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ABSTRACT 

Scoliosis is a musculoskeletal disorder manifested as a three-dimensional spinal deformity. It affects 2% - 3% of the 
adolescent population. The conventional method to diagnose scoliosis is to measure the Cobb angle from posteroante-
rior radiograph. Since radiation exposure is not desirable for patients, other non-ionizing methods have been explored. 
Among all the non-ionization methods, ultrasound (US) is a potential cost-effective method. However, our understand-
ing of US interaction with the vertebrae or the spine is limited. The purpose of this study was to demonstrate the ability 
of US to identify bony landmarks for measuring spinal deformity. This study used a phased array US system with a 5 
MHz transducer and a position encoder. In-vitro experiment on a cadaver vertebra and a pilot clinical study were carried 
out. The in-vitro experimental results showed that the lamina and spinous process were strong reflectors from the single 
vertebra. Less than 4% of error occurred on the dimension measurements. The pilot study was performed on a healthy 
subject and a scoliotic patient. The results indicated the lamina and spinous process could be identified and the curva-
ture of the spine could be estimated using the reflectors. The difference of the curvature angle of the spine measured 
from the radiograph and the US images was 2˚. These results have illustrated that US is a promising tool to measure 
curvature of spinal deformity and study scoliosis. 
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1. Introduction 

Scoliosis is a complex three-dimensional (3D) deformity 
of the spine associated with vertebral rotation [1]. The 
curvature affects the rib cage and presents as deformities 
of the trunk. Approximately 80% of the cases are known 
as idiopathic scoliosis (IS) for which there is no known 
cause. The prevalence of IS in the childhood and adoles-
cent population ranges from 0.5% to 3% [2] and is more 
common in girls than boys. The ratio of girls to boys is 
8:1 for patients requiring treatment [3]. The previous 
surveys [4-7] reported that patients with scoliosis suf-
fered higher mortality, more common backaches, de-
creased physical capacity, and the deteriorated pulmo-
nary function, which negatively affect the quality of life. 

The most commonly used method to diagnose adoles-
cent idiopathic scoliosis (AIS) is to measure the spinal 
curvature from a posteroanterior (PA) radiograph. The 
curvature angle is called the Cobb angle measured by the 
Cobb method [8]. Although the Cobb angle is the gold 
standard to measure the severity of scoliosis and can be 
used to predict its progression, the measurement is lim-
ited to two-dimension which does not adequately quan-

tify the 3D spinal deformity. Besides the spinal curvature, 
vertebral rotation is another useful parameter to describe 
the full extent of scoliosis [1] and evaluate the treatment 
outcome [9]. Several methods have been developed to 
measure vertebral rotation on radiographic images [10-12] 
and computed tomography (CT) images [13,14]. 

X-ray based techniques expose patients to harmful 
ionizing radiation and CT scanners emit more radiation 
than conventional radiography. Young scoliotic patients 
require years of follow-up to monitor the progression of 
spinal curvature with the possibility of accumulating 
more radiation doses due to increasing number of radio-
graphic exposures. Some cohort studies involving female 
patients showed frequent exposure to radiation during 
childhood and adolescent may increase breast cancer risk 
[15,16]. Therefore, alternative non-invasive, radiation- 
free, and reliable methods to study scoliosis are urgently 
sought. Magnetic resonance imaging (MRI) could recon-
struct high-quality tomographic images of spinal verte-
brae [17,18]. However, the use of MRI is costly and time 
consuming; therefore, its use to evaluate AIS still re-
mains very limited. 

Surface topography is a 3D measurement of back’s 
surface using scanned light, photographic techniques or *Corresponding author. 
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sensors [19]. Several systems based on surface topogra-
phy were suggested such as optical based Moire fringe 
topography, the integrated shape imaging system, ISIS 
(Oxford Metrics, Ltd., Oxford, UK), and the Quantec 
Spinal Imaging System, QSIS (Quantec Inc., Lancashire, 
England) [20-23]. For the past decade, researchers have 
focused on the full torso study. A patented INSPECK 
system [24] and a commercial non-contact 3D digitizer 
(Vivid 910, Konica Minolta, Japan) have been used to 
capture the full torso and tried to correlate the surface 
features with internal alignment [25,26], but the correla-
tion was not strong. 

Another method, which used the sensor of the Ortelius 
800TM system (Orthoscan Technologies Inc., MA, USA) 
to touch the spinous processes of the scoliotic patients, 
was able to reconstruct the spinal alignment and to cal-
culate the vertebral locations and the curvature angles. A 
study involving 52 AIS patients showed good agreement 
between the curvature angles from the Ortelius and the 
Cobb angle measurements [27]; however, a recent study 
[28] did not support the previous findings. 

Among the aforementioned methods, ultrasound (US) 
is the most attractive method as it is cost effective, port-
able, easy to operate, and has no radiation risk. The tis-
sue-bone interface is a strong reflector and reflects most 
of the US signals [29], thus making vertebral imaging 
possible. Using a medical US scanner (Shimazu SDL- 
300) with a 5.0 MHz transducer, researchers from Kyoto 
University were able to identify the transverse processes 
and the laminae in 47 patients in prone position [30]. 
They also measured spinal rotation and found that the 
Cobb angle and the vertebral rotation had a linear corre-
lation in untreated patients. Another study [31] showed 
that the US could locate the lumbar intervertebral level 
accurately. Recently, Li et al. [32] demonstrated that US 
could be used to trace the spinous process during brace 
fitting process and to calculate the spinous process angle 
(SPA). High correlation was obtained between the Cobb 
angle and SPA in 12 AIS patients [32]. However, another 
study reported the SPA underestimated the severity of a 
scoliotic curve compared with Cobb angle [33]. The con-
tradictory results between [32] and [33] were due to the 
fact that the ranges of Cobb angle under investigation 
were significantly different: smaller range (15˚ - 29˚) in 
[32] and larger range (20˚ - 75˚) in [33]. More studies are 
required to confirm a reliable correlation between the 
SPA and Cobb angles. Studies of scoliosis using US are 
limited. While the literature has, so far, concluded posi-
tively the potential of using US to assess scoliosis, the 
evidences presented in those reports are, quite regrettably, 
very few. There is a lack of good quality US images and 
convincing discussion of the image features with refer-
ence to the US reflectors or markers of the vertebra. In an 
effort to advance the research of using US to study sco 

liosis, it is important to be able to interpret the US im-
ages of the spine with confidence. To accomplish this, 
confirming an existence of a good correlation between 
the features of the US images and those of the vertebrae 
is crucial. 

In this paper, we studied the US images of spinal ver-
tebrae from both the in-vitro experiment and a pilot 
clinical trial using a non-medical US scanner. The objec-
tive is to relate the features of the US images to the 
source of the echoes recorded on the plane of acquisition. 
Ultimately, we hope to identify suitable US markers for 
the assessment of scoliosis. 

2. Methods 

2.1. Vertebra Phantom 

A cadaveric thoracic vertebra (T9) phantom was used in 
this experiment. Figure 1 shows the front, top, and side 
views of the vertebra. With soft tissue removed, the 
specimen was cleaned, dried, and treated for preservation 
and frequent handling. The major posterior arch structures 
of the vertebra, which include the spinous process (SP), 
transverse process (TP), laminae, and superior articular 
process (SAP), are identifiable from the images (Figure 
1). The maximum length, height, and width of the verte-
bra are 67 mm, 80 mm, and 51 mm respectively. 

2.2. Clinical Study 

A healthy and non-scoliotic female volunteer, who is a 
team member from our laboratory, consented to partici-
pate in the pilot clinical study. The second subject was an 
AIS patient, 11-year old female, with main thoracic curve 
between T5 and T12 vertebrae (Cobb angle 29˚), treated 
by bracing and had no in-brace radiograph taken on the 
same day of the study. Consent was also obtained from 
this patient. 
 

 
(a)                   (b)             (c) 

Figure 1. The vertebra phantom: (a) front view, (b) top view, 
and (c) side view. The letters A, B, C, and D indicate the 
positions of the spinous process (SP), transverse process 
(TP), lamina, and superior articular process (SAP) respec-
tively. The X-arrows (x1-x3) show the positions of the dis-
played images presented later in Figure 4 while the Z-arrows 
(z1-z4) show the positions of the displayed images presented 
later in Figure 6. 

Copyright © 2012 SciRes.                                                                                  OJA 



W. CHEN  ET  AL. 97

2.3. Ultrasound Equipment 

In this study, we used an Olympus TomoScan Focus LTTM 
Phased Array Ultrasound system (Olympus NDT Inc., 
Canada) as shown in Figure 2(a). Beam forming and 
transmit/receive focusing for different depth zone can be 
achieved by applying time delays among transducer ele-
ments. The scanning pattern can be linear or sectorial (or 
angular). The US system is connected to a computer via 
Ethernet port. The computer with the TomoviewTM soft-
ware (Version 2.9 R6) installed is used to control the data 
acquisition process and modify the parameters of the US 
beam such as scanning mode, beam angle, focal position, 
and active aperture. The acquired data can be exported to 
the computer for further post-acquisition analysis. Real- 
time data compression and signal averaging are also 
available. 

The US transducer used was a 5.0-MHz 64-element 
array probe (5L64-I1) (Figure 2(b)). The probe has an 
active area of 38.4 mm (length) by 10 mm (elevation) 
with a pitch (p) of 0.6 mm. For transmit focusing, the 
outer elements are fired before the inner elements to 
achieve depth focusing. Increasing time delays between 
adjacent elements decreases focal depth while reducing 
the delays causes distal depth focusing. For receive fo-
cusing, the echoes coming back from a certain depth are 
stored, delayed, and then summed to produce an US sig-
nal. Generally, the echoes received by the outer elements 
travel longer distances than the echoes by the inner ele-
ments. In order to align the echoes for summing, the 
echoes received at the center element of the group are de-
layed the most while those received at the edge of the 
groups are delayed the least. The amount of delay is such to 
ensure the phases of the echoes are aligned to be summed. 

We chose to use a group of twelve elements for depth 
focusing because of the compromise between depth pe- 
netration and frame size. The maximum focal depth, DN 

for the 12-element group is 43.7 mm according to the 
following equation [29]: 
 

 
(a) 

 

(b) (c)  

Figure 2. Experimental equipment and setup: (a) the Tomo- 
Scan Focus LTTM phased array ultrasound system, (b) the 
holder with the mini-wheel encoder and transducer, and (c) 
the experimental setup. 
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where the active group aperture, d is 7.2 mm (12 × p), the 
frequency, f is 5 MHz, and the speed of sound, c is 1480 
m/s for water [34]. The beam converges at the focal 
depth where the beam width is the minimum, providing 
the best lateral resolution and beyond which the beam 
starts to diverge. Lateral resolution is depth dependent. 
The TomoScanTM system has the dynamic depth focusing 
(DDF) capability, which is a beam forming technique to 
extend the lateral resolution over a depth range. We con-
sidered linear scanning with DDF. Based on our resolu-
tion phantom study, the lateral resolution remains con-
stant 1.2 mm at depth between 5 mm and 43.7 mm with a 
12-element group. The encoder (Figure 2(b)) works in 
synchronization with the transducer movement during 
data acquisition. The position coordinates of the trans-
ducer are recorded by the system. 

2.4. Experimental Setup 

The vertebra phantom rested at the bottom of a small 
water tank (Figure 2(c)) with the transverse processes at 
the same horizontal level to minimize vertebral rotation. 
A 2 mm thick polypropylene sheet with an US speed of 
1628 m/s, calculated by the pulse-echo method [29], was 
used to mimic the skin. The sheet was supported by 
screws and placed about 7 mm above the spinous process 
of the phantom. The tank was filled with water until it 
just covered the sheet. The human skin thickness varies 
between 1.55 mm and 2.54 mm [35] with an average US 
speed 1645 m/s for epidermal layers and 1595 m/s for 
dermal layers respectively [36]. Therefore, the polypro-
pylene sheet is an appropriate skin mimics. Water has an 
US speed of 1480 m/s similar to 1540 m/s of soft tissue 
and was used to simulate the soft tissue. The whole ex-
perimental setup was to mimic the human back including 
skin, soft tissue, and vertebra. 

The transducer and the encoder were placed in a 
holder (Figure 2(b)). The holder was mounted to an alu-
minum vertical arm. An aluminum guidance device or 
glider was mounted to the edge of the water tank (Figure 
2(c)). The glider, which slid along the edge, has a hori-
zontal arm, to which the holder arm was firmly attached. 
The horizontal arm was engraved in metrics to indicate 
the y-position of the holder. During scanning, one held 
the holder arm and moved the glider forward along the 
x-direction with a speed of no more than 5 mm/s. Among 
other factors, the speed depended on the depth of interest 
because longer listening time was required for the trans-
ducer to record echoes from deeper depth. At speed 
faster than 5 mm/s, the encoder wouldn’t trigger the 
transducer to fire, causing no transmitting signals and 
thus null or dead US image; speed slower than this value 
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increased the scanning time. 
For the pilot study, a custom frame was built with a 

track to allow the holder of the transducer and encoder to 
move vertically. Each participant wore a gown with an 
open back during the scanning process. The participant 
sat straight inside the frame and looked straight with arm 
resting on a metal bar at the front and chest level. This 
set up was to minimize the sway of subjects’ bodies. The 
operator move the holder vertically along the back scan-
ning from T4 to L4 for the volunteer and T5 to L4 for the 
AIS patient. The transducer was slightly pushed against 
the back tissue with ultrasound gel between the trans-
ducer and the skin to ensure good coupling. 

2.5. Data Acquisition and Processing 

For ease of discussion, we defined an XYZ-coordinate 
system as shown in Figure 3. The probe moved along the 
X-axis. A 12-element group defined an A-line. Each 
A-line was 7418-point long separated by 0.01 µsec in-
terval. Since each group was shifted by one element in-
terval, the spacing between A-lines was 0.6 mm. A 
maximum of fifty-three A-lines formed an image or 
frame with an effective aperture 31.2 mm. Each frame 
was a 2D transverse view of the vertebra in the Y-Z 
plane (perpendicular to the X-axis). To convert the tem-
poral interval t to depth interval z, one would divide 
t by 2 to account for the two-way travel time of the US 
and multiply it by 1480 m/s. The resultant depth interval 
was 0.0074 mm. At a 5 mm/sencoder speed, the spacing 
interval between frames was 1 mm. Signal averaging and 
data compression were not applied. 

Since the length of the phantom was longer than the 
effective aperture of the transducer array, each frame 
acquired by one scan didn’t cover the whole length of the 
vertebra phantom. Thus, three scans were required to 
cover the whole vertebra. A 70 mm × 81.2 mm area on the 
XY-plane defined the scanning area for the vertebra 
phantom. After finishing a scan along the X-axis, the 
holder was translated back to the beginning of the scan 
and moved along the Y-axis to a new index-position for 
the new scan. The starting (x, y) positions of each scan 
 

 

Figure 3. The coordinate system: X is the scanning axis, Y is 
the axis for element index, and Z is the depth axis. The 
squares represent the acquired frames. The spacing between 
frames is x. 

were recorded; the multiple scan files were merged to 
form a single data file of the whole phantom using the 
TomoviewTM software. When the overlapped data was 
merged together, the intensity of the resultant voxel was 
assigned using maximum intensity projection (MIP) me- 
thod [37]. The merged data had a depth resolution of 
0.074 mm after 10-folded decimation. Hereafter, a frame 
was referred to a merged frame. For the in-vivo study, two 
scans were required to cover the body size of the volunteer 
while one scan was adequate for the AIS patient. 

The data was further reconstructed to form the sagittal 
and coronal views on the XZ-plane and XY-plane re-
spectively. The images could be displayed either by sin-
gle slice or by merging the contiguous slices with vary-
ing slice thickness. The images were displayed with 16 
colors where the red color was for hyper-echoic area, 
blue for hypo-echoic, and white for anechoic. The other 
colors were linearly interpolated. 

3. Results 

Three frames obtained at three scanning positions x1, x2, 
and x3 (indicated in Figure 1(c)) are shown in Figures 
4(a)-(c). The images show the SAP, TP, laminae, and SP in 
their respective frames. There are 51 frames traversing the 
width of the vertebra. Their projections on the YZ-plane 
provide an overall comparison of the echo strength from the 
vertebral structures (Figure 4(d)). The image shows a gen-
eral shape of a “W” as compared with the front view of 
the vertebra (Figure 1(a)). The echoes from the SP and 
laminae are relatively strong while those from the TP and 
SAP are weak. The projections of all the sagittal images 
on the XZ-plane also display similar observations about 
their relative reflections from the laminae and SP (Fig 
 

   
(a)                            (b) 

   
(c)                           (d) 

Figure 4. The transverse views of the vertebra phantom at 
different scanning positions as indicated in Figure 1(c): (a) at 
x1, (b) at x2, (c) at x3, and (d) the stacking of 51 frames. The 
red lines in (a)-(c) indicate the same depth level around z3. 
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ure 5). The coronal views are shown in Figure 6 at four 
different depths: z1, z2, z3, and z4 as indicated in Figure 
1(a). The 2D images are displayed with different slice 
thickness. Due to the uneven surfaces and curvature of 
the structures, thicker slices are necessary to delineate the 
structures and enhance the echo strength. The number of 
slices (equivalent thickness) used are 28 (2.07 mm), 24 
(1.78 mm), 20 (1.48 mm), and 74 (5.48 mm) for the SP, 
TP, laminae, and SAP respectively. Figure 6(e) displays 
a coronal image formed by stacking all cross sectional 
images from the top of the SP to the bottom of the SAP, 
covering about 38 mm thick of the vertebra. 

We have previously mentioned that thicker slices are 
necessary to image the structures with good confidence. 
To illustrate the point, we used a series of coronal images 
of the laminae for five different thicknesses ranging from 
0.074 mm thick (1 slice, Figure 7(a)) to 1.48 mm (20 
slice, Figure 7(e)). Starting at depth z3, a single slice 
image (Figure 7(a)) hardly reveals the laminae’s loca- 
tions. A 5-slice image (Figure 7(b)) starts to display 
 

 

Figure 5. The projection of all sagittal images on the XZ- 
plane. 
 

         
(a)                (b)                 (c) 

      
(d)                           (e) 

Figure 6. The reconstructed coronal views at different imag- 
ing depths showing different structures of the vertebra: (a) 
SP (at z1), (b) TP (at z2), (c) laminae (at z3), (d) SAP (at z4), 
and (e) image stacking from the top of the SP to the bottom 
of the SAP. The square at the southeast corner of each image 

their locations. A 10-slice im

is used as a point of reference. 

age (Figure 7(c)) signifi-

ctures 
us

inary ex-
pe

cantly improves the visibility of the laminae. A 15-slice 
thick image (Figure 7(d)) improves the image margin-
ally. There is no visual difference between the 15-slice 
and 20-slice images. To determine the optimal number of 
slices, we referred to the transverse and sagittal images. 
By measuring the apparent thickness of the hyper-echoic 
area corresponding to the laminae from the sagittal view 
(Figure 5), we estimated 20 slices to be sufficient. 

We further compared the dimensions of the stru
ing measurements from both the phantom and its cor-

responding US images. Three dimensions: The length of 
lamina centers, the length of the TP centers, and the 
length of the vertebra, were obtained from the transverse 
and coronal images; the height between them were taken 
from the transverse and sagittal images using the top 
edge of each structure. A digital caliper was used to mea- 
sure the vertebra phantom while the dimensions of the 
US images were measured on the monitor using Tomo-
ScanTM measuring software. The centers of the features 
were used for the measurements and each measurement 
was repeated three times. The means and standard devia-
tions of the measurements are listed in Table 1. The 
means are different by less than 1 mm (<4%). 

For the in-vivo study, we performed a prelim
riment on the volunteer. A transverse image of the tho-

racic vertebra T4 is shown in Figure 8(a) with a stacked 
image (11 slices) shown in Figure 8(b). The reflected sig-
nals from the heterogeneous soft tissues are strong. The 
top part of the white area in the middle of the image is 
the SP location. Underneath the SP is the shadow zone 
where no US reflections are recorded. The hyper-echoic 
areas on both sides of the SP are the laminae. However, it 
is difficult to locate the exact locations of the TP since 
 

         
(a)        (b)         (c)                 

     
(d)         (e) 

Figure 7. The reco  of the laminae of 

        

nstructed coronal views
different thickness: (a) 0.074 mm (1 slice thick), (b) 0.37 mm 
(5 slices thick), (c) 0.74 mm (10 slices thick), (d) 1.11 mm (15 
slices thick), and (e) 1.48 mm (20 slices thick). 
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n of measurements between phantoms and images. 

 Difference (mm) 

 
Table 1. Compariso

Measurements from Measurements from 
phantom (mm) images (mm) 

Length between centers of laminae 22.2 ± 0.5 23.0 ± 0.35 0.8 (3.6%) 

Length between centers of TP 60.6 ± 0.5 61.2 ± 0 0.6 (1.0%) 

Length of the vertebra 67.3 ± 0.3 66.6 ± 0 0.7 (1.0%) 

Height between SP and lamina 2  26.2 ± 0.6 5.9 ± 0.04 0.3 (1.1%) 

Height between SP and TP 15.9 ± 0.3 15.3 ± 0.04 0.6 (3.8%) 

Height between SP and SAP 32.7 ± 0.3 32.3 ± 0.09 0.4 (1.2%) 

 

 
(a) 

 
(b)        (c)  

Figure 8. Ultrasound images of the healthy volunteer: (a) a 

eir reflections are interfered by the reflections of the 

he PA radiograph from the AIS 
pa

as been a successful diagnostic imag-
o image soft tissues. Recently, 

transverse view (single frame), (b) a transverse view of 11 
stacked frames, and (c) a coronal view (320 slices). The black 
curves in (a) and (b) outline the W-shape of a vertebra. 
 
th
overlying ribs. However the general W-shape can be rec-
ognized. From the coronal image shown in Figure 8(c), 
the SP and laminae can be identified and reflect a straight 
spine of the volunteer. 

Figure 9(a) shows t
tient with the Cobb angle measured from T5 to T12. 

Figure 9(b) shows the US coronal image of the same 
patient, where the laminae (red area) and SP shadow 
zone (white area between laminae) can be recognized. To 
measure the coronal curvature from the US image, the 
center of lamina (COL) method is used. Two lines were 
drawn through the center of laminae at the levels of T5 
and T12 to form the curvature angle. The angle measured 
from this US image was 27˚ and it was 2˚ different from 
the x-ray measurement. A transverse image from T6 is 
shown in Figure 9(c), in which the pair of laminae is not at 
the same level, which means there is an axial rotation on this 
vertebra. Even though an axial rotation occurred, the SP and 
laminae could still be identified as part of the W-shape. 

4. Discussions 

Ultrasonography h
ing technique of choice t
US elastography has been used to retrieve the mechanical 
properties of soft tissue. Bone imaging using US is not 
common, but it has been shown that ultrasound can im-
age bone [38-40]. When US encounters an interface 
separating two media of different acoustic impedance Z


, 

there is a partition of energy at the interface. The amount 
of reflected energy very much depends on the impedance 
contrast (normal incidence): 

2

boZ
R ne tissue

bone tissue

Z

Z Z

 
   

 



            (2) 

 

 
(a) (b) 

 
(c)  

Figure 9. The spinal images of the AIS participant: ) the 
PA radiograph; (b) the US coronal view (170 slices); and (c) 

(a

a transverse image of a vertebrae (single frame). 
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Soft tissue-bone interface is a strong reflector. Con-
sidering the impedances of bone and soft tissue around 
7.8 × 10–5 rayls and 1.63 × 10–5 rayls respectively [29], 
43% of the incident energy is reflected. Some early 
works have demonstrated echograms provided valuable 
information on the surficial structures of the spine [30- 
32]. 

The goal of this work was to investigate the feasibility 
of using US to study scoliosis. To start with, we corre-
lated the US images with the features of the vertebra 
phantom. We chose to use a commercial non-medical 
phase array system because it provided data portability 
and flexibility in data acquisition. Data portability is im-
portant as further post-acquisition image processing us-
ing Matlab is required. Our knowledge transfer in the 
study will ultimately lead to a proper medical US scanner 
for clinical testing. We chose to use the normal beam 
because that was the most appropriate clinical mode of 
acquisition for the scoliosis study where phase delay is 
used for depth focusing. The surface of the vertebra was 
rough and uneven; the surfaces of the laminae and SAP 
were slightly curved, diffracting the incident US energy 
to different directions other than the active elements. 
This was a reason why the images were stacked to en-
hance the strength of the echoes from the features of in-
terest. 

Compared the in-vitro and in-vivo studies, the clinical 
data presents further challenges to image a human spine. 
The scattering from the soft tissue inhomogeneity shows 
up as strong random energy at the top of the images, 
which is mixed together with the reflected signals from 
the SP. The SP shadow zone is easily recognized and can 
be used to trace the W-shape of the vertebra. However, 
the exact TP-locations cannot be determined with good 
accuracy (Figure 8). For the in-vivo situations, the ana-
tomical structures at the thoracic region increase the dif-
ficulty of distinguishing the TP from the ribs. Their US 
reflections interfere, thus preventing an accurate imaging 
of the TP-locations. The laminae and the SP are the con-
sistent markers in this study as compared to TP and SAP. 

Besides, the attenuation coefficient of soft tissue is on 
the average 0.55 dB/MHz·cm and thus US signals are 
attenuated as they travel to and from the tissue-bone in-
terface. Considering a 1-cm thick soft tissue, the ampli-
tude of the echo is reduced around 50% by attenuation 
mechanism alone and the intensity of the echo is further 
reduced by the reflection coefficient. The echoes can be 
time-gain compensated (TGC); however, the high fre-
quency noise will be undesirably enhanced as well and 
distinguishing the signals reflected from the vertebral 
structures becomes more difficult. 

The vertebra is longer than the length of the transducer 
array. For the in-vitro experiment where the scanning 

rface is flat, the stitching process is manageable and 

accurate using the starting point of each scanning as ref-
erences for merging. In this case, the reference point has 
two coordinates (x, y). However, this will become a 
challenging task for in-vivo study when soft tissue is in-
volved. The uneven surface of the human back and the 
unequal thickness of the soft tissue make the tracking 
three-dimensional. In addition, the scoliotic spine causes 
back asymmetry. To minimize image merging, a longer 
128 transducer array will be considered in our future 
study. A single scan from the long transducer can cover 
the SP and laminae areas, which eliminate the merging 
problem. This will minimize the negative impact of 
stitching on the quality of the images. 

The orientation of the vertebra phantom is simple in 
this study without involving any rotatio

su

n. The in-vivo 
tra

clusion 

ed here has identified the useful US 
e using the cadaver vertebra phantom. 
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