amplitude. Further using the echo and
multiples, the velocity of the BP (ct) was estimated to
be 1485m/s.

Reflection coefficient (R) of five different materials. Based on
the received reflection signals and equation (1), the
measured reflection coefficients, R, of the BP–plate
interfaces are shown in Table 2. The velocity measure-
ments used for the reference reflection coefficients fall
within the ranges provided in literature (Table 1). The
discrepancies between the measured R and the calcu-
lated R ranged from 1.60% to 6.68%. Figure 4(d) also
shows the measured reflection coefficients versus the
calculated for the five plates.

Influence of surface roughness and inclination. Using the sig-
nals from the smooth flat surface (SFS) as the refer-
ence, the measured Rwa from the SFS, RCS, and SCS
are 0.37, 0.28, and 0.33, respectively. The signal loss
due to surface roughness is observed when the Rwa

measured from the RCS is 85% of that of the SCS.
Comparison between the acquired signals on the SFS
and RCIS at 3� is displayed in Figure 5(a) and (b). The

Table 2. The calculated and measured reflection coefficients of the interfaces involved in this study. E is given by the absolute value
of the difference (calculated – measured) 3 100% divided by the calculated value.

Reflection coefficients Calculated Measured E (%)

BP/Acrylic (Rta) 0.41 0.38 6 0.02 6.68
BP/Aluminum 0.85 0.84 6 0.06 1.60
BP/Brass 0.93 0.94 6 0.07 1.73
BP/Copper 0.94 0.98 6 0.11 4.41
BP/Steel 0.94 0.96 6 0.02 2.14

Figure 3. (a) The ultrasound scan of children with AIS in standing position and (b) a B-mode image of a vertebra. A cadaver vertebra
is shown in the inset.
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RCIS signals (Figure 5(b)) show weaker intensity and
amplitude in the ultrasound image and the correspond-
ing RF plot than those of the SFS signals (Figure 5(a)).
While the Rwa of the RCS accounts for about 76% of
the reference Rwa (SFS), further loss due to 3� inclina-
tion reduces the Rwa recovered from the RCIS signal
(Figure 2(b)) to 0.23, just 62% of the reference. As the
inclination increases to 5�, the Rwa is reduced to just
0.12% or 32% of that from the SFS. The image of the
cadaveric lumbar vertebra is shown in Figure 5(c). The
predicted Rwb is about 0.62 while the recovered coeffi-
cient is 0.23. Figure 5(d) shows an example of the in
vivo ultrasound image of the lumbar vertebra and the
corresponding RF data.

In vivo Study

The decay in echo-amplitude due to the attenuation of
ultrasound in the soft tissue was compensated using an
as-value of 1.65 dB/cm at 3.3MHz. The measured Rsb

of the 37 AIS patients ranges from 0.03 to 0.16.
For example, the Rsb recovered from Figure 5(d2) is
0.07. Based on the magnitude of the curves (Cobb

angle – CA), the data was divided into two groups,
mild (108 \ CA 4248) and moderate (2584CA\ 458)
curves. Figure 6 plots the measured Rsb versus CA; the
mild curve group is colored with blue and the latter is
shaded with red. The average Rsb values for the mild
and moderate scoliosis regions are 0.116 0.02 (n=20)
and 0.076 0.03 (n=17), respectively. Independent T-
test analysis was performed to compare the measure-
ments of the two groups (alpha of 0.05). The result
shows that the measured Rsb values between the two
groups are significantly different between the two
groups (p-value=0.0001 \ 0.05). There was also a
trend observed in the moderate curve region with
r2 =0.3. The best fitting line shows the reflection coef-
ficient declines with the increasing CA, that is, with the
severity of the scoliosis.

Discussion

The theoretical calculation of the reflection coefficients
of the BP and five different materials’ interfaces
(acrylic, aluminum, brass, copper, and steel) was
matched to the measured values with maximum

Figure 4. (a) Envelopes of the recorded echo and two reverberations within the BP. The amplitude of the second reverberation is
small and the zoomed signal is shown in the inset. (b) The linear regression line of the three data points. (c) The simulated amplitude
ratio with change of soft-tissue thickness for three as-values. (d) Comparison between the measured and predicted reflection
coefficients. Error bars denote the standard deviations (see Table 2).

Pham et al. 1409



discrepancy of 6.7% (Table 2). As the stiffness of corti-
cal bone lies between the stiffness values of acrylic and
aluminum, it is expected that the reflection coefficient
of BP-cortical bone interface is between 0.38 and 0.84.

The surface roughness accounted for approximately
25% of the signal loss while the total effect due to the
surface roughness and inclination together caused
about 64% loss. When the surface was smoothened, the
received signal was back to nearly 90% of the original.
The small curve on the surface (SCS) had a small effect
on signal loss when compared to the flat surface (SFS).
Furthermore, the effect of the tilt angle is actually more
significant. Together with the surface roughness, a 3�
tilt demonstrated about 40% signal loss while a 5� tilt
demonstrated a nearly 70% loss. These experiments
demonstrated that a significant amount of energy loss
was expected due to both the inclination and roughness
of the surface.

From the cadaveric vertebra study, the recovered
coefficient is 0.236 0.06, only 33% of the predicted
Rwb (0.62). Besides, these factors affect the signal loss,
the thickness of the human soft tissue may also have
effects. Figure 4(c) shows the simulated responses of

the amplitude ratio with soft-tissue thickness for three
values of as. With a constant source amplitude A0 and
a fixed tissue thickness, the amplitude of the echo
decreases with increasing as-value while for a fixed as,
the amplitude decreases exponentially with thickness.
The attenuation coefficient of soft tissue, as, in human
ranges from 0.3 to 0.8 dB/cm at 1MHz with an average
of about 0.50 dB/cm.37,49 Since the relationship between
as and frequency is linear,38,50as was extrapolated to be
1.65 dB/cm at 3.3MHz, which is similar to at obtained
by the best fitting regression and transmission-through
experiments. Ultrasound energy decreases with distance
exponentially as it propagates through the absorptive
soft tissue. The absorption mechanism dissipates energy
within the tissue as heat, reducing the energy and mag-
nitude of the signal. Using the ultrasound images of the
37 AIS subjects, the thickness of soft tissue, measured
from the lamina to the skin surface, ranged from 2 to
6 cm with an average of about 3.5 cm. At 3.5 cm soft tis-
sue thickness, the simulated echo-amplitude is only
26% of the source amplitude for as =1.65 dB/cm.
Therefore, the effect of soft tissue on the echo-
amplitude cannot be ignored.

The effect of absorption upon the reflection coeffi-
cient was also studied. The first-order approximation
of the amplitude acoustic reflection coefficient for two
lossy biological tissues is given by51

Rlossy =Rlossless + i
D

2
ð7Þ

andD =
as

kas

� ab

kab

ð8Þ

where i2 =� 1, Rlossless is the lossless acoustic reflection
coefficient, and D is the change of a=k (absorption coef-
ficient per wavenumber) across the tissue interface.
Assuming cortical bone has an attenuation coefficient
of 45 dB/cm at 3.3MHz,52 the absorption term (imagin-
ary component) accounts for less than 10% or precisely

Figure 5. The ultrasonographs (Left) and the corresponding
RF data (Right) of the following target: (a) acrylic phantom with
the SFS, (b) acrylic phantom with the RCIS, (c) lumbar vertebra
phantom, and (d) lumbar vertebra of a subject.

Figure 6. The correlation between the Rsb and Cobb angle.
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6.8% of the Rlossy

�� ��. For the simplicity, we ignore the
attenuation effect on the reflection coefficient and only
consider the lossless reflection coefficient in this study.

After an approximate compensation of the attenua-
tion in the soft tissue, the measured Rsb was in range of
0.03–0.16, lower than the expected values of 0.49–0.64
due to the mentioned loss factors. It is challenging to
quantify this loss discrepancy for better estimated Rsb.
However, by assuming the loss is similar in each AIS
subject, meaningful conclusion could be drawn from
the measured Rsb. The average Rsb value for the moder-
ate curve was lower than that of the mild curve region
(0.07 vs 0.11). There was also a mild tendency of
decreasing Rsb when the curve was larger. A moderate
correlation between the Rsb and CA was found with r2

of 0.3. Beside this study, Zheng et al. used the reflection
index measured in frequency domain to assess bone
quality.27,53 This reflection index was found to well cor-
relate with the reflection coefficient with r2 of 0.8.53

However, their study did not consider the effect of soft
tissue thickness variation and the surface roughness. In
the earlier studies, Hung et al. and Yip et al. used
BMD values to predict the risk of curve progression of
scoliosis.20,21 They both found children with scoliosis
had lower BMD, but their results did not draw a strong
correlation. Furthermore, Zhang et al. utilized bone
turnover rate as an index of bone quality to correlate
the risk of curve progression.22 Currently, a rando-
mized control trial is being conducted to investigate if
taking more vitamin D supplement can reduce the risk
of scoliosis progression.54 Therefore, understanding the
bone health information such as BMD and bone qual-
ity can assist orthopedic surgeons to decide treatment
planning in a timely manner.

Conclusion

This preliminary study has demonstrated the feasibility
of using ultrasonic reflection coefficients for the estima-
tion of material properties and its application in esti-
mating bone properties of AIS patient groups. The
total loss in echo amplitude due to the absorptive soft
tissue layer, surface roughness and inclination is signifi-
cant and difficult to quantify. However, although these
losses hindered the recovery of true bone properties, the
average Rsb on the mild curve region was larger than
that of the moderate curve region. An inverse relation-
ship between the Rsb and CA was found in the AIS
group with moderate curves, indicating that bone prop-
erties may decrease with the severity of scoliosis. Future
investigation of the change of Rsb on individual person
should be performed to track the risk of progression.
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