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Abstract—Adolescent idiopathic scoliosis (AIS) is a common
spinal disease and the prevalence of AIS is 2 to 4 % of the
youngsters in the United States. Radiograph based Cobb’s
method is regarded as the gold standard. AIS patients normally
have to undergo regular X-ray assessment every 4 to 6 months
until skeletal maturity is reached. Because of radiation hazard,
X-ray images cannot be taken frequently, and thus it is difficult
to perform close monitoring for the disease progression and
treatment outcomes. In this study, a free-hand 3D ultrasound
imaging system has been successfully developed for the
radiation-free assessment of AIS. A series of B-mode ultrasound
images with their spatial information were exploited to form a
spine model for measuring the spine curvature. Sixteen spine
phantoms with different simulated deformity were scanned by
both conventional X-ray imaging and the 3D ultrasound system.
The results showed that there was a strong correlation (R* =
0.759) between the Cobb’s angles obtained by the two methods.
The results also demonstrated a very good intra- and inter-
observer reproducibility with ICC of 0.99 and 0.89, repectively.
The findings suggest that it is feasible to use 3D ultrasound
imaging for the assessment of scoliosis and deserves further
clinical tests on patients with spine deformity.

I. INTRODUCTION

Scoliosis is a medical condition of persons with lateral
curvature in their spines, and it is often associated with the
abnormality in the sagittal plane profile and the axial
rotational deformities. In the United States, approximately 20
million people are suffered from scoliosis, and the prevalence
of AIS in general population is 2% to 4% [1]. The prevalence
of AIS is about 3% in Hong Kong [2]. The most prevalent
form of scoliosis among the youngsters (10 to 16 years old) is
adolescent idiopathic scoliosis (AIS). By definition, AIS
describes those patients with the lateral curvature of the spine
more than 10 degrees in the coronal plane, as measured using
Cobb’s method, which is currently the gold standard for
assessing scoliosis, on X-ray radiograph [3]. According to the
Scoliosis Research Society, the Cobb’s angle is defined as the
angle between of the two most tilted end-plates of the
vertebral bodies in a standing radiograph.

*Research supported by Research Grant Council of Hong Kong
(PolyU5332/07E) and the Hong Kong Innovation and Technology
Commission (UIM/213).

C.W.J Cheung is with the Interdisciplinary Division of Biomedical
Engineering, the Hong Kong Polytechnic University, Hung Hom, Hong
Kong, CHINA (e-mail: JamesChungWai.Cheung@connect.polyu.hk).

S.Y. Law is with the Interdisciplinary Division of Biomedical
Engineering the Hong Kong Polytechnic University, Hung Hom, Hong
Kong, CHINA (e-mail: htyenlaw@polyu.edu.hk).

Y.P. Zheng is with the Interdisciplinary Division of Biomedical
Engineering, the Hong Kong Polytechnic University, Hung Hom, Hong
Kong, CHINA (phone: 852-2766-7664; e-mail: ypzheng@ ieee.org).

978-1-4577-0216-7/13/$26.00 ©2013 IEEE

To identify the type of spine structure problem, clinical
examinations are normally used to screen and evaluate the
spine deformity before X-ray imaging. During the
examinations, information such as gender, age, height, weight,
leg length, onset of menarche, family history, and diseases are
collected for determining a tentative prognosis; physical and
spinal examination including forward bend test, neurological
examination, spine side-to-side symmetry, shoulder height,
iliac crest symmetry, and lateral examination are exploited to
evaluate suspected AIS [4]. When the hump’s angle of truck
rotation (ATR) is greater than 7 degrees measured by
inclinometer under forward bend test, the patient is
recommended for undergoing the standard radiographic
evaluation for suspected scoliosis [5]. Evaluating the scoliosis
is undertaken by measurement of the Cobb angle. AIS’s
patients with a Cobb angle of 20 degrees or less, clinical
observation is recommended. The patients with immature
skeletal and a Cobb’s angle of between 20 to 40 degrees are
warranted for brace treatment. For those patients with Cobb’s
angle greater than 40 degrees and immature skeletal or Cobb’s
angle greater than 50 degrees and mature skeletal are
warranted for surgical management [6]. Skeletally immature
patients at risk for curve progression can be followed up with
posteroanterior radiographs every 6 to 12 months [7]. As
Reamy and Slakey [8] reported, there are about 10% of those
patients with curve progression warrant intervention. This
finding indicates that 90% of the patients are subject to
unnecessary radiation.

Regardless the radiation nature of Cobb’s method,
intrinsic errors exist in radiograph measurement. It is
sometimes difficult to identify the oblique projections of the
twisting spine in X-ray images, and there is also a considerable
variation in the Cobb’s angle between the images obtained
with different projection angles of the X-ray beam.
Intra-observer variation 3- 5° and inter-observer variation 6-9°
have been reported in the measurement of the Cobb angle [9]
[10][11]. The vertebral rotation of spine is also important for
predicting prognosis and monitoring the progression;
however, no rotation information can be directly acquired by a
standard chest radiograph, the accurate measurement of
degree of rotation cannot be undertaken [12]. Two radiographs
stitched together to produce whole spine view for assessment
are occasionally exploited [13], aggravating risk of radiation
exposure. Therefore, it is very necessary to provide a system
that can accurately measure spine deformity for AIS mass
screening and longitudinal follow-up during treatments
without any hazard of radiation.

A number of radiation-free systems have been developed
for scoliosis screening, and among them, optical and surface
topography techniques are most commonly used. Quantec
spinal image system (Quantec Image Processing, Warrington,
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Chesshire, UK) is using Moire topography for producing a
three dimension surface of fringe pattern representing
patient’s torso, which is exploited to obtain a Q angle that
denotes the quantitative measurement of the asymmetry
reflected in a coronal plane from the patient’s images. [14].
However, this system has been reported with low accuracy of
measurement [15]. Radiation-free spatial sensing technique
has also been developed for scoliosis screening. In Ortelius
system, patient’s back is prudently palpated by the examiner
in order to search for the tip of spinous process of each
vertebra during screening [16]. The relative spatial positions
of the tips of spinous processes are marked by utilizing a 3D
spatial sensor attached to the examiner’s finger. After all tips
pinpointed, the data are exploited to reconstruct a spine model
for measuring the spinal deformation indices. The spinal
column rotation, however, cannot be obtained using. In
addition, the positions of spinous processes are manually
palpated and determined through the examiner’s finger based
on body surface, which is subjective.

It has been reported that the spinal deformity indices, such
as vertebra rotation can be derived by ultrasound B-mode
image [17]. Despite of simplicity of the approach, the Cobb’s
angle could not be accurately measured. Although it is
possible to obtain high quality volumetric images of spine
using MRI without the hazard of radiation; high cost and low
accessibility hamper the application. Most importantly, it has
been shown that the Cobb’s angle derived from the supine
posture required by MRI scanning is significantly and
spontaneously corrected from the standing posture [12].
Recently, freehand 3D systems have been developed by
various groups [18][19][20] for different clinical applications.
However, few studies have been reported to use 3D ultrasound
systems for scoliosis assessment. Accordingly, the objectives
of this study were to develop a 3D ultrasound imaging system
for the assessment of AIS and to perform a validation using
spine phantoms for this new method.

II. METHODS

A. Equipments
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Figure 1. Equipment setup and system block diagram

The 3D ultrasound imaging system was comprised of an
ultrasound scanner (EUB-8500, Hitachi Ltd., Japan) together
with a 92mm in width and frequency range of 5-10MHz linear
probe (L53L/10-5), a frame structure, an electromagnetic
spatial sensing device (MiniBird, Ascension Technology
Corporation, Burlington, VT, USA), a desktop PC installed
with a video capture card (NIIMAQ PCI/PXI-1411, National
Instruments Corporation, Austin, TX, USA) and a PC program

written using Microsoft Visual Studio 6 with Visual C++ for
imaging and data collection, processing, visualization,
analysis, and assessment (Figure 1). The spatial sensor was
mounted onto the ultrasound probe for collecting the spatial
information and calibrated using a cross wire method. Four
flexible spinal column phantoms featured with soft
intervertebral discs allowing deformation (VB84, 3B
Scientific, Germany) were employed in this study. Each
phantom was deformed into four different curvatures to
simulate scoliosis; totally 16 conditions were tested.

B. Experimental Protocol

A rigid framework made of acylic plates and nylon screws
were exploited to mount the deformed phantom to avoid the
change of its shape during transportation and scanning. Each
of these spine phantoms underwent X-ray chest radiographies
in posterior anterior position and lateral position. The X-ray
images were digitized and stored in DICOM format for further
processing. The mounted phantoms were then submerged into
a water tank until all vertebras covering from T1 to LS under
water. Before data acquisition, the observer needed to
submerge the probe at the level of L5. During acquisition, the
observer drove the probe slowly and steadily uprising from L5
to T1 vertebra. While the probe was being moved upward, the
probe’s middle line position was being continuously adjusted
to ensure that the traverse processes were included in the
collected ultrasound images. The scanning time was
approximately 2 minutes for the probe uprising from L5 to T1
vertebra. During each scan, 500 to 700 frames of B-mode
image were captured. To test intra-observer repeatability, each
deformed phantom was scanned for three times. After that, the
phantom was raised up above the water level and then
submerged it again for a new scanning to test the repositioning
effect. This process was repeated twice. Therefore, totally 9
scans were undertaken for each phantom under the same
deformity level. The ultrasound images together with their
spatial data were recorded and processed later.

C. Data Processing and Analysis

The collected ultrasound images were viewed in 3D with
corresponding spatial information. The images with spinous,
traverse articular process, and/or superior process were chosen.
The process’s tip was manually assigned with a spherical
marker in these images by clicking the tip using the PC
program, allowing process’s spatial information to be found; a
virtual 3D model of spine was formed after all processes
marked. A series of lines were manually assigned to articulate
the spinous, superior articular and traverse processes from the
same vertebra to further enhance the spine model. For the sake
of comparing with X-ray Cobb’s method, the 3D model of
spine was projected into a 2D plane to form an image analog to
the posterior-anterior X-ray. The X-ray images could be
displayed together with the 3D model of spine and its
projection. The selected ultrasound images with bony
landmarks could also be displayed together with the 3D model
of spine and the X-ray image to facilitate the visualization
effect. The program also provided a function to project the 3D
model into three orthogonal planes (Figure 2). The Cobb’s
angle was measured according to the most titled pairs of
vertebrae in the posterior-anterior X-ray image (Figure 3). The
measurement was performed twice by the same operator and
the mean value was used for comparing with the result of
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ultrasound method. This pairs of selected vertebra were
identified in the 3D model of spine for the corresponding
measurement. A line was drawn along the markers of traverse
and superior articular processes for each selected vertebrae. In
the projection plane, the angle between these two lines was
measured to represent the Cobb’s angle (Figure 3).

Figure 2. Spine Virtual Model with 3 plane projections

Figure 3. Measurement of curvature using Cobb's method

The intra-observer reproducibility between the results of
the repeated sets of 3D ultrasound scanning was tested using
intra-class coefficient (ICC) and linear correlation. Linear
correlation and Bland-Altman plot were used to test the
correlation between the Cobb’s angles obtained using the 3D
ultrasound and X-ray methods. For this correlation, the mean
of two repeated measurements using X-ray images and the
mean of the nine repeated measurements using 3D ultrasound
imaging were used.

III. RESULTS

The results demonstrated that the 3D ultrasound imaging
system could reliably collect images with body landmarks
from the spine phantoms. With the help of the program, the
virtual spine model was successfully formed for each phantom
using the extracted landmarks. The intra- and inter- observer
reproducibility test showed that the proposed measurement
was highly repeatable with ICC value of 0.99 (p<0.001) and
0.89 (p<0.001), respectively. It has been achieved to view the

deformity of the spine phantom in three orthogonal planes
through the projection of the virtual model in different
direction. The Cobb’s angle of the 16 spine phantoms ranged
from 10° to 54°. A very good linear correlation (R*= 0.7586)
was found between the Cobb’s angles obtained using the 3D
ultrasound and X-ray methods (Figure 4). The Bland-Altman
plot showed that there was a good agreement between the
results obtained by the two methods with all data points
located inside +1.96 SD from the mean, with a mean
difference of -0.55° and 95% confidence interval (between
-2.72° and 1.62° (Figure 5).
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Figure 4. Correlation between 3DUS and X-ray Cobb’s method

Difference Plot

[dentity

———Bias (-0.55)

Difference between Two Methods (degree)

5 LY
95% Limits of
o . agreement
101 E (-10.62t0 9.52
-15 : : . : \
5 15 25 35 45 55

Mean of the two methods (degree)

Figure 5. Bland-Altman plot

IV. DISCUSSION

In this study, we have successfully developed a 3D
ultrasound imaging method for the radiation-free assessment
of scoliosis, and the results of spine phantom tests showed that
the new method was reliable and had very good intra- and
inter- operator repeatability. Since a virtual 3D model of spine
(from L5 to T1) could be formed based on the bony landmarks
extracted from ultrasound images, the system provided the
deformity of the spine phantom in three orthogonal planes. In
this study, we only used the data projected in the coronal plane
for comparing with X-ray images. We have also demonstrated
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that the spine rotation could be obtained; further studies are
needed.

The validation of other radiation-free assessment systems
for scoliosis has recently been reported. It was reported that
the spine curvature measured by the Quantec system (y) has a
linear correlation with the X-ray Cobb’s angle (x) with R*=
0.66 and y = 2.91+0.52*x [21]. For Orthoscan800 system, it
was reported that the correlation between the results of the
Orthoscan measurement and the Cobb’s method was poor (R*
= 0.42 for thoracic curvature data, and R%*=0.017 for lumber
curvature data) [22]. In this study, we demonstrated that there
was a very good correlation between the Cobb’s angles
measured based on the 3D ultrasound measurement (y) and
X-ray method (x) (R*=0.759, Y = 0.967*x). It should be
noted that the data reported for the two commercial systems
were from human subjects, while the data reported in the
current study were obtained from the phantoms. The future
clinical study of using the 3D ultrasound method should be
conducted. Nevertheless, the results of this study showed that
3D ultrasound method is a promising alternative method for
the assessment of scoliosis without the hazard of radiation and
low cost; longitudinal study of AIS patient becomes more
viable. With portable ultrasound system and movable
framework, this system can be mobile, allowing operation in
small clinic or school for mass-screening. No restriction of
frequency use and period time for monitoring patient’s spine is
obliged while undergoing observation or treatment.

AIS is increasingly treated as a 3D spine deformity
problem. Yazici et al. [12] suggested that AIS should be
evaluated on coronal, sagittal, and traverse plane with standing
images. Although CT and MRI can provide high resolution
images in 3D, they require patients being imaged in supine
position; measurement of rotation is disputable. The virtual
3D model of spine in this study revealed that the vertebra
rotation and the spinal deformity can be measured in three
orthogonal planes. It has been previously reported that there
was a correlation between the Cobb’s angle and the vertebra
rotation according to a relatively simple ultrasound
measurement [17]. Therefore, the vertebra rotation
information may be an important factor to improve the

measurement of Cobb’s angle using the 3D ultrasound method.

Future studies need to be conducted along this direction.

In spite of the encouraging results demonstrated, we
identified some limitations. The manually placing of marker is
a timely procedure with accuracy depending on the quality of
ultrasound images and the subjective interpretation from the
operator. We demonstrated the intra-operator repeatability
was very high for the spine phantom measurement, but the
image quality might be reduced in human subjects because of
obesity and complexity of muscle layering. Ultrasound image
enhancement, automatic or semi-automatic tip identification
methods have to be developed to alleviate the manual efforts
in placing the markers.

In summary, we have developed a 3D ultrasound imaging
system for the radiation-free assessment of scoliosis. The
results of spine phantom study demonstrated that the Cobb’s
angle measured using the new system correlated well with the
result obtained by X-ray method. It was also demonstrated that
the virtual 3D model of spine formed by the bony landmarks
extracted from ultrasound images could provide the deformity

of spine in different planes as well as the vertebrae rotation
information. Clinical trials of using the new system for
assessing scoliosis patients are ongoing to further demonstrate
its potential for the practical use.

ACKNOWLEDGMENT

The authors would like to thank the Dr. Patrick Y.M. Lai,
Department of Health Technology and Informatics, who
generously assisted us in the radiograph study.

REFERENCES

[1] C.R. Good, “The genetic basis of adolescent,” J. Spinal Res. Found.,
2009, vol. 4, no. 1, pp. 15-64.

[2] S.P. Tang, J.C.Y. Cheng, B K.W. Ng, T.P. Lam, “Adolescent
idiopathic scoliosis (AOS): An overview of the etiology and basic
management principles,” HK J. Paediatr., 2003, vol.8, pp. 299-306.

[3] J.R. Cobb, “Outline for the study of scoliosis”, In American Academy
of Orthopaedic Surgeons, Instructional Course Lectures. St Louis, CV
Mosby, 1948, pp. 261-275

[4] M.J. Bueche, “Scoliosis and Kyphosis. (L.S. Neinstein, ed.),” in
Adolescent Healthcare: A Practical Guide, Philadelphia:Lippincott,
2008. pp. 235-242.

[5] W.P. Bunnel, “An objective criterion for scoliosis screening,” J. Bone
Joint Surg. Am., 1984, vol. 66, pp. 1381-1387.

[6] H.Kim, H.S. Kim, E.S. Moon, C.S. Yoon, T.S. Chung, H.T. Song, F.S.
Suh, Y.H. Lee, S.J. Kim, “Scoliosis imaging: what radiologists should
know,” RadioGraphics, 2010, vol. 30, pp.1823—-1842.

[77 M. Thomsen, R. Abel, “Imaging in scoliosis from the orthopaedic
surgeon’s point of view,” Eur. J. Radiol., 2006, vol. 58, pp. 41-47.

[8] B.V.Reamy, J.B. Slakey, “Adolescent idiopathic scoliosis: review and
current concepts,” Am. Fam. Physician, 2001, vol. 64, pp.111-116.

[9] D.L.Carman, R.H. Browne, J.G. Birch, “ Measurement of scoliosis and
kyphosis radiographs. Intraobserver and interobserver variation,” J.
Bone Joint Surg. Am., 1990, vol. 72, pp.328-333.

[10] R.T. Morrissy, G.S. Goldsmith, E.C. Hall, D. Kehl, G.H. Cowie,
“Measurement of the Cobb angle on radiographs of patients who have
scoliosis,” J. Bone Joint Surg., 1990, vol. 72, pp.320-327.

[11] J.E.H. Pruijis, M.A.P.E. Hageman, W. Kessen, R. van der Meer, J.C.
van Wieringen, “Variarion in cobb angle measurements in scoliosis,”
Skeletal Radiol., 1994, vol. 23, pp. 517-520.

[12] M. Yazici, E.R. Acaroglu, A. Alanay, V. Deviren, A. Cila, A. Surat,
“Measurement of vertebral rotation in standing versus supine position
in AIS,” J. Ped. Orthop. 2001, vol. 21, pp. 252-256.

[13] D. Malfair, A.K. Flemming, M.F. Dvorak, P.L. Munk, A.T. Vertinsky,
M.K. Heran, D.A. Graeb, “Radiograph evaluation of scoliosis: Review,
American Journal of Roentgenology, 2010, vol. 194, no. 3, pp. S8-S22.

[14] M. Idesawa, T. Yatagai, T. Soma, “Scanning moiré method and
automatic measurement of 3-D shapes,” Appl. Opt. 1977, vol. 16,
pp.2152-2162.

[15] J.G. Thometz, R. Lamdany, X.C. Liu, R.J. Lyon, “Relationship
between quantec measurement and cobb angle in patients with
idiopathic scoliosis,” Pediatr. Orthop., 2000, vol. 20, no. 4, pp.512-516.

[16] D. Dickman, O. Caspi, “Assessment of scoliosis with ortelius 800 —
preliminary results,” Clin. Appl. Notes, pp.1-7, April 2001.

[17] S. Suzuki, T. Yamamuro, J. Shikata, K. Shimizu, H. lida, “Ultrasound
measurement of vertebral rotation in idiopathic scoliosis,” J. Bone Joint
Surg., 1989, vol. 78(B), pp. 252-255.

[18] T.R. Nelson, D.H. Pretoius, “Three-dimensional ultrasound imaging,”
Ultrasound Med. Biol., 1998, vol. 24, pp.1243-1270.

[19] A. Fenster, D.B. Downey, H.N. Cardinal, “Three-dimensional
ultrasound imaging,” Phys. Med. Biol. 2001, vol. 46, pp. R67-R99.

[20] Q.H. Huang, Y.P. Zheng YP, M.H. Lu, Z.R. Chi, “Development of a
portable 3D ultrasound imaging system for musculoskeletal tissues,”
Ultrasonics, 2005, vol. 43, pp.153-163.

[21] C. Goldberg, M. Kaliszer, D.P. Moore, E.E. Fogarty, F.E.
Dowling,”Surface topography, Cobb angles, and cosmetic change in
scoliosis,” Spine 2001, vol. 26, no. 4, pp. E55-EE63.

[22] P. Knott, S. Mardjetko, D. Nance, M. Dunn. Electromagnetic
Topographical Technique of Curve Evaluation for Adolescent
Idiopathic Scoliosis. Spine 2006; vol. 31, no. 24: pp. E911-E915

)

6477



	MAIN MENU
	Help
	Search
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

