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Abstract
Purpose Bracing is the treatment of choice for idiopathic scoliosis (IS), unfortunately factors underlying brace response 
remain unknown. Clinicians are currently unable to identify patients who may benefit from bracing, and therefore, better 
molecular stratification is critically needed. The aim of this study is to evaluate IS patient outcomes at skeletal maturity in 
relation to biological endophenotypes, and determine specific endophenotypes associated to differential bracing outcomes. 
This is a retrospective cohort with secondary cross-sectional comparative studies.
Methods Clinical and radiological data were collected from 563 IS patients, stratified into biological endophenotypes (FG1, 
FG2, FG3) based on a cell-based test. Measured outcomes were maximum Cobb angle at skeletal maturity, and if severe, 
spinal deformity (≥ 45°) or surgery was attained. Treatment success/failure was determined by standard progression thresh-
olds (Cobb ≥ 45° or surgery; Cobb angle progression ≥ 6°). Multivariable analyses were performed to evaluate associations 
between endophenotypes and clinical outcome.
Results Higher Cobb angles at maturity for FG1 and FG2 patients were observed (p = 0.056 and p = 0.05), with increased 
likelihood of ≥ 45° and/or surgery for FG1 (OR = 2.181 [1.002–4.749] and FG2 (OR = 2.141 [1.038–4.413]) compared to 
FG3. FG3 was 9.31 [2.58–33.61] and 5.63 [2.11–15.05] times more likely for bracing success at treatment termination and 
based on the < 6° progression criterion, respectively, compared to FG1.
Conclusion Associations between biological endophenotypes and outcomes suggest differences in progression and/or brac-
ing response among IS patients. Outcomes were most favorable in FG3 patients. The results pave the way for establishing 
personalized treatments, distinguishing who may benefit or not from treatment.
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Introduction

Spinal deformities, scoliosis in particular, represent the 
most prevalent type of orthopedic deformity in the pedi-
atric population while idiopathic scoliosis represents the 
most common form of scoliosis [1]. Juvenile idiopathic 
scoliosis is classically defined as scoliosis first diagnosed 
between the ages of 4 and 10. This category comprises 
about 10–15% of all idiopathic scoliosis in children. Ado-
lescent idiopathic scoliosis (AIS), defined by a clinical 
diagnosis made between the ages of 10 and 18 years [1], 
affects an average of 4% of the global pediatric popula-
tion. One out of every six children diagnosed with AIS 
will have a progressive curve requiring active treatment, 
and there is a predominance of females among the severe 
cases. The current recommended management of the dis-
ease consists of observation (for mild deformities: between 
10° and 24° Cobb angle); bracing (for moderate curves: 
25°–44° Cobb angle); and spinal surgery (for severe, pro-
gressive curves: ≥ 45° Cobb angle) as a last resort.

Bracing is the primary method for treating moder-
ate scoliosis during the developmental phase of growth. 
The most promising evidence showed that 72% of braced 
patients avoided surgical recommendations in comparison 
with 48% of the AIS patients in the observational group 
[2]. In addition, the BrAIST study reported a positive 
correlation between the increased duration of brace wear 
and the success rate of bracing [2]. Up to 30% of AIS 
patients cannot be stabilized by brace treatment since fac-
tors underlying brace response remain poorly understood.

Despite intensive research efforts, there is no proven 
method or test available to identify symptomatic individu-
als, at the earliest stage possible, who are at risk of pro-
gression or who may require brace treatment to prevent 
scoliosis progression [1]. Although a genetic component 
is recognized, a clear understanding of AIS etiology is 
still lacking [1–5]. Given the apparent genetic and clinical 
heterogeneity of AIS, and the limited success of genom-
ics to find definitive causal genes, other approaches need 
to be applied [6]. In complex multifactorial disorders, 
such as AIS, biological endophenotypes have the poten-
tial utility both in identifying risk genes and in enlighten-
ing the pathophysiology. We previously identified three 
distinct biological endophenotypes for AIS based on a 
differential protein G inhibitory (Gi) signaling dysfunc-
tion in AIS patients [7–11]. These observations led to the 
classification of patients into three biological endophe-
notypes or “functional groups” (referred to as FG1, FG2, 
and FG3), based on the maximal Gi response observed 
after Gi alpha subunits stimulation [11]. This molecular 
classification is very specific given the differential hypo-
functionality of the three Gi alpha subunits occurring 

in each AIS endophenotype while such patterns are not 
observed among healthy controls [11]. With respect to 
AIS development and its nonsurgical treatments (e.g., 
bracing), the importance of biomechanics [12, 13] and 
bodily responses to mechanical stimuli [14] is generally 
well established and holds many possibilities for novel 
personalized therapeutic options. Nevertheless, the mecha-
nisms by which biomechanical cues may affect cellular 
functions or bracing response, as well as how the sensing 
apparatus and transduction of mechanical signals operate 
in AIS pathogenesis, remain poorly understood. Among 
the known components of the mechanotransduction path-
way, G protein-coupled receptors (GPCR) [15] and more 
specifically Gi-coupled receptor signaling attracted our 
attention given our previous findings [11]. The objective 
of this study was to determine if distinctive biological 
endophenotypes among AIS patients could be associated 
with a differential outcome at maturity.

Material and methods

Study population

This is a one-center retrospective cohort study with double-
blinded data collection concerning IS patients. The inclusion 
criteria concerned children aged from 5 to 18 years old at 
their initial appointment at the scoliosis clinic, confirmed 
or suspected IS (Juvenile JIS or Adolescent AIS) diagnosis, 
and an availability of a blood sample on which a spectros-
copy has been performed to determine the endophenotype. 
Eligible patients should also have a complete full spine 
X-ray examination at skeletal maturity (Risser sign of 4 or 
5), as suggested by the Scoliosis Research Society [17]. The 
patients were recruited from June 1996 to August 2011, and 
data collection was completed in June 2016.

To further assess bracing outcomes, a subsample of 
patients was identified from the cohort if they reached 
brace treatment termination during the specified observa-
tion period. The patient selection criteria for the second-
ary cross-sectional comparative study on brace outcomes 
were: a history and physical examination consistent with 
AIS diagnosis, and at the time of treatment initiation, a curve 
between 20° and 40° Cobb angle in the coronal plane, a Ris-
ser sign between 0 and 2, no prior treatment, and, either pre-
menarchal or less than one year post-menarchal (in female 
patients) [2, 16, 17]. For patients with multiple curves, the 
magnitude of the maximum Cobb angle was used for selec-
tion and analysis.
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Biological endophenotypes determination

PBMC Preparation

Blood samples obtained from the IS patients were col-
lected in EDTA-treated blood collection tubes. Periph-
eral blood mononuclear cells (PBMCs) were isolated 
from whole blood using Ficoll-Plaque (GE Healthcare, 
ON, Canada), based on the manufacturer’s instructions. 
Isolated PBMCs were preserved in liquid nitrogen until 
thawed and assayed.

Cellular dielectric spectroscopy (CDS) assay

All participants were classified according to their biologi-
cal endophenotype, FG1, FG2, or FG3. The endopheno-
types were measured by CDS using PBMCs as previously 
described [9, 10].

Patient outcomes at maturity

The primary outcome is the maximal Cobb angle at skel-
etal maturity (Risser 4 or 5 if no X-rays taken at Risser 4) 
as main Cobb angle measurement is a reproducible clinical 
index used to describe scoliosis severity. Moreover, this 
outcome showed some very interesting results in the previ-
ous work from which this study is inspired [4, 5]. The sec-
ondary outcome describes the state of the patient who has 
reached skeletal maturity, and has or has not progressed to 
a severe Cobb angle (45°, a usual threshold for considering 
surgery) or undergone corrective surgery (surgical treat-
ments consisting of posterior fusion and instrumentation, 
or tethering). This outcome, the severity threshold out-
come, is used in standardized bracing studies to express 
failure of the non-surgical treatment [5]. In fact, patients 
with curves of 45° or more have a much higher risk of 
developing functional disabilities caused by their scoliosis, 
as post-maturity progression is known to be faster when 
the curvature at maturity is severe or superior to 30° [6–9].

Brace outcomes at treatment termination

Brace treatment success is defined as attaining skeletal 
maturity (Risser sign 4 or 5) with a final Cobb angle ≤ 45° 
or not requiring surgery. We also tested curve progression 
as measured by the difference between the Cobb angle at 
maturity and the Cobb angle at treatment initiation; suc-
cess is defined as a Cobb angle progression < 6° [16, 17].

Data collection and statistical analysis

The patient records composed of multiple electronic plat-
forms were reviewed for eligible participants. Extraction 
and computation of all radiographic and clinical variables 
were made by three independent evaluators (a research 
nurse, a medical student, and an orthopedic surgeon) who 
were unaware of the endophenotype classification. In 
addition, endophenotype characterization was performed 
by research laboratory staff who were unaware of patient 
outcomes. The documented variables were: age, sex, body 
mass index (BMI), curve type, Risser score, follow-up 
duration, and Cobb angles. Additional studied variables 
describing brace treatment were the treatment duration, the 
appropriateness of the prescription according to the SRS 
criteria for AIS [2] and the main type of brace used. The 
initial state variable distribution among endophenotype 
groups was verified using χ2 and Kruskal–Wallis/ANOVA 
tests. Bivariate associations between clinical variables and 
patients outcomes at maturity were investigated in order 
to identify potential control variables in the multivariable 
analyses. Multivariable modeling using linear regression 
for the Cobb angle at maturity continuous outcome, and 
using logistic regression for the reach of 45° or surgery 
binary outcome, were conducted, both testing for relevant 
control variables.

For the secondary analysis on brace treatment outcomes, 
cross-sectional analyses of variable associations were inves-
tigated by Log linear models on categorical data as well 
as χ2 tests. Logistic regression models were performed for 
the odds ratio calculation in order to describe associations 
between the bracing outcomes (independently for the 45° 
threshold and the 6° progression criteria) and the endophe-
notype group, adjusting for other initial state variables at the 
time of brace prescription. All analyses were performed in 
IBM SPSS Statistics 20 (64 bits), using a statistical signifi-
cance level of α = 0.05.

Results

Study population

Over the observation period, 767 young patients were seen 
for a first visit in scoliosis clinic for IS suspicion. Of this 
number, 204 were discharged or received no follow-up. Five 
hundred and sixty-three patients completed their follow-up 
to maturity in our clinic over the observation period. The 
clinical and demographic characteristics of the IS patients 
are described in Table 1. Respectively, 121, 182, and 260 
patients were classified as FG1, FG2, and FG3 endophe-
notype. As expected, the study sample was composed of 
a higher percentage of females (83.8%, n = 472) when 
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compared to males (16.2%, n = 91). The average age of the 
patients at first visit was 13.3-year old, and the average ini-
tial Cobb angle of the main curve was 21.2°.

Bivariate analysis on data at first visit

For each variable on initial appointment, the biological 
endophenotypes were compared to insure uniformity within 
the variable (Table 1). No differences were found between 
the biological endophenotypes within the clinical variables 
of initial Cobb angle of main curve (p = 0.179), Risser score 
(p = 0.085), curve type (p = 0.933), and brace treatment 
prescribed (p = 0.131). They were found to be initially uni-
formly distributed among endophenotypes, just like age, sex, 
and BMI (Table 1). Furthermore, the length of the follow-up, 
as defined as the time elapsed between the initial visit and 
the last visit, was the same for all patients independently of 
their endophenotype.

Clinical outcomes

Bivariate analysis provided evidence of more severe health 
outcomes at maturity in IS patients classified in FG1 endo-
phenotype compared to patients classified in FG3 endo-
phenotype. In fact, the omnibus F test on the three endo-
phenotype groups displayed a difference in Cobb angle of 
the main curve at maturity between the groups. FG3 group 
was the less likely to reach high Cobb angles, with an aver-
age value of 23.9° compared to 26.3° for FG2 and 27.0° for 
FG1 (p = 0.030). In addition, the percentage of IS patients 
who reached a Cobb of ≥ 45° and/or had a spinal fusion 

was almost two times higher in the FG1 group with 21.2%, 
when compared to the FG3 group with 11.2% and to the FG2 
group with 18.6% (p = 0.024).

In multivariable analyses (Table 2), the linear relation-
ship between the Cobb angle at maturity and the biological 
endophenotypes was borderline significant (p = 0.056 and 
p = 0.05) after adjusting for the following control variables 
in the final model (that appeared to be independently associ-
ated with the outcome): Risser sign, initial main curve Cobb 
angle, type of treatment, and age at maturity. The final model 
led to an adjusted R2 = 0.711 The initial age, initial BMI, 
BMI at maturity, length of the follow-up, appropriateness 
of the brace prescription, and length of the treatment were 
not associated with the outcome.

Table 3 displays the results of the logistic regression 
for the reach of final Cobb angle to 45° or the occurrence 
of surgery. The multivariable analyses indicated that IS 
patients classified into FG1 or FG2 endophenotype were 2 
times more likely (FG1: OR = 2.181, p = 0.049) and FG2: 
OR = 2.141, p = 0.039) to develop a severe Cobb angle ≥ 45° 
or require a corrective spinal surgery than FG3 patients. The 
results of the severity threshold outcome were adjusted for 
the initial Risser score and the initial Cobb angle of main 
curve.

Looking more specifically at patients from that cohort 
who have terminated their brace treatment over the obser-
vation period (n = 138) led to a secondary analysis of the 
associations between brace outcomes (success/failure) and 
the endophenotype.

The mean Cobb angle was 37.0° ± 15.7° (median 35.0°) 
at the end of the treatment in the brace subsample, and it 

Table 1  Clinical and 
demographic data of AIS 
participants at the first visit 
(n = 563)

Patient characteristics All participants FG1 FG2 FG3 p value

N 563 121 182 260
Age 13.3 ± 2.1 13.3 ± 2.1 13.6 ± 2.2 13.2 ± 2.1 0.258
BMI 19.0 ± 2.8 18.5 ± 2.6 19.1 ± 2.7 19.1 ± 19.1 0.184
Cobb angle (°) 15.2 ± 9.8 21.5 ± 10.6 22.3 ± 9.4 20.3 ± 9.6 0.108
Sex 0.075
 Female 472 (83.8%) 102 (84.3%) 161 (88.5%) 209 (80.4%)
 Male 91 (16.2%) 19 (15.7%) 21 (11.5%) 51 (19.6%)

Curve type 0.933
 Thoracic 231 (41.3%) 47 (39.2%) 73 (40.3%) 111 (43.0%)
 Thoracolumbar 197 (35.2%) 45 (37.5%) 63 (34.8%) 89 (34.5%)
 Lumbar 131 (23.4%) 28 (23.3%) 45 (24.9%) 58 (22.5%)

Risser score 0.088
 0 224 (39.8%) 53 (43.8%) 60 (33.0%) 111 (42.7%)
 1 54 (9.6%) 10 (8.3%) 17 (9.3%) 27 (10.4%)
 2 48 (8.5%) 10 (8.3%) 19 (10.4%) 19 (7.3%)
 3 66 (11.7%) 21 (17.4%) 21 (11.5%) 24 (9.2%)
 Mature (4 or 5) 171 (30.4%) 27 (22.3%) 65 (35.7%) 79 (30.4%)

Length of the follow-up (months) 30.4 ± 20.7 30.3 ± 20.4 28.3 ± 20.7 31.9 ± 20.7 0.304
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was statistically different between the biological endopheno-
types. The adjusted model suggests that the endophenotype 
group was strongly associated with treatment success, even 
in the presence of the initial Cobb angle and Risser sign in 
the model (there was no significant effect modification of 
the studied association by initial Cobb angle, Risser sign, 
or brace type). The adjusted models were derived for girls 
only because of potential effect modification in the associa-
tion by the sex variable, suggested by preliminary log linear 
analysis, and because of the small sample size for boys pre-
cluding stratification in this study. Being classified as FG3 

was 9.31 [2.58–33.61] times more likely to lead to treat-
ment success than failure in comparison to FG1 (Table 4). A 
similar positive association was observed for the FG2 group, 
but the value was not statistically significant. Based on the 
criterion of < 6° progression in an adjusted model, the FG3 
group was 5.63 [2.11–15.05] times more likely to lead to 
treatment success than failure compared with the FG1 AIS 
group. There was no significant difference in the treatment 
outcomes between the FG1 and the FG2 AIS groups.

Discussion

This study is the first to investigate potential relationships 
between clinical outcomes in patients with idiopathic scolio-
sis and endophenotype classification from cell-based essays. 

Table 2  Association between 
endophenotypes and Cobb 
angle of main curve at maturity 
(n = 563)

Independent variables Reference Coefficient p value

Model 1
 FG1 FG3 3.093 0.021
 FG2 2.412 0.041

Final model
 FG1 FG3 1.425 0.056
 FG2 1.289 0.050

Risser 0 Risser 4–5 (mature) 5.526 < 0.001
Risser 1 1.435 0.194
Risser 2 1.204 0.285
Risser 3 0.218 0.828
Initial Cobb angle of main curve N/A 0.925 < 0.001
Thoracolumbar curve Thoracic curve − 1.941 0.004
Lumbar curve − 2.083 0.005
Mainly Boston brace No bracing 4.047 < 0.001
Mainly SpineCor brace 5.162 < 0.001
Mainly nighttime brace 4.149 0.002
Age at skeletal maturity N/A 0.639 0.004

Table 3  Association between endophenotypes and severity threshold/
surgery outcome

OR: Odds ratio; 95% CI: 95% Confidence interval on adjusted OR

Independent variable OR 95% CI

Model 1
 FG1 2.122 [1.175–3.832]
 FG2 1.799 [1.034–3.130]
 FG3 1.000

Final model
 FG1 2.181 [1.002–4.749]
 FG2 2.141 [1.038–4.413]
 FG3 1.000

Risser 0 19.561 [7.526–50.845]
Risser 1 5.289 [1.604–17.434]
Risser 2 1.974 [0.543–7.172]
Risser 3 2.228 [0.725–6.848]
Risser 4–5 (mature) 1.000
Maximal initial Cobb angle 1.227 [1.177–1.280]

Table 4  Association between brace treatment outcome (success vs 
failure on the final Cobb angle ≤ 45° or no surgery criterion) and 
endophenotypes (FG1, FG2 and FG3) adjusted for initial patient char-
acteristics in girls only (n = 138)

OR: Odds ratio; 95% CI: 95% Confidence interval on adjusted OR

Variables Crude OR Adjusted OR 95% CI

Biological endophenotype
 FG1 1.0 1.0
 FG2 1.52 1.40 [0.48–4.04]
 FG3 7.87 9.31 [2.58–33.61]

Risser sign
 0 1.0 1.0
 1 and 2 1.46 2.68 [0.76–0.89]

Cobb angle 0.83 0.82 [0.76–0.89]
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On a large cohort of 563 patients, our results indicate that 
patients with FG1 and FG2 endophenotypes may be exposed 
to a risk of developing a severe curve (> 45°) or to undergo 
surgery as large as twice the risk of those with FG3 endo-
phenotypes. It also appears that the mean curve severity 
at maturity could be higher in patients with FG1 and FG2 
endophenotypes as compared to FG3 patients.

Response to bracing can be affected at the clinical level 
by many factors including brace design, brace treatment 
adherence, initial curve severity, and skeletal maturity. In 
this study, we are proposing the first hypothesis relating 
brace outcome and intrinsic cellular profile connected to 
the roles of GPCRs as mechanosensors. This study evalu-
ated patient outcomes based on three biological endophe-
notypes defined by the differential hypofunctionality of Gi 
alpha subunits [10, 11] as initially evidenced by a differential 
dysfunction of melatonin signal transduction [7–9]. Differ-
ences between the three endophenotypes acquired through 
a cell-based assay were identified in the outcomes of brace 
treatment both for final Cobb and progression criteria. This 
association suggests a more favorable outcome of bracing for 
AIS patients classified into the FG3 endophenotype.

Whether the IS patients classified in FG3 endophenotype 
are genetically predisposed to better respond to brace treat-
ment or are simply less likely to develop progressive forms 
of IS, remains to be elucidated through a randomized clinical 
trial. Though the importance of biomechanics and bodily 
responses to mechanical stimuli is generally well estab-
lished, the differential processing and interpretation of these 
signals between affected and healthy individuals remain a 
largely unexplored frontier. The knowledge of exactly what 
gene and biochemical pathway responses are altered by 
mechanotransduction differences in scoliosis could explain 
the differences observed in bracing outcomes.

Among possible limitations of the present study, 
although it is worth mentioning that it is a retrospective 
evaluation of patients from available data in the clinical 
and radiological files, the study period was long and a 
great proportion of participants completed the follow-
up. The secondary study is not a controlled study and the 
sample size is quite limited, leading to wide confidence 
intervals. However, patients’ distribution among the three 
endophenotypes allowed the investigation of the likelihood 
of co-occurrence of treatment success with a particular 
endophenotype. Biological endophenotype classification 
is invariant over time since it is an intrinsic characteristic 
of each patient [7–11]. The thresholds between the three 
endophenotypes are known to be discriminant [7–11]. In 
particular, misclassification between FG1 and FG3 group 
is considered very unlikely because there is no overlap 
in the impedance threshold values between these groups. 
We have no theoretical or technical reason to believe 
that a misclassification bias could be differential among 

the outcome categories. It is therefore unlikely to have 
affected our conclusion. Misclassification may also occur 
because of measurement errors in Cobb angles, which was 
our main outcome measures in the analyses. A sensitivity 
study was conducted in patients having their final Cobb 
angle measurement either above or below the 45° thresh-
old by an interval smaller than the maximum intra-reader 
difference in Cobb measurements with no significant effect 
on the studied associations. This potential misclassifica-
tion error is also believed to be non-differential relative to 
the biological endophenotypes.

Different types of braces (rigid, non-rigid, and night-
time) were used in this study sample, which reflected the 
usual practice in our center over the study period. We have 
also considered brace treatment duration and appropriate-
ness of brace prescription. No significant effect modifica-
tion by brace type was noted in the regression models. 
However, quality of brace design and quality of immediate 
correction are other factors that could have been better 
evaluated and considered in the analyses as they could 
have a clear impact on brace treatment success. The pro-
portion of males in the main study sample was coherent 
with what was expected from the known prevalence IS 
[2]. For the secondary analysis, the sample size was too 
limited to investigate the potential effect modification by 
sex. The measures of association were therefore adjusted 
for identified control variables in females only.

The determination of clear associations between bio-
logical endophenotypes and patient outcomes at maturity/
brace treatment termination may pave the way to estab-
lishing opportunities for personalized treatments. These 
associations may also warrant further investigations in a 
prospective study including genetic and epigenetic investi-
gations. This approach may open new treatment possibili-
ties by identifying patients that may not respond well to 
braces and may not benefit from orthopedic treatment. On 
the other hand, the identification of patients who might 
respond better to bracing is also important as it may assist 
the clinicians to support treatment adherence and empha-
size the benefits of bracing in certain patient populations.
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