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Abstract

Study Design: Systematic Review and Meta-analysis.

Objectives: This systematic review and meta-analysis aimed to: (1) synthesize the prevalent application ratios of 2 radiographic
spinal flexibility assessment methods in AIS patients treated with PSF or bracing; and (2) quantitatively evaluate the accuracy of
these methods in predicting post-intervention correction outcomes.

Methods: A systematic search was conducted across 5 electronic databases: CINAHL, Embase, Ovid, PubMed, and Web of
Science. Meta-analyses were performed to investigate the accuracy of the spinal flexibility rate in predicting the post-
intervention correction rate in AIS patients treated with PSF surgery or bracing, using RevMan 5.4.1 software.

Results: The results of 31 studies, involving 1868 AIS patients, showed that the side-bending method was utilized more
frequently than the fulcrum-bending method in both treatments. Meanwhile, the spinal flexibility evaluated by the fulcrum-
bending method may provide a more accurate prediction of post-surgical correction compared to the side-bending approach,
particularly for main curves. For the bracing treatment, only a few studies have preliminarily reported good capability of the
side-bending method in predicting the initial in-brace correction.

Conclusions: This review quantitatively assessed the clinical application ratio and effectiveness of side-bending and fulcrum-
bending radiographs in predicting post-intervention curve corrections in AIS patients undergoing surgical or bracing treatments.
The results of the current review supported to adopt the fulcrum-bending approach for AIS patients undergoing PSF surgery
with main thoracic curves, and the side-bending approach for those with thoracolumbar/lumbar curves. For patients receiving
bracing treatment, further research is still needed to confirm the clinical value of the side-bending method.
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Introduction

Adolescent idiopathic scoliosis (AIS) is a complex spinal
deformity affecting 1% to 3% of children aged 10 to 16 years.1

It is diagnosed with the Cobb angle of the spinal curve exceeds
10° in the coronal plane.2 For scoliotic curves between 20° and
45°,3,4 the conservative bracing treatment is commonly pre-
scribed5 to minimize the risk of curvature progression6,7 and to
avoid surgery.8 For AIS patients with Cobb angles greater than
45°, spinal surgery is needed,9 with posterior spinal fusion
(PSF) as the preferred treatment option for most cases.2,9

Spinal flexibility is a critical parameter in both conservative
and surgical treatments of AIS, in terms of predicting the
initial in-brace correction and progression in AIS patients,3,4

and the surgical correction in PSF surgery.2,10 It is calculated
as follows:11

where Cobbpre�intervention standing refers to the Cobb angle
measured on pre-intervention radiographs that taken in
standing position, and Cobbflexibility assessment position refers to the
Cobb angle measured on pre-intervention radiographs that
taken in a specific position for the flexibility assessment.
Selecting an appropriate assessment method that balances
accuracy and ease of use is essential for optimizing patient
evaluation in clinical practice.

Various methods have been used to assess the scoliotic
curvature flexibility of patients with AIS. Common clinical
physical examinations included Sit and Reach Test,12 Lateral
Bending Test,13 and Trunk Rotation Test,14 to assess treatment
outcomes.15-19 To predict the post-intervention correction,
imaging techniques with greater reliability and accuracy are
required, including the radiographic methods of traditional
X-ray20 and the EOS stereo-radiography system,21 and the
radiation-free imaging techniques of ultrasound imaging.22

The testing positions in these methods are diverse, encom-
passing unassisted positions of supine,23 supine/prone with
lateral side-bending,24 and prone25; and externally assisted
positions of supine, prone, side-lying, or erect, via manual
traction,26 mechanical pushing,27 the use of a fulcrum,28 or
suspension.29

So far, the radiographic-based assessment of scoliotic
spinal flexibility remains the dominant method, particularly
for the side-bending and the fulcrum-bending methods.20 The
side-bending method, introduced by Moe, J. H.,30 has long
been regarded as the “golden standard” for the spinal flexi-
bility assessment. However, with the improved surgical curve
correction using the pedicle screw instrumentation
system,31,32 the side-bending approach appears to no longer
estimate the effects of surgical correction accurately.33 Re-
cently, there has also been growing attention to use the side-

bending method to assess the spinal flexibility of AIS patients
with moderate curvature undergoing bracing treatment.34,35

However, its application remains limited, with its predicting
effects in these patients remained inconclusive. Meanwhile,
the Fulcrum-bending radiographic method, as introduced by
Cheung and Luk, allows for a simple and accurate assessment
of spinal flexibility without requiring patient’s effort.28 Its
application has increased in recent years, with some studies
suggesting that it could predict the post-operative curve
correction better than the side-bending approach in AIS pa-
tients undergoing PSF surgery.36-38 However, 1 previous
study found that none of the supine, side-bending, push-prone,
or fulcrum-bending methods could accurately predict the
curve correction in main thoracic and thoracolumbar/lumbar
curves.23 Controversy still remains regarding the preferred
assessment method in clinical practice.

Several reviews have synthesized the predicting value of
various spinal flexibility assessment approaches in AIS pa-
tients. He, C. and Wong, M. S.39 provided a qualitative
comparison of existing methods for estimating post-surgical
correction, but did not specify the involved surgical tech-
niques. In contrast, Khodaei, M. et al20 focused solely on PSF
surgery, and investigated the distribution and predicting ca-
pability of various radiographic methods in AIS patients.
However, neither review offered precise data on the method
differences or detailed clinical advice for selecting the best
assessment method for AIS patients based on different curve
locations and severities.

Therefore, a research gap still exists in the quantitative
comparison of the predicting accuracy of post-intervention
curvature correction between the side-bending and fulcrum-
bending methods. There has also been limited evidence for
AIS patients with different curve locations (eg, proximal
thoracic, main thoracic, and thoracolumbar/lumbar curves40)
and curve magnitudes (eg, moderate and severe curvatures).
Additionally, with the increasing usage of the fulcrum-
bending method in recent years, the usage distribution or
application ratio of this method should also be reinvestigated
to update the information. Filling these research gaps could
help synthesis the existing evidence and guide the future
clinical practice for AIS patients with different conditions.

To the best knowledge of the authors, this systematic re-
view and meta-analysis is the first study to quantitatively
analyze and compare the accuracy of the fulcrum-bending and
side-bending methods in predicting the actual correction rate
after intervention in AIS patients receiving bracing and sur-
gery treatments. It aimed to: (1) explore the application ratio/
proportion of the side-bending and the fulcrum-bending ap-
proaches; and (2) quantitatively assess the accuracy of the

Spinal flexibility ¼ Cobbpre�intervention standing � Cobbflexibility assessment position
Cobbpre�intervention standing

(1)
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side-bending and the fulcrum-bending method in predicting
the actual post-intervention correction outcomes, in AIS pa-
tients who underwent PSF or bracing treatment.

Methods

The protocol of this systematic review and meta-analysis was
registered on the International Prospective Register of Sys-
tematic Reviews (PROSPERO)41 with a registration ID:
CRD42022363674. The review was conducted following the
guideline of the Preferred Reporting Items for Systematic
Reviews andMeta-Analyses 2020 statement (PRISMA2020).42

During the information processing, 2 reviewers (Y.Y. and
T.M.) conducted the eligibility assessment, data extraction,
study quality assessment, and the evaluation of the quality of
evidence independently. In cases of evaluation disagreement,
2 reviewers did separate reassessments and discussions until
the agreements/conclusions were reached.

Information Sources

The systematic literature search was conducted from inception
to September 2022 in the following electronic databases:
CINAHL, Embase, Ovid, PubMed, andWeb of Science. In the
search procedure, medical topic headings (MeSH) and key-
words containing textual terms relevant to the scope of this
research were used.43 The literature search was conducted
using the following keyword phrases and subject headings:
(idiopathic scoliosis OR scoliotic) AND (bracing OR brace
OR spinal fusion OR spondylodesis OR spondylosyndesis)
AND (flexibility). To supplement the search results, the ref-
erences and citation lists of relevant studies were manually
searched.42 After completing the manuscript, 1 more recent
literature search following the same procedure was conducted
in November 2024, to screen and identify if there were any
newly published studies that fulfill the inclusion and exclusion
criteria of this review.

After excluding the duplicates, the title and abstract were
preliminarily screened for relevance. Studies relevant to spinal
flexibility assessment methods, posterior spinal fusion sur-
gery, or bracing treatment in AIS patients were identified for
full-text retrieval.

Eligibility Criteria

The inclusion criteria were as follows: (1) patients with AIS and
the mean age when under treatment should not be older than
18 years old; (2) patients with AIS who underwent the PSF or
bracing treatment; (3) the study contained the side-bending ra-
diograph and/or the fulcrum-bending radiograph as the assess-
mentmethod for the spinal flexibility rate; (4) the study contained
radiography parameters both before/pre- and after/post- the in-
tervention; and (5) the study provided the original data or the
mean & standard deviation (SD) of the pre-intervention flexi-
bility rate and the post-intervention correction rate.

The exclusion criteria included: (1) the study was a case
report, case series, review, or abstract; (2) the study contained
several kinds of scoliosis illnesses and had no single group
of AIS patients; and (3) patients received the previous
treatment which might affect the results of the PSF or bracing
intervention.

Data Extraction, Quality Assessment and
Data Synthesis

The data collected from eligible studies to acquire infor-
mation regarding the homogeneity of the study were: (1)
paper’s general information (first author, year of publication,
and study design), (2) participants’ baseline information
(sample size, mean age at treatment, gender, and curve type),
(3) utilization of the assessment method of the spinal
flexibility rate, (4) received treatment, and (5) original data
(Cobb angle measured before and after the treatment) or
mean & SD data on the flexibility rate and the correction
rate. Data were extracted for both pre-intervention and post-
intervention.

According to the result of the eligibility evaluation, all
included studies were observational studies. Therefore, the
Newcastle-Ottawa Scale (NOS) quality assessment tool was
used to investigate the potential bias in the studies and the
quality of research for eligible papers, which is 1 of the most
frequently employed approaches for assessing the risk of bias
(ROB) in observational research.44 Three categories were
included in the assessment tool as selection, comparability,
and outcome. This assessment tool employs a “star system”

for scoring each article. The quality of articles was classified
according to the number of stars that the article received with
the following criteria: low quality (0 to 3 stars), moderate
quality (4 to 6 stars), high quality (7 to 9 stars).

Meta-analyses were performed using RevMan 5.4.1 soft-
ware provided by the Cochrane Collaboration. Continuous
variables were expressed as the mean difference (MD) and the
SD. For studies that only provided the original data on the
Cobb angles, the required mean value and SD in the flexibility
rate and the correction rate were calculated by 2 reviewers
(Y.Y. and T.M.). If subgroups in 1 study contained the mean
and SD values of the aforementioned target data, the data from
these subgroups were combined into a single group when
applicable. Statistical significance was defined as a probability
of P = 0.05 in the overall effect Z test. Given the diversity of
the included studies and their non-randomized study designs, a
high level of heterogeneity was anticipated. Therefore, the
random-effects meta-analysis approach was selected in the
meta-analysis.45 The I2 test was used for heterogeneity
measurement. According to Cochrane handbook,45 I2 values
of 0% to 40%, 30% to 60%, 50% to 90%, and 75% to 100%
were represented as not be important, moderate heterogeneity,
substantial heterogeneity, and considerable heterogeneity,
respectively. Publication bias was not reported according to
the advice from the Cochrane Handbook,45 as it was

2824 Global Spine Journal 15(5)



demonstrated that there was insufficient proof of the effects of
publication bias in non-randomized studies.

Studies were divided into 2 primary groups based on the 2
types of treatment (ie, PSF and bracing) that AIS patients had
undergone for data synthesis. In each study group, the sec-
ondary categories were the types of measured curves that were
described in articles: proximal thoracic, main thoracic, and
thoracolumbar/lumbar curves. In each curve category, meta-
analyses were conducted according to the different time points
of measuring correction rate: (1) immediate correction rate
(measured within 4 weeks post-intervention); (2) follow-up
correction rate (measured beyond 4 weeks post-intervention).
In the category that the number of studies included was not
enough for a meta-analysis, the narrative language was used
for qualitative outcome synthesis.

The quality of evidence of the included studies was as-
sessed by the “Grading of Recommendations, Assessment,
Development and Evaluation (GRADE)” approach.46

Results

Literature Searching

In the 5 databases of CINAHL, Embase, Ovid, PubMed, and
Web of Science, a total of 1891 articles were identified from
the beginning until September 2022. After removing the
duplicated 926 items, the full texts of 111 of the remaining 965
records were retrieved for further analysis. After eliminating
11 items for which the complete texts were unavailable, 100
full-text articles were assessed for inclusion eligibility. The
reasons for exclusion included no utilization of the side-

bending or fulcrum-bending methods (n = 32), no pre- and
post-intervention radiographs (n = 15), and no mean and SD
data on the flexibility rate or the correction rate (n = 24). One
additional study was added after the reference/citation
searching. One additional study fulfilling the inclusion/
exclusion criteria was identified during the more recent lit-
erature retrieval that was conducted in November 2024. Fi-
nally, a total of 31 studies met the inclusion criteria and were
included in this review. Figure 1 displays the flowchart of the
study review and selection process.

Study Characteristics

Table 1 summarizes the study characteristics of the included
studies. A total of 31 studies were eligible, including 27 cohort
studies (19 retrospective studies and 8 prospective studies), 2
case-control studies (retrospective studies), and 2 cross-
sectional studies (retrospective study). The mean ages for
AIS patients when receiving treatment ranged from 13.0 to
16.9 years.

Due to the limited number of articles included in the cate-
gories of proximal thoracic and thoracolumbar/lumbar curve-
relevant studies, 2 fulcrum-bending studies that included 46AIS
patients were excluded from the meta-analysis. Therefore, a
total of 1822 patients from 29 studies were included in this
meta-analysis. The side-bending method was used in the PSF
studies at a percentage of 78.6% (22/28), while the fulcrum-
bending method was used at a percentage of 46.4% (13/28).
Seven PSF studies contained both the side-bending and the
fulcrum-bending methods in their research (25%, 7/28). All 3

Figure 1. PRISMA 2020 Flowchart for the inclusion process of the studies in the systematic review and meta-analysis. Note: CR, correction
rate; FBR, fulcrum-bending radiograph; FR, flexibility rate; SBR, side-bending radiograph.
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bracing-related studies used the side-bending method as their
spinal flexibility assessment method (100%, 3/3).

Quality Assessment Results

Table 2 shows the results of the quality assessment of the
included 31 studies. A total of 27 cohort studies were included
in the meta-analysis, with the NOS score ranging from 4 to 8

stars. Among the 27 cohort studies, 13 studies were assessed
as having moderate quality, scoring from 4 to 6 stars; and the
remaining 14 cohort studies received high-quality ratings,
scoring from 7 to 9 stars. The 2 cross-sectional studies were
given 6 and 7 stars, respectively, indicating moderate and high
quality. There were 2 case-control studies that received 7 stars
(high quality) and 5 stars (moderate quality) in the assessment
using the NOS tool, respectively.

Table 1. Study Characteristics of the Included Studies (n = 31).

First Author Year Study Type Study Design
Sample
Size

Spinal Flexibility
Assessment Treatment

Mean Age at
Treatment (Year)

Gender
(F, M)

Quality
Assessment

(NOS)

Ovali, S. A. 2023 Cohort study Retrospective 33 SBR PSF 16.9 23, 10 High
Watanabe, K. 2022 Cohort study Retrospective 38 SBR, FBR PSF 15.8 33, 5 High
Garcia, A. S. 2021 Cohort study Retrospective 17 SBR PSF 15.1 17, 0 Moderate
Kong, Q. J. 2017 Cohort study Retrospective 21 SBR, FBR PSF 15.0 18, 3 High
Yao, G. 2017 Cohort study Prospective 80 FBR PSF 15.0 68, 12 Moderate
Li, J. 2016 Cohort study Prospective 17 FBR PSF 15.6 14, 3 Moderate
Ohrt-Nissen,
S. a

2016 Cohort study Retrospective 63 SBR Bracing 13.3 60, 3 High

Ohrt-Nissen,
S. b

2016 Cross-
sectional
study

Retrospective 127 SBR Bracing 13.6 113, 14 High

Sudo, H. 2016 Cohort study Retrospective 64 SBR PSF 14.8 57, 7 Moderate
Kwan, M. K. 2015 Cohort study Prospective 100 SBR, FBR PSF 16.1 91, 9 Moderate
Le Navéaux, F. 2015 Cohort study Retrospective 279 SBR PSF 14.8 225, 54 Moderate
Samartzis, D. 2015 Cohort study Retrospective 28 FBR PSF 14.5 20, 8 Moderate
Wang, F. 2015 Cohort study Retrospective 34 SBR PSF 15.4 32, 2 High
Yang, C. 2015 Cohort study Retrospective 60 SBR, FBR PSF 14.7 50, 10 Moderate
Cao, K. 2014 Cohort study Retrospective 116 SBR PSF 16.2 97, 19 High
Bharucha, N. J. 2013 Cohort study Retrospective 91 SBR PSF 15.4 61, 30 High
Halanski, M. A. 2013 Cohort study Retrospective 35 SBR PSF 13.4 28, 7 Moderate
Li, J. 2013 Cohort study Prospective 19 SBR, FBR PSF 15.2 16, 1 High
Sun, X. 2013 Case–control

study
Retrospective 35 SBR PSF 14.1 35, 0 High

Yang, C. 2012 Cross-
sectional
study

Retrospective 42 SBR PSF NA NA Moderate

Yang, C. 2012 Cross-
sectional
study

Retrospective 42 SBR PSF 14.7 40, 2 Moderate

Li, M. 2011 Cohort study Prospective 38 SBR PSF 16.1 32, 6 High
Ni, H. J. 2011 Cohort study Retrospective 35 FBR PSF 15.0 29, 6 Moderate
Sun, Y. Q. 2011 Cohort study Retrospective 35 FBR PSF 14.8 28, 7 Moderate
Cheung, W. Y. 2010 Cohort study Retrospective 100 SBR PSF 14.1 NA Moderate
Lonner, B. S. 2009 Cohort study Retrospective 44 SBR PSF 14.7 39, 5 High
Clement, J. L. 2008 Case-control

study
Retrospective 36 SBR PSF 14.2 NA Moderate

Behensky, H. 2007 Cohort study Prospective 127 FBR PSF 15.2 NA High
Luk, K. D. 2004 Cohort study Prospective 47 SBR Bracing 13.0 49, 1 High
van Rhijn, L.
W.

2002 Cohort study Prospective 35 SBR, FBR PSF 15.0 NA High

Luk, K. D. 1998 Cohort study Prospective 30 SBR, FBR PSF 14.3 NA High

Note: FBR, fulcrum-bending radiograph; NA, not applicable; PSF, posterior spinal fusion; SBR, side-bending radiograph.
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Clinical Outcomes

Primary Findings. Figure 2 summarized the primary outcomes
of the meta-analyses for included studies, including (1) the
comparison of the flexibility rates assessed by the fulcrum-
bending and the side-bending methods; (2) the predicted value
of the fulcrum-bending and side-bending methods for main
thoracic correction after the PSF surgery. The specific in-
formation on the meta-analysis for each outcome was reported
in Supplemental Material 2.

PSF Studies. Comparison Between the Fulcrum-bending
and the Side-bending Methods for Main Thoracic Curves
Flexibility in AIS Patients. A total of 5 studies33,37,38,47,48

providing the flexibility rate data that measured by the
fulcrum-bending or side-bending methods were included in
the meta-analysis (Supplemental Material 2a). Based on the
pooled data from 230 patients, the flexibility rate measured by
the fulcrum-bending method was significantly higher than
those measured by the side-bending method, with an MD of
12.65% (95% CI: 7.50% to 17.80%, P < 0.001). There was
substantial heterogeneity between studies (I2 = 50%).

Accuracy of the Fulcrum-bending Method in Estimating the
Immediate Post-operative Correction Rate for Main Thoracic
Curves in AIS Patients. There were ten studies28,38,47-54

presented the fulcrum-bending flexibility rate, and the
immediate post-surgical correction rate for main thoracic
curves in AIS patients (Supplemental Material 2b). Ac-
cording to the pooled 399 sets of comparable data, the
measured fulcrum-bending flexibility rate was significantly
lower than the immediate post-surgical correction rate,
with an MD of �5.71% (95% CI: �11.00% to �0.43%,
P = 0.03). With similar pooled sample sizes, the fulcrum-
bending method might show smaller predicting errors than
the those of side-bending method (as described in the
following section), when comparing the spinal flexibility
rate to the actual immediate post-surgical correction rate.
Significant heterogeneity between studies was reported
(I2 = 82%).

Accuracy of the Fulcrum-bending Method in Estimating the
Follow-up Post-operative Correction Rate for Main Thoracic
Curves in AIS patients. The meta-analysis included a total of 6
studies33,37,49,50,52,55 that examined the fulcrum-bending
flexibility rate and the follow-up post-surgical correction
rate for main thoracic curves (Supplemental Material 2c). The
follow-up time ranged from 24 to 52 months. The pooled data
from 298 patients illustrated that the fulcrum-bending flexi-
bility rate was significantly lower than the actual follow-up
post-surgical correction rate with an MD of�8.44% (95% CI:
�14.07% to �2.82%, P = 0.003). Compared to the side-
bending method, the flexibility rate that measured using the
fulcrum-bending method might show fewer predicting errors
in comparison with the actual follow-up correction rate

(as described in the following section). Considerable hetero-
geneity was found between studies (I2 = 82%).

Accuracy of the Side-bending Method in Estimating the
Immediate Post-operative Correction Rate for Main Thoracic
curves in AIS Patients. A total of eleven studies28,38,47,48,54,56-62

that provided the flexibility rate as measured by the side-bending
method and the immediate post-surgical correction rate were
included in the meta-analysis (Supplemental Material 2d). Based
on the pooled data from 349 patients, the side-bending flexibility
rate was significantly lower than the immediate post-surgical
correction rate formain thoracic curves, with anMDof�18.49%
(95% CI: �24.89% to �12.09%, P < 0.001). Considerable
heterogeneity was presented between studies (I2 = 89%).

Accuracy of the Side-bending Method in Estimating the
Follow-up Post-operative Correction Rate for Main Thoracic
Curves in AIS Patients. The meta-analysis included thirteen
studies33,57,59-61,63-69 that provided data on the side-bending
flexibility rate and the follow-up post-surgical correction rate
for main thoracic curves in 1021 AIS patients (Supplemental
Material 2e). The follow-up time ranged from 1.5 to 82 months.
The pooled data demonstrated that the side-bending flexibility
rate was significantly lower than the follow-up correction rate
with an MD of �14.58% (95% CI: �20.99% to �8.17%, P <
0.001). Heterogeneity was significant (I2 = 96%).

Accuracy of the Side-bending Method in Estimating the Im-
mediate Post-operative Correction Rate for Thoracolumbar/
lumbar Curves in AIS Patients. The meta-analysis comprised
5 studies57,58,61,62,70 that reported the side-bending flexibil-
ity rate and the immediate post-surgical correction rate
(Supplemental Material 2f). The side-bending flexibility rate
demonstrated a good prediction of the immediate post-surgical
correction for thoracolumbar/lumbar curves, according to the
pooled data from 96 patients. No significant difference be-
tween the flexibility rate and the immediate post-surgical
correction rate was found with an MD of 1.17% (95% CI:
�18.49% to 20.83%, P = 0.91). Significant heterogeneity was
found (I2 = 94%).

Secondary Findings. The results from the systematic review and
meta-analysis of a smaller number of studies (1 to 4 included
studies) were reported as the secondary findings of this review.
It was expected that such results could serve as preliminary
and intuitive quantitative evaluations, and may also provide
considerable insights for future research and clinical research.
While the Cochrane handbook states that 2 studies are ade-
quate to conduct a meta-analysis,45 however, it should be
emphasized that the meta-analyses included in the finite
quantity study may have larger potential biases in the clinical
results. Figure 3 presented the secondary outcomes of the
meta-analyses for included studies. The specific information
on the meta-analysis for each outcome was in Supplemental
Material 3.
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Table 2. Quality of the Included Studies (n = 31).

No. First Author Year Study Design Selection Comparability Outcome

Qualify Score

Stars (9) Research Quality

1 Ovali, S. A. 2023 Cohort study ** ** *** 7 High
2 Watanabe, K. 2022 Cohort study **** * *** 8 High
3 Garcia, A. S. 2021 Cohort study ** ** * 5 Moderate
4 Kong, Q. J. 2017 Cohort study ** ** ** 7 High
5 Yao, G. 2017 Cohort study ** *** 5 Moderate
6 Li, J. 2016 Cohort study ** ** * 5 Moderate
7 Ohrt-Nissen, S. a 2016 Cohort study **** *** 7 High
8 Ohrt-Nissen, S. b 2016 Cross-sectional study **** * ** 7 High
9 Sudo, H. 2016 Cohort study ** * *** 6 Moderate
10 Kwan, M. K. 2015 Cohort study ** * *** 6 Moderate
11 Le Navéaux, F. 2015 Cohort study ** * *** 6 Moderate
12 Samartzis, D. 2015 Cohort study ** * *** 6 Moderate
13 Wang, F. 2015 Cohort study ** ** *** 7 High
14 Yang, C. 2015 Cohort study ** * *** 6 Moderate
15 Cao, K. 2014 Cohort study **** * *** 8 High
16 Bharucha, N. J. 2013 Cohort study ** ** *** 7 High
17 Halanski, M. A. 2013 Cohort study ** * * 4 Moderate
18 Li, J. 2013 Cohort study ** ** *** 7 High
19 Sun, X. 2013 Case–control study *** ** ** 7 High
20 Yang, C. 2012 Cross-sectional study ** ** ** 6 Moderate
21 Li, M. 2011 Cohort study *** ** *** 8 High
22 Ni, H. J. 2011 Cohort study ** * *** 6 Moderate
23 Sun, Y. Q. 2011 Cohort study ** * * 4 Moderate
24 Cheung, W. Y. 2010 Cohort study ** * *** 6 Moderate
25 Lonner, B. S. 2009 Cohort study *** * *** 7 High
26 Clement, J. L. 2008 Case-control study ** * ** 5 Moderate
27 Behensky, H. 2007 Cohort study *** * *** 7 High
28 Luk, K. D. 2004 Cohort study *** ** *** 8 High
29 van Rhijn, L. W. 2002 Cohort study ** ** *** 7 High
30 Luk, K. D. 1998 Cohort study *** * *** 7 High
31 Cheung, K. M. 1997 Cohort study ** *** 5 Moderate

Note: Newcastle-Ottawa Scale (NOS) quality assessment tool. One * means 1 star got in each category. The quality of articles was classified according to the
number of stars with the following criteria: low quality (0 to 3 stars), moderate quality (4 to 6 stars), high quality (7 to 9 stars).

Figure 2. The primary outcomes of the meta-analyses for included studies. Note: This figure was produced according to the outcomes from
the meta-analyses which were produced by the RevMan 5.4.1 software provided by the Cochrane Collaboration. The specific information
on the meta-analysis for each outcome is in Supplemental Material 2. ¤: Pooled mean difference; error bar: 95% confidence interval. FB,
fulcrum-bending radiograph; MT, main thoracic; SB, side-bending.
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PSF Studies. Accuracy of the Side-bending Method in Es-
timating the Follow-up Post-operative Correction Rate for
Thoracolumbar/lumbar Curves in AIS Patients. There were 4
studies57,65,68,71 in the meta-analysis that reported the side-
bending flexibility rate and the follow-up correction rate for
thoracolumbar/lumbar curves (Supplemental Material 3a).
The follow-up time ranged from 24 to 60 months. The pooled
data from 229 AIS patients showed no significant difference
between the flexibility rate and the actual correction rate, with
a mean difference of 7.21% (95% CI:�6.72% to 21.14%, P =
0.31). This suggested that the side-bending method exhibited
good predicting capability for determining the actual follow-
up correction for thoracolumbar/lumbar curves in AIS pa-
tients. There was considerable heterogeneity between studies
(I2 = 94%).

Accuracy of the Side-bending Method in Estimating the
Post-operative Correction Rate for Proximal Thoracic
Curves in AIS Patients. Two studies33,65 that specifically ad-
dressed the proximal thoracic curves, examining both the side-
bending flexibility rate and follow-up correction rate data, were
incorporated into the meta-analysis (Supplemental Material 3b).
The mean follow-up time was 24 months. The pooled data from
154 patients demonstrated that the side-bending flexibility rate
was significantly lower than the actual follow-up post-surgical
correction rate with an MD of �26.23% (95% CI: �30.40%
to�22.06%, P < 0.001). The heterogeneity was considered not
important (I2 = 28%). Additionally, 1 study including 7 patients
with proximal thoracic curves62 reported the pre-surgical
flexibility rate of 19.60% ± 15.00%, as measured using the
side-bending method, and the post-surgical correction rate of
37.30% ± 14.00%. The specific time point for the post-surgical
measurement was not provided.

Accuracy of the Fulcrum-bending Method in Estimating
the Post-operative Correction for Thoracolumbar/lumbar
Curves in AIS Patients. Only 1 study from Li, J. et al38 re-
ported data on the pre-surgical fulcrum-bending flexibility
rate, as well as the correction rate that measured 1 week post-
surgically, for thoracolumbar/lumbar curves. A total of

8 patients were included in the study, with a mean flexibility
rate of 68.9% (SD = 14.7%) and a mean correction rate of
83.9% (SD = 7.7%).

Accuracy of the Fulcrum-bending Method in Estimating the
Follow-up Post-operative Correction Rate for Proximal
Thoracic Curves in AIS Patients. Only 1 study from Wata-
nabe, K. et al33 focused on the capability of the fulcrum-
bending method in predicting the actual correction measured
after 2 years post-surgically for AIS patients with proximal
thoracic curves. They found no significant difference between
the fulcrum-bending flexibility rate and the post-surgical curve
correction. The mean flexibility rate was 44.26% ± 14.27%,
and the mean follow-up correction rate was 39.64% ± 15.06%,
as calculated by the authors of this review based on the re-
ported data from the study. Watanabe, K. et al indicated that
these findings could support the conclusion that the fulcrum-
bending method could assess the real proximal thoracic curve
flexibility and therefore, had substantial value in predicting
surgical outcomes.

Bracing Studies. Accuracy of the Side-bending Method in
Estimating the Follow-up Post-operative Correction Rate for
Main Thoracic Curves in AIS Patients. The meta-analysis
included 2 studies72,73 that reported the side-bending flexi-
bility rate and the initial in-brace correction rate from 190
patients with various curve types (Supplemental Material 3c).
According to the pooled data, the good predictability of the
side-bending method in the degree of initial in-brace cor-
rection was observed, with an MD of �0.33% (95% CI:
�4.67% to 4.00%, P = 0.88). The heterogeneity was not
significant (I2 = 0%).

Accuracy of the Side-bending Method in Estimating the
Initial In-brace Correction Rate for Main Thoracic Curves in
AIS Patients. A total of 2 studies73,74 reporting the side-
bending flexibility rate and the initial in-brace correction
rate for main thoracic curves were included in the meta-
analysis (Supplemental Material 3d). The pooled data from
112 patients demonstrated that there was no significant

Figure 3. The secondary outcomes of the meta-analyses for included studies. Note: This figure was produced according to the outcomes
from the meta-analyses which were produced by the RevMan 5.4.1 software provided by the Cochrane Collaboration. The specific
information on the meta-analysis for each outcome is in Supplemental Material 3. ¤: Pooled mean difference; error bar: 95% confidence
interval. MT, main thoracic; PT, proximal thoracic; SB, side-bending; TL/L, thoracolumbar/lumbar.
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difference between the flexibility rate and the correction rate
with an MD of 13.70% (95% CI: �15.52% to 42.92%,
P = 0.36). This might indicate a good predictivity of the
side-bending method in the initial in-brace correction rate.
Considerable heterogeneity was demonstrated (I2 = 97%).

Accuracy of the Side-bending Method in Estimating the
Initial In-brace Correction Rate for Thoracolumbar/lumbar
Curves in AIS Patients. Two studies73,74 reporting the side-
bending flexibility rate and the correction rate for
thoracolumbar/lumbar curves in 84 patients were included in
the meta-analysis (Supplemental Material 3e). The analysis
showed no significant difference between the side-bending
flexibility rate and the initial in-brace correction rate, with an
MD of 31.89% (95% CI: �23.19% to 86.96%, P = 0.26).
Significant heterogeneity was found (I2 = 99%).

Quality of Evidence

The overall quality of evidence of the included studies was
low. More specifically, due to the observational study designs,
all predicting effectiveness of the fulcrum-bending and side-
bending methods in determining the post-surgical curve
correction, and the effectiveness of the side-bending method in
estimating the initial in-brace correction for mixed curves in
AIS patients, revealed low-quality evidence. Due to the ob-
servational study design and inconsistent outcomes of each
included study, the predicted value of the side-bending ap-
proach in estimating the first in-brace correction for the main
thoracic and thoracolumbar/lumbar curves showed very low-
quality evidence. Table 3 displays the quality of the evidence
across all included studies.

Discussion

This systematic review andmeta-analysis have investigated and
compared the accuracy of the spinal flexibility rates, as assessed
by the fulcrum-bending and side-bending radiographs, in pre-
dicting the actual curvature correction rate post-intervention in
AIS patients who underwent the PSF surgical or bracing
treatments. The results supported that the side-bending method
has been applied more frequently than the fulcrum-bending
method in both PSF and bracing research. The meta-analysis
demonstrated that for the main and proximal thoracic curves,
the fulcrum-bending method might have better-predicting ac-
curacy both immediately and during follow-up in AIS patients
receiving PSF surgery. For thoracolumbar/lumbar curves, the
flexibility rate assessed by the side-bending method showed
high predicting accuracy for both the immediate and follow-up
post-surgical correction rates. In bracing studies, a few studies
chose the side-bendingmethod for spinal flexibility assessment,
and supported its good capability in predicting the initial in-
brace correction for AIS patients.

All included studies showed the moderate-to-high quality
of methodologies according to the NOS assessment tool.

Based on the GRADE criteria, there was low-quality evidence
supporting the accuracy of the fulcrum-bending and the side-
bending approaches, in predicting the post-surgical curve
correction for AIS patients who underwent PSF surgery. There
was low to very-low quality evidence that supported the
accuracy of the side-bending method, in predicting the initial
in-brace curve correction for AIS patients who underwent the
bracing treatment.

The fact that the side-bending method has a longer history
than fulcrum bending may be 1 of the reasons why it is more
widely used in PSF surgery and brace therapy. Since been
introduced in 1972,30 the side-bending method has demon-
strated good predicting ability for the post-surgical correction
rate of the traditional non-segmental/segmental instrumenta-
tion techniques,75-77 establishing it as the “golden standard”
worldwide. In contrast, although the more recent fulcrum-
bending method, which was introduced in 1997,28 has been
reported in more recent studies to have less predicting error
than the traditional side-bending method with the modern
segmental instrumentation techniques,33,37,38,48 it has not yet
achieved widespread global acceptance and application.
Compared to the side-bending method, which does not require
additional manual or auxiliary equipment and is easy for
clinicians to master, the result of the fulcrum-bending method
is influenced by factors such as fulcrum size.38 This may affect
the prediction results, leading to a lack of trust from clinicians.
Similarly, the procedure of predicting initial in-brace cor-
rection based on the spinal flexibility have been recently
originated from the surgical protocols.78 The supine position
without side-bending was the most commonly used spinal
flexibility assessment during bracing treatment, even more
frequent than the side-bending method, and the fulcrum-
bending method had not yet been utilized.79 However, so
far, no consensus has been reached regarding the most ac-
curate method for bracing treatment. The current meta-
analysis indicates that further high-quality studies are still
needed to fully understand the clinical value of the fulcrum-
bending method in surgical treatment and the side-bending
method in brace treatment.

For the surgical treatment of main thoracic curves, the
immediate and long-term predicting accuracy of the fulcrum-
bending approach was relatively high in AIS patients. In
contrast, the predicting ability of the side-bending method
should be interpreted with caution, as the results of the meta-
analysis indicated that it might underestimate the correction
rates more significantly. Compared to lumbar curves, thoracic
curves are structurally limited in terms of range of motion due
to the influence of the rib cage.80 Previous studies have also
indicated that patients who meet the indications for posterior
spinal fusion (PSF) surgery may exhibit relatively rigid
curves.28 Consequently, they may face difficulties in actively
and fully side-bending their spine without additional external
assistance when assessing the spinal flexibility using the
traditional side-bending method. Its limitations relating to the
insufficient reliability10,81 and reproducibility10,23,82 have also
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Table 3. Summary of Quality of Evidence Across the Studies.

Topic
No. of
Studies

Study
Design

Risk
of
Bias Inconsistency Indirectness Imprecision

Publication
Bias

Other
Factors
and

Upgrading

Overall
Certainty

of
Evidence

Explanations
for down- or
Upgrading

Fulcrum-bending
method vs Side-
bending
method

5 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

Accuracy of the
fulcrum-
bending
method in
estimating
immediate
post-operative
correction rate
for main
thoracic curves

10 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

Accuracy of the
fulcrum-
bending
method in
estimating
follow-up post-
operative
correction rate
for main
thoracic curves

6 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

Accuracy of the
side-bending
method in
estimating
immediate
post-operative
correction rate
for main
thoracic curves

11 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

Accuracy of the
side-bending
method in
estimating
follow-up post-
operative
correction rate
for main
thoracic curves

12 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

Accuracy of the
side-bending
method in
estimating
immediate
post-operative
correction rate
for
thoracolumbar/
lumbar curves

5 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

(continued)
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Table 3. (continued)

Topic
No. of
Studies

Study
Design

Risk
of
Bias Inconsistency Indirectness Imprecision

Publication
Bias

Other
Factors
and

Upgrading

Overall
Certainty

of
Evidence

Explanations
for down- or
Upgrading

Accuracy of the
side-bending
method in
estimating
follow-up post-
operative
correction rate
for
thoracolumbar/
lumbar curves

4 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

Accuracy of the
side-bending
method in
estimating
follow-up post-
operative
correction rate
for proximal
thoracic curves

2 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

Accuracy of the
fulcrum-
bending
method in
estimating
immediate
post-operative
correction rate
for
thoracolumbar/
lumbar curves

1 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

Accuracy of the
fulcrum-
bending
method in
estimating
follow-up post-
operative
correction rate
for
thoracolumbar/
lumbar curves

1 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

Accuracy of the
side-bending
method in
estimating
initial in-brace
correction rate
for mixed
curves

2 NRCT �2 No No No Undetected None ÅÅss

Low
No
randomized
control trial

(continued)
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been noticed in recent years. The above-mentioned issues can
be solved by the utilization of the fulcrum-bending method.
With the fulcrum in place, the patient’s own body gravity
replaces their unstable active effort to passively open the
spine.28 The increased distance between the upper body
(specifically the ipsilateral shoulder) and the X-ray table that
provided by the fulcrum allows for the maximum application
of passive bending force to fully exhibit the potential spinal
flexibility. This leads to the results that even with the advanced
modern surgical technologies (eg, all-pedicle screw instru-
mentation system), which have significantly enhanced curve
correction in posterior spinal fusion (PSF) surgeries,37,83,84 the
fulcrum-bending method still consistently showed smaller
predicting errors than the traditional side-bending method.
This was also supported by the meta-analysis results of the
current review. When considering the time effect, similar to a
previous review,20 this study also observed that the predicting
error of the fulcrum-bending approach was smaller over time,
comparing with the side-bending method. These findings
supported the utilization of the fulcrum-bending method for
measuring spinal flexibility in AIS patients withmain thoracic
curves. Based on the fulcrum-bending assessment results,
surgeons can select the surgical fusion with more suitable
levels and number of vertebrae. This enables more preser-
vation of motion segments85 and the potential to save more
distal levels,85,86 comparing to the conventional strategies of
selecting fusion levels.

For the surgical treatment of thoracolumbar/lumbar
curves, the side-bending technique could accurately pre-
dict both immediate and long-term post-surgical curve
correction. Meta-analyses revealed no significant mean

difference between the measured spinal flexibility and the
actual post-surgical correction rate. This finding is consis-
tent with the conclusion of a previous literature review.39

Although a direct comparison between the side-bending
method and the fulcrum-bending method for measuring
thoracolumbar/lumbar flexibility has yet to be conducted,
the side-bending method has shown comparable predictive
accuracy to other radiographic-based assessment
methods.62,87-89 The previous findings further supported the
application of the side-bending method for assessing the
flexibility of thoracolumbar/lumbar curves. Its benefits also
include ease of use, as it requires no additional equipment,
leading and facilitating its extensive application and ap-
preciation by clinicians. For the fulcrum-bending approach,
previous studies have reported its ability to accurately es-
timate the post-surgical correction rate for thoracolumbar/
lumbar curves.90,91 However, this systematic review in-
cluded a limited number of eligible fulcrum-bending
research, highlighting the need for additional evidence to
further support its predicting capacity.

For the surgical treatment of proximal thoracic curves, the
side-bending method may underestimate the spinal flexibility
in patients receiving PSF surgery, while the evidence on the
fulcrum-bending approach has been limited. These findings
from the current systematic review and meta-analysis are in
accordance with a previous systematic review.20 However,
since only 2 side-bending related studies with small sample
sizes were involved in the meta-analysis, this finding should
be interpreted with caution. For the fulcrum-bending method,
similar to the finding on thoracolumbar/lumbar curve studies,
only 1 study has reported its promising application prospects

Table 3. (continued)

Topic
No. of
Studies

Study
Design

Risk
of
Bias Inconsistency Indirectness Imprecision

Publication
Bias

Other
Factors
and

Upgrading

Overall
Certainty

of
Evidence

Explanations
for down- or
Upgrading

Accuracy of the
side-bending
method in
estimating
initial in-brace
correction rate
for main
thoracic curves

2 NRCT �2 �1 No No Undetected None Åsss

Very
low

No
randomized
control trial
No overlap
in
confidence
intervals

Accuracy of the
side-bending
method in
estimating
initial in-brace
correction rate
for
thoracolumbar/
lumbar curves

2 NRCT �2 �1 No No Undetected None Åsss

Very
low

No
randomized
control trial
No overlap
in
confidence
intervals

Note: Grading of Recommendations, Assessment, Development and Evaluation (GRADE) criteria. NRCT, non-randomized controlled trials.
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in estimating the actual curve correction for proximal thoracic
curves for surgically treated AIS patients,33 making it un-
available to conduct a meta-analysis. Further research fo-
cusing on proximal thoracic curves is necessary to provide
more evidence.

For the bracing treatment, the side-bending method
showed good predicting ability for initial in-brace correc-
tion. However, this finding should be applied with caution,
as only 3 studies were eligible for the systematic review,
and each meta-analysis incorporated only 2 studies. This
may explain why some recent studies still chose the con-
ventional supine spine radiographs, without side bending, to
assess the curve flexibility.92-94 Although the side-bending
method demonstrated certain accuracy in predicting the in-
brace correction, more future studies are still needed to
strengthen the evidence and identify the optimized protocol
for curvatures with different angles, types, and levels in AIS
patients.

For future clinical practice of assessing spinal flexibility
using the fulcrum-bending or side-bending method, the
findings of this meta-analysis and systematic review sug-
gested that: (1) For AIS patients with main thoracic curves
and receiving PSF surgery, the fulcrum-bending method
could predict the post-intervention correction more accu-
rately; (2) For AIS patients with thoracolumbar/lumbar
curves and receiving PSF surgery, the side-bending
method appeared to have sufficient predicting accuracy;
(3) For AIS patients with proximal thoracic curves and re-
ceiving PSF surgery, the fulcrum-bending method may have
promising potential, however, further comparisons are still
necessary to evaluate the predictive accuracy between 2
methods; and (4) For AIS patients receiving bracing treat-
ment, the side-bending method may be used, while more
high-quality research to fully understand its application
protocols are still needed.

Future research could consider: (1) investigating the
predicted effectiveness of the fulcrum-bending method that
applied in surgical AIS patients with proximal and
thoracolumbar/lumbar curves; and (2) investigating the ap-
plication value of the side-bending and/or fulcrum-bending
methods for AIS patients who undergoing bracing treatment.

It’s important to point out that this systematic review and
meta-analysis have several limitations. The first limitation was
the high heterogeneity that existed among the included studies
in this review. This might be due to the eligibility criteria of
including as much available studies/data as possible, the high
variability of the study design, and the objective of each study.
Despite this, the meta-analysis results were considered reli-
able, with rather good control over the type of extracted data
and the time point of extraction in this review. The second
limitation was the limited number of eligible studies that
focused on the utilization of: (1) the fulcrum-bending method
for proximal and thoracolumbar/lumbar curves in PSF sur-
gery; (2) the side-bending method for proximal curves in PSF
surgery; and (3) the side-bending method in bracing treatment.

As a result, most included studies were about surgical in-
terventions (ie, PSF), rather than non-surgical intervention (ie,
bracing). Limited by the low quality of evidence and the
limited number of eligible studies that related to bracing in-
terventions, the predicting accuracy results on the side-
bending methods shall be interpreted with caution. The cur-
rent evidence did not reject, but may also not be sufficient
enough, to recommend the clinical practice of using side-
bending method to predict the non-surgical correction for
patients receiving bracing treatments.

Conclusions

This systematic review and meta-analysis have qualitatively
and quantitatively evaluated the accuracy of 2 common
clinical radiographic assessment methods of spinal flexi-
bility in predicting post-intervention curve corrections of
AIS patients. Up to now, the side-bending radiography
method has been applied more often in clinical practice than
the fulcrum-bending radiography method, regardless of
whether the AIS patients received surgical or bracing
treatments. The quantitative results supported the utilization
of the fulcrum-bending method for assessing the spinal
flexibility of main thoracic curves, and the side-bending
method for thoracolumbar/lumbar curves in AIS patients
receiving PSF surgery. Further investigations are still needed
to support the use of the fulcrum-bending method for
proximal thoracic curves. For patients undergoing bracing
treatment, the side-bending method has limited evidence and
still needs to be further investigated to confirm its clinical
application value.
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