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Three-dimensional (3D) ultrasound imaging ==

for quantitative assessment of frontal cobb
angles in patients with idiopathic scoliosis —
a systematic review and meta-analysis
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Abstract

Background Measurement of Cobb angle in the frontal plane from radiographs is the gold standard of quantify-
ing spinal deformity in adolescent idiopathic scoliosis (AlS). As a radiation free alternative, ultrasonography (USG)
for quantitative measurement of frontal cobb angles has been reported. However, a systematic review and meta-
analysis on the reliability of ultrasound comparing with the gold standard have not yet been reported.

Objectives This systematic review and meta-analysis aimed to evaluate (1) the reliability of ultrasound imag-

ing compared with radiographs in measuring frontal cobb angle for screening or monitoring in AlS patients; (2)
whether the performance of USG differ when using different anatomical landmarks for measurement of frontal cobb
angles.

Methods Systematic search was performed on MEDLINE, EMBASE, CINAHL, and CENTRAL databases for relevant
studies. QUADAS-2 was adopted for quality assessment. The intra- and inter-rater reliability of ultrasound measure-
ment in terms of intra-class correlation coefficient (ICC) was recorded. Mean Absolute Difference (MAD) and Pearson
correlation coefficients between frontal cobb angle measured from USG and radiographic measurements, were
extracted with meta-analysis performed.

Results and discussion Nineteen studies were included with a total of 2318 patients. The risk of bias of included
studies were unclear or high. Pooled MAD of frontal cobb angle measured between USG and radiography was 4.02
degrees (95% Cl: 3.28-4.76) with a pooled correlation coefficient of 0.91 (95% Cl: 0.87-0.93). Subgroup analyses show
that pooled correlation was > 0.87 across using various USG landmarks for measurement of frontal cobb angles. There
was a high level of heterogeneity between results of the included studies with 12> 90%. Potential sources of hetero-
geneity include curve severity, curve types, location of apex, scanning postures, patient demographics, equipment,
and operator experience. Despite being the “gold standard’, intrinsic errors in quantifying spinal deformities with radi-
ographs may also be a source of inconsistency.
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be adapted for further clinical use.

Conclusion The current systematic review indicated that there is evidence in favor of using USG for quantitative eval-
uation of frontal cobb angle in AIS. However, the quality of evidence is low due to high risk of bias and heterogeneity
between existing studies. Current literature is insufficient to support the use of USG as a screening and/or follow-up
method for AIS. Further investigation addressing the limitations identified in this review is required before USG could

Keywords Scoliosis, Ultrasound, Adolescent Idiopathic Scoliosis

Introduction

Measurement of Cobb angle in the frontal plane from
radiographs is the gold standard of quantifying spinal
deformity in adolescent idiopathic scoliosis (AIS). How-
ever, radiation from repeated radiography poses health
concerns for patients [1, 2]. To reduce radiation hazards,
alternative imaging methods have been investigated for
quantitative spinal assessment [3]. Among these imag-
ing modalities, ultrasound imaging carries significant
advantages of being a well-established, radiation-free,
cost-effective, and portable method capable of dynamic
scanning. As such, the application of ultrasound imaging
in musculoskeletal diagnostics has gained considerable
attention over the past decade [4—7].

As the cortical surface of bone strongly reflects ultra-
sound waves to generate a bony shadow in B-mode
images, ultrasound imaging can be used to detect the
posterior arch of the spine, and display the rotatory posi-
tion of laminae and transverse processes for the measure-
ment of vertebral rotation [8—11]. With the development
of freehand three-dimensional ultrasound imaging sys-
tems that combine conventional B-mode images with
position sensors for a three-dimensional reconstruction
of full spine images, the limitation of a previously two-
dimensional image can be overcome, which is crucial to
analyzing the three-dimensional anatomy of each spine
[12, 13]. The validity and reliability of ultrasound evalu-
ation based on the anatomical landmarks of spinous pro-
cesses (SP) [5, 6], transverse processes (TP) [5, 12], and
laminae [10, 14] for ultrasound measurement of spinal
curvatures in the coronal, sagittal, and transverse planes
have been reported in both in vitro [15-20] and in vivo
studies [5, 6, 14, 21, 22] (Figs. 1, 2 and 3) [23]. Despite
promising results, many of the three-dimensional ultra-
sound imaging systems were experimental prototypes
that were not optimized for large-scale clinical applica-
tion [15-18, 24, 25]. In vitro results are deemed to be
more accurate than in vivo measurements, as patients’
posture was not taken into account in in vitro studies [12,
18]. Cadaveric bony landmarks, particularly the laminae,
are also much more easily identified on ultrasound imag-
ing when compared with that for living subjects, espe-
cially for those with a high body mass index (BMI) [11,
26]. To evaluate the use of ultrasound imaging for living

subjects, a number of in vivo studies have been con-
ducted [5, 6, 14, 21, 22]. Nevertheless, ultrasound imag-
ing for scoliosis assessment is still in a developmental
stage [6]. No conclusive statement has yet been drawn
regarding how ultrasound imaging can serve as an alter-
native imaging modality for spinal evaluation in an accu-
rate and reliable manner to minimize radiation exposure
in adolescents. In addition, it remained controversial
regarding which anatomical landmarks could provide the
best estimation of frontal cobb angles [5, 27].

We therefore carried out a systematic review with
meta-analysis to evaluate (1) the intra- and inter-rater
reliability of ultrasound measurement and its validity in
terms of correlation and mean absolute difference (MAD)
with the gold standard of radiological frontal plane Cobb

Fig. 1 Spinous process angles (SPA) measurement on an ultrasound
image
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Fig. 2 Center of lamina (COL) method for measurement of coronal curvatures and axial vertebral rotation on reconstructed 3D ultrasound
images. Adopted with permission under Creative Commons Attribution License “Three-dimensional Ultrasonography Could be a Potential
Non-ionizing Tool to Evaluate Vertebral Rotation of Subjects with Adolescent Idiopathic Scoliosis” by Lee et al. [23]. a Sagittal plane. bCoronal plane.
Corresponding transverse plane at: c T8 level. d L1 level. e S1 level. The green dotted lines join the laminae at the 3 above mentioned levels

angle in measuring spinal deformity in AIS patients; (2)
whether the correlation of ultrasonography (USG) with
radiological frontal Cobb angle differed when using dif-
ferent anatomical landmarks for measurement of spinal
curvatures.

Materials and methods

Information sources and searching strategy

Relevant studies that involved ultrasound imaging for
quantitative assessment of the spine were searched from
four databases, namely MEDLINE, EMBASE, CINAHL,
and Cochrane Library (CENTRAL) databases. The Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses for Diagnostic Test Accuracy studies
(PRISMA-DTA) statement was used as guidelines in
the performance of the systematic review. The search
was limited to English publications up to 31 December
2023. Specific searching strategies adapted for each data-
base were listed in Appendix I. The reference lists of all
included studies were also examined for additional rel-
evant studies.

Selection of studies
Articles were included if they met the following criteria:

(1) Clinical trials, observational studies, or diagnos-
tic accuracy studies, which reported on the error
AND/OR correlation between ultrasound imag-
ing and radiographic measurement of frontal cobb
angles in patients with adolescent idiopathic scolio-
sis (AIS)

(2) Full publication in a peer-reviewed scientific jour-
nal

The exclusion criteria were:

(1) Invitro experiments, phantom studies, or pilot stud-
ies involving < 10 patients

(2) Non-adolescent idiopathic scoliosis subjects

(3) Application of ultrasound imaging other than quan-
tification of frontal cobb angles, for example, mus-
cle quantification, skeletal maturity assessment,
bone quality measurement, spinal flexibility meas-
urement, brace casting, orthotic design, surgical
related procedures like anesthesia, operative guid-
ance, or imaging for magnetically controlled grow-
ing rods

(4) Review articles, editorials, letters, comments, case
reports, or conference abstracts
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Fig. 3 Transverse processes angle (TPA) measurement on coronal
ultrasound image

(5) Non-English studies

Studies from the systematic search were merged in
EndNote X9 (Thomson, New York), with duplicates
removed. Application of exclusion and inclusion criteria
was performed by screening the titles and abstracts, fol-
lowed by retrieval of full texts of included studies. Two
reviewers (JHY, JCL) independently screened all the
titles and abstracts, and reviewed the identified studies
for inclusion. Disagreements were resolved by consen-
sus between the 2 reviewers. A third reviewer (KGY) was
available to resolve further disagreements.

Page 4 of 14

Quality assessment

Risk of bias and concerns regarding applicability of each
included study were evaluated using the Quality Assess-
ment of Diagnostic Studies-2 (QUADAS-2) instrument
(Appendix II) [28]. Radiographic measurement was des-
ignated as the “reference standard” and ultrasound meas-
urement was defined as the “index test” The assessment
of study quality was performed in a standardized manner
independently by two reviewers (JHY, JCL). Disagree-
ments were resolved by consensus between the 2 review-
ers. A third reviewer (KGY) was available to resolve
further disagreements.

Data extraction and meta-analysis
The intra- and inter-rater reliability of ultrasound meas-
urement in terms of intra-class correlation coefficient
(ICC) was recorded. If more than one ICC value was
reported for different raters or per different scans in the
articles, the lowest value was recorded. MAD and Pear-
son correlation coefficients (r) between ultrasound imag-
ing and radiographic measurement were extracted and
reanalyzed to obtain the pooled correlation and 95% con-
fidence intervals (Cls) using the random effects model of
meta-analysis and presented as a forest plot. If more than
one correlation coefficient value was reported for various
curve location, they were considered independently. Het-
erogeneity across studies was tested by the inconsistency
index (1% [29]. Two subgroup analyses were performed
according to the ultrasound measurement protocols
adopted, namely the spinous process method, transverse
processes (TP) method, and center of lamina (COL)
method.

MedCalc® Statistical Software version 20.305 (Med-
Calc Software Ltd, Ostend, Belgium) was used. p<0.05
was considered statistically significant.

Results

Literature search and selection of studies

Five hundred seventy-nine studies were identified after
removal of duplicates, of which 398 studies were initially
excluded because of non-relevance (Fig. 4). 181 poten-
tially eligible studies were examined in full text. Even-
tually, 19 articles met the selection criteria and were
included for meta-analysis [5, 6, 8, 11-14, 30—41].

The 19 included articles were published between
2015 and 2022 with a total of 2318 participants. Among
included studies, 6 explored the COL method, 5 explored
the TP method, and 12 explored the spinous process
method. Out of 19 included studies, intra-rater reliabil-
ity was reported in 15, while inter-rater reliability was
reported in 11 studies for USG measurement of fron-
tal cobb angle. MAD between USG and radiography



Kwan et al. BMC Musculoskeletal Disorders (2025) 26:222

Page 5 of 14

Duplicate records removed (n = 177)

Records excluded by title screening due to:
e Non-relevance (n =398)

Reports excluded by abstract due to:
e  Review articles (n =9)
Conference abstracts (n = 22)

Fig. 4 The PRISMA selection flow diagram

measured frontal cobb angle was reported in 13, while
Pearson correlation coefficient was reported in 16 stud-
ies. The data extraction table is presented as Table 1.

Quality assessment

Twelve out of 19 studies showed low levels of concern
across all domains regarding applicability, indicating that
the study designs match with the review question. How-
ever, only 1 out of 19 studies demonstrated a low risk of
bias, with the remaining 18 studies showing an unknown
or high risk in at least one domain in the QUADAS-2
assessment tool. Details of quality assessment are dis-
played in Tables 2 and 3.

Data extraction and meta-analysis
Intra-rater reliability of ultrasound measurement
ranged from 0.57 to 0.99 (mean 0.96+0.06); whereas
the inter-rater reliability ranged from 0.75 to 0.96 (mean
0.93+0.04).

Meta-analysis showed the pooled MAD in frontal Cobb
angle measurements when comparing radiographs versus
ultrasound was 4.02 degrees (95% CI:3.28-4.76, I>=94%)
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(Fig. 5). Pooled Pearson correlation coefficient for frontal
Cobb angle measurements when comparing radiographs
versus ultrasound was 0.91 (95% CI: 0.87-0.93, I>=90%).
Subgroup analyses on the various ultrasound measure-
ment protocols showed that the pooled correlations were
0.87 (95% CI: 0.72—0.93, I>=92%) for the center of lamina
(COL); 0.90 (95% CI: 0.85-0.93, I*=90%) for the spinous
process (SP) method; and 0.94 (95% CI: 0.88-0.97,
12=90%) for the transverse process (TP) method.

Discussion

Results from this study showed good intra- and inter-
rater reliability of ultrasound measurement of frontal
cobb angle in AIS patients. It also showed good validity
in terms of correlation and MAD when compared with
the gold standard of radiological frontal cobb angle in
AIS patients. However, the included studies demon-
strated unclear to high risk of bias. The strengths and
limitations of the included studies and the current
methods of ultrasound measurement of frontal cobb
angles in AIS patients will be discussed in the following
section.
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Table 2 Risk of bias (RoB) of each included study [5, 6, 8, 11-14, 30-41]

Study Patient Index test Reference Flow and

selection standard timing

Zheng (2018) [14]

Brink (2018) [5]

Zheng (2016) [6]

Zheng (2015) [31]

Cheung (2015) [12]

Zheng (2016) [30]

Zhou (2017) [11]

Cheung (2015) [13]

Li (2015) [8]

Lee (2019) [33]

Yang (2022) [34]

Pang (2021) [35]

Wong (2019) [36]

Lee (2021) [37]

Young (2015) [38]

Trac (2018) [32]

de Reuver (2021) [39]

Trzcinska (2022) [40]

Zeng (2021) [41]
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Table 3 Applicability concerns of each included study [5, 6, 8, 11-14, 30-41]

Study Patient selection Index test Reference standard

Zheng (2018) [14]

Brink (2018) [5]

Zheng (2016) [6]

Zheng (2015) [31]

Cheung (2015) [12]

Zheng (2016) [30]

Zhou (2017) [11]

Cheung (2015) [13]

Li (2015) [8]

Lee (2019) [33]

Yang (2022) [34]

Pang (2021) [35]

Wong (2019) [36]

Lee (2021) [37]

Young (2015) [38]

Trac (2018) [32]

de Reuver (2021) [39]

Trzcinska (2022) [40]
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Weight Weight
Study Total Mean SD Mean MRAW 95%-Cl (common) (random)
Cheung (2015) [13] 29 190730 ———+ 1.90 [-0.76; 4.56) 0.3% 46%
Zheng (2018) [14] 200 2.10 1.70 : i 210 [1.86;2.34] 36.4% 7.9%
Young (2015) [42] 20 260 2.00 —— 260 [1.72;3.48] 26% 7.4%
Lee (2021) Thoracolumbar [40] 50 280 1.40 - 2.80 [2.41;3.19] 13.4% 7.8%
Lee (2021) Thoracic [40] 50 3.00 1.50 —:*- 3.00 [258;3.42] 11.7% 7.8%
Trac (2018) [32] 101 320 220 ol 320 [2.77;363] 11.0% 7.8%
Yang (2022) Lumbar [37] 100 3.40 290 1:—*— 340 [283;397] 6.3% 7.7%
Zheng (2015) [29] 26 350 240 ——— 350 [258;4.42) 2.4% 7.3%
Yang (2022) Thoracic [37] 100 3.60 250 =+t 360 [3.11;4.09] 8.4% 7.8%
Brink (2018) [5] 33 490 320 ; —— 490 [3.81;5.99 1.7% 71%
Zeng (2021) [45] 50 5.80 4.90 Vo 580 [4.44,7.16] 1.1% 6.7%
Lee (2019) [36] 21 6.10 4.40 : — 6.10 [4.22;7.98] 0.6% 5.8%
De Reuver (2021) Thoracic [43] 70 6.50 3.90 - — 6.50 [5.59;7.41] 2.4% 7.3%
De Reuver (2021) Lumbar [43] 70 7.30 470 : : —+— 7.30 [6.20;8.40] 1.7% 71%
Common effect model 920 o 298 [2.84;3.12] 100.0% -
Random effects model = 4.02 [3.14; 4.90] - 100.0%

Heterogeneity: /2 = 94%, t° = 2.5403, p < 0.001 ' ! ) ' '

0 2 4 6 8

Fig. 5 Forest plot of the Mean Absolute Difference between ultrasound and radiographic measurement with corresponding 95% Cls for studies
on the coronal plane. If two correlation analyses were drawn from the same method and plane in the same study, the difference is denoted
within the bracket. E.g., Lee (2021) [40] has separate correlation analyses for thoracic and lumbar curves, although both evaluated the coronal plane

with the spinous process method

Strengths and limitations of different methods

of ultrasound

The spinous process (SP) method was the most fre-
quently adopted protocol overall (12 out of 19 studies).
However, previous studies have reported limitations of
the spinous process method. Significant deviation of
spinous processes due to significant axial vertebral rota-
tion would also cause inaccurate interpretation of the
vertebral body alignment and hence influence the angle
measurement on ultrasound imaging [6, 11, 12, 22, 42].
Various conversion formulae have been proposed for sys-
tematic correction of the spinous process method values
for prediction of Cobb angles based on relatively small
cohorts of subjects [5, 6, 43]. In future studies, establish-
ment of conversion formulae from large-scale studies
with adjustment according to various curve levels and
curve severity would be warranted.

The center of lamina (COL) method was another com-
monly used approach (6 out of 19 studies). However,
the pooled correlation with this approach against radio-
graphic measurements was the weakest among the three
methods compared (r=0.86). Theoretically, the close
relationship between the laminae assessed in the COL
method and the vertebral bodies used in calculating the
Cobb angle on radiography would allow more accurate
estimation [26]. However, in practice, the laminae are
also located deeper than the spinous processes along
the posterior-anterior direction and are therefore more

difficult to detect, even more so in the lumbar region and
in obese subjects [26, 31].

The strongest level of correlation (r=0.94) was demon-
strated by the transverse processes (TP) method, possibly
because the vertebral bodies used in radiographic Cobb
measurement were along the same direction of the lines
connecting the pairs of transverse processes [13]. How-
ever, widespread application of this method is limited
by the difficulty in visualizing the transverse processes
on ultrasound images [13]. As transverse processes are
located beneath the thick and unevenly distributed par-
aspinal muscles at various depths, it is technically difficult
to capture high quality ultrasound images even with the
currently optimized default ultrasound setting of depth,
focus, and frequency [13]. To add to the challenges of the
TP method, an ultrasound probe with adequate width is
required to cover all transverse processes from the spine
in a single motion, and the view could also be obstructed
by the winged scapula of scoliosis patients [6, 12, 13].

Given that various vertebral landmarks can be identi-
fied on ultrasound images, the use of combined land-
marks to provide more anatomical information for
ultrasound measurement has been explored [12, 37]. In
particular, superior articular processes (SAP) have been
used along with transverse processes to achieve better
validity and reliability of coronal ultrasound measure-
ment [12], but further clinical studies are warranted to
explore the combination of various bony landmarks for
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better visualization of the spine to improve the accuracy
of ultrasound angle measurement [6, 44].

Sources of bias of included studies

Only 1 out of 19 studies demonstrated a low risk of bias,
with the remaining 18 studies showing an unknown
or high risk in at least one domain in the QUADAS-2
assessment tool.

Potential sources of bias include: (1) Unclear descrip-
tion of the recruitment process, whether a consecutive or
random sampling was performed for patient recruitment.
(2) the inclusion of subjects without scoliosis (Cobb
angles<10°) [5, 6, 11-13]; (3) exclusion of patients owing
to missing data of radiographic assessment [5, 11, 13];
and (4) exclusion of patients with poor ultrasound image
quality or unclear anatomical landmarks [5, 6, 12, 31],
high BMI [6, 11], winged scapula [5, 6, 11], severe spinal
curvatures [6, 14, 30, 31], or pre-selected patients with
specific curve types [22, 27]. Exclusion of these “difficult
to diagnose” subjects may lead to overestimation of the
diagnostic accuracy of ultrasound imaging.

In addition, studies utilizing the aid of previous radio-
graphs by overlaying them onto new ultrasound images
significantly improved the accuracy and reliability of
ultrasound measurement, owing to better guidance on
identification of anatomical landmarks and reduction of
variation in end-vertebra selection [31]. For valid com-
parison across various included articles, ultrasound
imaging results should have been interpreted without
being guided by past radiographic measurements. In
addition, a delay of a week to even 3 months between
ultrasound imaging and radiographic examinations were
present in some of the included studies, which may have
contributed to bias due to progression of scoliosis, pos-
tural change of the patients, or the corrective effect of
brace treatment.

Inconsistencies in radiographic Cobb angle measurements
Despite being the current “gold standard” of quantifying
the frontal cobb angle in AIS patients, previous studies
have made an argument that intrinsic errors exist in radi-
ographic measurement.

Various factors have been suggested to contribute to
the variability of such measurements, including but not
limited to radiographic markers of wide diameter, selec-
tion of end vertebrate, observer bias, protractor accuracy,
image acquisition techniques and time, image size, and
positioning [45]. It is generally agreed that 5° is accepted
as measurement variation between assessments [46].
Intra-observer variation 3-5° and inter-observer varia-
tion 6-9° have also been reported in the measurement of
the Cobb angle [47-50]. Therefore, it may be important
to acknowledge that inconsistencies observed between
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the use of ultrasonography versus traditional radiography
for the quantification spinal deformities could be arising
from an inconsistent “gold standard”.

Limitations and future studies

Nineteen included studies were mostly preliminary stud-
ies confined to relatively small sample sizes, from only a
few research groups. Included studies are also often from
a small number of research groups, and there is also high
heterogeneity among included studies.

Most included studies were published in Hong Kong
and Canada, by the same groups of researchers. There
is a possibility that included studies shared parts of the
same cohorts as subjects.

In terms of heterogeneity, the I* value was greater than
90% in the meta-analyses performed in this study. Keep-
ing in mind the high heterogeneity in the results with
unknown bias for the majority of the studies, the results
from meta-analysis should be interpreted with caution.
Potential sources of heterogeneity may be attributed to:
(1) different curve severity; (2) different curve types and
locations; (3) different scanning postures; (4) patient
demographics; (5) different quality of equipment; and
(6) experience of the operators. Given that further sub-
group analyses on these parameters were limited owing
to insufficient sample sizes available in the current lit-
erature, future studies that investigate the accuracy of
ultrasound measurement in relation to these different
parameters are warranted.

Conclusion

The current systematic review indicated that there is evi-
dence in favor of using USG for quantitative evaluation
of frontal cobb angle in AIS. However, the quality of evi-
dence is low due to high risk of bias and heterogeneity
between existing studies. Current literature is insufficient
to support the use of USG as a screening and/or follow-
up method for AIS. Further investigation addressing the
limitations identified in this review is required before
USG could be adapted for further clinical use.

Abbreviations

PRISMA-DTA  Preferred Reporting Items for Systematic Reviews and Meta-
Analyses for Diagnostic Test Accuracy studies

AlS Adolescent Idiopathic Scoliosis

UsG Ultrasonography

MAD Mean Absolute Difference

SP Spinous Process

TP Transverse Process

SPA Spinous Process Angle

BMI Body Mass Index

ICC Intra-class correlation coefficient

cl Confidence Interval

QUADAS-2 Quiality Assessment of Diagnostic Studies-2

3D 3 Dimension



Kwan et al. BMC Musculoskeletal Disorders (2025) 26:222

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512891-025-08467-5.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
The authors thank Dr. Y. S. Wong and Ms. Jessie Fung in recognition of their
contribution for this review.

Authors’ contributions

JHY, CJL designed the study with supervision from TPL. JHY, CKL, KGY per-
formed data collection and analysis with supervision from TPL. CKK, KGY, JHY,
CJL drafted the text. KKL, TYL, ALH, WCC, AYL, JCC, YPZ, TPL read, correct and
approved the various drafts up to the final manuscript.

Funding

This study is funded by: 1) Research Impact Fund (RIF), Research Grant Council
of the Hong Kong S.A R, China (Project no: R5017-18). 2) Research Matching
Grant, Research Matching Grant Scheme 2019-22, University Grants Commit-
tee of Hong Kong SAR (Ref No.: 8601523 and 8601704).

Data availability
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'SH Ho Scoliosis Research Lab, Joint Scoliosis Research Center of the Chinese
University of Hong Kong and Nanjing University, Hong Kong, Hong Kong.
2Department of Biomedical Engineering, The Hong Kong Polytechnic Uni-
versity, Hong Kong, Hong Kong. *Department of Imaging and Interventional
Radiology, The Chinese University of Hong Kong, Hong Kong, Hong Kong.

Received: 14 May 2024 Accepted: 24 February 2025
Published online: 05 March 2025

References

1. Cheng JC, Castelein RM, Chu WC, Danielsson AJ, Dobbs MB, Grivas TB,
et al. Adolescent idiopathic scoliosis. Nat Rev Dis Primer. 2015;1:1-21.

2. dAstorg H, Bourret S, Ramos-Pascual S, Szadkowski M, Le Huec J-C.
Comparison of Cobb angle measurements for scoliosis assessment using
different imaging modalities: a systematic review. EFORT Open Rev.
2023;8:489-98.

3. Knott P, Pappo E, Cameron M, deMauroy J, Rivard C, KotwickiT, et al.
SOSORT 2012 consensus paper: reducing x-ray exposure in pediatric
patients with scoliosis. Scoliosis. 2014;9:4.

4. Szabo TL. Diagnostic ultrasound imaging: inside out. Massachusetts:
Academic Press; 2004.

5. Brink RC, Wijdicks SPJ, Tromp IN, Schlésser TPC, Kruyt MC, Beek FJA,
et al. A reliability and validity study for different coronal angles using
ultrasound imaging in adolescent idiopathic scoliosis. Spine J Off J
North Am Spine Soc. 2018;18:979-85.

6. Zheng YP, Lee TTY, Lai KKL, Yip BHK, Zhou GQ, Jiang WW, et al. A
reliability and validity study for Scolioscan: a radiation-free scoliosis

20.

21.

22.

23.

24.

25.

26.

27.

Page 13 of 14

assessment system using 3D ultrasound imaging. Scoliosis Spinal
Disord. 2016;11:13.

Zhai X, Cui J, Shao J, Wang Q, Chen X, Wei X, et al. Global research
trends in spinal ultrasound: a systematic bibliometric analysis. BMJ
Open. 2017;7:e015317.

Li M, Cheng J, Ying M, Ng B, Lam T-P, Wong M-S. A Preliminary Study of
Estimation of Cobb’s Angle From the Spinous Process Angle Using a
Clinical Ultrasound Method. Spine Deform. 2015;3:476-82.

Suzuki S, Yamamuro T, Shikata J, Shimizu K, lida H. Ultrasound measure-
ment of vertebral rotation in idiopathic scoliosis. J Bone Joint Surg Br.
1989;71:252-5.

Chen W, Le LH, Lou EHM. Reliability of the axial vertebral rotation
measurements of adolescent idiopathic scoliosis using the center of
lamina method on ultrasound images: in vitro and in vivo study. Eur
Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv
Spine Res Soc. 2016;25:3265-73.

. Zhou GQ, Jiang WW, Lai KL, Zheng YP. Automatic measurement of

spine curvature on 3-D ultrasound volume projection image with
phase features. [EEE Trans Med Imaging. 2017;36:1250-62.

Cheung CWJ, Zhou GQ, Law SY, Lai KL, Jiang WW, Zheng YP. Freehand
three-dimensional ultrasound system for assessment of scoliosis. J
Orthop Transl. 2015;3:123-33.

Cheung CWJ, Zhou GQ, Law SY, Mak TM, Lai KL, Zheng YP. Ultrasound
volume projection imaging for assessment of scoliosis. [EEE Trans Med
Imaging. 2015;34:1760-8.

Zheng R, Hill D, Hedden D, Mahood J, Moreau M, Southon S, et al. Fac-
tors influencing spinal curvature measurements on ultrasound images
for children with adolescent idiopathic scoliosis (AlS). PLoS One.
2018;13:e0198792.

UngiT, King F, Kempston M, Keri Z, Lasso A, Mousavi P, et al. Spinal
curvature measurement by tracked ultrasound snapshots. Ultrasound
Med Biol. 2014,40:447-54.

Nguyen DV, Vo QN, Le LH, Lou EHM. Validation of 3D surface recon-
struction of vertebrae and spinal column using 3D ultrasound data-a
pilot study. Med Eng Phys. 2015;37:239-44.

Purnama KE, Wilkinson MHF, Veldhuizen AG, van Ooijen PMA, Lubbers
J, Burgerhof JGM, et al. A framework for human spine imaging using a
freehand 3D ultrasound system. Technol Health Care Off J Eur Soc Eng
Med. 2010;18:1-17.

Koo TK, Guo J-Y, Ippolito C, Bedle JC. Assessment of scoliotic deformity
using spinous processes: comparison of different analysis meth-

ods of an ultrasonographic system. J Manipulative Physiol Ther.
2014,37:667-77.

Vo QN, Lou EH, Le LH. Measurement of axial vertebral rotation using
three-dimensional ultrasound images. Scoliosis. 2015;10:S7.

Cheung CWJ, Law SY, Zheng YP. Development of 3-D ultrasound system
for assessment of adolescent idiopathic scoliosis (AlS): and system valida-
tion. Annu Int Conf IEEE Eng Med Biol Soc. 2013;2013:6474-7.

Wang Q, Li M, Lou EHM, Chu WCW, Lam T-P, Cheng JCY, et al. Validity
Study of Vertebral Rotation Measurement Using 3-D Ultrasound in Ado-
lescent Idiopathic Scoliosis. Ultrasound Med Biol. 2016;42:1473-81.
Takacs M, Orlovits Z, Jager B, Kiss RM. Comparison of spinal curvature
parameters as determined by the ZEBRIS spine examination method and
the Cobb method in children with scoliosis. PLoS One. 2018;13:20200245.
LeeTY,Yang D, Lai KKL, Castelein RM, Schlosser TPC, Chu W, et al. Three-
dimensional ultrasonography could be a potential non-ionizing tool

to evaluate vertebral rotation of subjects with adolescent idiopathic
scoliosis. JOR Spine. 2023;6:21259.

Letts M, Quanbury A, Gouw G, Kolsun W, Letts E. Computerized
ultrasonic digitization in the measurement of spinal curvature. Spine.
1988;13:1106-10.

Ferras-Tarrag6 J, Valencia JMM, Belmar PR, Vergara SP, Gdmez PJ, Hermida
JLB, et al. Cobb angle measurement with a conventional convex echogra-
phy probe and a smartphone. Eur Spine J Off Publ Eur Spine Soc Eur
Spinal Deform Soc Eur Sect Cerv Spine Res Soc. 2019;28:1955-61.
Chen'W, Lou EHM, Zhang PQ, Le LH, Hill D. Reliability of assessing the
coronal curvature of children with scoliosis by using ultrasound images. J
Child Orthop. 2013;7:521-9.

Chen W, Lou EHM, Le LH. Using ultrasound imaging to identify landmarks
in vertebra models to assess spinal deformity. Annu Int Conf IEEE Eng
Med Biol Soc IEEE Eng Med Biol Soc Annu Int Conf. 2011,2011:8495-8.


https://doi.org/10.1186/s12891-025-08467-5
https://doi.org/10.1186/s12891-025-08467-5

Kwan et al. BMC Musculoskeletal Disorders

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

(2025) 26:222

Whiting PF, Rutjes AWS, Westwood ME, Mallett S, Deeks JJ, Reitsma JB,

et al. QUADAS-2: a revised tool for the quality assessment of diagnostic
accuracy studies. Ann Intern Med. 2011;155:529-36.

Higgins JPT, Thompson SG, Deeks JJ, Altman DG. Measuring inconsist-
ency in meta-analyses. BMJ. 2003;327:557-60.

Zheng R, Young M, Hill D, Le LH, Hedden D, Moreau M, et al. Improve-
ment on the Accuracy and Reliability of Ultrasound Coronal Curvature
Measurement on Adolescent Idiopathic Scoliosis With the Aid of Previous
Radiographs. Spine. 2016;41:404-11.

Zheng R, Chan ACY, Chen W, Hill DL, Le LH, Hedden D, et al. Intra- and
Inter-rater Reliability of Coronal Curvature Measurement for Adolescent
Idiopathic Scoliosis Using Ultrasonic Imaging Method-A Pilot Study. Spine
Deform. 2015;3:151-8.

Trac S, Zheng R, Hill DL, Lou E. Intra- and Interrater Reliability of Cobb
Angle Measurements on the Plane of Maximum Curvature Using Ultra-
sound Imaging Method. Spine Deform. 2019;7:18-26.

Lee TTY, Jiang WW, Cheng CLK, Lai KKL, To MKT, Castelein RM, et al. A
novel method to measure the sagittal curvature in spinal deformities: the
reliability and feasibility of 3-D ultrasound imaging. Ultrasound Med Biol.
2019;45:2725-35.

Yang D, Lee TTY, Lai KKL, Lam TP, Chu WCW, Castelein RM, et al. Semi-
automatic ultrasound curve angle measurement for adolescent idi-
opathic scoliosis. Spine Deform. 2022;10:351-9.

Pang H, Wong YS, Yip BHK, Hung ALH, Chu WCW, Lai KKL, et al. Using
ultrasound to screen for scoliosis to reduce unnecessary radiographic
radiation: a prospective diagnostic accuracy study on 442 schoolchildren.
Ultrasound Med Biol. 2021;47:2598-607.

Wong Y, Lai KK, Zheng Y, Wong LL, Ng BK, Hung AL, et al. Is Radiation-Free
Ultrasound Accurate for Quantitative Assessment of Spinal Deformity in
Idiopathic Scoliosis (IS): A Detailed Analysis With EOS Radiography on 952
Patients. Ultrasound Med Biol. 2019;45:2866-77.

Lee TTY, Lai KKL, Cheng JCY, Castelein RM, Lam TP, Zheng YP. 3D
ultrasound imaging provides reliable angle measurement with validity
comparable to X-ray in patients with adolescent idiopathic scoliosis. J
Orthop Transl. 2021;29:51-9.

Young M, Hill DL, Zheng R, Lou E. Reliability and accuracy of ultrasound
measurements with and without the aid of previous radiographs in
adolescent idiopathic scoliosis (AlS). Eur Spine J Off Publ Eur Spine Soc
Eur Spinal Deform Soc Eur Sect Cerv Spine Res Soc. 2015;24:1427-33.

de Reuver S, Brink RC, Lee TTY, Zheng Y-P, Beek FJA, Castelein RM. Cross-
validation of ultrasound imaging in adolescent idiopathic scoliosis. Eur
Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine
Res Soc. 2021;30:628-33.

Trzcinska S, Kuszewski M, Koszela K. Analysis of Posture Parameters in
Patients with Idiopathic Scoliosis with the Use of 3D Ultrasound Diagnos-
tics-Preliminary Results. Int J Environ Res Public Health. 2022;19:4750.
Zeng H-Y, Lou E, Ge S-H, Liu Z-C, Zheng R. Automatic Detection and
Measurement of Spinous Process Curve on Clinical Ultrasound Spine
Images. IEEE Trans Ultrason Ferroelectr Freq Control. 2021;68:1696-706.
Stokes IA, Gardner-Morse M. Analysis of the interaction between
vertebral lateral deviation and axial rotation in scoliosis. J Biomech.
1991,24:753-9.

Herzenberg JE, Waanders NA, Closkey RF, Schultz AB, Hensinger RN.
Cobb angle versus spinous process angle in adolescent idiopathic
scoliosis. The relationship of the anterior and posterior deformities. Spine.
1990;15:874-9.

Jiang WW, Cheng CLK, Cheung JPY, Samartzis D, Lai KKL, To MKT, et al.
Patterns of coronal curve changes in forward bending posture: a 3D
ultrasound study of adolescent idiopathic scoliosis patients. Eur Spine

J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res
Soc. 2018;27:2139-47.

Vrrtovec T, Pernus F, Likar B. A review of methods for quantitative evalua-
tion of spinal curvature. Eur Spine J. 2009;18:1-15.

Wills BPD, Auerbach JD, Zhu X, Caird MS, Horn BD, Flynn JM, et al.
Comparison of Cobb angle measurement of scoliosis radiographs with
preselected end vertebrae: traditional versus digital acquisition. Spine.
2007;32:98-105.

Carman DL, Browne RH, Birch JG. Measurement of scoliosis and kyphosis
radiographs. Intraobserver and interobserver variation. J Bone Joint Surg
Am. 1990;72:328-33.

48.

49.

50.

Page 14 of 14

Loder RT, Urquhart A, Steen H, Graziano G, Hensinger RN, Schlesinger A,
et al. Variability in Cobb angle measurements in children with congenital
scoliosis. J Bone Joint Surg Br. 1995,77:768-70.

Morrissy RT, Goldsmith GS, Hall EC, Kehl D, Cowie GH. Measurement of
the Cobb angle on radiographs of patients who have scoliosis. Evaluation
of intrinsic error. J Bone Joint Surg Am. 1990;72:320-7.

Pruijs JE, Hageman MA, Keessen W, van der Meer R, van Wieringen JC.
Variation in Cobb angle measurements in scoliosis. Skeletal Radiol.
1994;23:517-20.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Three-dimensional (3D) ultrasound imaging for quantitative assessment of frontal cobb angles in patients with idiopathic scoliosis – a systematic review and meta-analysis
	Abstract 
	Background 
	Objectives 
	Methods 
	Results and discussion 
	Conclusion 

	Introduction
	Materials and methods
	Information sources and searching strategy
	Selection of studies
	Quality assessment
	Data extraction and meta-analysis

	Results
	Literature search and selection of studies
	Quality assessment
	Data extraction and meta-analysis

	Discussion
	Strengths and limitations of different methods of ultrasound
	Sources of bias of included studies
	Inconsistencies in radiographic Cobb angle measurements
	Limitations and future studies

	Conclusion
	Acknowledgements
	References


