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A B S T R A C T

Background & Objective: The application of ultrasound imaging for spine evaluation could minimize radiation
exposure for patients with adolescence idiopathic scoliosis (AIS). A customized three-dimensional (3D) ultrasound
imaging system has been demonstrated to provide reliable and valid coronal curvature measurements. However,
these measurements were using the spinous processes as anatomical reference, leading to a predictable under-
estimation of the traditionally used Cobb angles. An alternative 3D ultrasound image reconstruction method was
applied to create coronal images with more lateral features for angle measurement. The objective of this study was
to test the reliability and the validity of this angle, the ultrasound curve angle (UCA), and compare the UCA with
the Cobb angles on X-ray images of patients with AIS.
Materials and methods: This study was divided into: 1) Investigation of intra- and inter-reliability between two
raters for measuring the UCA and two operators for acquiring ultrasound images; 2) Investigation of the validity
between the radiographic Cobb angle and the UCA. Fifty patients and 164 patients with AIS, were included in the
two stages, respectively. Patients underwent bi-planar X-ray and 3D ultrasound scanning on the same day. The
proposed UCA was used to measure the coronal curvature from the ultrasound coronal images, which were
formed using a newly customized volume projection imaging (VPI) method. The intra-rater/operator and inter-
rater and operator reliability of the UCA were tested by intra-class correlation coefficient (ICC) (3,1) and (2,1),
respectively. The validity of UCA measurements as compared to radiographic Cobb angles was tested by inter-
method ICC (2,1), mean absolute difference (MAD), standard error of measurement (SEM), Pearson correlation
coefficient and Bland–Altman statistics. The level of significance was set as 0.05.
Results: Excellent intra-rater and intra-operator (ICC (3,1)�0.973) and excellent inter-rater and inter-operator
reliability (ICC (2,1)�0.925) for UCA measurement, with overall MAD and SEM no more than 3.5� and 1.7�

were demonstrated for both main thoracic and (thoraco)lumbar curvatures. Very good correlations were observed
between UCA and Cobb angle for main thoracic (R2¼0.893) and (thoraco)lumbar (R2¼0.884) curves. The mean
(SD) measurements in terms of radiographic Cobb and UCA were 27.2 � 11.6� and 26.3 � 11.4� for main thoracic
curves; and 26.2 � 11.4� and 24.8 � 9.7� for (thoraco)lumbar curve respectively. One hundred sixty-four subjects
(33 male and 131 female subjects; 11–18 years of age, mean of 15.1 � 1.9 years) were included for the validity
session. Excellent inter-method variations (ICC (2,K) �0.933) with overall MAD and SEM no more than 3.0� and
1.5� were demonstrated for both main thoracic and (thoraco)lumbar curvatures. In addition, Bland–Altman plots
demonstrated an acceptable agreement between ultrasound and radiographic Cobb measurements.
Conclusion: In this study, very good correlations and agreement were demonstrated between the ultrasound and X-
ray measurements of the scoliotic curvature. Judging from the promising results of this study, patients with AIS
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with different severity of curves can be evaluated and monitored by ultrasound imaging, reducing the usage of
radiation during follow-ups. This method could also be used for scoliosis screening.
The Translational potential of this article: Ultrasound curve angle (UCA) obtained from 3D ultrasound imaging
system can provide reliable and valid evaluation on coronal curvature for patients with AIS, without the need of
radiation.
1. Introduction

Coronal Cobb angle measurement on upright posterior-anterior
radiograph is the standard procedure to diagnose, monitor curve pro-
gression and assign treatments for patients with scoliosis in clinical
practice. Adolescent idiopathic scoliosis (AIS) is the most prevalent
structural spine disorder [1], however frequent exposure to radiation
when monitoring scoliosis could increase the risk of cancer for these
patients [2]. With the advancement of technology, low-dose bi-planar
radiography, EOS system, was introduced and is increasingly being used
for scoliosis evaluation and the images could be used for
three-dimensional (3D) reconstruction [3]. However, relatively large
difference in accuracy was found between the anterior and the posterior
vertebral regions, since several anatomical landmarks on the posterior
arch, such as the transverse and/or spinous processes, may be barely
visible on the X-ray images, which causes reconstruction error that leads
to results discrepancies [4]. However the effective dose of a X-ray
received by a patients was still around 1 mSv [5], the radiation is cu-
mulative as longitudinal follow-ups are generally required [6]. In addi-
tion, the operation and installation costs of the EOS system are relatively
high, thus the cost effectiveness of this system is still controversial [7].
The need of a non-ionizing approach for spine assessments for patients
with AIS thus leads to the emergence of various new imaging modalities
for scoliosis, such as 3D ultrasound imaging, magnetic resonance imaging
(MRI) and surface topographic methods. MRI is expensive too and is
performed supine, while surface topography lacks standardization and
only reflects the symmetry of the back surface but not the true spinal
curvature [8].

Modern 3D ultrasound imaging is becoming more popular for
assessing structural spine changes because of its non-ionizing nature, it is
performed upright, and is inexpensive and user-friendly. Evaluation of
spinal curvature and rotation using ultrasound has first been exploited by
Suzuki et al. [9]. In more recent studies, different ultrasound landmarks
have been identified and investigated for the possibility of using them for
coronal spinal curvature evaluation. Spinous process angle (SPA), the
angle formed between the lines drawn on the most tilted part of the
spinous processes shadows, was used to evaluate coronal spine disorder
of patients with AIS on the coronal ultrasound images in those studies,
where the results were demonstrated to be reliable and valid compared
with the radiographic Cobb [10–12]. Brink et al. further evaluated
different measurement methods on ultrasound images to investigate the
most appropriate way to measure curve severity in the main thoracic and
(thoraco)lumbar region, where (thoraco)lumbar region specifies both
thoracolumbar and lumbar curves [11]. The SPA has also been demon-
strated to be reliable for investigating the effectiveness of orthotic
treatment and coronal curvature asymmetry using other 3D ultrasound
imaging system [13]. One limitation with SPA is that it underestimates
the severity of the curve when compared to the traditional Cobb angle
measurement [10,11]. The scaling factor between SPA and Cobb angles
in these studies was not close to 1. Nevertheless, it has been previously
reported that there was no statistically significant differences between
the two parameters if a conversion using a scaling factor was applied
[10–12]. The centre of laminae (COL) method had been used to evaluate
coronal [14–16] and sagittal [17,18] spinal curvature on spine phantoms
and patients with AIS. Although high intra- and inter-rater reliability and
good correlation and agreement with Cobb angle were achieved for
coronal angles using COL method, most of the curves involved were
moderate and the total time required for coronal image construction,
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identification of landmarks and angle measurements was relatively long,
approximately 3 min [16]. Furthermore, transverse processes angle has
also been used to evaluate coronal curvatures on spine phantom [18] and
human subjects [19], and demonstrated to correlate closely with Cobb
angle. However, the practical usability of the system has yet to be
confirmed for the former study and the visualization of the lateral fea-
tures on the ultrasound images were not optimized for measurement for
the latter study.

Although all the above studies demonstrated the feasibility of using
ultrasound to assess coronal curvature for patients with AIS, they had
their limitations. The sample sizes of ultrasound studies using bilateral
features such as transverse processes or laminae to validate coronal ul-
trasound measurement were relatively small, from about 20 to 49 sub-
jects. Thus the objective of this study was to evaluate the reliability and
validity of a new measurement parameter, the ultrasound curve angle
(UCA), on coronal curvature measurement on AIS spine, in comparison
with the radiographic Cobb angle. Since the UCA used in this study has
been applied to a relative larger group of patients with AIS with a wider
range of curves compared to previous studies, the results would
demonstrate that the UCA is a reliable ultrasound parameter.

2. Materials and methods

2.1. Subjects

Patients diagnosed with AIS within the age of 10–18, without metallic
implants and body mass index (BMI) no more than 25.0 kg=m2 were
included in this study. All patients with AIS were recruited in the
Department of Orthopaedics and Traumatology of The Chinese Univer-
sity of Hong Kong. All the patients were screened and diagnosed as AIS by
a medical doctor in the orthopedics department who has over 15 years of
experiences in reading radiographs of patients with scoliosis. The study
received human subject ethical approvals from both The Hong Kong
Polytechnic University and The Chinese University of Hong Kong.
Informed consent was obtained from all patients. Patients were requested
to receive both ultrasound scanning and X-ray imaging on the same day.
For patients with braces, they were required to remove their braces 48 h
prior to X-ray imaging.
2.2. 3D ultrasound imaging system and coronal image generation

The customized 3D ultrasound imaging system (Fig. 1a) and EOS®
system (EOS imaging, Paris, France) were used for ultrasound and X-ray
scanning, respectively. The ultrasound imaging systemmainly consists of
a linear ultrasound probe (central frequency of 7.5 MHz and 7.5 cm
width) with an electromagnetic spatial sensor attached to it to detect the
corresponding position and orientation of the probe. The patients
received ultrasound scanning in a natural standing posture with arms
resting by their side. The following procedures were performed prior to
scanning: 1) Application of ultrasound gel to the back of the patients; 2)
Defining the scanning range by identifying the level of T1 and L5 through
observing the B-mode images; 3) Fine tuning of the ultrasound images by
adjusting the time gain compensation control and brightness of the B-
mode images. In addition, the system consists of chest and hip boards
with supporters to minimize the motion of the patients caused by the
sliding of the probe during scanning (Fig. 1b). The shoulder and hip
supports were adjusted to support the patients without altering their
natural standing postures. During scanning, the probe was manually



Figure 2. Diagram illustrating the (a) ultrasonic sagittal profile of the spine
with vertebrae features such as laminae (arrow); (b) the representative depth
profile (between vertebrae bony structure and skin as reference) in blue colour
used for volume projection imaging to generate the alternative coronal ultra-
sound images in this study.
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moved upwards from an area below L5 to above T1 (Fig. 1c). Subjects
were allowed to breathe normally during the scanning procedure. Ac-
cording to our observation, the breathing does not affect the coronal
curvature of spine. The average scanning time of a patient was around
30–40 s. Detailed specification of the 3D ultrasound imaging system and
the testing protocol on human subjects had been reported in previous
studies [10,18]. EOS® is a bi-planar X-ray imaging system which
simultaneously provides upright coronal and sagittal radiographic im-
ages with low radiation dosage [3,20]. Subjects were required to stand
naturally with extended hips and knees and with hands on a support
about 1.7m from ground level.

After scanning, the collected B-mode images were merged into a 3D
image based on the corresponding spatial information recorded and used
for 3D ultrasound volume reconstruction. In previous studies, coronal
ultrasound images were formed using volume projection imaging (VPI)
method, which obtains an averaged intensity of all voxels in the ultra-
sound volume within a selected depth of approximately 10 mm from the
skin surface along the anteroposterior direction, for coronal SPA mea-
surement [10–12,21]. However, the proposed UCA method required the
visualization of the lateral features to assess the coronal curvatures. As
the previous VPI method utilized the back surface of the subject as the
cutting plane for coronal image projection, it would not be the optimal
because the lumbar vertebrae features were further away from the skin
compared to those in the thoracic regions (Fig. 2a). Therefore, an alter-
native VPI method, which used a depth profile depending on the
skin-to-laminae distances extracted from the sagittal ultrasound images
of 40 patients with AIS of different severity, was adopted in this study for
generating the coronal ultrasound images (Fig. 2b). To further cope with
individual difference of depth profile for image projection, 9 VPI images
were formed with different depths based on the representative depth
profile for all subjects. In order to choose the most optimal layer for UCA
measurement, the VPI image which exhibits most visible lateral features,
especially in the most tilted regions for facilitating the UCA measure-
ments, was selected by two raters who were responsible for measuring
the ultrasound images. Both raters should agree with the selected images
as the most optimal one. Fig. 3a and b illustrated the coronal ultrasound
images formed from the alternative VPI method used in this study and the
original VPI method used in a previous study from a patient with AIS.
Figure 1. Diagram illustrating (a) The 3D ultrasound imaging system used for ultras
before scanning; and (c) The upward sliding of the ultrasound probe to conduct the
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2.3. Angle measurements and study design

The raters were required to first manually identify the vertebrae
levels and the transverse processes and laminae–articular processes
shadows on the coronal ultrasound images to acquire the UCA. Prior to
UCAmeasurement, evaluators would first have to locate proper points for
ound scanning; (b) The adjustment of the supporters of the chest and hip boards
scanning.



Figure 3. Diagram illustrating the (a) Coronal ultrasound image formed using
skin surface as reference for VPI; (b) Coronal ultrasound image formed using the
depth between vertebrae bony structure and skin as reference for VPI.

Figure 4. Diagrams illustrating how points for line placements were assigned to
acquire UCA: a) For thoracic region, if a white dot, which corresponded to the
echo of a transverse process, could be seen, the center of the white dot will be
used to place the point (left); If no white dot could be observed, the centre of the
black region, which corresponded to the shadow of a transverse process, will be
used to place the point (right); b) For (thoraco)lumbar region, the lump shadow
would be considered as a combination of a triangle (yellow dotted line) and a
rectangle (green dotted line) (left). Dots will be placed at locations proximal to
the centre of the bilateral sides of the rectangle (right). UCA: Ultrasound
Curve Angle.

Figure 5. Diagram illustrating the (a) UCA measured on coronal ultrasound
image and (b) Cobb angle measured on coronal X-ray images. The pair of T12
ribs was first identified to distinguish the rest of the vertebrae level (green
dashed line). For cases with the most tilted vertebrae on T12 or above, line was
placed though the centre of the bilateral transverse processes echoes or
shadows, whereas for cases with the most tilted vertebrae below T12, the line
was drawn though the centre of the bilateral superior articular processes
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line placement on the ultrasound images. For thoracic region, the echoes
or the shadows of the transverse processes would be first located
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(Fig. 4a), which generally appeared bilaterally between the shadows of
the medial spinous process and the bilateral ribs and appeared in
rounded shape, starting from the T12 level. A couple of lumps which
appeared below T12 in the (thoraco)lumbar regions were formed by the
combined shadows of the partial bilateral inferior articular processes,
laminae and the superior articular processes of the inferior vertebrae
(Fig. 4b). For instance, the first lump is formed by the T12 bilateral
inferior articular processes, laminae and the L1 superior articular pro-
cesses, the second lump is formed by the L1 bilateral inferior articular
processes, laminae and the L2 superior articular processes and so on.
Although the bilateral transverse processes could also be viewed in some
occasion, they were not always observable or within the scanning range
of the ultrasound, these landmarks were not considered for angle mea-
surement in this study. The vertebrae structure selected for line drawing
depended on the location of the uppermost and lowermost tilted region
of the curve. The pair of T12 ribs, generally the last pair of ribs which
appears from the bottom of the ultrasound image, was essential for
classifying the vertebrae levels. For the most tilted region on T12 or
above, line was drawn though the centre of the bilateral transverse
processes shadows (Fig. 4a). For the most tilted region appearing below
T12 level, the line was drawn though the centre of the widest bilateral
part of the lump, which were formed mostly by the bilateral superior
articular processes shadows (Fig. 4b). Afterwards, UCA were computed
using the most tilted lines in the main thoracic and (thoraco)lumbar
(Fig. 5a). For ultrasound images, curves were classified as main thoracic
if the apex was located within T6 to T11/T12 transverse processes
shadows or as (thoraco)lumbar if the apex was located below T11/T12
shadows, which composed of the widest bilateral part of the lump.
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transverse processes shadows. For X-ray images, Cobb angles were
measured by the angle formed between the most tilted upper endplate
the lower endplate on coronal X-ray images (Fig. 5b). Curves were
classified as main thoracic if the apex was located within T6 to T11/T12
intervertebral disc or as (thoraco)lumbar if the apex was located below
T11/T12 intervertebral disc, according to the SRS criteria. Both ultra-
sound and X-ray images measurements were performed on RadiAnt
DICOM Viewer (Medixant, Poland). A medical doctor with 15 years of
experiences in reading radiographs of patients with scoliosis was
responsible for the coronal X-ray measurement, whereas two other raters
who had at least 5 years of experience on scoliosis evaluation using ul-
trasound and choosing the most optimal VPI images in a previous ul-
trasound study measured the ultrasound images. One of the raters had
been investigating the proposed UCA measurement for 2 years and the
other rater had been learning this new measurement method for 3
months before performing data acquisition for this study. All raters
performed the measurements independently, without discussing the se-
lection of the end vertebrae levels. In addition, all the raters were blinded
to the patients' details and each other's results.

This study was divided into two stages: a reliability and a validity
stage (Table 1). In the reliability stage, 25 patients underwent ultrasound
scans for the intra-operator test (twice by operator 1) and another 25
patients underwent scans for the inter-operator test (once by Operator 1
and once by operator 2). The repeated scans were conducted immedi-
ately after the first scan. In addition, the subjects were required to stay in
the same position for both scans. For the intra- and inter-rater reliability
analyses of the UCA measurements, evaluator 1 measured the UCA twice
and operator 1 measured the UCA once on the same ultrasound scan, to
eliminate the potential effect of different operators. The scans were
conducted by operator 1. For intra- and inter-operator reliability ana-
lyses, evaluator 1 conducted UCA measurements on the three ultrasound
scans, which two of them were conducted by operator 1 and one of them
conducted by operator 2, to eliminate the potential effect of different
raters. For the validity stage, correlations and comparison between the
UCA obtained from the 50 patients in the reliability stage together with
additional 114 patients with AIS and the corresponding Cobb angle
measurements were investigated.
2.4. Statistical analysis

Statistical analyses were conducted using SPSS Version 20.0 for
windows (IBM, SPSS Inc., USA). For the reliability stage, intra-class
correlation coefficients (ICCs) were computed to investigate the reli-
ability of the ultrasound results obtained from the same/different rater(s)
Table 1
Summary of data sets used in different reliability tests.

Reliability Tests Details

Intra-rater
(two-waymixed and absolute

agreement)

Tests between the two UCA measurements for main
thoracic and (thoraco)lumbar curves by Rater 1 on
the same ultrasound image from the first scan
conducted by Operator 1

Inter-rater
(two-way random and

absolute agreement)

Tests between the two UCA measurements for main
thoracic and (thoraco)lumbar curves by Rater 1 and 2
respectively on the same ultrasound image from the
first scan conducted by Operator 1

Intra-operator
(two-waymixed and absolute

agreement)

Tests between the two UCA measurements for main
thoracic and (thoraco)lumbar curves by Rater 1 on
two different ultrasound images from the first and
second scans conducted by Operator 1 respectively

Inter-operator
(two-way random and

absolute agreement)

Tests between the two UCA measurements for main
thoracic and (thoraco)lumbar curves by Rater 1 on
two different ultrasound images from the first scans
conducted by Operator 1 and 2 respectively

Inter-method
(two-way random and

absolute agreement)

Tests between the UCA measurements by Rater 1 and
radiographic Cobb for main thoracic and (thoraco)
lumbar

UCA: ultrasound curve angle
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and operator(s). The intra-class correlation coefficient ICC (3,1) with
95% confidence intervals (two-way mixed and absolute agreement) were
used to evaluate intra-rater/operator reliabilities, whereas ICC (2,1) with
95% confidence intervals (two-way random and absolute agreement)
were used to evaluate inter-rater/operator reliabilities [22]. In addition,
the intra- and inter-rater/operator of the UCA were evaluated using the
mean absolute difference (MAD) and standard error of measurement
(SEM). The criteria for evaluating ICC values were: very reliable
(0.80–1.0), moderately reliable (0.60–0.79), and questionably reliable
(�0.60) [23]. Summary of the rater and operator reliability tests could be
found in Table 1. For the validity stage, linear regression and correlation
coefficients for main thoracic and (thoraco)lumbar curves were con-
ducted between the ultrasound UCA and radiographic Cobb angles.
Correlation coefficient of 0.25–0.50 indicates poor correlation, 0.50 to
0.75 indicates moderate to good correlation, and 0.75 to 1.00 indicates
very good to excellent correlation [24]. In addition, ICC (2,1) with 95%
confidence intervals (two-way random and absolute agreement), the
mean absolute difference (MAD) and standard error of measurement
(SEM) were used to evaluate inter-method reliabilities [22]. Further-
more, Bland–Altman plots were used to investigate the agreement be-
tween UCA and radiographic Cobb for both main thoracic and (thoraco)
lumbar curves.

3. Results

A total of 50 patients with AIS, with an average of 15.2 � 1.9 (range
11–18) years of age were involved for the reliability stage. Half of them
(9 male and 16 female; mean of age: 15.4 � 2.0 years; mean main
thoracic and (thoraco)lumbar Cobb: 25.1 � 9.6� and 24.0 � 9.1�

respectively) were involved for intra-operator and intra- and inter-rater
reliability tests, whereas the other half (2 male and 23 female; mean of
age: 15.0 � 1.8 years; mean main thoracic and (thoraco)lumbar Cobb:
25.5 � 8.8� and 27.2 � 9.4� respectively) were involved for inter-
operator reliability tests. Another 114 patients with AIS were recruited
for the validity stage, combining the 50 patients involved in the reli-
ability stage, total 164 subjects were included (33 male and 131 female
subjects; 11–18 years of age, mean of 15.1 � 1.9 years). Mean radio-
graphic Cobb angle measured in the main thoracic and (thoraco)lumbar
region of these patients were 27.2 � 11.6� (range 8.8–59.4�) and 26.2 �
11.4� (range 8.2–70.3�) respectively, whereas the mean ultrasound UCA
measured in the main thoracic and (thoraco)lumbar region of these pa-
tients were 26.3 � 11.4� (range 7.9–59.9�) and 24.8 � 9.7� (range
8.0–71.7�) respectively. The average time required for UCA measure-
ment on the ultrasound image for each scan was less than 30 s.

3.1. Reliability

All the intra- and inter-rater/operator variation and reliability for the
UCA measurements of coronal spinal curvatures were summarized in
Table 2. The ICC (3,1) values for intra-rater reliabilities of UCA mea-
surements were 0.982 (95% confidence interval: 0.958–0.993) and 0.976
(95% confidence interval: 0.938–0.991) respectively for main thoracic
and (thoraco)lumbar curves, with MAD ranging from 0� to 3.4� and SEM
from 0.1� to 1.7� for main thoracic angles and MAD ranging from 0� to
4.0� and SEM from 0� to 2.0� for (thoraco)lumbar angles. The ICC (2,1)
values for inter-rater reliabilities of UCAmeasurements were 0.969 (95%
confidence interval: (0.926–0.987) and 0.925 (95% confidence interval:
0.813–0.971), respectively, for main thoracic and (thoraco)lumbar
curves, with MAD ranging from 0� to 4.3� and SEM from 0.1� to 2.2� for
main thoracic angles and MAD ranging from 0.7� to 8.3� and SEM from
0.4� to 4.1� for (thoraco)lumbar angles. The ICC (3,1) values for intra-
operator reliabilities of UCA measurements were 0.973 (95% confi-
dence interval: 0.936–0.989) and 0.975 (95% confidence interval:
0.935–0.991), respectively, for main thoracic and (thoraco)lumbar
curves, withMAD ranging from 0.3� to 5.9� and SEM from 0.1� to 3.0� for
main thoracic angles andMAD ranged from 0� to 4.7� and SEM from 0� to



Table 2
Intra- and inter-rater and intra- and inter-operator variation and reliability of ultrasound curve angle measurements on main thoracic and (throaco)lumbar curves.

UCA measurement Main Thoracic Curves (Thoraco)lumbar Curves

ICC (2,1)a/ICC (3,1)b

(95%CI)
MAD(�) SEM(�) ICC (2,1)a/ICC (3,1)b

(95%CI)
MAD(�) SEM(�)

Intra-rater 0.982(0.958–0.993)b 1.4 (0.0–3.4) 0.8 (0.1–1.7) 0.976 (0.938–0.991) 1.3 (0.0–4.0) 0.9 (0.0–2.0)
Inter-rater 0.969(0.926–0.987)a 1.7 (0.0–4.3) 1.0 (0.1–2.2) 0.925 (0.813–0.971) 3.5 (0.7–8.3) 1.7 (0.4–4.1)
Intra-operator 0.973(0.936–0.989)b 1.9 (0.3–5.9) 0.9 (0.1–3.0) 0.975 (0.935–0.991) 1.8 (0.0–4.7) 0.9 (0.0–2.4)
Inter-operator 0.984(0.955–0.994)a 1.0 (0.0–3.2) 0.6 (0.0–1.6) 0.963 (0.880–0.986) 2.0 (0.0–4.0) 1.0 (0.0–2.0)

CI: confidence interval; ICC: Intraclass correlation coefficient; MAD: mean absolute difference; SEM: standard error of measurement; UCA: ultrasound curve angle
a ICC computed using two-way random and absolute agreement
b ICC computed using two-way mixed and absolute agreement;

Table 3
Inter-method variations and reliability between Cobb angles and ultrasound
curve angle measurements on main thoracic and (throaco)lumbar curves.

Curves Comparison between Cobb and ultrasound curve angle

ICC (2,1) (95%
CI)

MAD(�) SEM(�) % within 5�

difference

Main
thoracic

0.945
(0.920–0.961)

3.0
(0.0–9.9)

1.5
(0.0–5.0)

83

(Thoraco)
lumbar

0.933
(0.883–0.959)

2.8
(0.0–11.9)

1.4
(0.0–5.9)

83

CI: confidence interval; ICC: Intraclass correlation coefficient; MAD: mean ab-
solute difference; SEM: standard error of measurement

T.T.-Y. Lee et al. Journal of Orthopaedic Translation 29 (2021) 51–59
2.4� for (thoraco)lumbar angles. The ICC (2,1) values for inter-operator
reliabilities of UCA measurements were 0.984 (95% confidence inter-
val: 0.955–0.994) and 0.963 (95% confidence interval: 0.880–0.986),
respectively, for main thoracic and (thoraco)lumbar curves, with MAD
ranging from 0� to 3.2� and SEM from 0� to 1.6� for main thoracic angles
and MAD ranged from 0� to 4.0� and SEM from 0� to 2.0� for (thoraco)
lumbar angles. The above results demonstrated that the both the intra-
and inter-reliabilities of the UCA, in terms of rater and scanning operator,
were high.

3.2. Validity

Main thoracic and (thoraco)lumbar UCA showed very good linear
correlations with the radiographic Cobb angles for main thoracic
(R2¼0.884) and (thoraco)lumbar curves (R2¼0.893) (Fig. 6). If we
counted all the angles together, the R2 value between the two modalities
was 0.888. The scaling factors between UCA and Cobb angle obtained
from the linear equation were 1.024 and 1.048 for the main thoracic and
(thoraco)lumbar curves, respectively, and it was 1.035 if we combined all
the together. The inter-method variations between Cobb angles and UCA
measurements were summarized in Table 3. The ICC (2,1) values for
inter-method variations were 0.945 (95% confidence interval:
0.920–0.961) and 0.933 (95% confidence interval: 0.883–0.959),
respectively, for main thoracic and (thoraco)lumbar curves, with MAD
ranging from 0� to 9.9� and SEM from 0� to 5.0� for main thoracic angles
and MAD ranging from 0� to 11.9� and SEM from 0� to 5.9� for (thoraco)
lumbar angles. The overall MADs for main thoracic and (thoraco)lumbar
angles were 3.0� and 2.8� respectively. Eighty-three percent (106 out of
Figure 6. Correlations (R2) and regression equations between the radiographic
Cobb angles and ultrasound curve angle are shown for the main thoracic (black)
and the (thoraco)lumbar (red) curves.

Figure 7. Bland–Altman plots which demonstrates the differences between the
Cobb angles and the coronal ultrasound angles for main thoracic curves. The
central line represents the bias and the dotted lines represent the 95% limits
of agreement.
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128 curves) of the main thoracic UCA and eighty-three percent (106 out
of 127 curves) of (thoraco)lumbar UCA were within 5� difference
compared with radiographic Cobb. Figs. 7 and 8 demonstrated that a
good agreement between UCA and radiographic Cobb angle measure-
ment for coronal curvatures. According to Bland–Altman plots (Figs. 7
and 8), the bias, 95% upper and lower limits of agreements were 0.9�,
8.3� and �6.6� for main thoracic curves and 1.8�, 8.7� and �5.1� for
(thoraco)lumbar curves, respectively.

4. Discussion

Conduction 3D ultrasound imaging of the back of patients with AIS
could only allow viewing the posterior structure of the spine. The ante-
rior features such as the vertebral bodies and intervertebral disc could



Figure 8. Bland–Altman plots which demonstrates the differences between the
Cobb angles and the coronal ultrasound angles for (thoraco)lumbar curves. The
central line represents the bias and the dotted lines represent the 95% limits
of agreement.
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not be seen because ultrasound could not penetrate through bones. In
addition, information such as pelvic parameters, leg discrepancies and
rib cage disorder could not be reviewed from a 3D ultrasound scan.
Hence, ultrasound could be treated as a non-invasive and non-ionizing
tool to provide supplementary data for traditional radiographic
approach and serve as a tool for scoliosis screening and monitoring curve
progression by providing more frequent scanning for patients with mild
and moderate AIS, but not replacing radiograph.

For radiographic Cobb measurements, the ICC values obtained on
patients with AIS, with similar Cobb range compared to this study,
ranged from 0.87 to 0.97 for intra-rater repeatability and from 0.87 to
0.98 for inter-rater repeatability in previous studies [25,26], whereas for
ultrasound SPA measurements conducted on ultrasound images gener-
ated from the 3D ultrasound imaging system, the ICC values obtained
ranged from 0.87 to 0.97 for intra-rater repeatability and from 0.84 to
0.99 for inter-rater repeatability, similar to that obtained from the
SonixTABLET ultrasound imaging system using COL method [14]. In
addition, the intra- and inter-operator reproducibility for ultrasound SPA
measurements obtained in two previous ultrasound studies, in which the
coronal images were generated using the VPI method based on back
surface, ranged from 0.84 to 0.97 [10,11]. In this study, the intra- and
inter-reliabilities for raters (repeatability) and operators (reproduc-
ibility) using the UCA measurements were demonstrated to be as high as
all the above studies, indicating that the ultrasound scanning and UCA
measurements were repeatable and reproducible when measuring coro-
nal curvatures for patients with AIS in main thoracic and (thoraco)lum-
bar region. Very good linear correlations (R2�0.884), with range of ICC
values from 0.883 to 0.961 and MAD with no more than 3� were
demonstrated between UCA and radiographic Cobb angles. In addition,
83% of the curves were found to be within 5� difference comparing be-
tween the UCA and Cobb angles. Similar results were reported earlier
using different 3D ultrasound imaging system for scoliosis assessment
applied on either spine phantoms [14,21,27,28] or patients with AIS [10,
11,13,15,16,25]. The reliability and validity of using transverse pro-
cesses and superior articular processes on ultrasound imaging for coronal
measurements were demonstrated in previous phantom studies [27,28],
and the usage of both landmarks was found to yield better correlation
and agreement between the ultrasound and radiographic Cobb angles
than using transverse processes alone. Better correlations between ul-
trasound and Cobb angles using linear regression were achieved in two
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previous studies using SPA and COL method respectively than this study
[11,16], but the sample sizes of those studies were much smaller (N �
33). There were very slight differences between the linear regression and
correlations of the UCA and Cobb angle. This could possible due to
thicker muscles and fat tissues and the absence of ribs for reference in the
(thoraco)lumbar region, though these factors did not have a striking
impact on the reliability and validity. In addition, the overall MAD and
SEM between UCA and radiographic Cobb measurements were no larger
than 3.0� and 1.5� respectively for both types of curves. These results
showed that the ultrasound angle obtained in this study had a
close-to-one relationship with coronal Cobb and can reflect the curve
severity of the patients when compared to Cobb angle.

Yet the findings in this study were different from that obtained from
previous study using the same ultrasound imaging system, where the
scaling factors between SPA and Cobb angle obtained from the linear
equation were 1.200 and 1.154 for main thoracic and (thoraco)lumbar
curves respectively [10]. Themajor reasons that cause such discrepancies
are: 1) Spinous processes used for previous studies were anatomical
features relatively posterior and subjected to deformation in patients
with severe scoliosis [29]; 2) measurement method of UCA is more
similar to traditional Cobb method when compared with that of SPA.
Scaling factors of the linear equations between transverse processes angle
and Cobb angle obtained in Brink et al.’s study were different from those
in this study, where the factors were 1.297 and 1.163 for thoracic and
(thoraco)lumbar regions, respectively [11]. The difference was possibly
caused by the improvable lines placement on the coronal ultrasound
images using the back surface based VPI due to the vague definition of
the bilateral vertebrae features, which justified the need of alternative
VPI and measurement methods in this study. Different from the previous
study [10,11], instead of using back surfaces of the patients as reference
to generate coronal images, a different VPI method based on the depth of
vertebrae bony structure under the skin was applied to generate the
coronal images in this study. This is because the distances between the
vertebrae features used for UCA measurement and skin surface vary at
different vertebrae levels [18,30], thus coronal images generated using
vertebra-depth-dependent VPI would allow raters to have a better visu-
alization of the bilateral vertebrae features such as transverse processes,
bilateral laminae and articular processes ultimately facilitates the line
placement for the UCA measurement. In future studies, a reference table
which facilitates reconstruction of vertebra-depth-dependent VPI could
be formulated using computed tomography, in order to generate the most
optimal coronal images for UCA measurement.

Correlation between ultrasound and X-ray results was found to be
unsatisfactory for curves with apices above T6 in a previous study due to
the design of the ultrasound probe [12], thus only main thoracic and
(thoraco)lumbar curves were analyzed in this study. A special scanning
technique or flexible ultrasound transducer could be implemented to
tackle the scanning of proximal curves in future study. In addition,
different features were used for UCA measurement in the main thoracic
and (thoraco)lumbar region. In the thoracic region, transverse processes
were selected for measurement because they appeared to be smaller and
more observable in the ultrasound images [31], therefore the line
placement could be conducted more precisely if more lateral elements
were involved in measurement. However, since transverse processes of
the vertebrae in the lumbar region were further apart and more anteri-
orly located compared to those in the thoracic region, which was beyond
the width of the ultrasound probe in most of the cases, the bilateral su-
perior articular processes shadows were selected for angle measurement
in the lumbar region.

The alternative VPI profile was obtained based on the average skin-to-
laminae distances of 40 patients with AIS of different curves severity,
thus the projected coronal images may not be the most optimal for UCA
evaluation. In future study, the reliability of the selection of the VPI
images and the effect of adopting different VPI method on UCA mea-
surement should be investigated. An additional research direction is to
use deep learning method to achieve automatic selection of the most



T.T.-Y. Lee et al. Journal of Orthopaedic Translation 29 (2021) 51–59
optimized image for measurement [32]. Not all vertebrae features were
clearly visible in some coronal ultrasound images, which induced diffi-
culty in identifying these features and drawing lines on them, ultimately
affecting the accuracy of UCA measurement. There are several reasons
which caused such problem. First, poor contact between the ultrasound
and the patients' back, such as the presence of narrow gap between the
scapula, causes darkened area of some images if not enough coupling gel
was used during scanning. Second, the vertebrae features which were too
far away from the skin surface would cause extra attenuation by the
tissues to ultrasound and reduced penetration and image quality. This
could be subjected to the sagittal profile, muscular thickness and fat
deposit of the patients’ back. Third, the presence of vertebral rotation,
especially in the lumbar region, would greatly affect the coverage of all
bilateral vertebrae features and the entire coronal spinal profile in a
single ultrasound layer after volume projection as one side of the verte-
brae structures were further away from the skin surface. The system used
in this study adopted a linear ultrasound probe with frequency of 7.5
MHz, which provided very good resolution. The system can be improved
by including a probe with lower ultrasound frequency, such as 3.5 or 5
MHz to facilitate achieving better penetration with image resolutions
sacrificed slightly. To obtain more lateral features, such as transverse
processes in the lumbar region, an ultrasound probe with a curved sur-
face or a fan scanning profile can be used in future studies. Moreover, it
should be noted that the 3D information, such as apex rotation, was lost
during VPI coronal projection, it is also essential to validate ultrasound
measurements in 3D against a true 3D radiographic assessment to fully
utilize the information contained in 3D ultrasound images. In addition,
further studies should be carried out to investigate the primary cause
which leads to measurement error for the ultrasound images, such as
utilizing the Generalisabilty theory to study the effect of remeasuring or
reacquiring an image and investigating the effect of the degree of
blindness such as choice of image layers and the selection of upper and
lower endplate vertebrae on angle analysis. The Cobb angle involved in
this study was relatively small, the reasons behind this observation were:
1) Some of the patients with large curves were receiving brace treatments
to control curve progression; 2) Ultrasound images acquired from three
patients with Cobb larger than 50� were too poor to be analyzed andwere
thus not included in the analysis, due to the narrow scapula and presence
of vertebrae rotation which possibly reflect ultrasound signal away from
the transducer, leading to unsatisfying image quality. Furthermore, the
arms position of the patients with AIS was different during ultrasound
and X-ray evaluation, which could also cause the angle discrepancies
between the radiographic Cobb and ultrasound curve angle.

The specificity and sensitivity for detection of curve progression and
judgment for assigning treatments using different coronal ultrasound
angles by the 3D ultrasound imaging should be investigated in future
studies. It would also be essential to study the cut-off angle of UCA to
define curve progression. In addition, the 3D ultrasound imaging system
had also been demonstrated to provide dynamic change of the coronal
curvature assessment during different postures such as lateral bending
[33] and forward bending [34], UCA could also be used to evaluate the
change in future study.

5. Conclusions

UCA appeared to be a reliable and valid parameter for evaluating
coronal curvatures of scoliotic spine of AIS, without overall clinical dif-
ferences when compared to radiographic Cobb angles. Judging from the
promising results from the ultrasound measurement of this study, pa-
tients with AIS with different severity of curves can be evaluated and
monitored by ultrasound imaging, reducing the usage of radiation during
follow-ups. This method could also be used for scoliosis screening.
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