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�� Systematic Review

Curve type, flexibility, correction, and 
rotation are predictors of curve progression 
in patients with adolescent idiopathic scoliosis 
undergoing conservative treatment
a systematic review

Aims
The aim of this study was to review the current evidence surrounding curve type and mor-
phology on curve progression risk in adolescent idiopathic scoliosis (AIS).

Methods
A comprehensive search was conducted by two independent reviewers on PubMed, Em-
base, Medline, and Web of Science to obtain all published information on morphological 
predictors of AIS progression. Search items included ‘adolescent idiopathic scoliosis’, ‘pro-
gression’, and ‘imaging’. The inclusion and exclusion criteria were carefully defined. Risk 
of bias of studies was assessed with the Quality in Prognostic Studies tool, and level of 
evidence for each predictor was rated with the Grading of Recommendations, Assessment, 
Development and Evaluations (GRADE) approach. In all, 6,286 publications were identified 
with 3,598 being subjected to secondary scrutiny. Ultimately, 26 publications (25 datasets) 
were included in this review.

Results
For unbraced patients, high and moderate evidence was found for Cobb angle and curve 
type as predictors, respectively. Initial Cobb angle > 25° and thoracic curves were predic-
tive of curve progression. For braced patients, flexibility < 28% and limited in-brace correc-
tion were factors predictive of progression with high and moderate evidence, respectively. 
Thoracic curves, high apical vertebral rotation, large rib vertebra angle difference, small rib 
vertebra angle on the convex side, and low pelvic tilt had weak evidence as predictors of 
curve progression.

Conclusion
For curve progression, strong and consistent evidence is found for Cobb angle, curve type, 
flexibility, and correction rate. Cobb angle > 25° and flexibility < 28% are found to be im-
portant thresholds to guide clinical prognostication. Despite the low evidence, apical verte-
bral rotation, rib morphology, and pelvic tilt may be promising factors.

Cite this article: Bone Joint J 2022;104-B(4):424–432.

Introduction
Accurate forecasting of curve progression in 
adolescent idiopathic scoliosis (AIS), using 
readily available radiological predictors, is chal-
lenging due to the multifactorial nature and 
variable progression of AIS curves.1 The prog-
nostication of curve progression requires iden-
tification of threshold levels of relevant factors 
and corresponding effect sizes for each predictor 
to enable clinical risk classification.2 This allows 

appropriate follow-up for patients at higher risk, 
and explanation of the likely outcome.

Under the current International Society on 
Scoliosis Orthopaedic and Rehabilitation Treat-
ment (SOSORT) treatment guidelines,3 initially 
bracing is advised when curves exceed 20° with 
risk of progression, while patients with curves 
less than 15° are generally put under observation. 
Conservative treatment in this review therefore 
refers to bracing and observation. While bracing is 
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Table I. Inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

Patients with adolescent idiopathic scoliosis Patients who underwent surgery

Patients who underwent bracing as treatment, or put under 
observation with or without exercise

Studies including patients with other types of scoliosis, e.g. degenerative, 
congenital

Studied one or more radiological morphological predictors Specialized CT, MRI, and electromyography predictors not routinely assessed, 
e.g. electromyography, neurological factors

Studies with a clearly defined outcome of progression Studies reporting neither p-values nor odds ratios with confidence intervals

Longitudinal studies in English Model development studies without identification of individual predictors

Case series, case reports, conference summaries, cross-sectional studies, 
unpublished literature, commentaries, and reviews

known to alter the natural history of AIS,4-6 it is important that 
we evaluate predictors for progression separately for braced and 
unbraced patients.

A previous systematic review by Van den Bogaart et al7 
summarized evidence for predictors of curve progression in 
braced patients from the literature up to October 2017. It was 
concluded strong evidence existed for initial in-brace correc-
tion rate predicting brace success, while moderate evidence 
was present that curve magnitude and curve type were not 
associated with brace outcomes. The study found inconclu-
sive evidence for most predictors. However, this study used 
the Grading of Recommendations, Assessment, Development 
and Evaluations (GRADE) approach according to the 2009 
Updated Method Guideline for Systematic Review of the 
Cochrane Back Review Group,8 which used a strict criterion to 
determine the level of evidence for each outcome, in contrast 
to allowing flexibility in judgement for grading of evidence, 
as recommended in the newly updated guidelines.9 Another 
systematic review with meta-analysis reviewed evidence up to 
August 2014,10 and summarized predictors of curve progres-
sion in patients under observation, treated with bracing, and 
postoperative follow-up; pooled estimates showed low to very 
low evidence to all identified clinical, genetic, radiological, 
and demographic predictors. However, no clinical thresholds 
or recommendations were provided.

In view of the recent popularization of 3D low-dose stereo-
radiograph reconstruction models and the increasing attention 
to the 3D morphology of AIS, more prognostic studies have 
been conducted using 3D reconstruction models to obtain more 
accurate morphological factors.11,12 New concepts to describe 
the scoliotic curve, e.g. 3D Cobb angle and plane of maximum 
curvature,13,14 have been introduced and are believed to be 
superior to plain radiological parameters, which are subject to 
projection bias.15 Accordingly, it would be appropriate to have 
an updated evaluation of the current evidence of radiological 
morphological predictors of scoliosis curve progression.

Methods
Literature search and selection criteria. The literature search 
and reporting of results in this study were conducted in accord-
ance with the Preferred Reporting Items for Systematic reviews 
and Meta-Analyses (PRISMA) guidelines.16 A literature search 
was conducted using Embase, Medline, PubMed, and Web of 
Science to retrieve articles regarding radiological predictors of 
curve progression in patients with AIS. The search items included 
‘adolescent idiopathic scoliosis’, ‘progression’, and ‘imaging’. 

Synonyms and controlled vocabulary under each search item 
were included in the search to ensure exhaustive retrieval of 
data, with suitable modification for each database according to 
differences in controlled vocabulary and indexation. The detailed 
search items are included in Supplementary Material. All articles 
published on or before 31 December 2020 were retrieved and 
screened. The search and screening processes were conducted 
by two independent investigators (LPKW, PWHC) and the dis-
crepancies on the final decision of inclusion was settled through 
discussion. The inclusion and exclusion criteria are detailed in 
Table I. Both secondary analyses from randomized controlled tri-
als (RCTs) and observational studies were included, since prog-
nostic research is often observational in nature.
Data extraction. Predictive factors from each study were ex-
tracted and similar ones were grouped for analysis. Other in-
formation regarding the study design, sample size, selection 
criteria of subjects, predictors found, risk of bias, phase of in-
quiry, and level of evidence were extracted and are listed in 
Supplementary Table i.
Primary and secondary outcomes. The primary outcomes of 
this review were the effects of curve magnitude and curve type, 
brace correction, flexibility, sagittal alignment, and rotation on 
curve progression. The secondary outcome was identifying dif-
ferent factors associated with curve progression in braced and 
unbraced patients.
Search results. The search results are detailed in the PRISMA 
flow diagram (Figure  1). The search was conducted on 22 
March 2021. A total of 6,286 articles were found; 3,598 articles 
remained after eliminating duplicates, and were screened by 
their abstracts. Of these, 126 articles were assessed for eligibil-
ity by full-text screening and 26 publications from 25 datasets 
were finally selected for inclusion.2,11,12,17–39

Among the 26 publications included, six were classified as 
confirmatory studies, and 20 were classified as exploratory 
studies. One dataset included was published as an exploratory 
and confirmatory investigation.18,19 In terms of the population, 
15 were done on braced patients, six were done on unbraced 
patients, two were done on a mixed sample of braced and 
unbraced patients, and three investigated curve progression 
beyond skeletal maturity. In terms of study design, five were 
prospective cohort studies, 19 were retrospective cohort studies, 
one was a retrospective review of data from a RCT, and one was 
an ambidirectional cohort study. The mean age of participants 
across studies ranged from 10.4 to 14.7 years and the length of 
follow-up ranged from 20.7 months to 24.9 years. Sample sizes 
of studies ranged from 30 to 2,380 patients.
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Identification of studies via databases and registers 

Records screened
(n = 3,598) 

Reports assessed for eligibility
(n = 126) 

Databases included in review 
(n = 25)

Publications included in review
(n = 26) 

Records identified from:
  - Embase (n = 898)
  - Medline (n = 2,326)
  - PubMed (n = 1,991)
  - Web of Science (n = 1,071)
  - Total = (6,286) 

Records removed before screening:
  - Duplicate records removed (n = 2,688) 

Records excluded (n = 3,472):
  - Not AIS (n = 497)
  - Surgery (n = 1,676)
  - Did not study progression as outcome (n = 826)
  - No radiological predictors (n = 168)
  - Animal studies (n = 15)
  - Commentaries, conference summaries, cross-sectional 
    studies, or reviews (n = 73)
  - Non-English literature (n = 217) 

Reports excluded (n = 100):
  - Not AIS (n = 3)
  - Did not study progression as outcome (n = 29)
  - Did not study radiological morphology (n = 32)
  - Patients who underwent surgery (n = 1)
  - Specialized predictor not routinely assessed (n = 3)
  - Did not provide p values or odds ratios (n = 4) 
  - Predictive model studies without identification of individual
    predictors (n = 13)
  - Commentaries, conference summaries, cross-sectional 
    studies, or reviews (n = 15) 

Fig. 1

Preferred Reporting Items for Systematic reviews and Meta-Analyses flow diagram. AIS, adolescent idiopathic scoliosis.

Risk of bias. The risk of bias of these reports was assessed 
using the six domains of the Quality in Prognostic Studies 
(QUIPS) tool40 by the two independent reviewers, and con-
sensus was reached after discussion. For retrospective stud-
ies, bias due to attrition is not applicable and therefore not 
assessed. The QUIPS risk of bias for these studies is detailed 
in Supplementary Table ii.
Grading of evidence. Quality of evidence for each predictor 
identified was assessed using the GRADE approach41 by two 
independent reviewers (LPKW, PWHC) where the quality of 
evidence for each predictor was given a rating of ‘high’, ‘mod-
erate’, ‘low’, or ‘very low’. Predictors with evidence mainly 
coming from confirmatory studies were initially assigned as 
having a high level of evidence, while those with evidence 

mainly coming from exploratory studies were assigned a mod-
erate level of evidence.42 Downgrading of quality of evidence 
rating was done with reference to five domains: ‘risk of bias’, 
‘inconsistency’, ‘imprecision’, ‘indirectness’, and ‘publica-
tion bias’, while upgrading of quality of evidence was based 
on large effect size, dose response relationships, and when all 
residual confounding was shown to reduce the demonstrated 
effect.43 The detailed evidence available for each predictor 
and the GRADE quality of evidence rating is presented in 
Supplementary Tables iii and iv. In short, initial Cobb angle, 
thoracic curve type, flexibility, and in-brace correction were 
considered as predictors with sufficient evidence, and rib mor-
phology, apical vertebral rotation (AVR), and pelvic tilt (PT) 
were considered to have less sufficient evidence. For predictors 
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Fig. 2

The rib-vertebral angle (RVA) is formed between the longitudinal axis 
of the apical thoracic vertebra and corresponding rib on the convex 
and concave sides of the curve. A perpendicular line is drawn at the 
midpoint of the lower endplate of the apical vertebra. Another line is 
drawn from the midpoint of the head to the midpoint of the neck of the 
rib. The rib line is extended medially to intersect with the perpendicular 
line to make the RVA.

that yielded inconclusive results, the details are summarized in 
Supplementary Table v.

Results
Initial Cobb angle. There is a high level of evidence that Cobb 
angle is significantly predictive of curve progression in un-
braced patients. Five out of six studies identified the predictive 
ability of initial curve size. Tan et al35 found that Cobb angle > 
25° was significantly predictive of progression in multivariable 
regression. Similar results were replicated by Lee et al,2 who 
found that patients with Cobb angle > 25.8° had a hazard ratio 
of 8.8 compared to patients with Cobb angle < 18.4°. Three oth-
er studies also showed a relationship between initial Cobb an-
gle and progression,20,25,38 with Dolan et al20 identifying an odds 
ratio (OR) of 1.28 for initial Cobb angle, adjusted for curve 
type and simplified skeletal maturity stages (SMS). Results 
were validated in an externally validated model. Dolan et al20 
found 15°, 25°, and 33° to be Cobb angle cut-offs for high risk 
of progression in thoracic curves with SMS of 1 to 2, 3, and 4+ 
respectively. The cut-offs became 21°, 30°, and 39°, respective-
ly for lumbar curves. Nault et al28 is the only study that found 
no association between 2D and 3D Cobb angle with curve pro-
gression. There is limited evidence for initial Cobb angle as a 
predictor of curve progression in braced patients. Three studies 
found affirmative evidence for the predictive value of Cobb an-
gle. Cheung and Cheung18 and Zhang et al39 both showed that in-
itial Cobb angle predicts progression ≥ 5° adjusted for maturity 
and other predictors. Zhang et al39 found that a Cobb angle cut-
off of 35° gave an OR of 13.7 to progress more than 5°. Karol22 
reported that initial Cobb angle was associated with progression 

to the surgical threshold of 50° in univariate analysis, but failed 
to identify an association with clinically relevant progression ≥ 
6°. Six studies found no association between Cobb angle and 
outcome of progression. However, five of these studied Cobb 
angle in univariate analysis only,17,21,23,26,34 without accounting 
for its interaction with age and maturity. Only Ohrt-Nissen et 
al31 showed that initial Cobb angle was not predictive of curve 
progression after adjusting for age and menarchal status.
Curve type. There is overall moderate evidence that the extent 
of the thoracic curve predicts progression in unbraced patients. 
Two studies on unbraced patients identified curve type as a pre-
dictor of curve progression.20,25 Dolan et al20 found that the pres-
ence of a thoracic apex gave an OR of 4.09 (95% confidence in-
terval (CI) 0.88 to 18.96) for curve progression to 45° at skeletal 
maturity, after adjusting for Cobb angle and simplified SMS. 
The result did not reach significance, but the effect size was 
large, and the model was shown to have great predictive value 
in both an internal and external validation cohort. The Cobb 
angle cut-offs for high risk of progression differed considerably 
between thoracic and lumbar curves. Lara et al25 also found that 
curve type in African-American patients with AIS significant-
ly predicted incidence of surgery in a multivariable analysis. 
There is limited evidence that thoracic curves predict progres-
sion in braced patients. Among the six studies on this predic-
tor, Thompson et al36 offered the most evidence. They found 
that mLenke curve type had some ability in predicting curve 
outcome,44 but the effect was not statistically significant (p = 
0.087). After controlling for compliance, main thoracic curves 
were found to predict curve progression to 50° and a higher 
rate of surgery (p = 0.024). This trend remained after adjust-
ing for Risser stage, but did not reach statistical significance. 
This result is supported by Ohrt-Nissen et al31 and Cheung and 
Cheung.18 Cheung and Cheung18 found that thoracic curves had 
an unadjusted and adjusted OR of 3.32 and 1.635, respectively, 
compared to lumbar curves. However, Kwan et al12 found that 
thoracic curve type did not predict curve progression > 5° in a 
regression model. Katz and Durrani23 also found no difference 
in risk of progression between different curve types, and Zhang 
et al39 dropped curve type as a predictor in a stepwise multivar-
iable logistic regression.
Flexibility. There is a high level of evidence that greater flexi-
bility predicts less risk of progression. Three studies with four 
reports showed positive evidence on flexibility predicting curve 
progression. Cheung and Cheung,18 Cheung et al,19 and Kwan 
et al12 found adjusted ORs of 0.958, 0.958, and 0.962, respec-
tively, for risk of curve progression ≥ 5° for every 1% increase 
in supine flexibility in braced patients. Ohrt-Nissen et al31 found 
an OR of 0.95 for every 1% increase in supine side-bending 
flexibility, adjusted for commonly assessed predictors including 
Cobb angle, age, and menarchal status. Among these studies, 
only Cheung and Cheung18 and Cheung et al19 tested for prog-
nostic accuracy for flexibility and concluded that flexibility less 
than 28% in supine radiographs was predictive of poor brace 
outcome, and this had a sensitivity of 67.9%, a specificity of 
64.5%, and an area under curve of 0.720 for outcome prediction.
In-brace correction. There is overall moderate evidence for in-
brace correction as a predictor of progression. Six studies with 
seven reports investigated in-brace correction as a predictive 
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factor. Cheung and Cheung18 and Cheung et al19 found correc-
tion rate to predict significant progression by the 5° margin with 
an adjusted OR of 0.979 for every 1% increase in correction 
rate. A similar effect was replicated in Kwan et al,12 which found 
an OR of 0.966 adjusted for a different set of predictors. Katz 
and Durrani23 and Ohrt-Nissen et al31 both identified predic-
tive value of in-brace correction in univariate analysis. Pasha32 
found that in-brace thoracic Cobb angle was predictive of curve 
progression by least absolute shrinkage and selection operator 
(LASSO) regression. Karol22 is the only study that found no 
significant predictive value of in-brace correction in predicting 
curve progression ≥ 5°. No studies so far have assessed the per-
formance of in-brace correction cut-offs in differentiating pro-
gressed and stable patients.
Rib vertebra angle. There is very limited evidence for the 
predictive ability for rib morphology in braced patients. Four 
reports have studied the predictive value of factors related 
to the rib vertebra angle difference (Mehta angle) (Figure 2), 
originally proposed by Mehta45 in the prognostication of infan-
tile idiopathic scoliosis, in AIS patients who received bracing 
as treatment. Sun et al34 found that rib vertebra angle differ-
ence (RVAD) ≥ 20° and rib vertebra angle on the convex side 
(RVACx) ≤ 68° predicted curve progression. Pasha32 found that 
a combination of an RVACx greater than 60° and higher thorac-
ic apical vertebral rotation was associated with curve progres-
sion. Katz and Durrani23 and Modi et al27 also found that the 
in-brace correction and change in RVACx was associated with 
progression, but did not adjust for other covariates. Due to the 
absence of studies with multivariable analysis, only a rating of 
very low level of evidence can be given.
AVR. There is low evidence for AVR as a predictor in braced 
patients. Four studies shed light on AVR as a predictor in braced 
AIS patients. Kwan et al12 conducted a prospective study with 
3D reconstruction and found pre-brace AVR (OR 1.063) and 
AVR reduction velocity at one year (OR 1.19) to be predictive 
of progression > 5°. Zhang et al39 and Ohrt-Nissen et al31 both 
looked at Nash Moe rotation,46 and found that it predicted pro-
gression. Upadhyay et al37 found that a reduction of both the 
Perdriolle rotation and Cobb angle during bracing predicted 
brace success,47 while an increase in both predicted failure.
Sagittal alignment: PT. Evidence is very low for PT as a pre-
dictor of curve progression in braced patients. Both Catanzano 
et al17 and Guo et al21 found PT to be predictive of curve pro-
gression in braced patients. Catanzano et al17 found that PT > 
8.5° significantly predicted good brace outcome (OR 0.7), ad-
justed for Cobb angle and Risser stage. Guo et al21 also found 
PT to be predictive of curve progression in a multivariable anal-
ysis adjusting for Cobb angle and Risser stage (p < 0.01).
Predictors with inconclusive evidence. No conclusive evi-
dence was found for predictors including upper and lower in-
tervertebral rotation, torsion, AVR (in unbraced patients), sa-
cral slope, pelvic incidence, T1 and T9 spinopelvic inclination, 
thoracic kyphosis, lumbar lordosis, wedging, apical vertebral 
translation, lumbopelvic angle, and several predictors for pro-
gression beyond skeletal maturity. There is a paucity of studies 
investigating these predictors and a lack of multivariable anal-
yses from which to make conclusions. The evidence for these 
predictors is detailed in Supplementary Table v. While these 

studies were mostly exploratory in nature, some did offer nov-
el insights on the potential pathomechanism and might include 
information on some promising predictors. The value for these 
predictors will be discussed below.

Discussion
In this review, we found that Cobb angle > 25°, thoracic curves, 
flexibility < 28%, and low in-brace correction are predictive 
of curve progression with moderate to high evidence. High 
AVR, high RVAD, low RVACx, and low PT are predictive of 
progression, but only low to very low evidence is found for 
these predictors.

Initial Cobb angle is the most assessed radiological predictor 
in the current clinical evaluation of patients with AIS. Despite 
the difference in outcome measured by the studies on Cobb 
angle, several studies agreed that a Cobb angle of 25° is an 
important cut-off that predicts drastically different potential for 
progression in patients with Risser stage 2 or below.2,20,35 Dolan 
et al20 looked at the prognostic value of Cobb angle in rather 
early Simplified Skeletal Maturity Scoring stages, which corre-
sponds to the adolescent growth spurt.48 Therefore, we can be 
more confident about initial Cobb angle as a clinically useful 
predictor for progression in the period of the highest risk.48 
There is sufficient and consistent evidence for Cobb angle as 
a predictor in unbraced patients. It is well supported by a few 
confirmatory studies with respectable sample sizes. Cobb angle 
is also shown to be a clinically useful predictor, as consistent 
cut-off values have been found, and these cut-offs produce 
large effect sizes that clearly distinguish stable and progressing 
patients. It is unlikely that high-quality evidence from prospec-
tive studies investigating the entire course of the adolescent 
growth phase of unbraced patients will emerge due to the 
proven effectiveness of bracing as a treatment to halt curve 
progression.4,5 Therefore, the evidence available may already 
represent the limit in following the natural history of AIS.

For braced patients, the strongest evidence for Cobb angle 
as a predictor comes from the large-scale study by Cheung and 
Cheung,18 which clearly adjusted for the interaction between 
maturity and Cobb angle. The other two studies offering posi-
tive evidence both have their own flaws. Zhang et al39 did not 
provide the criteria for inclusion of variables in the regression 
model, and baseline characteristics of the cohort are lacking. 
Karol’s study22 only arrived at a weaker conclusion that initial 
curve size predicted progression to 50°, but failed to reach 
statistical significance in showing that curve size predicted 
progression by 6°. Most of the studies that obtained negative 
results did not adjust for maturity or age,17,21,23,26,34 which are 
known to be important factors interacting with Cobb angle. 
Of note, after adjusting for maturity and brace-specific factors 
such as correction rate, the effect of Cobb angle is much smaller 
compared to that in unbraced patients. This points towards the 
effectiveness of bracing in altering the natural history of AIS 
progression, and that other brace-specific factors may play a 
greater role in predicting brace outcomes in AIS patients. It is 
also prudent to note that the Cobb angle at brace weaning is 
another risk factor of progression after maturity.49–52 Patients 
with Cobb angle reaching 40° is a well-established cut-
off for adulthood progression.4,53 Similarly, those with this 
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benchmark at the time of brace-weaning also have the potential 
for post-maturity progression. This still applies with standard-
ized growth parameters and bone age assessments determining 
growth cessation.54–57 In these patients, the prognosis is worse 
and patients should be counselled appropriately regarding the 
probable success of bracing.58,59 Parallel to this, patients with a 
Cobb angle of 40° at initial presentation may be forewarned of 
brace failure despite satisfactory compliance.19

Conflicting evidence arises for the predictive value of curve 
type in braced patients. Strong evidence comes from the study 
by Thompson et al,36 which was confirmatory in nature and well 
controlled for other predictors. A trend was found when curve 
types were further classified by the mLenke system, which 
increases our confidence regarding curve type as a predictor. 
However, many studies contradict this view.12,23,39 Due to the 
heterogeneity in the outcomes and methods of analysis, a 
pooled estimate cannot be performed to evaluate the true effect 
size. With some caution, regarding conflicting evidence, we 
conclude that thoracic curves do predict progression based 
on the strong evidence from Thompson et al36 and the large 
study by Cheung and Cheung.18 Further classification of curve 
types may offer additional predictive information, but current 
evidence shows that the effect size may be too small to detect.

For unbraced patients, although evidence for curve type only 
comes from two studies, these have consistent results; Dolan et 
al20 developed an externally validated model and discovered a 
large effect size for curve type in predicting curve progression 
to 45°. The Cobb angle cut-offs for high-risk patients were also 
much lower in thoracic curves than in lumbar curves. Lara et 
al25 also identified curve type as a significant predictor for inci-
dence of surgery.

All three studies on flexibility and in-brace correction 
found flexibility to be significantly predictive of a lower 
risk of progression.12,18,31 These studies all adjusted for 
commonly assessed clinical predictors, selected either a priori 
or according to results from univariate analysis, and consis-
tently found an OR of approximately 0.96 per 1% increase in 
flexibility. Among these studies, only Cheung and Cheung18 
gave a cut-off for flexibility at 28% as a predictor of outcome. 
We believe that this cut-off value is credible due to the large 
sample size of the study and receiver operating characteristic 
curve analysis providing acceptable area under curve, sensi-
tivity, and specificity values. There remains a need for more 
prospective and external validation studies to obtain cut-off 
estimates for flexibility to guide clinical use. Nevertheless, 
this is a useful initial measure to prognosticate the likelihood 
of success from bracing.

Similarly, most studies investigating in-brace correction 
found significance in its predictive value. These studies, which 
demonstrated positive findings, were of low or moderate risk 
of bias and some of them, including Cheung et al19 and Kwan 
et al,12 showed the independent predictive value of in-brace 
correction adjusted for a number of different factors. However, 
no cut-off values for correction rate were found. Since it has 
also been shown in the literature that in-brace correction is 
closely correlated to supine flexibility,60,61 correction rate 
cut-offs should be discussed and interpreted with reference 
to the flexibility of the spine. This may also contribute to 

underestimation of the risk of curve progression.62 However, 
no studies have investigated whether correction matching 
supine flexibility or correction beyond flexibility would 
produce a better result. Until further evidence arises, obtaining 
the highest correction rate within the patients’ tolerance should 
produce the best brace outcome.

Concerning rib morphology, all four studies showed that 
the RVAD and RVACx of the curve are significantly predictive 
of curve progression in univariate analysis. However, these 
studies generally had a high or moderate risk of bias due to 
poor reporting of the characteristics of the cohort, and insuffi-
cient control for existing prognostic factors. Rib morphology 
might be a promising prognostic factor, but it could not be 
shown that RVAD and RVACx were independent predictors 
of curve progression without proper adjustment for other 
factors. Also, the true underlying anatomical or physiological 
significance represented by RVAD and RVACx on coronal 
radiographs is unclear. Pasha32 found that a RVACx of smaller 
than 60° in combination with a greater apical axial rotation 
was selected as a significant predictor of curve progression 
by LASSO regression. Pasha32 explained this by pointing 
out that a drooping rib cage experiences smaller derotation 
force by the brace, and therefore results in poor correction of 
the deformity. The underlying anatomical components that 
constitute the RVAD appearance on coronal radiographs lack 
concensus. Foley et al63,64 looked at infantile idiopathic scoli-
osis and concluded RVAD reflected a true rib-vertebral junc-
tional deformity, while Brink et al65 looked at AIS patients and 
concluded that RVAD simply represented greater apical rota-
tion and sagittal wedging of vertebrae. Further studies should 
be done with 3D models to understand the underlying struc-
tural information represented by RVAD before any further 
reliance can be placed on it.

There is a paucity of evidence for 3D and rotational predic-
tors including torsion, angle of plane of maximal curvature, 
and intervertebral rotation at the upper and lower ends of the 
curve in unbraced AIS patients. Only Nault et al28 and Cour-
voisier et al11 provided evidence on this subject, but both were 
limited by small sample sizes and lacked adjustment for most 
other commonly assessed predictors. Additionally, Nault et al28 
studied a mixed cohort of braced and unbraced patients and did 
not provide separate analysis for the two groups. Courvoisier 
et al11 have revealed some interesting associations between a 
number of 3D rotational factors by unsupervised clustering 
methods, and have shown that four rotation-related factors, 
namely torsion, AVR, and intervertebral rotation at the upper 
and lower ends of the curve, could individually predict curve 
progression independent of the initial curve size. It is possible 
that the global rotational deformity of the spine may predict 
curve progression. It is important to note that axial deformity 
was found to be independent of coronal curve types, which may 
mean that AIS curves can be understood and prognosticated on 
the axial plane. For the great potential of axial rotational predic-
tors, more research using 3D reconstruction methods should be 
done to clarify the role of rotation, and obtain more accurate 
measurements of rotation in degrees rather than Nash-Moe66 
and Perdriolle47 grades. At present, evidence remains inconclu-
sive for these predictors.
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More evidence regarding AVR is available for braced 
patients. The strongest evidence comes from Kwan et al,12 
which is a prospective 3D study identifying AVR as an indepen-
dent predictor. Other studies supporting the predictive value of 
AVR are studies on plain radiographs which measured rotation 
by the methods of Nash and Moe66 or Perdriolle,47 which were 
less accurate than 3D reconstruction. The questioned reliability 
of the measurement methods undermines the credibility of the 
AVR as a predictor of curve progression. It is also interesting 
to note, from Upadhyay et al37 and Kwan et al,12 that changes 
in AVR during bracing have some predictive ability on the 
final outcome. It warrants particular attention that AVR reduc-
tion velocity at one year had predictive effect independent of 
in-brace correction of Cobb angle, which means that in-brace 
correction of axial rotation can produce additional benefits 
as well as correction in the coronal view. This highlights the 
importance of examining the axial morphology in AIS prognos-
tication, and sheds light on the effectiveness of newer types of 
braces that can produce greater derotational forces.67 We may 
conclude that apical vertebral rotation is a significant predictor 
of curve progression, but further evidence from studies with 
larger sample sizes using 3D models is required in this area.

Evidence for the predictive value of sagittal assessments of 
sacral slope, pelvic incidence, and T1 and T9 spinopelvic incli-
nation in braced patients remains inconclusive, because only 
two studies covered these predictors and conflicting evidence 
was found. These studies also suffered from poor reporting 
and questionable statistical analysis. Evidence for PT is only 
weakly predictive, with two studies17,21 reporting significance 
in multivariable analysis adjusted for Cobb angle and Risser 
stage. However, none of these studies were free of bias. The 
8.5° cut-off for PT given by Catanzano et al17 should be inter-
preted with care due to the small sample size, and definite 
conclusions cannot be drawn before further estimates become 
available. Evidence is also inconclusive for thoracic kyphosis57 
and lumbar lordosis in unbraced patients, as studies with similar 
methodology found conflicting evidence for these two predic-
tors, and there is a lack of high-quality studies with multivari-
able analysis to confirm their predictability.

Evidence for wedging in braced patients comes from a single 
cohort by Cheung et al,19 which found no significance for apical 
ratio, but did find that a change in apical ratio could differen-
tiate progressed, stable, and regressed patients. It is inconclu-
sive whether wedging predicts progression due to a paucity of 
studies, but it is worth exploring change in apical ratio as a factor 
in future studies, because it may indicate vertebral remodelling 
during bracing. Evidence for wedging in unbraced patients is 
also lacking, and no valid conclusion can be made. Additionally, 
no valid conclusions can be drawn with apical vertebral transla-
tion, lumbar pelvic relation, or end-vertebra angle type, as only 
one study with univariate analysis examined them.23 Definite 
conclusions regarding predictive factors for curve progression 
were also lacking due to a paucity of related studies, as these 
require long-term follow-up and can be difficult to conduct.

This is the first review to look at the morphological predictors 
of AIS curve progression using the GRADE method. By grading 
the level of evidence, we offered clinically relevant cut-offs for 
prediction of AIS curve progression. This is also the first study 

to review a large variety of 3D morphological predictors and 
point out 3D predictors with promising evidence to elucidate 
further research direction. However, we acknowledge several 
limitations. First, heterogeneity exists in the body of evidence. 
These studies varied in terms of the definitions of outcomes 
and confounders which were controlled, making synthesis of 
results difficult. Further prognostic studies should aim to include 
a multivariable analysis adjusted for a set of known predictors 
confirmed in the literature, to establish if there are new predic-
tors of independent predictive value. Second, publication bias 
cannot be assessed due to a lack of reporting of effect sizes and 
CIs in some studies. The lack of assessment of publication bias 
may undermine the reliability of our use of the GRADE system 
of evidence for each predictor. Nevertheless, this review still 
informed us of the strength of evidence for different predictors 
in attempting to adopt the GRADE framework in systematic 
reviews of prognostic studies.

In summary, this is the first systematic review that assessed 
radiological prognostic factors for AIS curve progression using 
the GRADE approach. We found that Cobb angle  > 25° and 
thoracic curves are the major predictors of curve progression in 
unbraced patients. Thoracic curves, supine flexibility < 28%, and 
low in-brace correction rate predict poor outcome in braced 
patients. Vertebral rotation may be a promising factor despite 
its current low evidence. This review highlighted a few knowl-
edge gaps in the existing literature that will benefit from future 
research. More prognostic studies with multivariable analysis, 
with clear reporting of outcomes and statistical results, should be 
done. There is a need for investigators to adhere to a standard-
ized outcome assessment for curve progression, e.g. Scoliosis 
Research Society criteria of progression of 5°.68 Research effort 
should focus on identifying relations between different prog-
nostic factors, and clarifying the possible pathomechanism of 
AIS to allow for identification of prognostic factors that repre-
sent the underlying disease-causing mechanism. Finally, more 
studies using 3D reconstruction models should be done to avoid 
measurement bias.

Take home message
- - Cobb angle, curve type, flexibility, and correction rate 

are major predictors for curve progression in adolescent 
idiopathic scoliosis.

- - Cobb angle > 25° and flexibility < 28% are important thresholds to 
guide clinical prognostication.
- - There is low evidence for apical vertebral rotation, rib morphology, 

and pelvic tilt in determining curve progression.

Supplementary material
‍ ‍Detailed search strategies and search words across 

databases including Embase, Medline, Web of Science, 
and PubMed; tables summarizing key findings and 

statistical methods for predictors with inconclusive evidence, 
study characteristics, Quality in Prognostic Studies risk of bias, 
and key findings and statistical methods for predictors with 
sufficient and less sufficient evidence.
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