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Summary Background/Objective: Standing radiograph with Cobb’s method is routinely used to
diagnose scoliosis, a medical condition defined as a lateral spine curvature > 10� with concordant
vertebral rotation. However, radiation hazard and two-dimensional (2-D) viewing of 3-D anatomy
restrict the application of radiograph in scoliosis examination.
Methods: In this study, a freehand 3-D ultrasound system was developed for the radiation-free
assessment of scoliosis. Bony landmarks of the spineweremanually extracted froma series of ultra-
sound images with their spatial information recorded to form a 3-D spine model for measuring its
curvature. To validate its feasibility, in vivo measurements were conducted in 28 volunteers
(age: 28.0 � 13.0 years, 9 males and 19 females). A significant linear correlation (R2 Z 0.86;
p< 0.001) was found between the spine curvatures as measured by Cobb’s method and the 3-D ul-
trasound imagingwith transverseprocessandsuperior articularprocessas landmarks.The intra-and
interobserver tests indicated that the proposed method is repeatable.
Results: The 3-D ultrasoundmethod using bony landmarks tended to underestimate the deformity,
and a proper scaling is required. Nevertheless, this study demonstrated the feasibility of the free-
hand 3-D ultrasound system to assess scoliosis in the standing posture with the proposed methods
and 3-D spine profile.
Conclusion: Further studies are required to understand the variations that exist between the ultra-
sound and radiograph results with a larger number of volunteers, and to demonstrate its potential
clinical applications formonitoring of scoliosis patients. Through further clinical trials and develop-
ment, the reported 3-D ultrasound imaging system can potentially be used for scoliosis mass
screening and frequent monitoring of progress and treatment outcome because of its radiation-
free and easy accessibility feature.
Copyright ª 2015, The Authors. Published by Elsevier (Singapore) Pte Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Scoliosis is a three-dimensional (3-D) spine deformation,
characterised by a lateral spine curvature > 10� [1],
frequently accompanied with vertebral rotation [2]. Sixty-
five percent of cases are estimated to be idiopathic [3].
Treatments for scoliosis including bracing and surgery are
essential when the spine curvatures exceed 20� for skeleton
immature patients [4]. This is particularly true with the risk
of curve progression for teenage patients as significant
curve progressions are often observed among children
during their rapid growth period. It has been suggested that
the prevalence of scoliosis in the population after puberty
is higher than that in the population prior to puberty [5e7].
Therefore, early screening and frequent monitoring of
scoliosis can apparently mitigate the curve progression and
treatments intervention.

The standing radiograph has been widely exploited to
evaluate the spine deformity and identify the type of
scoliosis through Cobb’s method [8], which is currently
considered the gold standard in scoliosis diagnosis. The
degree of spine curvature obtained with Cobb’s method is
named the Cobb angle, which provides vital information for
delineating spine curvature and developing treatment plans
for curve progression. Patients with scoliosis should regu-
larly undergo X-ray examination of the spine to monitor
curve progression and treatment outcome [4,9]. However,
the measurement accuracy of the Cobb angle is influenced
by the awareness and practice of the observer, the position
of the patient, and the position of the radiography tube
[10]. The intra- and interobserver variation of measuring
Cobb angle can be 3e5� and 6e9�, respectively [10e12].
Moreover, frequent X-ray diagnosis gradually builds up
harmful effects in the human body, especially for children.
Levy et al [13] reported that the considerable amount of X-
ray radiation received by growing children with adolescent
idiopathic scoliosis raised the risk of cancer by 2.4/1000.
Furthermore, vertebral rotation of the spine is one of the
essential parameters for assessing scoliosis as a 3-D defor-
mity, predicting the curvature prognosis, and monitoring
the progression [14e16]. However, vertebra rotation in-
formation in the traverse plane could not be directly ob-
tained on standing posterioreanterior radiographs [15],
resulting in failure to obtain an accurate degree of rotation
on the radiograph. Apparently, a radiation-free system that
can assess spine deformity on coronal, sagittal, and tra-
verse planes is necessary for the mass screening, diagnosis,
and follow-up observation for scoliosis.

Various nonradiation systems based on the skin surface
contour of trunk have been developed for assessing scoliosis.
Most of them are based on surface topography or optical
techniques. Quantec spinal image system (Quantec Image
Processing, Warrington, Cheshire, UK) applies Moire topog-
raphy [17] to obtain surface topography of the patient with
fringe pattern projection, in which a Q angle is used as a
quantitative parameter for measuring the degree of asym-
metry in the coronal plane. However, there is a considerable
difference between the Q angle and the Cobb angle, with
the maximum difference between Q and Cobb angles of
6� when the Cobb angle is < 21� [18]. Recently, the elec-
tromagnetic topographical technique was developed for
scoliosis screening. Using this principle, the Ortelius 800
system (Orthoscan Technologies, Inc., Sherborn, MA, USA)
records the position of the tip of the spinous process by
palpating the patient’s back with a position sensor attached
on the examiner finger and builds a spine representative
model for examining spinal deformities. However, the
assessment is slightly subjective (ascribed to manual palpa-
tion) and vulnerable to spinous process deviation and trau-
matic damage. It was reported that the Orthoscan did not
accurately measure the scoliosis curve [19]. Similarly, mea-
surements using optical techniques are also inaccurate,
which is ascribed to the indirect assessment of the spine
deformity from trunk asymmetry indices, although the op-
tical systems used for scoliosis examination provide nonin-
vasive and noncontact measurements [9]. These radiation-
free systems are less accurate than radiographs because
they assess spine deformity indirectly from the body surface.

Radiation-free imaging modalities including ultrasound
and magnetic resonance imaging (MRI) can also be used to
measure spine curvature. MRI can provide adequate 3-D
information for assessing the spine curvature. However,
examination is routinely conducted with the patient placed
in a supine position. It was revealed that the Cobb angle
obtained in the standing posture is more accurate than the
measurements performed in the supine posture [15]. MRI in
the upright position has recently become commercially
available, but it has yet to gain widespread acceptance. In
addition, MRI examination is time consuming and expen-
sive. Therefore, it is not feasible to use MRI in mass
screening and longitudinal observation for scoliosis. By
contrast, ultrasound imaging is a low-cost, widely avail-
able, and radiation-free imaging modality. It has been re-
ported that the vertebra rotation can be derived with
ultrasound imaging [20]. The feasibility of using landmarks
in cross-sectional B-mode ultrasound images acquired with
continuous scanning approach, including laminae and
transverse process (TP) as the landmarks, to assess spine
curvature has been demonstrated in in vitro experiments
[21e23]. A number of 3-D ultrasound systems have been
advanced to overcome the limitations of 2-D viewing of 3-D
anatomy [22e31]. Purnama et al [29] showed that imaging
of the human spine using freehand 3-D ultrasound was
feasible, but no measurement of spine curvature angle was
conducted. Ungi et al [30] reported about using ultrasound
images collected along the sagittal direction with position
information for spine curvature measurement. The TPs in
ultrasound images acquired using the single snap approach
were manually marked to devise the spatial information
and calculate the TP angle for measuring vertebra orien-
tation. Cheung et al [22,28] reported a method to form a 3-
D spine profile by using spinous processes and TPs detected
in 3-D ultrasound images of spine phantoms. Koo et al [23]
compared different methods for measuring spinal curvature
of spine phantoms using data collected with 3-D ultrasound
imaging. The performance and accuracy of the aforemen-
tioned methods with freehand 3-D ultrasound have not
been evaluated in vivo, and the effect of the patient
posture was not taken into account in above studies. It has
been reported that the muscle balance and standing sta-
bility can be significantly influenced by body postures
[32,33]. Chen et al [34] reported a preliminary study with
four scoliosis patients to demonstrate the feasibility of
measuring spine curvature based on a coronal view image
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formed using 3-D ultrasound imaging. Recently, Cheung
et al [35] reported a volume projection imaging method for
scoliosis assessment based on 3-D ultrasound imaging, and
36 participants with different Cobb angles were tested.
Although these methods, which are based on coronal view
images, have been demonstrated to be feasible in vivo and
can provide rapid image formation, they were not able to
provide a 3-D profile of spinal deformity.

In this study, we report the development of a freehand
3-D ultrasound system and a method to measure lateral
deformity by establishing a 3-D profile of spine, with the
consideration of the influence of body posture. A frame
structure was designed and developed to support the pa-
tients so they could maintain a stable standing posture. Two
methods using different bony features in the 3-D profile of
the spine were proposed to measure the angle of spine
curvature. The performance of the new system was exam-
ined for the individuals with different spine curvature
angles.

Materials and methods

Freehand 3-D ultrasound system

The freehand 3-D ultrasound system for assessing scoliosis
(Figure 1) consisted of a custom-designed supporting frame
structure, ultrasound scanner EUB-8500 (Hitachi Ltd.,
Tokyo, Japan), compact electromagnetic spatial sensing
device MiniBird Model 130 (MiniBird Ascension Technology
Corporation, Burlington, VT, USA), and high-performance
desktop computer with video capture card NIIMAQ PCI/
PXI-1411 (National Instruments Corporation, Austin, TX,
USA). Custom-designed software with user-friendly inter-
face programmed by Visual Cþþ (Microsoft Corporation,
Redmond, WA, USA) was developed for data acquisition,
visualisation, and measurement.

Scoliosis can cause standing instability [36e38], result-
ing in postural changes in body attitude [32,33]. A custom-
designed supporting frame structure was therefore devel-
oped to improve the standing stability of the patients
during scanning. As shown in Figure 2, this frame structure
consisted of two vertically movable chest and hip boards
and four adjustable and movable posture supporting pegs.
Four posture supporting pegs mounted on boards could be
adjusted to locate and fix the position of acromion and
pelvis, thus allowing the participants to maintain their
natural standing posture during scanning. Although the
standing stability of the participants was enhanced with the
developed frame structure, the whole scanning procedure
should be performed as quickly as possible. It was found
that a linear ultrasound probe with a width of 92 mm (EUP-
L65/6-14MHz, Hitachi, Ltd., Tokyo, Japan) can cover each
pair of TP tips of all vertebras of spine in a single ultrasound
B-mode image. The entire spine of an individual could then
be examined by only one sweep of scan using this probe,
thus reducing the total scanning time, with an average time
of < 2 minutes.

According to the information provided by the manufac-
turer, the position and orientation resolution of the system
within a working range of approximately of 50 cm is 1.4 mm
and 0.5�, respectively (medSAFE manual, Ascension
Technology Corporation, Burlington, VT, USA). The position
sensor was attached onto the ultrasound probe with a fixation
device for collecting position and orientation information
(Figure 3). The prominence of themounting plate was used to
make probe steering more convenient to follow the shape of
the spine during scanning. The spatial offsets between the
position sensor and the ultrasound probe were calibrated
using a crosswire phantom [39,40]. A recent study using the
same position sensor system demonstrated that it has very
high accuracy for both position and anglemeasurements [41].

Figure 4 shows the scanning of a patient using this
freehand 3-D ultrasound system. Prior to scanning, the
participants were requested to remove any metallic items.
Then the four posture supporting pegs were adjusted for
facilitating the maintenance of a natural standing posture.
An adequate amount of ultrasound gel was applied onto the
patient’s back to assure ultrasound image quality. The
scanning was guided by spinous processes or furrows using
the prominence of the custom-made mount (Figure 3),
enabling the TPs being captured in view of ultrasound im-
ages. Images of the spine were steadily scanned along the
spine from the fifth lumbar vertebra (L5) up towards the
first thoracic vertebra (T1), during which the individual was
instructed to stand still and breathe shallowly. During the
data acquisition, ultrasound B-mode images with corre-
sponding position and orientation information of the ul-
trasound probe were recorded and transmitted to a
personal computer at a frame rate of 23 frame/s.
Spine curvature measurement

The collected B-mode images were displayed in 3-D space
in the custom-designed interface according to their corre-
sponding spatial information (Figure 5). The tips of
different bony processes were used as the bony features to
form a virtual spine model for the curvature measurement.
The image set was then reviewed by an operator to
manually identify the images with the sharpest tip of pro-
cess among their neighbouring images. And the recognised
process tip was marked with a spherical marker in the
corresponding image using the custom-designed software.
As shown in Figure 6A, the peak of the convex shape closest
to the skin surface displaying as a bright ridge in the B-
mode ultrasound image was defined as the tip of the TP.
Figure 7 shows typical images with TP collected from
different locations of the spine. It was found that in some
patients with thick spinal muscle or subcutaneous fat the
tips of the TP were obscured, thus influencing the marking
process, particularly when searching for TP in the lumbar
region of individuals with a high body mass index (BMI). The
tips of the superior articular process (SAP) were then used
as alternative bony features to determine the vertebrae in
the lumbar region (Figure 6B). After all tips had been
marked, a virtual 3-D model of a patient’s spine was formed
using these tips with their 3-D spatial positions, and it was
then projected into a 2-D plane to form an image analog to
the posterioreanterior X-ray (Figure 8). Moreover, the X-ray
images could be displayed together with the 3-D model of
the spine and its projection to facilitate the visualisation
effect for the comparison with radiograph (Figure 8). The
angle of the spine curvature was measured in the



Figure 1 Freehand three-dimensional ultrasound system for scoliosis assessment.
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projection plane according to the definition of the Cobb
angle, i.e., the angle between the most tilted pairs of
vertebrae. The pair of vertebrae was marked in the pro-
jected virtual 3-D model of the spine for the corresponding
measurement. The orientation of vertebrae was deter-
mined by the lines drawn along the markers of TP or SAP of
the vertebrae in the projection plane. In this study, the
results were obtained for both using TP only (TPeTP) as
well as using the TP and SAP combination (TPeSAP, where
TPeTP was adopted if a measurement was conducted for
Figure 2 Supporting frame structure and electromagnetic
(EM) transmitter used in the freehand three-dimensional ul-
trasound system.
vertebra without SAP). Figures 9A and 9B show the typical
measurements of the spine curvature using the 3-D images
with TPeTP and TPeSAP references in the projection
plane, respectively.
Experiments

A total of 28 participants (age 28.0 � 13.0 years, 9 males
and 19 females) were recruited in this study to investigate
the relationship between the X-ray Cobb angle and the
spine curvature measured using the 3-D ultrasound method.
This study was approved by the institutional ethics
Figure 3 Ultrasound probe attached with position sensor
using a fixation mount.



Figure 4 Experimental setup and a typical test for a participant.
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committee of the Hong Kong Polytechnic University, and all
participants gave written informed consent prior to
participation in the study. The exclusion criteria for the
study included any neuromuscular diseases, ferromagnetic
implantation, pacemaker implantation, or a traumatic
injury. The radiographs of 28 participants were also sup-
plied by their clinicians for comparison.

All participants were scanned by the same operator. The
spine curvature was measured twice using the proposed
method for each scan by two observers. The two mea-
surements of each observer were used to evaluate the
intraobserver repeatability, and the mean value of each
observer was applied in the interobserver repeatability
test. The results obtained by the 3-D ultrasound method
were compared with the Cobb angle measured on the
radiograph. Using the software SDV free edition version 1.3
(Santesoft Ltd., Athens, Greece), the Cobb angle was
measured from the radiographs by a rater who was expe-
rienced in handling X-ray spine images and was blind to the
results of the 3-D ultrasound measurements.
Figure 5 Stack of B-mode images displayed in three-
dimensional space according to the spatial information of
each image.
Statistical analysis

Linear regressions analysis was used to study the relationship
between the spine curvatures measured using 3-D ultrasound
method and Cobb’s method. Bland and Altman’s [42] method
of differences was used to evaluate the agreement of the
assessment between the two methods. The level of signifi-
cancewassetatp<0.05.An intraclass correlationcoefficient
(ICC) was applied to test the intraobserver and interobserver
repeatability with one-way random-effects model.

Results

A total of 37 curvatures were measured on the radiographs
of the 28 participants, ranging from 1.9� to 29.9�, whereas
the participants’ spine curvatures obtained with 3-D ultra-
sound imaging using the TPeSAP method ranged from 0.8�

to 25.9�. The results demonstrated a significant linear
correlation between the spine curvatures measured using
Cobb’s method and the 3-D ultrasound method with the
TPeSAP method (R2 Z 0.86; p < 0.001; Figure 10A). The
BlandeAltman plot (Figure 10B) showed a low mean dif-
ference (dZ 2.5�), and the differences were symmetrically
distributed around the mean difference. For the repro-
ducibility of measurement, both intra- and interobserver
tests showed very good repeatability, with ICC values being
0.93 (p < 0.001) and 0.89 (p < 0.001), respectively.

One patient’s TP in the lower lumbar region could not be
found; thus, only 27 participants were included in the
analysis of using the TPeTP method. The spine curvatures
obtained with the TPeTP method ranged from 0.48� to
20.7�, and the corresponding Cobb angle ranged from 1.9�

to 29.9� for the 34 curvatures identified. A good linear
correlation was also demonstrated between the results
obtained with Cobb’s method and the 3-D ultrasound
method (R2 Z 0.68; p < 0.001; Figure 11A), although it is
poorer in comparison with that using the TPeSAP method.
The BlandeAltman plot (Figure 11B) also showed a rela-
tively poorer agreement between the two results in com-
parison with the TPeSAP method. For the reproducibility of



Figure 6 Marks placed at the tips of the processes in B-mode image. (A) Two marks were placed at the transverse processes in a
typical ultrasound image. (B) A mark was placed at the superior articular process in a typical ultrasound image where the transverse
processes could not be identified.
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in vivo measurement, both intra- and interobserver tests
showed relatively poorer repeatability in comparison with
that using the TPeSAP method, with the ICC value being
0.57 (p Z 0.0045) and 0.75 (p < 0.001), respectively.
Discussion

In this study, a freehand 3-D ultrasound system was suc-
cessfully developed for the radiation-free assessment of
scoliosis together with two curvature measurement
methods on the spine 3-D profile, based on the earlier
feasibility study on spine phantoms [22]. In addition to
using TP as landmarks for measurement [29], it was also
proposed to use TPeSAP landmarks for the measurement of
spine curvature. It was demonstrated that the TPeSAP
method performed much better in comparison with the
method using TP only (the TPeTP method). There was a
better correlation between the Cobb angle and the result
obtained using 3-D ultrasound imaging with the TPeSAP
method (R2 Z 0.86, p < 0.001) in comparison with that
obtained using the TPeTP method (R2 Z 0.68, p < 0.001).



Figure 7 Markers at the tip of transverse processes at various regions of the spine.
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The measurement using the TPeSAP method also showed
higher intra- and interobserver repeatability (ICC Z 0.93
and ICC Z 0.89, respectively) in comparison with that using
the TPeTP method (ICC Z 0.57 and ICC Z 0.75, respec-
tively). However, it was noted that the results of both
TPeTP and TPeSAP methods appeared to underestimate
the spine curvature in comparison with X-ray Cobb’s
method. Hence, this study demonstrated that it is feasible
to use the 3-D profile of the spine obtained using the
radiation-free 3-D ultrasound imaging to assess spine
deformity, but more efforts are required to understand the
potential reasons for the underestimation of the spine
curvature.
Figure 8 A virtual spine model formed using the detected
spine processes in B-mode images with projections in the three
orthogonal planes.
According to Denis [43] classification, ultrasound images
obtained in the transverse plane covered the majority of
the posterior column of the spine and part of the middle
column of the spine. It was found that vertebra processes,
consisting of four articular processes, two TPs, and one
spinous process, were more easily identified than other
spinal landmarks because of its sharp delineation in the
ultrasound images. Herzenberg et al [14] measured spine
curvature by using spinous process tip as the landmark and
reported that the angle using spinous process under-
estimated the degree of spine curvature in comparison with
Cobb’s method. This could be explained by the vertebral
axial rotation with vertebral lateral deviation, one of the
abnormalities observed in idiopathic scoliosis. The spinous
processes increasingly deviated to the concave side when
the vertebral bodies rotate [44]. It was also suggested that
the magnitude of vertebral axial rotation correlated with
the lateral deviation of vertebrae from the spinal axis [45].
In fact, the spinous process deviations caused by vertebral
rotation might result in the inaccuracy of interpretation on
the vertebral body alignment on the radiographs of the
spine [46,47]. Unlike the deviations of spinous process, it
was reported that deviations of TP were mainly induced by
injury or elongation [43,48e50]. In this study, TPs were
used as references for the 3-D ultrasound method for the
measurement of spine curvature. It was found in this study
that the measurement using TPs as reference also under-
estimated the Cobb angle, for both the TPeSAP and TPeTP
methods. The feasibility of using vertebra’s TPs as the
landmarks has been demonstrated in a number of earlier
studies [21,22,30]. In Ungi et al’s [30] method, every single
measurement on an individual vertebra involved two B-
mode images captured at different moments so as to cap-
ture the important bony features from two sides of the
vertebra. This method could work well with spine phan-
toms. However, the vertebra’s physical position between
the B-mode images could probably be changed by various
factors including breathing, balance shift, posture change,
and different pressures exerted from the probe during
in vivo examinations. By contrast, the continuous capturing
technique used in the current study enables bony features
to be captured from both sides of the vertebra simulta-
neously, overcoming the hurdles in the study reported by
Ungi et al [30]. In addition, marking bony features from
different images and connecting the bony features have to



Figure 9 Measurement of spine curvature using 3-D ultra-
sound imaging. (A) 3-D ultrasound measurement using the
TPeTP method. (B) 3-D ultrasound measurement using the
TPeSAP method. 3-D Z three-dimensional; TP Z transverse
process; SAP Z superior articular process.

Figure 10 Comparison between Cobb’s method and 3-D ul-
trasound imaging with the TPeSAP approach for the subject
test. (A) Correlation between the spine curvature angles
measured using Cobb’s method and 3-D ultrasound imaging. (B)
BlandeAltman plot between the results obtained by the two
methods. 3-D Z three-dimensional; TP Z transverse process;
SAP Z superior articular process.
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involve the vertebra identification process. In human vol-
unteers, particularly those with severe scoliosis, the bony
features are unevenly distributed. The packed bony fea-
tures in B-mode ultrasound images at certain locations of
the spine might lead to misconnection of the bony feature
of different vertebras, whereas the continuous capturing
technique could follow the turning of spine, enabling all the
bony features from both sides of the same vertebra to be
captured more conveniently.

It was found that locating the tip of TP in the lumbar
region for individuals with high BMI is still a challenging
task, which is ascribed to the poor image quality of ultra-
sound induced by the large attenuation of signals passing
through the thick muscle and fat layers. In this study, one
participant’s TP of vertebrae in the lumbar region could not
be identified, resulting in the removal of this participant
from the analysis of using the TPeTP method. Therefore,
for the lumbar region, the use of SAP as landmarks was also
studied as they are located closer to the vertebra body than
TP and also easier to be detected in ultrasound images
particularly for participants with high BMI. Contrary to TPs,
the deviation of SAPs was not widely reported. Further-
more, the distance between a pair of SAPs is shorter than
that between a pair of TPs, making it easier to be captured
by B-mode images in a single sweep. With the smaller dis-
tance, the potential effect of vertebra rotation is also
lessened. These factors indicate that using SAPs as bony
landmarks in the lumber region may lead to a more reliable
measurement of spine deformity using ultrasound imaging.
The SAP of all participants recruited was successfully
located in this study. The correlation and repeatability of
the method using TPeSAP were found to be substantially



Figure 11 Comparison between the results of Cobb’s method
and 3-D ultrasound imaging with the TPeTP approach. (A)
Correlation between the spine curvature angles measured by
Cobb’s method and 3-D ultrasound imaging. (B) BlandeAltman
plot between the results obtained by the two methods. 3-
D Z three-dimensional; TP Z transverse process;
SAP Z superior articular process.
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better than those of the method using TP alone. The results
clearly indicated that using SAP as landmarks was superior
to using TP in the lumbar region. Further studies with a
larger number of participants and a wider range of spine
curvature should be conducted to confirm this observation.

The virtual 3-D model of the spine was established with
the selected bony landmarks obtained from ultrasound
images, which could provide the deformity information of
the spine in the coronal, sagittal, and transverse planes.
Scoliosis is increasingly considered as a 3-D complex spine
deformity problem. Yazici et al [15] suggested that
adolescent idiopathic scoliosis be evaluated on the coronal,
sagittal, and transverse planes in the upright position.
Although computed tomography and MRI can provide high-
resolution 3-D images, the patients are usually examined
in the supine position, which is inappropriate for spine
deformity assessment. By contrast, the freehand 3-D ul-
trasound system can assess spine deformity in the upright
position. It has been previously reported that there was a
correlation between the Cobb angle and the vertebra
rotation according to a relatively simple ultrasound mea-
surement [20]. The virtual 3-D model of the spine estab-
lished in this study also revealed that vertebra rotation and
spinal deformity can be measured in three orthogonal
planes. Vertebra rotation was excluded in this study,
because there is no available computed tomography or MRI
data for validation. Future studies need to be conducted
along this direction to demonstrate the potential of 3-D
ultrasound imaging and 3-D spine model for the assess-
ment of kyphosis and vertebra rotation.

In spite of the encouraging results demonstrated in the
study, several limitations of the current system were
identified. It was found that the identification of bony
landmarks could be influenced by the quality of ultrasound
images. It was reported that image quality of ultrasound
would be degraded under thick subcutaneous fat tissue
[51]. The poor ultrasound image quality at different
anatomical locations was reported to be associated with
obesity and adiposity [52e54]. Therefore, it remains a
challenging task to locate the tip of process, particularly
for participants with high BMI values. Furthermore, the
manual marking procedure for the tips of process was time-
consuming and subjective. Image enhancement, and auto-
matic or semiautomatic tip identification methods should
be developed to enhance the manual efforts in placing
markers in the future. In addition, ultrasound probes with
other frequencies may also be studied to find the optimal
level. In this study, only 28 participants with different
spinal curvatures were tested; a much larger patient group
is needed to establish a reliable equation to transfer the
curvature measured using the freehand 3-D ultrasound
system to the Cobb angle, and to fully demonstrate the
potential of this new imaging modality for the assessment
of scoliosis.
Conclusion

A 3-D ultrasound imaging system was successfully devel-
oped for the radiation-free assessment of scoliosis, wherein
examination was conducted with the patient placed in a
standing posture supported by a custom-designed frame
structure. The results of the in vivo test demonstrated that
it is feasible to use the new system to quantitatively assess
scoliosis. The repeatability of the test was affected by the
manual identification of process tips in ultrasound images,
which was time-consuming and influenced by the B-mode
image quality. The system should be improved by enhancing
the image quality, developing methods for automatic or
semiautomatic approaches for tip of process identification.
Nevertheless, it was also revealed that the virtual 3-D
model of the spine formed by the bony landmarks extrac-
ted from ultrasound images could provide information on
spine deformity on different planes as well as vertebrae
rotation information. Therefore, it is worthwhile to
continue these efforts to improve the system to fully
demonstrate its clinical value. If it is successful, significant
numbers of radiograph examination can be avoided by using
3-D ultrasound imaging for monitoring curve progression
and treatment outcomes of scoliosis.
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