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Preface to ”Advances on Scoliogeny, Diagnosis and

Management of Scoliosis and Spinal Disorders”

Scoliosis, a 3-D deformity of the spine and the thorax, mainly affects children, who are the future

of any society. The medical societies that specialize in this ailment have recently focused intensely

on the study of the epidemiology, etiology, pathobiomechanics and laboratory work, in addition to

clinical and imaging documentation and treatment, either non-operative or operative. The advent of

new technologies is key in the study and advancement of our insight into these diseases, with the aim

of improving the quality of life of those who live with the condition. Our ultimate goal is to diminish

or even eliminate the disease.

It is interesting to note the impressive developments in the implementation of growth

modulation for the surgical treatment of early-onset scoliosis. These developments have led to better

patient quality of life compared to what was experienced in the past. However, this topic is still under

development and new instrumentation systems are being introduced.

When proper management is not implemented, spinal disorders may lead to significant social

problems and enormous economic burdens. Therefore, treatment decisions based on the recent

evidence-based literature will result in the optimum outcomes. Proper management, including

prevention and treament, whether operative or not, must be tailored and implemented.

Therefore, it is very important to increase awareness and advocacy for a social mission regarding

the early detection of scoliosis and prevention of progressive spinal deformity. It is imperative to

raise awareness about scoliosis and to inform the public, as well as the healthcare and policy-making

communities, about the individual, familial and societal burdens of spinal deformity, as well as the

benefits of proper detection, diagnosis and optimal care for all patients.

This Special Issue and its papers aim to serve the above-mentioned objectives.

Theodoros B. Grivas

Editor
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Abstract: The study aimed to carry on the process of the cultural adaptation of the Italian Spine
Youth Quality of Life Questionnaire (ISYQOL) into Polish (ISYQOL-PL). The a priori hypothesis was:
the ISYQOL-PL questionnaire is reliable and appropriate for adolescents with a spinal deformity.
Fifty-six adolescents (mean age 13.8 ± 1.9) with idiopathic scoliosis (AIS) with a mean Cobb angle
29.1 (±9.7) and two with Scheuermann juvenile kyphosis (SJK) with a kyphosis angle 67.5 (±17.7)
degrees were enrolled. All patients had been wearing a corrective TLSO brace for an average duration
of 2.3 (±1.8) years. The Institutional Review Board approved the study. The cross-cultural adaptation
of the ISYQOL-PL was performed following the guidelines set up by the International Quality of Life
Assessment Project. The reliability was assessed using internal consistency (the Cronbach’s alpha
coefficient) and test–retest reliability (intraclass correlation coefficient ICC2.1, CI = 95%); moreover,
floor and ceiling effects were calculated. The internal consistency was satisfactory (Cronbach’s alpha
coefficient 0.8). The test–retest revealed high reliability with the value of ICC2.1 for the entire group
0.90, CI (0.84 to 0.94). There was neither floor nor ceiling effect for the ISYQOL-PL overall score. The
ISYQOL-PL is reliable and can be used in adolescents with spinal deformity.

Keywords: idiopathic scoliosis; health-related quality of life; cultural adaptation; Italian Spine Youth
Quality of Life Questionnaire

1. Introduction

The impact of the disease and the treatment applied on the quality of life of adolescents
with spinal deformities, namely adolescent idiopathic scoliosis (AIS) or Scheuermann
juvenile kyphosis (SJK), is considered to be multidimensional. This includes subjective
perception, and changes in physical, psychological, and social well-being. Moreover,
spinal deformities’ progressive character can affect adolescents’ health-related quality of
life (HRQoL). Therefore, while evaluating AIS and SJK adolescents’ treatment results, the
changes in the HRQoL should be taken into account [1]. A variety of HRQoL questionnaires
exist, dedicated to adolescents with spinal deformities having completed their treatment,
e.g., Scoliosis Research Society—(SRS-22) or Scoliosis Quality of Life Index (SQLI) [2,3].
Vasiliadis et al. [4] developed the Brace Questionnaire (BrQ), an instrument for measuring
the HRQoL specifically for scoliotic adolescents who are being treated conservatively by
wearing a corrective brace, and the Polish version of BrQ has been validated [5]. There
are questionnaires admitted to monitoring the level of stress induced by the deformity
(Bad Sobernheim Stress Questionnaire, BSSQ—Deformity) and the stress induced by the
treatment with a brace (Bad Sobernheim Stress Questionnaire, BSSQ—Brace) for patients

J. Clin. Med. 2021, 10, 2081. https://doi.org/10.3390/jcm10102081 https://www.mdpi.com/journal/jcm1
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with idiopathic scoliosis [6]. However, the BSSQ questionnaires do not evaluate the
overall HRQoL. Recently, to address the limitations of existing HRQoL tools, the Italian
Spine Youth Quality of Life (ISYQOL) questionnaire has been developed by the Italian
Scientific Spine Institute. The ISYQOL questionnaire was built using Rasch analysis. The
ISYQOL questionnaire measures HRQoL in all types of spinal deformities, including
surgical curves [7,8]. The ISYQOL has been cross-culturally adapted and validated in
English [9] and Spanish [10], but not yet in Polish. This paper aims to carry on the cultural
adaptation of the ISYQOL questionnaire into Polish (ISYQOL-PL).

2. Materials and Methods

The a priori hypothesis was proposed as follows: the ISYQOL-PL questionnaire
version is reliable and appropriate for adolescents with a spinal deformity.

2.1. Study Population

Fifty-eight patients with spinal deformities (56 AIS and 2 SJK) were enrolled to assess
the ISYQOL-PL questionnaire version. The sample included 52 girls and six boys. The
same specialist in orthopedics treated the patients. The following criteria for inclusion
were applied: (1) patients at the age of 10–18 years; (2) AIS or SJK diagnosis; (3) who have
been wearing the brace for at least three months for at least 12 h/24 h (4) AIS patients
with a Cobb angle ≥ 20◦, SJK patients with a kyphosis angle ≥ 45◦. Exclusion criteria: (1)
history of spine surgery; (2) combined spinal deformities (e.g., scoliosis plus spondylolysis),
(3) a history of relevant diseases, surgery, or trauma, including a positive neurologic
examination.

The mean age of the patients at the time of completing the questionnaire was 13.8
(±1.9) years, the mean AIS patients’ Cobb angle was 29.1 (±9.7) degrees, and the SJK with
kyphosis angle was 67.5 (±17.7) degrees. All patients had been wearing a corrective TLSO
brace with an average duration of 2.3 (±1.8) years.

Twice within a one-week interval, patients were asked to fill in the questionnaire. The
time needed to answer all questions during the first attempt to complete the questionnaire
was measured. All the invited adolescents selected through the inclusion criteria partic-
ipated in the study. The participants were left to fill in the questionnaire alone, being in
a separate space, to minimize any influence from parents or medical staff. Data from the
ISYQOL-PL were collected during November and December 2019.

The Institutional Review Board approved the study.
Before inclusion in the study, the parents and the patients awarded their informed consent.

2.2. Italian Spine Youth Quality of Life (ISYQOL) Questionnaire

The ISYQOL questionnaire is based on patients’ concerns and has been shown to be
particularly appropriate in AIS and SJK patients undergoing non-surgical management.
The ISYQOL is a 20 items questionnaire. Each item is scored 0, 1, or 2. Items investigating
the presence of spine-related problems (questions 1–4, 7–9, 11–12 and 14–20) are coded
0-1-2 (0: never; 1: sometimes; 2: often). Conversely, “items investigating the presence of
positive thoughts” (question 5, 6, 10, 13) are coded 2-1-0 (2: never; 1: sometimes; 0: often).
It provides a total score, with lower scores representing a higher quality of life. The
ordinal ISYQOL total score is subsequently converted to an interval measure (i.e., ISYQOL
measure), expressed on a 0–100% scale, where 100% indicates the highest quality of life.

The Rasch method used in the analysis allows for a comparison of the ISYQOL result of
non-brace wearers (who answer only 13 of the 20 items) with brace wearers (who complete the
entire questionnaire). The questionnaire is developmentally appropriate for ages 10–18 years
and designed to be self-administrated [7,8].

2.3. Adaptation Process

The process of the cross-cultural adaptation of the ISYQOL-PL was performed follow-
ing the guidelines set up by the International Quality of Life Assessment (IQOLA) [11].
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The implementation of this method includes the following steps: (1) forward translation,
(2) back-translation and expert panel, (3) pre-testing and cognitive interviewing, (4) de-
velopment of the final version. The total sample size was decided based on previous
recommendations for validation studies [12].

2.4. Forward Translation

Two independent translators converted the original Italian version into Polish. Through
the whole process of adaptation, one of the translators, who had a medical background,
was involved. The second translator had a background outside of medicine.

2.5. Back-Translation and Expert Panel

A comparison of the original and two translated versions was achieved at this stage.
The two translators, together with the authors, identified differences in translations and
produced a combined version. Next, back-translation was carried out, where two indepen-
dent translators, who were native in Italian, translated the Polish version into the original
document’s language (Italian). Both translators were not familiar with the original version.
At the following step, a commission group combined of translators, a psychologist, a
specialist in orthopedics, and a statistician, assessed the translations. The so-called pre-final
version was drafted as a result of consensus.

2.6. Pre-Testing, and Cognitive Interviewing and Development of Final Version

Thirty-four adolescents with AIS and two with SJK patients (who met the study
eligibility requirements described above) were checked for the pre-final questionnaire’s
comprehensiveness to ensure the adapted version was understandable. The participants
were interviewed after completing the questionnaire in order to discuss their interpretation
of each question and answer. The committee then reassessed this test’s outcome, and the
final form of the questionnaire was created (Supplemental Data File S1).

2.7. Statistical Analyses

All statistical analyses were carried out using the Real Statistics Resource Pack software
(Release 4.7) with a significance level of α < 0.05. The Shapiro–Wilk test for normality
identified the data normally distributed; therefore, parametric tests were used.

Furthermore, statistical analysis included descriptive statistics in calculating means ±
standard deviations (SD) for a given question and the second level of analysis, which was
comparative, concerning reliability, floor, and ceiling effect.

2.8. Reliability

The reliability was assessed using the two most important properties: consistency and
stability.

Internal consistency was assessed using Cronbach’s alpha coefficient. Cronbach’s
alpha ranges from 0 (none of the items are correlated with one another) to 1 (reflects perfect
internal consistency). Cronbach’s alpha of at least 0.70 was chosen to indicate adequate
internal consistency [13].

Test–retest reliability was evaluated using the intraclass correlation coefficient (ICC2.1,
CI = 95%), the most suitable and most commonly used reliability parameter for ordinal
measures. ICC2.1 concerns the variation in the population (interindividual variation)
divided by total variation, which is the interindividual variation plus the intraindividual
variation (measurement error), expressed as a ratio between 0 and 1. The sum of scores
obtained per each question provided by all patients during the first time and second time
and the sum of total scores obtained per each patient were used, respectively, for test–retest
analysis. A positive rating for reliability is when the ICC2.1 is at least 0.70 in a sample size
of at least 50 patients [12]. To reduce the memory effect, there was a 7-day period between
tests [12].

3
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2.9. Measurement Error

The standard error of measurement (SEM) and minimal detectable change at the 90%
level (MDC90) were employed. The sample included all patients (n = 58) who completed
the ISYQOL-PL twice. The SEM was calculated as an element from the mean square error
(MSE) from the analysis of variance, ANOVA. The MDC is the minimum change in a
patient’s score that ensures the change is not the result of measurement error. The MDC90
was calculated using the formula: MDC = SEM × 1.65 × √

2, where 1.65 is the z-value
that reflects the 90% CI of no change, [14] and

√
2 indicates two measurements assessing

change [14].

2.10. Floor and Ceiling Effects

Floor and ceiling effects were calculated and considered to be high if >15% of patients
reported the worst or best status, respectively [12]. The distribution of results indicates
the number (percentage) of patients with a minimum score (floor effect) and the number
(percentage) of patients with a maximum score (ceiling effect).

3. Results

The duration of completing the questionnaire was ≤10 min in all patients.
The lowest, highest, and mean scores (%) obtained using the ISYQOL-PL are presented

in Table 1.

Table 1. Distribution of minimal, maximal, and mean total scores (%) of ISYQOL-PL.

Questionnaire N Min Max Mean SD

ISYQOL-PL first trial 58 32.96% 62.83% 49.05% 3.15
ISYQOL-PL second trial 58 32.96% 66.29% 49.05% 3.15

Cronbach’s alpha coefficient was 0.8, which indicates satisfactory internal consistency
(Table 2).

Table 2. The Cronbach’s alpha value coefficient of the ISYQOL-PL compared to the ISYQOL (original).

ISYQOL-PL ISYQOL (Original)

Cronbach’s alpha Cronbach’s alpha
0.8 0.83

The test–retest study revealed high reliability, and the value of ICC2.1 for the entire group
was high (0.90, CI ranged from 0.84 to 0.94) with SEM = 0.36 and MDC 90% CI = 0.84.

When completing the questionnaire for the first and the second time, there were no
floor or ceiling effects for the ISYQOL-PL overall score. Cronbach’s alpha, mean (%), and
SD, floor and ceiling effects for each ISYQOL-PL domain are presented in Table 3.

Table 3. Cronbach’s alpha, mean (%), and SD, floor and ceiling effects for each ISYQOL-PL domain.

ISYQOL-PL DOMAIN
Number of

Items
Cronbach’s

Alpha
Mean SD

Floor
Effect

Ceiling
Effect

SPINE HEALTH 13 0.79 56.88% 3.32 0 (0.0%) 0 (0.0%)

BRACE 7 0.77 68.21% 4 0 (0.0%) 1 (1.7%)

4. Discussion

This study presents a Polish adaptation of the ISYQOL, a new measure of HRQoL in
adolescents with spinal deformities.
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4.1. Statistical Relevance

Cronbach’s alpha is considered a proper method for estimating multi-item scales’
reliability, estimating internal consistency expressing the number of items and their average
correlation [3]. Cronbach’s alpha should be greater than 0.70 to prove good reliability [13].
The ISYQOL-PL had a good value of Cronbach’s alpha coefficient (0.8), exceeding the
minimum recommended value of 0.70 and indicating satisfactory internal consistency as a
factor of satisfactory reliability of the ISYQOL-PL. The Cronbach’s alpha score achieved
by authors of the original version, Caronni et al. [7], was 0.83. The English version of the
ISYQOL questionnaire had the value of Cronbach’s alpha of 0.79 to 0.84 [9], indicating
good internal consistency [1]. The Spanish version of the ISYQOL showed an acceptable
internal consistency (0.77 Cronbach’s alpha) [10] and is considered a reliable and valid
tool to measure HRQoL admitted to Spanish-language-speaking adolescents with spinal
deformity during conservative treatment (with or without a brace). There was neither
floor nor ceiling effect for the ISYQOL-PL overall score. Sánchez-Raya et al. [10] reported
similar results.

4.2. Clinical Relevance

The conservative treatment of adolescents with spinal deformities without or with a
brace can significantly impact patients’ subjective perception and social well-being and
negatively affect their HRQoL [1]. Moreover, Wang et al. [15], in a recent review analyzing
the impact of bracing on AIS patient’s quality of life, indicated that self-image, mental
health and vitality are the three most frequently reported affected domains.

The treatment’s effectiveness has been demonstrated to depend on the patients’ treat-
ment compliance [16–18] and the quality of brace usage [18]. Additionally, the brace’s
impact on the self and body image is reported as a contributing factor for stress. The
stress level determines compliance and can be assessed using the BSSQ questionnaire
(BSSQ—Deformity, BSSQ—Brace). Kotwicki et al. [19] noticed that the BSSQ is a helpful
method for determining the level of stress during conservative treatment for AIS patients.
Lin et al. [20] found that female adolescents with idiopathic scoliosis who had undergone
bracing were more vulnerable to depressive psychological status.

However, the international scientific Society on Scoliosis Orthopaedic and Rehabilita-
tion Treatment (SOSORT) recommends the overall evaluation of adolescents with spinal
deformities using HRQoL questionnaires [21]. The ISYQOL questionnaire, developed with
Rasch analysis, fully complies with a fundamental measure (additivity, generalizability,
and unidimensionality) [8]. The ISYQOL items were developed based on the concerns
expressed by the patient and the clinician’s input. Moreover, Caronni et al. showed high
validity using HRQoL in adolescents with spinal deformities and better known-groups
validity than the very often used SRS22 questionnaire [8]. Next of the ISYQOL question-
naire’s strengths is the possibility to compare the measurement of the HRQoL in patients
with AIS and SJK and patients wearing or not wearing a brace [7].

Our results indicate that an ISYQOL-PL questionnaire is a reliable tool for evaluating
the HRQoL of adolescent patients with spinal deformities.

As a limitation, the ISYQOL-PL presented a lower sample than the Italian sample (402
Italian patients versus 58 Polish). Additionally, our group consisted of six boys and two
patients with SJK, so it was impossible to analyze the per-gender and per-spinal deformities
differences. Investigating this specific aspect at the larger sample size is under our ongoing
study. Finally, in the future, the Polish version of the ISYQOL questionnaire could be tested in
patients who had surgical treatment and adult patients, as recommended by Caronni et al. [8].

5. Conclusions

The ISYQOL-PL is a brief and practical tool for quantifying HRQoL in adolescents
with a spine deformity. Filling in the questionnaire takes less than 10 minutes to be
completed. The ISYQOL-PL questionnaire is reliable and can be used in adolescents with
spinal deformities.
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Abstract: Brace treatment is the most common noninvasive treatment in adolescent idiopathic scolio-
sis (AIS); however it is currently not fully known whether there is a difference in effectiveness between
brace types/concepts. All studies on brace treatment for AIS were searched for in PubMed and
EMBASE up to January 2021. Articles that did not report on maturity of the study population were
excluded. Critical appraisal was performed using the Methodological Index for Non-Randomized
Studies tool (MINORS). Brace concepts were distinguished in prescribed wearing time and rigidity
of the brace: full-time, part-time, and night-time, rigid braces and soft braces. In the meta-analysis,
success was defined as ≤5◦ curve progression during follow-up. Of the 33 selected studies, 11 papers
showed high risk of bias. The rigid full-time brace had on average a success rate of 73.2% (95%
CI 61–86%), night-time of 78.7% (72–85%), soft braces of 62.4% (55–70%), observation only of 50%
(44–56%). There was insufficient evidence on part-time wear for the meta-analysis. The majority
of brace studies have significant risk of bias. No significant difference in outcome between the
night-time or full-time concepts could be identified. Soft braces have a lower success rate compared
to rigid braces. Bracing for scoliosis in Risser 0–2 and 0–3 stage of maturation appeared most effective.

Keywords: systematic review; meta-analysis; adolescent idiopathic scoliosis; brace therapy; brace
concepts; rigid brace; night time brace

1. Introduction

Idiopathic scoliosis is a deviation from normal growth of the spine and trunk, with
a prevalence of 2–4% in the general population [1]. Its management depends on the
magnitude of the spinal curvature. Observation is indicated for mild curves and brace
treatment is normally recommended in curves between 20◦ and 45◦ [2,3]. The application
of many different brace concepts (distinguished in prescribed wearing time and rigidity
of the brace: full-time, part-time, and night-time, rigid braces and soft braces) have been
described in the literature. They all apply different degrees of external corrective forces
to the trunk to correct the complex 3-D spinal deformity. Full time braces usually aim at
in-brace correction of the curve to at least 50% of the original magnitude; nighttime braces
are a bit more ambitious and aim to correct about 70% or an even higher percentage of the
curve while the brace is worn [4,5].

The “Bracing in Adolescent Idiopathic Scoliosis Trial” (BRAIST) has provided high-
quality evidence for the application of full-time rigid brace treatment in AIS patients with
curves 20–40◦ before skeletal maturity [6]. For other concepts of bracing, most studies
are retrospective and not controlled [7]. Despite the efforts of societies like SRS and
SOSORT, high-quality evidence for the effectiveness of other concepts of bracing is still
lacking. Furthermore, due to the development of multiple braces and non-standardized
criteria, it is difficult to compare the results. Nevertheless, many studies provide insight in
effectiveness [6,8,9].
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The aim of this systematic review and meta-analysis is to evaluate the literature on
the effectiveness of different concepts of brace treatment, in terms of effect on spinal curve
magnitude. The questions are:

1. What is the most effective brace concept?
2. What is the most effective brace type (Boston brace, Providence brace, etc.)?
3. What is the effect of skeletal maturity on the effectiveness of different concepts of

brace treatment?

Even though Randomized Control Trials (RCTs) are considered to be more reliable
than observational studies when evaluating treatment effectiveness, RCTs are extremely
demanding for these types of questions and often fail [10]. Meta-epidemiological research
has shown that for non-pharmaceutical purposes, alternative study designs are not consis-
tently more biased and should not be discarded. Therefore, we also included observational
studies [11–14]. To allow assessment of this wide array of studies, tools are available to
appraise study quality for non-comparative studies [15].

Lastly, many definitions of success rate such as ≤5◦, ≤10◦, or avoidance of surgery
are used in scoliosis brace studies. As this heterogeneity would have affected the outcome
of this review, the authors agreed to use, at least for the meta-analysis, the most used
definition: ≤5◦ of curve progression as successful treatment.

2. Materials and Methods

2.1. Protocol

This systematic review was performed according to the PRISMA statement and is
registered at PROSPERO with the ID CRD42020157636 [16].

2.2. Search Methods and Study Selections

A systematic search was undertaken to identify all studies reporting on bracing in
AIS in PubMed and EMBASE till January 2021 (see Table 1). Inclusion criteria were shown
in Table 2.

All studies that reported on spinal deformities other than AIS or with mixed-age
population that did not report the outcomes for AIS separately were excluded. Since
skeletal maturity is considered a significant parameter, if not stated, the studies were
excluded from further analyses. Reviews, cross-sectional studies, and case series with less
than 10 patients were also excluded (see Table 2). Title/abstract and full-text screening was
done by two independent investigators. To ensure literature saturation, reference lists of
included studies or relevant reviews identified through the search were reviewed.

Table 1. Strategy of the search in PubMed and Embase. There was no language restriction. Duplicates were removed in
Rayyan [17].

PubMed

(((scoliosis [MeSH Terms] OR scolio * [Title/Abstract] OR spinal curvature [Title/Abstract] OR AIS
[Title/Abstract]))) AND ((((brace [MeSH Terms] OR brace [Title/Abstract] OR bracing [Title/Abstract]))) AND

((time [Title/Abstract] OR parttime [Title/Abstract] OR nighttime [Title/Abstract] OR compliance [MeSH
Terms] OR compliance [Title/Abstract] OR compliant [Title/Abstract] OR effect [Title/Abstract] OR treatment *

[Title/Abstract] OR result [Title/Abstract] OR results [Title/Abstract] OR therap [Title/Abstract] OR mental
disorder [Title/Abstract] OR hypersensitive [Title/Abstract] OR peer problem [Title/Abstract] OR depress

[Title/Abstract]) OR psychologic [Title/Abstract] OR quality of life [Title/Abstract] OR quality of life [MeSH]
OR life quality [Title/Abstract])))).

Medscape

(‘scoliosis’: exp OR ‘scolio *’: ti, ab, kw OR ‘spinal curvature *’: ti, ab, kw OR ‘AIS’: ti, ab, kw) AND (‘brace’: exp
OR ‘brace *’: ti, ab, kw OR ‘braci *’: ti, ab, kw) AND (‘time’: ti, ab, kw OR ‘parttime’: ti, ab, kw OR ‘nighttime’: ti,
ab, kw OR ‘compliance’: exp OR ‘compliance’: ti, ab, kw OR ‘compliant’: ti, ab, kw OR ‘effect *’: ti, ab, kw OR

‘treatment *’: ti, ab, kw OR ‘result’: ti, ab, kw OR ‘results’: ti, ab, kw OR ‘therap *’: ti, ab, kw OR ‘mental disorder
*’: ti, ab, kw OR ‘hypersensitiv *’: ti, ab, kw OR ‘peer problem *’: ti, ab, kw OR ‘depress *’: ti, ab, kw OR

‘psychologic *’: ti, ab, kw OR ‘quality of life’: ti, ab, kw OR ‘quality of life’: exp OR ‘life quality’: ti, ab, kw)
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Table 2. Details regarding inclusion criteria.

1 Design Longitudinal studies with at least one-year follow-up from
brace initiation

2 Population Patients with adolescent idiopathic scoliosis

3 Intervention Specification of the concept(s) of brace (prescribed wearing
time(s) and brace type(s)) used

4 Outcome A definition of success rate (all definitions of success rate
were accepted in the qualitative synthesis in this review)

2.3. Appraisal

Two authors independently assessed the quality and risk of bias of each included
study using the validated Methodological Index for Non-Randomized Studies (MINORs)
(see Table 3) [15]. For any disagreement, consensus was reached by discussion.

Table 3. The MINOR tool [15]. Items 1–8 are for both comparative and non-comparative studies.
Items 9–12 are only for comparative studies. The items are scored 0 (not reported), 1 (reported but
inadequate), or 2 (reported and adequate), the global ideal score being 16 for non-comparative studies
and 24 for comparative studies. For comparative studies: <12 high risk of bias, 12–16 medium risk of
bias, >16 low risk of bias. For non-comparative studies: <7 high risk of bias, 7–11 medium risk of
bias, >11 low risk of bias.

1 A clearly stated aim The question address should be precise and relevant.

2 Inclusions of
consecutive patients

All patients potentially fit for inclusion had been included in
the study.

3 Prospective collection data Data were collected according to a protocol established before the
beginning of the study.

4 Endpoints appropriate to the
aim of the study

Unambiguous explanation of the criteria used to evaluate the
main outcome.

5 Unbiased assessment of the
study endpoint

Blind evaluation of objective end-points and double
blind-evaluation of subjective endpoints. Other explanation of

the reasons for not blinding.

6 Follow-up period appropriate
to the aim of the study

The follow-up should be should be sufficiently long to allow the
assessment of the main end-points.

7 Loss to follow-up less than 5%
All patients should be included in the follow-up. Otherwise, the
proportion lost should not exceed the proportion experiencing

the major end-points.

8 Prospective calculation of the
study size

Information of the size of detectable difference of interest with a
calculation of 95% confidence interval.

9 An adequate control group
Having a gold standard diagnostic test or therapeutic

intervention recognized as the optimal intervention according to
the available published data.

10 Contemporary groups Control and studied group should be managed during the same
time period.

11 Baseline equivalence of groups The groups should be similar regarding criteria and studied
end-point.

12 Adequate statistical analysis Whether the statistics were in accordance with the type of study
with calculation of confidence interval or relative risk.

2.4. Synthesis

Brace concepts and brace types, prescribed wearing time, actual wearing time (if
reported), rigidity of the brace, maturity parameters, age, sex, curve magnitude, and
outcomes (effect on curve magnitude and prevention of the need of surgery) were sys-
tematically collected and compared between the different brace concepts/types. Since
heterogeneity in quality, methodology, and outcomes of the different studies was ex-
pected, a best-evidence-synthesis was performed in the form of a systematic qualitative
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synthesis [18]. The qualitative synthesis describes the outcomes of non-comparative and
comparative studies on the different brace concepts/types. Because the majority of the
studies report on success rates defined as ≤5◦ progression during study follow-up, success
rates are reported according to this definition (otherwise indicated in the text). Follow-up
is intended after at least 1 year of follow-up and/or after termination of brace treatment.

The meta-analysis was performed on the outcomes of studies with low risk-of-bias that
reported on the effectiveness of different brace concepts or braces as defined as ≤5◦ coronal
curve angle progression during study follow-up. In addition, the same was made with
≤50◦ of Cobb angle progression. OpenMeta Analyst was used to execute the analysis [19].
Mean success rate and 95% confidence intervals (95% CI) were calculated and compared
between the concepts. Only the BRAIST study included data on untreated patients. Due
to lack of other studies with control groups, two studies not included in this review on
the natural history of AIS were used for calculation of the success rate of observation only
(n = 267) [20,21].

The effect of skeletal maturity on the success of the brace treatment was analyzed
using the same criteria as the meta-analysis. Outcomes were compared between studies
with different skeletal maturity at inclusion: Risser sign 0–1, 0–2, 0–3, and 0–4.

3. Results

3.1. Search

The search yielded a total of 2609 papers. The PRISMA flowchart and reason for
exclusion are shown in Figure 1. After title/abstract screening, 224 articles were selected
for full-text reading. Reference tracking yielded no additional articles. After exclusions, a
total of 33 articles were included in this study.

 

Figure 1. Flowchart of literature search.
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3.2. Study Characteristic

In total, seven types of rigid, full-time braces; two types of rigid, part-time braces;
two types of rigid, night-time braces; and one soft, full-time brace were described in the
33 studies (see Table 4).

Table 4. Overview of the different braces included in this systematic review.

Brace Type Rigidity Prescribed Wearing Time

Boston [22–24] Rigid brace Full-time/part-time
Cheneau brace [25–28] Rigid brace Full-time/part-time

PASB (Progressive Action Short Brace) [29] Rigid brace Full-time
Lyon brace [30] Rigid brace Full-time

Gensingen Brace [31] Rigid brace Full-time
OMC (Osaka Medical College) brace [32] Rigid brace Full-time

Pressure-adjustable orthosis [33] Rigid brace Full-time
Charleston brace [34,35] Rigid brace Night-time

Providence brace [5,36–39] Rigid brace Night-time
SpineCor [40,41] Soft brace Full-time

The study population varied between 23 and 843 patients per study. To one of the RCTs,
patient preference cohorts were added during the inclusion period [6]. Seven studies (21%)
recruited patients in Asia, seven (21%) in North-America and nineteen (58%) in Europe. All
studies reported on prescribed wearing time and three studies reported on actual wearing
time as assessed by a thermomonitor or by the orthoptist [6,42,43]. Concerning the Cobb
angle, the inclusion criteria of the non-comparative studies were:

1. Rigid full-time braces (15 studies): 30% 20–40◦, 30% 25–40◦, 8% 25–45◦, 8% ≥ 40◦,
8% > 25◦, 8% 0–45◦.

2. Night-time braces (8 studies): 63% 25–40◦, 13% 20–45◦, 13% 25–49◦, 13% < 25◦.
3. Soft full-time braces (2 studies): 50% 25–40◦, 50% 15–40◦.

For the comparative studies (8 studies): 50% 25–40◦, 26% > 25◦, 13% 20–30◦, 13%
15–30◦ for soft braces and >30◦ for rigid full-time braces.

At the inclusion, most of the studies reported a magnitude between 25–40◦ for the
Cobb angle. Two papers presented a mean Cobb angle above 40◦ and one paper below 20◦.

In total, 69% of the studies included thoracic, thoracolumbar, and lumbar curves; 25%
included thoracolumbar curves; and 6% double major curves.

The radiographic skeletal maturity at initiation of the treatment was reported in all
papers. Of the studies, 32 used the Risser sign and one study only used menarche as a
proxy for maturity [39]. Of those, 3% used the Risser sign between 0–1 (as subgroup),
70% between 0–2, 18% between 0–3, 3% between 0–4, 3% used Risser 0–1 and Tanner
between 2–3, and 3% used Risser 0–2 and menarche period as well (pre-menarche or 1 year
post-menarche) (see Tables 5 and 6).

3.3. Study Quality

The critical appraisal results are shown in Tables 5 and 6. The mean quality score of
the 3 RCTs was 14.5 (out of 24); of the 8 comparative cohort studies 10.7 (out of 24); and
of the 24 non-comparative cohort studies, 8.1 (out of 16). Twelve studies had low quality
and high risk-of-bias and six did not report on success defined as ≤5◦ progression. A
total of sixteen papers were included in the meta-analysis. There was insufficient evidence
available to include the part-time, rigid brace concept in the meta-analysis. Quality of the
two studies added for the control group was 7/16 and 15/24 [20,21].
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3.4. Qualitative Analysis

• Full-time, rigid braces

Thirteen studies described the outcomes of six full-time, rigid braces. Six brace types
were individually studied (see Table 4).

Weinstein et al. (n = 242) included rigid full-time TLSOs (thoraco-lumbo-sacral ortho-
sis) in a study that was designed as RCT to which patient preference cohorts were added
(68% was treated with Boston brace) [6]. This was one of the few studies that defined
success as progression to no more than 50◦ Cobb angle and no surgical treatment. Brace
treatment was successful in 72% of cases versus 42% in the observation only group [6].

The effectiveness of the Boston brace was investigated in three studies [22–24]. The
success rate was 51–83% in a total of 169 patients [22,24]. Yrjönen et al. found that 63% of
boys had a successful treatment compared to 78% of the girls [23]. The Chêneau brace was
investigated in four studies: Pasquini et al. (low quality study) reported a success rate of
81%, Fang et al. of 81% (defined as no curve progression to >50◦) and Pham et al. of 86%
(defined as curve progression ≤10◦) [25–27]. Pham et al. indicated that the Chêneau brace
was most effective in the lumbar curves [27]. Zabrowska-Sapeta et al. (n = 79), studied
the Cheneau brace in combination with physiotherapy. Treatment was successful in 48%
of cases [28]. Maruyama et al. (n = 33) investigated the Rigo-Chêneau brace. Success was
observed in 76% of the patients [44]. The progressive action short brace(PASB) was studied
by Aulisa et al. in 69 and 163 patients. In this study with low quality (6/16), the reported
success rate was between 65.6 and 100% [29,45]. Similarly, the Lyon brace was studied by
Aulisa et al. in 69 patients and the reported success rate was 99% [30]. The Gensingen brace
was studied by Weiss et al. (n = 25). The percentage of successful treatment was 92% [31].

The Osaka Medical College Brace was studied by Kuroki et al. (n = 31). Treatment
was successful in 68% of the patients [32].

Pressure-adjustable orthosis was developed by Yangmin Lin et al. in 2020 (n = 24).
The reported treatment success was 100% after 1 year of treatment [33].

• Part-time, rigid braces

There were no non-comparative studies.

• Night-time, rigid braces

Eight studies focused on rigid, night-time braces with a total of 762 patients treated
with the Charleston or Providence brace. Lauteur et al. (n = 142) studied the night-time
brace concept. The treatment was successful in 83% of cases [46].

The Charleston brace was studied by Lee et al. (n = 95) and Price et al. (n = 139)
with a success rate of 83% and 84% [34,35]. Price et al. noticed that patients with double
curves treated with Charleston brace should be observed closely for the risk of increase in
compensatory curves [34].

The Providence brace was studied in four non-comparative studies with low to mod-
erate quality (total n = 56 + 63 + 102 + 34 + 80) [5,36–39]. Success rates were between 52%
and 89% [36,39].

• Full-time soft braces

Two studies by Coillard et al. reported on one type of full-time soft braces (SpineCor),
one RCT (n = 68) compared to controls (study quality = 16/24) and one non-comparative
cohort (n = 101).

With 5 years follow-up or follow-up to more than 2 years after discontinuation, the
brace treatment was successful in 59–73% of the patients [40,41].

• Comparative studies

Minsk et al. (n = 108) compared the Rigo-Chêneau brace and a thoraco-lumbo-sacral
orthosis (TLSO). Success rate was defined as curve ≤5◦ and failure defined as need of
surgery [47]. No patients with the Rigo-Chêneau needed surgery compared to 34% of
patients with the TLSO brace that needed surgical intervention [47].
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Two studies compared full-time with part-time braces (part-time was considered:
≤16 h—Hanks et al., as prescribed wearing time—or 7–12 h—Katz et al., as actual wearing
time) [42,43]. Wilmington Jacket (Hanks et al. n = 100, success rate defined as curve
progression ≤10◦) and Boston brace (Katz et al. n = 100) were identified. The Wilmington
Jacket full-time group had a success of 80%, while the part-time group had a successful
treatment in 84% of the cases [42]. Boston full-time bracing wear had a success of 82% and
the part-time worn brace of 31% [43].

Three studies, Yrjönen et al. (n = 72), Janicki et al. (n = 83), and Ohrt-Nissen et al.
(n = 77), prospectively compared the Providence brace and the full-time TLSO [4,48,49].
Success rate was defined as curve progression ≤5◦ or residual curve < 45◦ [49]. Providence
brace was successful in 31%, when the full-time TLSO was in 15% [4,48].

Two studies, Weiss et al. (n = 22) and Guo et al. (RCT n = 38), focused on the SpineCor
brace vs TLSO [50,51]. Success was between 8 and 65% for the SpineCor and between 80%
and the 94.4% for the TLSO [50,51].

3.5. Meta-Analysis

Sixteen studies had medium or low risk-of-bias, with defined success as progression
≤ 5◦ and were included in the meta-analysis. The rigid full-time brace had a success of
73.2% (95% CI 60.9–85.5%), the night-time of 78.7% (95% CI 72.4–85%), and soft braces of
62.4% (95% CI 55.1–69.6%) (see Figure 2). The success rate of observation was only 50%
(95%, CI 44–56%) [20,21,41]. In addition, three studies over rigid full-time bracing with
medium or low risk-of-bias, when success is defined as progression ≤ 50◦, were separately
included in the analysis. The success was of 73.2% (95% CI, 67.2–79.2%). The bubble plot
shows no relation between the study quality and reported success rates (Figure 3).

Figure 2. Forest plot of the studies divided per type of concept. Control groups were selected based on type of scoliosis
(AIS). A success rate (≤5◦) and reviews or case reports (<10 pt.) were excluded. The red line represents successes in the case
control group (50%) [4,5,22,24,28,31,34,35,37,39–41,44–46,51].
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Figure 3. The bubble graph represents the proportion of the population with less than 5◦ Cobb angle progression
(Y axis) relative to the MINORS score (X axis) and sample size (diameter of the circle). Thirteen non-comparative
studies are represented in (a) and three comparative studies in (b). The grey color represents the rigid full-time con-
cept, the red color the night-time concept, the green one the soft concept, and the orange color represents the control
group [4,5,22,24,28,31,34,35,37,39–41,44–46,51].
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3.6. The Role of Skeletal Maturity

Fourteen studies were included for the assessment of efficacy in relation to the Risser
sign at initiation of brace therapy. Xu et al. divided their study group already based on
Risser stage at initiation, so these subgroups were used separately for each category. For
the category Risser 0–1, one paper could be used and the success rate was low, 42% (95%CI
not applicable because there was only one study). For patients included with Risser 0–2,
10 papers reported a success rate of 71% (68–74%). The 0–3 category yielded 3 papers with
a success rate of 75% (70–80%). The category that included all Risser stages at initiation of
therapy showed a little lower success rate of 60% (54–66%) (see Figure 4).

 

Figure 4. Mean success rate related to maturity. All studies used the Risser sign for assessment of skeletal maturity for
initiation of brace treatment and used ≤5◦ as definition of successful treatment.

4. Discussion

This systematic review and meta-analysis aimed to compare the effectiveness of differ-
ent concepts of bracing for treatment of AIS. Comparison of the effectiveness between the
different brace concepts revealed that rigid braces have better outcomes than soft braces and
that night-time braces have comparable effectiveness compared to full-time braces. Rigid
part-time bracing data were too limited to be included in the meta-analysis [4,42,48–51].
Most of the studies used as curve type thoracic, thoraco-lumbar, and lumbar curves with no
subgroups organization. Therefore, it was not possible to detect differences in brace efficacy
between different curve types. Nevertheless, most of the papers reported curves between
25–40◦ Cobb angle (no subgroups) as well as the Risser sign between 0–2 at initiation of the
study and differences between brace types could be analyzed as seen in the results section.

A clear distinction can be made between rigid braces with a constant shape that
force the body in a certain position and soft or dynamic orthoses that exert a constant
force [52,53]. Another distinction is the prescribed wearing time. Full-time is the most used
concept, where the patient should wear the brace 18 to 23 h per day. Part-time bracing is
normally prescribed for less than 16 h per day. Night-time bracing is a different concept
that aims to provide better correction because of the reduction of axial loading on the
supine spine. [4,39].

Thirty-four studies could be selected for the purpose of this systematic review. Impor-
tant reasons to exclude studies were: unclear or not stated range of coronal Cobb angle,
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etiology, assessment of maturity at inclusion, type of brace, follow-up time, time in brace,
and the success/failure rate. The vast majority of the studies had a moderate to high risk
of bias, as also shown by Negrini et al. in their review and SOSORT guidelines [8,18]. First,
due to the nature of the treatment it is not possible to conduct trials in which patients are
blinded. Second, it is difficult to perform RCTs in this kind of treatment because the risk of
selection bias [54–56]. In 2008, Bunge et al. tried to perform an RCT study, however with
no success since “it is harder to perform a RCT that abolishes or postpones a treatment
than a RCT that adds a new treatment” [57]. In 2013, the BRAIST study was published
(started as an RCT and ended as an RCT combined with patient preference cohorts). The
patient’s/parent’s preference had led to a substantial proportion of patients refusing ran-
domization and therefore decreasing the external validity. Nevertheless, the efficacy of
bracing is generally accepted now because of this trial [6]. In the present study, we in-
cluded 31 cohort studies and 3 RCTs. In general, estimates of treatment effectiveness are
predominantly affected by the quality measures of the study design. In RCTs, for example,
if randomization is not adequate, the effects of the treatment are overestimated [58,59].
Interestingly, methodological research has indicated that especially for non-pharmaceutical
treatments the validity of observational studies is not necessarily inferior [60,61].

In line with the aim of bracing, success means the avoidance of surgery, as was used
in the BRAIST study. However, since criteria for surgery vary between institutes and
countries that definition of success is difficult for comparison. The most often used proxy
for effectiveness in the available literature is the prevention of progression (≤5◦). Despite
its shortcomings, this outcome can be used for comparisons of different brace concepts and
brace types. Ideally, future brace studies should report on (1) the percentage of patients who
have ≤5◦ curve progression per year, at skeletal maturity and two years after ending brace,
and the percentage of patients who have >5◦ progression up to skeletal maturity, (2) the
percentage of patients with coronal curve angle exceeding 45◦ at skeletal maturity, (3) the
percentage who have had surgery recommended/undertaken and (4) skeletal maturity
parameters [62,63].

Skeletal maturity analysis show that the Risser grade, particularly stages 0–2, is still
the most used classification for skeletal maturity assessment. This should be considered as
the parameter for more homogeneous inclusion criteria in future studies. Moreover, our
results highlight the correlation between maturity and chance of curve progression.

Furthermore, it is interesting to notice that if rigid full-time braces with success defined
as no more than 5◦ progression is compared with the data of the same brace concept with
definition of success as no more than 50◦ of ultimate Cobb angle, the results are comparable.
This should need further analyses to understand its relevance since it is hard to objectively
compare them.

In our opinion, this systematic review and meta-analysis provides a valuable addition
to the existing literature.

To avoid heterogeneity of the data, future studies should also perform stratifications
of the subjects related to initial Cobb angle, type of curve, sex, and skeletal maturity.

5. Conclusions

Bracing is effective in AIS treatment. Rigid full-time braces, rigid night-time braces,
and full-time soft braces are more effective than observation only in terms of halting curve
progression. The reported effectiveness of night-time braces is comparable to full-time
rigid braces; soft braces perform less well. The Risser sign is still the most used parameter
for bone maturity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10102145/s1, The data presented in this study are available in “Supplementary ma-
terials The Effectiveness of Different Concepts of Bracing in Adolescent Idiopathic Scoliosis (AIS) A
Systematic Review and Meta-Analysis”.
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Comment on Costa et al. The Effectiveness of Different
Concepts of Bracing in Adolescent Idiopathic Scoliosis (AIS):
A Systematic Review and Meta-Analysis. J. Clin. Med. 2021,
10, 2145

Hans-Rudolf Weiss

Schroth Best Practice Academy, 55546 Neu-Bamberg, Germany; hr.weiss@koob-skoliose.com

I read the above-mentioned work with great interest, and I would like to thank the
authors for considering two papers from our working group. However, I wonder why our
paper containing the preliminary results of the treatment with the Gensingen Brace [1] was
taken into account within this systematic review but not the final results that were first
published online in 2020 [2]. The latter paper with the final results would have had a lower
risk of bias than the paper containing the preliminary results.

The authors seem committed to finding the most effective concept of bracing or even
the most effective brace model. In my opinion, however, they have chosen the wrong study
design for this because one cannot find this through averaging and can only find it through
an individual case analysis.

Surprisingly, in their systematic review regarding night-time brace treatment, the
authors came to completely different conclusions than the authors of another current
systematic review on the subject [3]. Ruffilli et al. [3] concluded that “the current available
literature does not permit us to draw conclusions about night-time braces. The low methodological
quality of the studies examined makes it impossible to compare the effectiveness of the night-time
braces with that of traditional TLSOs”.

In fact, the results of night-time bracing are very diverse. As early as 1997, there was a
meta-analysis that showed that part-time or night bracing was clearly inferior to full-time
brace treatment [4]. Further studies on this topic clearly show that wearing time and the
correction effect are the two main criteria for success [5,6]. The greater the corrective effect
of a brace and the longer the wearing time, the greater the success rate [5,6]. However, the
authors do not discuss these important parameters in their study.

The question is how the authors of this systematic review, compared to Ruffilli et al. [3],
came to such different conclusions:

One study on the Providence Brace included by the authors has an exceptionally high
success rate [7], while other studies on the Providence Brace tend to conclude with success
rates of between 50% and 60% [8]. One study cited by the authors has a success rate of over
70%, but this is a more mature and therefore prognostically more favorable cohort (Risser
0–3) [9].

A success rate of 89% in a night-time brace is very exceptional [7]. However, if one
reads the study carefully, one will find the following passage on the subject of inclusion
criteria: “We included all patients, diagnosed with AIS who fulfilled the following criteria, age
>10 years at time of diagnosis, less than 12 months post-menarche, Cobb 20◦–42◦, no prior scoliosis
treatment, initial in-brace curve correction >60% and follow-up including radiographs at least
12 months after brace termination. The patients were braced according to the SRS criteria”.

Accordingly, this study [7] is a selective study with favorable inclusion criteria. No
statement can be found in the paper on the outcome of the patients with a correction effect
of <60◦. Interestingly, this particular patient selection is addressed neither in the abstract
nor further elaborated in the discussion. In addition, the collective of Simony et al. [7] also
failed to meet the SRS inclusion criteria for brace studies. The Risser sign, as an essential
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part of the SRS inclusion criteria, was not recorded, and the cohort was also significantly
older than in comparable studies on the topic [1,2]. This was—among other things—already
discussed in a letter to the editor by Dr. Potts [10].

The problem was thus known, and yet, this work with a considerable selection bias [7]
was included by the authors in their systematic review with meta-analysis and was related
to other studies without correspondingly favorable patient selection. This systematic review
with meta-analysis by Costa et al., therefore, has a systematic selection bias and should not
have been published in the present form. This all too positive outlier with a success rate of
89% [7] has a significant influence on the results of this review. Without the inclusion of
the Simony paper [7], one would not come to the conclusion that the results of night-time
bracing are on a par with full-time bracing.

Finally, the authors did not indicate a conflict of interest (René M. Castelein, Stryker
Spine (a, d), found in the programs of the SRS Conferences 2020 and 2021, [11,12]).

The fact that publications contaminated by errors coexist with their healthy counter-
parts in different databases, and in the worst-case scenario, multiply in systematic reviews
and meta-analyses, is well recognized [13]. And this is just what has happened in the paper
addressed within this comment.

Conclusions

1. The goal of finding the most effective bracing concept or even the most effective brace
model was not achieved and was not further discussed in this work.

2. The unveiled findings cannot be reconciled with the study design of a systematic
review with meta-analysis. The study shows features of a narrative review with a
pronounced selection bias, which significantly influences the conclusions.

3. The fact that the described original work with a considerable selection bias [7] was
included by the authors in their so-called systematic review with meta-analysis despite
extensive discussion in the literature [9] raises doubts about a simple oversight as
the cause.
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We would like to thank you for the opportunity to reply to the comments in regard
of the letter by Dr. Weiss [1]. We acknowledge the author’s valuable contribution in this
field as reflected by the presence of some of his papers in both our systematic review and
meta-analysis.

Most of the criticism seems to stem from a disagreement with our conclusion that the
night-time brace concept may be comparable to full-time bracing. Several methodological
aspects of our search and selection are mentioned as potential bias in favor of night-time
braces. We strongly object to this suggestion. This study was done strictly according to the
PRISMA statement with a predetermined objective and quality assessment. A threshold
for all papers that were included in the meta-analysis was applied.

We do not agree with the argument that individual case analysis is the correct design
to compare brace models. The strength of a systematic review and meta-analysis on this
topic is that it can answer a question that cannot be posed by individual studies and can
improve the precision of the estimation of effect.

During title and abstract screening, both the title and conclusion suggested that this
study, “Is it possible to improve treatment safety in the corset care of scoliosis patients by applying
standardized CAD algorithms?” should not be included [2]. Nevertheless, reading the full
paper, it appears that the aim of the manuscript was to study the effectiveness (and not
the safety) of the Gensingen brace, so in that sense we regret that this paper was not
selected. Unfortunately, this kind of error is inherent to the methodology of title and
abstract screening, which was performed by two independent researchers [3]. Including a
paper post hoc would introduce a potential bias and, therefore, should not be done. Besides
the methodological inaccuracy, including the paper would lead to an overlap with the
population of another study by the same author, from 2017, that we included in both the
systematic review and meta-analysis [4].

Our study was compared with a systematic review by Ruffilli et al. which had a similar
aim and Rowe et al. that yielded different results [5,6]. However, Ruffilli et al. only selected
comparative studies which resulted in a different and much smaller patient sample. The
paper by Rowe et al. (1997), was performed more than 20 years ago in a period where much
less studies were present in the literature and the methodology had serious limitations
including no strict guidelines for inclusion criteria [6].

One of the aims of this work was to study the effect of skeletal maturity on the
effectiveness of brace treatment. Therefore, papers with a Risser grade higher than 2 were
also included. Indeed, for this analysis, we only included papers that documented the
Risser grade. In the other analyses of effectiveness of braces, all maturation parameters
such as menarche (but not only) were included. Furthermore, menarche is considered a
valuable tool that is often used as mentioned by Richards et al. in 2005 [7]. Moreover, it
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is important to notice that also studies on full-time braces with Risser 0–3 or 0–4 were
included in the systematic review and meta-analysis [8,9].

We are aware of the letter by Potts et al. in 2020 and their concern regarding the
Simony et al. paper [10,11]. They were concerned that the Risser stage was not assessed.
Nevertheless, Tanner scale, time of menarche in girls and continued height gain in boys
were used [12]. We took both letters into consideration [11,12].

We disagree with the claim that because timing is a key point for brace treatment, it is
not possible that the Simony paper has such a positive result [10]. Other studies on night
time bracing (which did include Risser sign as a parameter of maturity) showed similar
good results [13–15]. Therefore, Simony paper is not the first nor the only one. We agree
that this result is in the higher range [10]. However, with sufficient quality, the reported
outcome cannot be a reason to discard a paper.

The author expresses concern about the variability of the Providence results. We agree
that high variability generally weakens the reliability. However, this high variability is not
a prerogative of night-time brace concept, but more a general problem of brace studies as
was reported in the discussion sections by Ruffilli et al., our article and mentioned by the
author himself (specifically focusing on the Cheneau brace) [2,5].

According to the JCM Guidelines for authors, “authors must disclose all relationships or
interests that could inappropriately influence or bias their work”. The analysis was performed
according to the above-described and pre-established criteria. One of the authors has
received a research grant for studies into scoliosis etiology, but this is unrelated to the
current project. Furthermore, the senior author recently founded the Dutch Scoliosis Center.
In retrospect, it would have been better to mention this new disclosure, although it had no
influence on this particular study. As highlighted in the funding section, this study was
supported by funding from the EU’s H2020 research and innovation program under Marie
S. Curie cofound RESCUE grant agreement No 801540.

To conclude, we would like to thank the author for highlighting the findings of his
previous work and showing his concerns in matter of our systematic review. Nevertheless,
we believe that the study was conducted according to widely accepted pre-determined
criteria and shows a valid result. This conclusion should not be interpreted as an absolute
statement, but is meant to bring awareness in the limitations of the current literature and
possibilities of these devices. As we wrote in our discussion, further studies with higher
criteria and standards should be done in order to better understand the best treatment and
management for AIS patients.
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T.P.C.S., M.C.K. and R.M.C.; investigation, L.C.; writing—original draft preparation, L.C.; writing—
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Abstract: In scoliosis, most of the deformity is in the disc and occurs during the period of rapid
growth. The ring apophyses form the insertion of the disc into the vertebral body, they then ossify
and fuse to the vertebrae during that same crucial period. Although this must have important
implications for the mechanical properties of the spine, relatively little is known of how this process
takes place. This study describes the maturation pattern of the ring apophyses in the thoracic and
lumbar spine during normal growth. High-resolution CT scans of the spine for indications not related
to this study were included. Ossification and fusion of each ring apophysis from T1 to the sacrum
was classified on midsagittal and midcoronal images (4 points per ring) by two observers. The ring
apophysis maturation (RAM) was compared between different ages, sexes, and spinal levels. The
RAM strongly correlated with age (R = 0.892, p < 0.001). Maturation differed in different regions of
the spine and between sexes. High thoracic and low lumbar levels fused earlier in both groups, but,
around the peak of the growth spurt, in girls the mid-thoracic levels were less mature than in boys,
which may have implications for the development of scoliosis.

Keywords: ring apophysis; maturation; ossification; fusion; scoliosis

1. Introduction

The majority of pediatric spinal deformities develop during puberty when the body
weight and dimensions increase rapidly, as the skeleton matures into its adult form.

Recent studies have demonstrated the significant contribution of the intervertebral
discs to the deformation of the spine in scoliosis [1–3]. For undisturbed and harmonious
spinal development, rapidly increasing loads during the growth spurt require adequate
maturation of the spine’s stabilizers, of which the disc is an essential component [4]. Skeletal
maturity is traditionally assessed on X-rays of the iliac crest, the hand, and wrists, or other
growth cartilages remote from the spine. The most used classifications are the Risser grade
based on ossification and fusion of the iliac apophysis and the Sanders simplified skeletal
maturity scoring system, based on the maturation of the hand epiphyses [5,6]. Another
classification is the Proximal Humerus Ossification System (PHOS) [7]. This classification
is a five-stage system that uses the proximal humeral physis in assessing skeletal maturity.
These skeletal maturation scoring systems correlate with the Peak Height Velocity (PHV)
during pubertal growth and the curve acceleration phase in scoliosis, however, they do not
necessarily assess the maturation of different regions of the spine itself [6,8–10].

After the formation of the three primary ossification centers for each vertebra (one for
the body and two for the vertebral arch), the maturation of the spine continues with the
closure of the neurocentral synchondroses from age 4–8 [11]. The secondary ossification
centers are the ring apophyses and the tips of the transverse and spinous processes [12]. The
ring apophyses are not inside the epiphyseal plate and are not involved in the longitudinal
growth of the spine [13]. During growth, they encircle the inferior and superior surfaces
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of the vertebral bodies. The outermost fibers of the annulus fibrosus, the Sharpey’s fibers,
insert into the ring apophysis and thus anchor the intervertebral disc to the two adjacent
vertebrae (Figure 1) [14–18]. During skeletal maturation, these initially cartilaginous
insertions of the disc ossify and ultimately fuse to the vertebral bodies [19]. This process
has important implications for the mechanical stability of the disc-vertebral body complex
at a time when spinal loading increases rapidly, but very little is known about its different
phases during growth [20,21].

Figure 1. (a) A view of the ossified rings and the start of the fusion (red circles) to the vertebral body; (b) schematic
anatomical view of the IVD and the attachment of the Sharpey’s fibers to cartilage tissue. A: cartilaginous endplate.
B: Nucleus pulposus. C: Anulus fibrosus.

2. Materials and Methods

2.1. Study Population

After a waiver from the ethical review board (ERB) for formal review of this retrospec-
tive study, pre-existing high-resolution Computed Tomography (CT) scans of the thorax
and/or abdomen acquired from a tertiary pediatric hospital for indications not related to
this study (e.g., trauma screening, pulmonary disease, and gastro-enteric disorders) were
included from our local patient archiving and communications system (PACS). Inclusion
criteria were patients between 6 and 21 years of age and available high-resolution images
of the spine (slice thickness ≤ 1 mm and slice interval ≤ 1.5 mm). The ages of 6 and 21
were chosen based on previous studies by Woo et al. and Uys et al. [13,19]. Exclusion
criteria were the presence of spinal pathology, bone disorders (e.g., Scheuermann’s disease),
syndromes associated with growth disorders, growth hormone treatment, and insufficient
CT-scan quality including movement artifacts. According to all available information,
subjects represented healthy adolescents. A minimum of 10 subjects per age cohort was
included. Age, sex, Risser grade, and proximal humeral ossification system (PHOS) were
collected on the coronal survey scans.

2.2. CT-Scan Analysis

The included CT scans were analyzed independently by two trained observers, who
scored each vertebra separately blinded from each other. Multiplanar images of the exact
mid-sagittal and mid-coronal plane of each individual vertebra were reconstructed, using
the RadiAnt DICOM viewer© (RadiAnt, Poznan, Poland) (Figure 2).
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Figure 2. Mid-sagittal and mid-coronal reconstructions were used for each spinal level to describe
the presence of ossification and fusion in four areas of each ring.

The window level was set to the bone. Ossification and/or fusion of the anterior,
posterior, and lateral parts of each superior and inferior apophyseal ring was classified.
If needed, the two observers viewed adjacent slices to confirm that suspected ossified
structures were part of the ring apophysis, and discrepancies were resolved by consensus.

According to previous observations by Uys et al., and confirmed following a pilot
study performed, the ossification and fusion of each region of interest (ROI) of the ring
apophyses were scored as shown in Figure 3 [19]:

• Phase 0: Ring not detectable.
• Phase 1: Ring detectable.
• Phase 2: Fusion not completed.
• Phase 3: Fusion completed.

Figure 3. The four phases of maturation of the ring apophysis on mid-sagittal images. In phase 0 the rings are still in a
cartilaginous stage and are not detectable on CT scans. In phase 1 the rings are ossified and can be seen on CT scans but
have not yet started to fuse. In phase 2 the rings are starting to fuse with the bodies. In phase 3 the rings are completely
fused with the vertebral bodies.

Next, the overall ring apophysis maturation (RAM) of each ring was classified as:

• Stage 0: no ossification (phase 0) in all 4 ROI.
• Stage 1: Beginning of ossification (phase 1 in 1–3 ROI).
• Stage 2: Complete ossification (phase 1 in all 4 ROI).
• Stage 3: Incomplete fusion (phase 3 in 1–3 ROI).
• Stage 4: Complete fusion at all 4 points (phase 3 in all 4 ROI).
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Intraclass correlation coefficients (kappa value) were calculated for the assessment of
intra- and inter-observer reliability.

2.3. Statistical Analysis

Statistical analyses were performed using SPSS 25.0 for Windows (IBM, Armonk, NY,
USA). The median, range, and IQR of the RAM were calculated for each age and spinal
level for both sexes. The normality of distribution of the RAM within the study population
was analyzed via Q-Q plots. The correlation between the RAM and age was tested with
a non-parametric Spearman’s rank test as well as for different areas of the rings. In the
ring ossification stage (phase 1), the authors compared the sagittal plane (both anterior and
posterior) with the coronal plane, with a standard t-test. The same procedure was done for
fusion (phase 3). Different growth patterns between the lower thoracic and thoracolumbar
spine and the other spinal sections were calculated through a generalized linear model.
The correlation between the median RAM of the whole spine and the conventional skeletal
maturity scores (Risser and PHOS) was analyzed with a Spearman’s rank test. The p-value
was set at 0.05.

3. Results

3.1. Study Population

Out of 4775 available CT scans, 456 could be included in this study. Most exclusions
were due to insufficient image quality. Of the included subjects, 50% were females. The CT
scan images analyzed were 289 (63%) full-body, 82 (18%) thoracic, and 85 (19%) abdominal.
Descriptive statistics of patients and CT scans are shown in Table 1.

Table 1. Patient demographics.

Population

Age Males Females

6 15 17
7 18 16
8 13 13
9 13 11

10 11 12
11 16 16
12 17 20
13 17 15
14 14 19
15 14 17
16 16 12
17 14 13
18 12 14
19 14 13
20 12 11
21 11 10

Total (percentage) 227 (49.7%) 229 (50.3%)
Mean age 13.22 13.15

SD 4.52 4.44
Range 6–21 6–21

CT scans
Selected CT scans 456
Total-body n (%) 289 (63%)
Thoracic n (%) 82 (18%)

Abdominal n (%) 85 (19%)

3.2. Ring Apophysis Maturation

Maturation of the ring apophysis is a process that varies for each age at different levels
of the spine and differs between sexes. Furthermore, it does not strictly follow the same
patterns and timing of the most common physes used for skeletal maturity assessment
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such as iliac apophysis (Risser), hand epiphysis (Sanders), and proximal humeral physis
(PHOS).

Ossification occurred from age 9–15 in males and 7–15 in females, fusion from 14–19
and 13–19, respectively.

RAM correlated significantly with age (R = 0.892, Figure 4) and both ossification and
fusion occurred earlier in females (p = 0.002, Figure 4).

Figure 4. A 3-D histogram showing the percentiles of the different maturation stages of the apophy-
seal ring in females and males at different ages.

At age 21, 98% of the rings were completely fused (stage 4). Whereas ossification and
fusion occurred on average between 9 and 19 in males and 7 and 19 in females, important
differences were observed per spinal level, especially when related to the average age of
the PHV (13 years of age in females and 15 in males) as can be seen in Table 2 and Figure 5.
Most differences between the sexes could be detected in the thoracic levels. In females at
the age of 13, the median of RAM was stage 0 between T1 and T6 and stage 1 between T7
and T12. In 15-year old males, the median of maturation in spinal sections was stage 3 for
T1 and T2 and stage 1 between T3 and T12.

For both males and females, the ossification of the inferior ring was earlier than
the superior ring. In contrast, fusion occurred earlier in the superior ring. Furthermore,
maturation of one ring does not appear to occur in all areas at the same time: ossification
(phase 1) and fusion (phase 3) occurred half a year later (between 11 and 12 years, median
12) in the coronal than the sagittal plane (p = 0.031). Finally, the high thoracic and low
lumbar levels ossified later but fused earlier (while the growth spurt was ceasing in females
and was mid-way in males) than the thoracolumbar levels (after the growth spurt has
ceased in females and was ceasing in males).
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Table 2. The differences in mean maturation of the apophyseal ring in males (in blue) and females
(in red) for each spinal level.

M 0 1 2 3 4

F 0 1 2 3 4

AGE 10 11 12 13 14 15 16 17 18 AGE 10 11 12 13 14 15 16 17 18

T1 T1

T2 T2

T3 T3

T4 T4

T5 T5

T6 T6

T7 T7

T8 T8

T9 T9

T10 T10

T11 T11

T12 T12

L1 L1

L2 L2

L3 L3

L4 L4

L5 L5

S1 S1

 
Figure 5. Figure based on Di Meglio et al. (2011) in which Sanders, Risser, and RAM classifications
are correlated to growth velocity (and peak height velocity) in females and males [22].
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3.3. Correlation with Other Skeletal Maturity Parameters

Although ring maturation varies per level studied, the overall RAM presented a clear
correlation with the other two classifications. The Spearman’s test between the RAM and
Risser grade was 0.900 and between RAM and PHOS was 0.908.

4. Discussion

This study provides a CT-based analysis of the maturation of the disc’s fixation to the
vertebral body, the ring apophysis, related to age, sex, and spinal levels. Knowledge of the
maturation pattern of the ring apophysis is important in the management and etiologic
understanding of developmental spine problems since the disc is considered the primary
passive stabilizer of the spine [4,23,24]. Whether it is anchored to bone or cartilage during
a period in life when body weight and dimensions increase rapidly is supposed to make a
major difference for the mechanical properties of the system.

Unlike what all traditional maturation parameters that Risser, PHOS, and Sanders
suggest, spinal maturation differs per spinal level. Overall, ossification occurred from
age 9–15 years in males and 7–15 in females, fusion from 14–19 and 13–19. Between
12–15 in females and 13–16 years old in males, the ring apophysis undergoes a massive
change [25,26]. In girls, around their growth spurt, fewer vertebrae have started the
maturation process than in boys, who, in general, have a growth spurt around two years
later (Table 2) [22].

The anterior and posterior parts, compared to the lateral parts, ossified and fused
half a year earlier and the high thoracic and low lumbar levels fused earlier than the
mid-thoracic and thoracolumbar.

We observed an earlier fusion of the superior ring compared to the inferior ring as
was also observed in earlier radiography studies [16,19]. Moreover, the observations that
the inferior ring ossifies earlier than the superior one, that they have the same level of
maturation at the age of 15–16, and finally that the superior ring overcomes the inferior
one during the fusion stage is in line with the findings by Woo et al. [13].

Not all of the spinal areas mature at the same time. This study showed a later fusion
in the mid thoracic and thoracolumbar spine in both sexes, which is similar to the closure
pattern of the Neuro Central Junction [11]. Interestingly, the most common curve type in
Adolescent Idiopathic Scoliosis (AIS) patients is in the same region where the maturation
of the ring apophysis is slower [27].

As mentioned previously, understanding the maturation of the spine is of key impor-
tance for the management of disturbances of its harmonious development. Nowadays,
the most used technique to determine bone maturation is the Risser grade even though its
accuracy is debated since the Risser stages do not reflect the exact growth activity in the ver-
tebral endplates [6,9,10,28,29]. Even though other classifications such as Sanders are shown
to be more reliable, a specific, spine-based classification of spine maturation is lacking.
Furthermore, the spine continues to mature after Risser 4 and 5. Similar discrepancies have
already been demonstrated by James et al. in 1958 in which in most cases of the studied
x-rays, Risser 5 was not synchronous with the end of the ring maturation [18]. This delayed
maturation, as compared to most of the long bones, may be relevant to better understand
the response of the spine to the increased loads of the adolescent body during the growth
spurt. This topic is nicely displayed in the paper by Sanders et al. (2020) [30]. The authors
explained that the spine continues to grow longer than the lower extremities [30]. Di Meglio
et al. provided similar results in two of their studies, showing differences in yearly height
gain velocity between the trunk and the lower limbs [22,31]. Furthermore, as the pelvis
reflects the lower extremities more, it is clear that the Risser grade is not deeply connected
to the growth of the spine which continues after the lower limb’s growth has ceased [30].
Moreover, it is clear that Risser 1 occurs after the peak height velocity as shown previously
by Di Meglio et al. and in Figure 5 while ring apophysis maturation varies, depending on
spinal level, for each Risser stage [22].
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Finally, inter- and intra-observer reliability of RAM was highly positive, resulting
in a substantial agreement. Nevertheless, many differences between the RAM and other
classifications could be detected. This might be due to the necessity to form age groups of
the subjects.

This study gives an important insight into the maturation of the spine itself, showing
interesting differences between the sexes and different anatomical areas. The area of the
spine in which most common types of idiopathic scoliosis develop appears to mature later
than the rest of the spine. Sharpey’s fibers insert into the ring apophysis and thus anchor the
intervertebral disc to the two adjacent vertebrae [19]. As it is a weak point, this ossification
and fusion process might have important implications for the mechanical stability of
the disc–vertebral body complex of the mid-thoracic and thoraco-lumbar sections at a
time when spinal loading increases rapidly due to the growth spurt [20,21]. This may be
important for understanding the patho-mechanism of idiopathic scoliosis. Furthermore,
around the PHV females appear to have less matured rings if compared to males at the
PHV. As most adolescent spine deformities occur mainly in this period and females have a
less-matured spine, this could partly explain why the onset of these deformities is more
common in females.

This study used an existing CT database to analyze ossification and fusion of the
ring apophysis, obviously, this cannot be used in clinical practice because of radiation
hygiene [32]. We are presently working on the further development of bone-MRIs, a new
radiation-free technique, which uses MRI to create synthetic CT images based on deep-
learning processes [33,34]. Possibly, in the near future, it can also be applied to the scoliotic
spine, providing a true spine-based assessment of spinal maturation per level of the spine
in a patient group that often undergoes MRI scanning as a regular procedure.

5. Conclusions

This study describes the maturation of the ring apophysis as the attachment of the
disc to the vertebral body on CT images and shows that they ossify and fuse later in the
mid-thoracic and thoraco-lumbar spine. Furthermore, related to the timing of their growth
spurt, the female spine appears to be less mature than the male spine.
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Abstract: Background: The high incidence of idiopathic scoliosis worldwide as well as the serious
health problems it can cause in adulthood, make it necessary to seek effective treatments to prevent
the progression of the disease to more aggressive treatments such as surgery and improve patients’
quality of life. The use of night braces, besides a less severe influence on the patient’s quality of life,
is effective in stopping the progression of the curve in idiopathic scoliosis. Methods: A longitudinal
study was performed with an experimental population of 108 participants who attended orthotic
treatment at the University Hospital of Barcelona, with ages between 4 and 15 years old, with a main
curvature greater than 25 degrees and a Risser between 0 and 3. The participants received treatment
with Providence ISJ-3D night braces until their pubertal change (mean duration of 2.78 years for
males and 1.97 years for females). Results: The implementation of night-time orthotic treatment
in children with idiopathic scoliosis is effective in slowing the progression of the curve and in the
prevention of more aggressive treatments such as surgery, maintaining the patient’s quality of life.
Conclusions: The use of night braces is efficacious in the treatment of idiopathic scoliosis, although
new studies including more sociodemographic data as well as curves from 20 degrees of progression
are necessary.

Keywords: idiopathic scoliosis; nighttime orthotic treatment; surgery; quality of life

1. Introduction

Idiopathic scoliosis, with a worldwide incidence ranging from 0.47% to 5.2% [1], is
the most common type of scoliosis in children and adolescents during their growth phase,
without an apparent cause. It is defined as any deformity of the spine characterized by a
lateral deviation greater than 10 degrees (Cobb angle) [2] combined with a spinal rotation
and generally associated with a hypociphosis. Depending on the age of onset, it can be
classified as infantile up to two years old, juvenile, between three and nine years old, and
adolescent, from ten years old or higher [3–5].

Factors such as the patient’s chronological and bone age, Risser’s sign, and menarche
have been linked to the patient’s growth, and thus to the progression of scoliosis [6]. The
Risser sign determines the skeletal maturity of the child, providing an estimate of how
much skeletal growth remains, due to it classifies the progress of bone fusion of the iliac
process. Risser degrees range from 0 to 5 where: 0 means no ossification, degree 1 up
to 25% ossification, degree 2 between 26% and 50% ossification, degree 3 between 51%
and 75% ossification, degree 4 between 76% and 100% ossification and degree 5 is related
to the complete bone fusion of the process [6–9]. The severity of scoliosis is assessed
by the Cobb angle or degrees of spinal curvature [7], so that if this angle exceeds the
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“critical threshold” (30◦–50◦ at the end of the growth stage), there is a greater risk of health
problems, decreased quality of life, aesthetic deformity, disability, pain and functional
limitations in adulthood [6].

One of the most effective conservative techniques in the treatment of scoliosis is the use
of a brace, which improves the patient’s balance and stabilizes the curvature, preventing
its progression, especially in the higher risk phases: Risser’s sign of 0–1 or pre-menarchal
phase in the female, and Risser’s sign 3 in the male [10–13].

On the other hand, surgery is indicated in those cases in which the child or adolescent
presents a structured primary curve with a Cobb angle greater than 45◦, that is to say,
unacceptable curves in an adult due to the effect they could have of different physiological
functions [7,14].

With regard to orthopedic treatment, there are different types of braces depending
on aspects such as the material they are made of, the time of use or the body region they
cover. Regarding the time of use, a distinction is made between daytime braces (20–23 h)
and nighttime braces (8–10 h), which are similarly effective in the treatment of scoliosis,
the only difference being that nighttime braces have less impact on the quality of life and
less psychosocial impact, which in practice translates into greater adherence to and better
compliance with treatment [15–23].

The Providence brace is a night-time scoliosis correction system, designed and manu-
factured through a computer-assisted CAD-CAM system, which makes it easy to use and
increases patient comfort [16,24]. The ISJ 3D brace, designed through the Rodin computer
system, is an evolution of the Providence brace, which like that one, is based on the cor-
rection of deformities through compression forces at three or four points, improving the
result of the treatment by avoiding the appearance of secondary curves. The brace is made
through the CAD-CAM system starting from the lumbar point or 0 point, located between
the iliac crest and the twelfth rib, applying a lateral-rotational pressure on the patient’s
spine. This system allows obtaining a personalized module for each patient, with a precise
virtual correction for its subsequent manufacture [25].

The operation of this brace is based on the premise that scoliosis has a biomechanical
mode of deformity progression based on the Hueterr Volkamann principle, whereby greater
axial compression slows growth of the deformity and less axial compression accelerates
growth [26].

The double curve design of the night brace produces a controlled application of
opposite, direct, lateral and rotational forces on the trunk that leads to a push of the apexes
of the curves towards the midline or more. In addition to these pressure points, it also
has empty or hollow areas that allow to mantained the shell in continuity. The carbon
fiber reinforced braces included in this type of corset offer greater patient comfort because
the empty areas space is reduced. On the other hand, this three-point system also helps
to control double curves allowing the treatment of curves with apex at the height of T6
without the need for a neck extension [27].

Depending on the location of the curve, derotation occurs differently. The lumbar pad
that the corset presents between the iliac crest and the twelfth rib performs the segmental
derotation of the curve at the lumbar level [27]. Derotation of the thoracic part is facilitated
by the position that the patient adopts in the supine or prone position on the bed, since his
own weight is transferred in the form of pressure to the costovertebral joints producing a
change in the curvature of the spine [28]. Derotation of this section of the device is achieved
thanks to the CAD/CAM model whereby at first the thoracic section is separated from the
lumbar section and then the thoracic portion is rotated a certain amount to realign with the
lumbar section [27].

Given that there is no effective method for the detection of scoliosis progression and
that the use of full time braces has been shown to have variable adherence as a consequence
of the psychosocial wear and tear they produce, the present study has been designed with
the objective of verifying the effectiveness of the ISJ 3D Night Brace, a Providence evolution,
in the treatment of idiopathic scoliosis as a method of preventing surgery.
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2. Materials and Methods

2.1. Design and Study Sample

A non-controlled clinical trial was designed with a single intervention group (n = 108),
whose study population was made up of all patients of both sexes, aged between 4 and
15 years, who during the development of the study attended the Orthopedic Surgery and
Traumatology Outpatient Service of the University Hospital (Barcelona, Spain), and who
met the following inclusion criteria: they had been diagnosed with idiopathic scoliosis,
had a main curvature greater than 25◦ (the upper limit of curvature included in the study
is 47 degrees (n = 1), and three other users had 44 degrees), with a Risser’s sign of 0 to
3, and had not previously received any surgical treatment. Cases of neuromuscular or
congenital scoliosis (they usually do not tolerate the use of the corset and require other
types of orthopedic measures), those presenting a Risser’s sign of 4–5 or those who had
already completed the bone growth stage were excluded.

2.2. Procedure

All of volunteers were invited to participate in the study, having to sign the informed
consent if they accepted, thus respecting the confidentiality and anonymity of each partici-
pant, in accordance with the Organic Law 15/1999 on the protection of personal data, being
assigned to each of them an ethical identification code of the San Joan de Deu Foundation.

After the general physical analysis, the spine was examined and the characteristics of
the deformity were recorded, using a plummet to measure the imbalance of the trunk in
relation to the pelvis [29].

A radiographic evaluation (one at the beginning, one with the corset in place, and
then every 6 months, up to one year after the removal of the corset) was carried out using
the Cobb method [30]. According to the International Scientific Society for Orthopedic
and Rehabilitation Treatment of Scoliosis (SOSORT) a curve progression of less than 5◦
is considered a successful treatment [31]. Based on the topography elaborated by means
of the structured light technique, the Posterior Trunk Symmetry Index (POTSI) and the
Deformity in the Horizontal Plane Index (DHOPI) were determined [32].

After the initial assessment, CAD-CAM measurements were taken using the latest
generation of digital scanners.

The evaluation was carried out at three timepoints: a first evaluation before starting
the treatment, a second evaluation at the end of the treatment and a final evaluation one
year after its completion. This evaluation consisted of the measurement according to the
Cobb method of the different types of curves (PT, MT, TL/L), identification of the apex of
each main curve, classification of the different curves according to Lenke, as well as the
measurement of the Risser degree. In addition, at the end of the treatment, the CAVIDRA
quality of life scale was administered to people with spinal deformity, in order to check
how the use of the corset has influenced the patients’ quality of life.

2.3. Outcome Measures

Through the results obtained from primary curvature as the main variable of the study,
the participants who would require surgery were determined. The magnitude of this curve
was established by Cobb angle measurements carried out by a group of specialists who
followed a previously established protocol.

The magnitude of the curve was determined by measuring the Cobb angle, derived
from an X-ray of the standing spine. The Cobb angle is the angle formed by a line drawn
perpendicular to the top of the upper vertebrae of the scoliotic curve and a similar perpen-
dicular line drawn along the bottom of the lower vertebrae [33]. The result obtained is a
numerical value that allows both the comparison of the magnitude of each curve, and the
comparison between each of them. A curve progression of 6 or more degrees would be
considered treatment failure [31,34].

To carry out the evaluation, on the one hand, Lenke’s classification was determined
considering the pattern of the curve, specifying the limits and name of the scoliosis accord-
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ing to the segment involved, six curve types are distinguished in this system based on
whether the Proximal Thoracic (PT), Main Thoracic (MT), and Thoracolumbar/Lumbar
(TL/L) regions are major, minor structural, or nonstructural including: Type 1, MT; Type
2, Double Thoracic (DT); Type 3, Double Major (DM); Type 4, Triple Major (TM); Type 5,
TL/L; Type 6, TL/L-MT.; On the other hand, taking into account the convexity of the main
curve, it was possible to distinguish whether the curve was right or left, and finally, the
degree of bone growth (Risser) was established [35].

2.4. Statistical Analysis

The total sample consisted of 108 patients (94 females and 14 males). The mean age
of the participants at the beginning of the treatment was 10.14 for the boys (DS ± 2.77),
and 11.17 for the girls (DS ± 2.28), 72.22% of the total were between 10 and 13 years
old. To verify the relationship between the different variables analyzed, the data was
analyzed using the Pearson Correlation. The means obtained at the different time points
were compared through the Wilcoxon and Manova test. Statistical analysis was carried out
with the IBM SPSS Statistics, Version 25.0 (IBM Corp, Armonk, NY, USA) using a value of
0.05 as the limit of statistical significance.

3. Results

First, data were obtained from a total of 326 cases, but after a purging process, those
whose questionnaires were incomplete, that is, they lacked data in some of the evaluations,
were discarded in order to obtain as faithful and clean a sample as possible.

A total of 108 participants received treatment with the ISJ-3D Night Brace, which
they had to wear between 8 and 10 h a night (M = 9.25 h; SD ± 2.18) every day until
reaching Risser 4 in the girls and Risser 5 in the boys, which would establish the end of the
treatment. The average age at treatment completion was 13.73 years for boys (SD ± 1.19)
and 13.74 years for girls (SD ± 1.21) except for one patient who completed treatment at
11 years because she underwent the change prematurely at age 9. The data at the beginning
of the treatment were: mean height 144.96 (SD ±12.99), mean weight 41.69 (SD ±7.83),
mean BMI 19.62 (SD ±1.45). The Cobb angle of the main curve was M = 2932 SD ± 539 at
pretest, and M = 3200, SD = 1307 at the end of treatment. The duration of treatment with
the brace has been 2.78 years for boys (SD ± 1.85) and 1.97 years for girls (SD ± 1.19). The
follow-up time was one year after the end of the treatment. The adherence of the brace was
mesured by an Orthotimer, an electronic wearing time system that thoroughly documents
the wearing time of the device. Each brace has a built-in a small sensor with a unique
individual ID number and can be automatically connected to the patients registered in
the database. This sensor is controlled with a wireless reading device which is connected
with the computer via a USB plug and the saved wearing time dates are transferred to
the software. The wear time is presented in various charts. A total wear time overview or
an individually selected range extracted from the entire monitoring period of time can be
observed [18,24,36].

The descriptive statistics for topographic and radiographic variables of initial assess-
ment 1 and final assessment 2 are summarized in Table 1.

The values obtained in the different types of curves (PT, MT, TL/L) before and after
treatment with the night brace are summarized in Table 2.

When the pre-test values were compared with the post-test values of the degrees of the
different types of curves at the beginning and end of the treatment, statistically significant
differences were observed in the PT (Z = 3.42; p = 0.001), MT (Z = 3.47; p = 0.001) and
TL/L (Z = 2.26; p = 0.024) curves, in such a way that the degrees of all the curves have
increased, although in no case reaching 6 degrees. When checking the percentage of users
who improved, meaning that the degrees at the end of the treatment are lower than at
the beginning of the treatment, the proximal dorsal curves are the ones that improved the
most with this orthopedic treatment, obtaining an improvement in 40% of the cases (43
of 108 patients). The MT curves were the ones that improved the least after the treatment,
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with a greater improvement observed in 29% of the cases (31 of 108 patients). With
respect to the lumbar curves after finishing the treatment, 33% (38 of 108 patients) of the
participants improved.

Table 1. Descriptive statistics (initial assessment 1-final assessment 2) for topographic and radio-
graphic variables.

Evaluation M SD

ATR thoracic hump
1 5.22 3.51

2 5.67 4.22

ATR lumbar hump
1 4.65 2.57

2 5.01 3.55

Main cobb
1 29.32 5.39

2 32.00 13.07

Vertebral rotation
1 8.53 5.22

2 8.90 5.36

Thoracic kyphosis angle
1 27.48 7.31

2 27.66 7.66

Lumbar lordosis angle
1 45.21 7.75

2 46.89 8.61

DIHP
1 6.22 1.33

2 6.86 1.61

PTSI
1 20.01 8.63

2 20.91 8.88

CP
1 40.33 8.05

2 41.05 8.17
ART = angle of rotation of the trunk; Cobb princ. = Cobb angle of the main curve of scoliosis; Rot. apex = angle of
rotation of the apical vertebra of the main curve of scoliosis. DIHP = deformity index in the horizontal plane;
CP = columnar profile; PTSI = posterior trunk symmetry index.

Table 2. Values and comparison of the degrees of each type of curve, before and after performing
brace intervention (Mean = 2.07 years, SD = 1.3).

Pre-Intervention Post-Intervention
Student’s T p-Value

M SD M SD

(PT) 12.12 8.13 15.44 10.60 3.58 0.001
(MT) 27.26 7.19 32.48 15.56 3.84 0.000

(TL/L) 21.85 8.26 25.36 12.66 2.73 0.008
PT = Proximal Thoracic; MT = Main Thoracic; TL = Thoracolumbar; L = Lumbar; M: mean; SD: standard deviation;
p-value < 0.05.

All the curves (PT, MT, TL/L) evolved less than 6 degrees (1.59 < x < 5.53), with
no significant differences according to the type of curve (p = 0.95), that is, the orthotic
treatment is equally effective on the PT, MT and TL/L curves. In the same way, the results
indicated statistically significant changes (p = 0.000) in the evaluation carried out one
year after finishing the treatment in relation to the evaluation made at the beginning of
the treatment, in such a way that the main curve increased until reaching 36.11 degrees
of average (SD ± 14.33) against 29.72 (SD ± 5.45) obtained at the end of the treatment.
With respect to the overall curve, 28% showed an improvement of 5◦. On the other hand,
the ANCOVA according to the type of Lenke indicated that there were no significant
differences, between the post-test and the pre-test (F(5, 101) = 0.34, p = 0.883). It is observed
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that Lenke type 5 that reduces the degrees, and Lenke type 1, are the types that best respond
to treatment (Table 3).

Table 3. Ancova test, differential score between the post-test and the pre-test (2-1), Lenke clasification.

LENKE Type Mean Std. Deviation N

1 1.34 6.99 29
2 2.90 326 11
3 6.28 15.65 21
4 5.69 8.66 23
5 −0.25 6.48 12
6 5.58 14.39 12

Total 3.68 10.32 108
p = 0.883.

The descriptive results showed that the MT curves increased in Risser 0 and 1 and
decreased in Risser 2 and 3, in the same way as occurred with the TL/L curves (Table 4).

Table 4. Differential score between the post-test and the pre-test (2-1), on the main curve.

Risser Mean Std. Deviation N

0 4.40 11.25 82
1 2.86 6.25 15
2 0.00 6.52 8
3 −2.00 4.35 3

Total 3.68 10.32 108

13% of the participants who received the night brace treatment required surgery. Of
all of them, 50% correspond to juvenile scoliosis and the other 50% to adolescent scoliosis,
with the average age of treatment initiation being 10–50 years. Of the 14 patients who
needed surgery, 11 were women and three were men. It is important to highlight the
similarity between the 14 surgical curves, since 13 of them were double curves, right dorsal,
left lumbar and one of them right dorsal-lumbar. In all of them, the predominant surgical
curve was the right dorsal thoracic curve (Figure 1).

    

Figure 1. Cont.
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Figure 1. X-ray of the 14 participants who required surgery.

With respect to the secondary measures, the Quality of life in Spinal Deformities
(CAVIDRA) or Quality of Life Profile for Spinal Deformities (QLPSD), developed in Spain
by Climent in 1995, was used to measure the quality of life in patients with spinal deformi-
ties at growth age. It is a self-administered questionnaire consisting of a total of 21 items
distributed in five dimensions: psychosocial functioning, sleep disorders, back pain, body
image and spinal mobility. The patient shows his or her agreement or disagreement degree
on a five-grade on a Likert type scale, being able to obtain a total score between 21 and 105,
where a higher score means a greater impact on the quality of life. The reliability obtained
from the scale for this study was 0.910 [37,38].

The results of the evaluation of the quality of life according to the Cavidra scale
showed that the incidence of the ISJ-3D corset evolution of the Providence brace on the
patients’ quality of life is very low, since a mean score of 1.42 over 5 has been obtained
(SD ± 0.42). In the same way, the domains of the scale in an unidividualized way presented
little repercussion on the quality of life, being the highest incidence in the domain of body
image with a mean of 1.81 (SD ± 0.84) and the lowest in the psychosocial functioning with a
mean of 1.23 (SD ± 0.27). On the other hand, no statistically significant differences (p = 0.00)
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were observed in the results of the Cavidra in relation to the degrees of the main curve
measured in the three temporalis moments (beginning, end and at the year of treatment).
In the results obtained, a significant correlation was observed between the degrees of the
main curve and the scores of the different dimensions and the totals of the Cavidra scale
(p = 0.001), in such a way that higher grades are related to higher scores in the scale, which
means a worse quality of life (Table 5).

Table 5. Values of Pearson’s correlation between degrees of main curve and Cavidra scale values.

Main Curve

Pearson’s Correlation p-Value N

Cavidra total 0.95 0.001 108
Psychosocial
functioning 0.78 0.001 108

Sleep disorder 0.87 0.001 108
Back pain 0.74 0.001 108

Body image 0.88 0.001 108
Mobility 0.83 0.001 108

p-value < 0.05.

Table 6 presents the quality of life scores according to the Lenke classification, it is
observed that the lowest scores correspond to type 1 (1.20, SD = 0.20) and type 5 (M = 1.24,
SD = 0.45), which they are the groups that improve the most. The differences are significant,
F(5, 102) = 5.28, p = 0.001.

Table 6. Anova, Outcome measures related to the CAVIDRA score (QLPSD) according to the type of
curve in the Lenke classification.

Lenke N Mean SD

1 29 1.20 0.20
2 11 1.36 0.34
3 21 1.47 0.44
4 23 1.61 0.45
5 12 1.24 0.45
6 12 1.73 0.44

Total 108 1.42 0.42
p = 0.001.

4. Discussion

The choice of treatment for idiopathic soliosis is mainly based on the size and location
of the deformity. Different studies have shown the effectiveness of orthopaedic appliances
in stopping curve progression and correcting it [39,40]. The prescription of the brace
treatment is directed to patients with a curve between 24◦ and 40◦ still growing, curves less
than 25◦ and progression from 5◦ to 10◦ in six months or patients with scoliosis between
20◦ and 25◦ with skeletal immaturity (Risser 0) [41].

In the study carried out in the United States and Canada, the effectiveness of the
Boston-type thoracolumbosacral orthosis in the progression of idiopathic scoliosis was
verified. A total of 242 patients participated in the trial, of which 60% received braces
and 40% were only observed. The brace was prescribed for 18 h per day. The treatment
failure rate was 25% with an average time of brace use of 12.1 ± 6.5 h per day. The study
concluded that this type of device reduces the progression of the curves and a greater
number of hours of corset use is associated with greater benefits [42].

According to these results, in other studies carried out to verify the effectiveness of
Wilmington and Boston braces with a sample of 36 patients with a mean age of 12 years
and a sample of 395 with a mean age of 13.2, respectively, concluded that the progression
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of the curve was reduced only in those participants who use the brace for more than 20 h
per day [43,44].

In the same way, in the study conducted by Sanders et al., where the use of the brace
was prescribed between 17 and 23 h per day in 126 patients with adolescent idiopathic
scoliosis, the results obtained showed that this treatment can avoid surgery in patients
provided that the treatment regimen is followed. However, only 31% of the participants
wore the brace for 10 h or more and 17% for more than 14 h. Among the factors that can
influence compliance with treatment, the discomfort of wearing it, the social problems
it causes, and poor self-image stand out, with patients choosing to assume the risk of
progression to surgery rather than wear an orthopedic appliance for that number of hours.
Thus the weak evidence of the effectiveness of bracing can be explained in part by poor
compliance with the brace use [44,45].

With respect to the efficacy of nighttime orthotic treatments, the study by Lee et al.,
verified the efficacy of the Charleston night brace for the treatment of idiopathic scoliosis
in 95 patients aged 10–16 years with curves between 25 and 40 degrees and concluded that
84.2% of patients had 5 degrees or less progression of the curve, 15.8% had a progression of
6 or more degrees and only 7.8% progressed to surgery [46]. According to these results in
the study carried out by Simony et al., which verified the effectiveness of treatment with the
Providence night brace in curves between 20 and 42 degrees, concluded that it was effective
in preventing the progression of the curve in 71 of 80 patients and only five participants
were referred to surgery, making these results comparable to the full-time treatment with
the Boston corset [24].

In a study by Yrjönen et al., the effectiveness of the full-time Boston-style corset and
the Providence night-time corset was compared in a total of 72 patients. The average
correction of prone positioning braces was 92% for the Providence night brace and 50%
for the foot X-ray group and only one of the patients treated with the Providence device
progressed to surgery, which is in agreement with the results obtained in the present
study [16].

With respect to the psychosocial study of the present study, the results showed that
the use of the night brace was effective in the treatment of the progression of the curve
without influencing the patient’s quality of life, unlike other full time orthopedic devices
with which the same results are achieved in the progression of the curve only if the time
of use prescribed is complied with, having a great influence on the patient’s quality of
life [11,16,36,47].

The results obtained in this research with the use of the ISJ-3D evolution of Providence
night brace coincide with those obtained by other authors in which they demonstrate
the same results as full-time Boston-type orthoses, but unlike these, night braces do not
influence the patient’s quality of life, which makes treatment adherence greater. In addition,
due to the rotational component of the ISJ-3D night brace, it is able to achieve better
scoliosis corrections than other night braces such as the Charleston that do not have this
component [18,24,39,43,48,49].

The results obtained in the study by Bonilla et al., showed that the different evaluation
instruments designed to evaluate the quality of life of patients with idiopathic scoliosis,
such as the SRS-22r and CAVIDRA, present adequate psychometric properties with regard
to the domain of perceived self-image [50]. However, according to the studies carried out
by Rezaei et al. or Liu et al. other assessment instruments such as the Bad Sobernheim stress
questionnaire (BSSQ) or the Braces Questionnaire (BrQ), are more specific for measuring
the quality of life of patients with brace treatment in adolescent idiopathic scoliosis, present
adequate reliability and validation psychometric properties and are excellent tools to
measure this aspect [51,52].

The study’s findings should be considered within the context of its strengths and
limitations. Among its strengths is the collection of data from a homogeneous sample in
terms of age, Risser degree and degrees of progression of the curve or its longitudinal design
following up one year after the completion of treatment. With regard to the limitations
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of the study, the absence of a control group for observation or treatment with orthopedic
apparatus on a full-time basis that would allow the results to be compared stands out, as
well as the lack of data collection such as the body mass index, the socio-demographic state
or the vertebral rotation. In addition, the CAVIDRA assessment was used to evaluate the
quality of life because of its high reliability and its validation into Spanish however, it has
not been specifically evaluated, validated or analyzed for this pathology. Nevertheless, this
tool is not specific for patients who receiving conservative orthopedic treatment such as
BRQ or BSSQ, which will be taken into account for future studies.

5. Conclusions

The fundamental idea of night braces is to reduce the negative effects of full brace use
on the quality of life without worsening the end results of treatment. The results obtained
with the ISJ-3D night brace, an evolution of the Providence night brace, showed the great
effectiveness of this type of orthosis since only 13% of the participants required surgery
and the average increase in the curves in no case exceeded 6 degrees, without affecting
the patient’s quality of life. The results also showed the same efficacy of the treatment
regardless of which curve was predominant.

Taking into account these results and the scarce number of studies evaluating the
efficacy of this type of orthosis, the development of new research on this subject is justified,
with representative samples, with a Risser 0 and in curves between 20 and 40 degrees.
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Abstract: Pedicle screw instrumentation (PSI) through posterior approach has been the mainstay of
deformity correction for adolescent idiopathic scoliosis (AIS). However, changes in the quantity of
paraspinal muscles after AIS surgery has remained largely unknown. The aim of this study was to
investigate long-term follow-up changes in paraspinal muscle volume in AIS surgery via a posterior
approach. Forty-two AIS patients who underwent deformity correction by posterior approach were
analyzed through a longitudinal assessment of a cross-sectional area (CSA) in paraspinal muscles with
a minimum five-year follow-up. The CSA were measured using axial computed tomography images
at the level of the upper endplate L4 by manual tracing. The last follow-up CSA ratio of the psoas
major muscle (124.5%) was significantly increased compared to the preoperative CSA ratio (122.0%)
(p < 0.005). The last follow-up CSA ratio of the multifidus and erector spine muscles significantly
decreased compared to the preoperative CSA ratio (all p < 0.005). The CSA ratio of the erector
spine muscle was correlated with the CSA ratio of the psoas major (correlation coefficient = 0.546,
p < 0.001). Therefore, minimizing the injury to the erector spine muscle is imperative to maintaining
psoas major muscle development in AIS surgery by posterior approach.

Keywords: adolescent idiopathic scoliosis; paraspinal muscles; cross-sectional area; posterior approach;
computed tomography

1. Introduction

Adolescent idiopathic scoliosis (AIS) comprises three-dimensional deformities of
the spine, including structural, lateral, and rotated curvature, with unknown etiology,
presenting at or around puberty [1]. From a radiological view, surgical management
in AIS is indicated when the Cobb’s angle >45◦ in the thoracolumbar or >50◦ in the
thoracic curve preventing curve progression, achieving maximum permanent correction
of the three-dimensional deformity, improve walking, in general functional aspects, and
minimizing complications [1,2]. With the advent of the thoracic pedicle screw, pedicle screw
instrumentation (PSI) has been widely applied to achieve three-dimensional correction and
stable fixation in AIS [3].

Age-related structural change in paraspinal muscles has an important role for move-
ment and stabilization of the spine [4,5]. Some studies suggest relationships between
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paraspinal muscles and global sagittal alignment in adult spinal deformity [6]. However,
paraspinal muscle in AIS was observed in the asymmetric aspect in accordance with scoli-
otic curves. These curves showed a shortened muscle on the concave side and a lengthened
muscle on the convex side of the curve [7,8]. Furthermore, asymmetric imbalances of
the paraspinal muscles have been considered as contributing factors to scoliotic curve
progression [9,10].

Although the impact on paraspinal muscle development in AIS has been studied in
conservative treatment, there have been no reports of the long-term influence on paraspinal
muscles in AIS following PSI with posterior approach [7,9]. Therefore, this study aimed to
investigate long-term follow-up changes in paraspinal muscle volume for AIS following
PSI with posterior approach.

2. Materials and Methods

This study was performed through a retrospective comparative analysis at a single
institute where spinal deformity correction was performed routinely. The concept and pro-
cedures of the study were approved by our institutional review board. Informed consent
was waived by the Institutional Review Board due to the retrospective design. The medical
record data of 281 patients with AIS who underwent deformity correction using PSI by
posterior approach were collected from 2002 to 2012. Among the 281 patients with AIS, the
exclusion criteria of this study were (1) patients with non-idiopathic etiology (neuromus-
cular or congenital scoliosis), (2) patients with a history of revision surgery, (3) follow-up
loss within 5 years, and (4) cases in which CT was not performed preoperatively or at
last follow up. A total of 42 patients were included, and data from these patients were
analyzed longitudinally.

All patients underwent posterior surgery using rod derotation (RD) and direct ver-
tebral rotation (DVR) with PSI. Fusion levels were determined by Suk classification [3].
Pedicle screws were inserted segmentally on both sides of the lumbar curve, on the concave
side, and in every other or every third vertebra on the convex side in the thoracic curve.
A contoured rod to one-third exaggeration of the normal sagittal alignment was inserted
into correction side and derotated 90◦ to transform scoliotic curve into thoracic kyphosis
and/or lumbar lordosis. DVR was performed to correct rotational deformity after cor-
recting the coronal and sagittal curves by RD [3]. All patients wore a thoracolumbosacral
orthosis brace (TLSO) for three months after surgery without any specific rehabilitation.

All patient data were collected from the hospital database and retrospectively analyzed.
Demographic and operative variables were gender, ages at surgery and at last follow-up,
body mass index (BMI) at the time of surgery, Risser stage at the time of surgery, fused
segments, thoracoplasty, and number of resected ribs. Radiological variables were coronal
and sagittal spinopelvic parameters preoperatively, postoperatively, and at last follow up.
Main curve and coronal balance were collected as coronal parameters and were measured
by Cobb’s angle. Sagittal vertical axis (SVA), thoracic kyphosis (TK), and lumbar lordosis
(LL) were collected as radiological parameters.

The cross-sectional areas (CSAs) of individual paraspinal muscles (multifidus, erectus
spine, and psoas major) and L4 vertebrae body (VB) were measured by assessment of
axial CT images considering characteristics of motion segments and less affected vertebrae
by deformity correction in included patients (Figure 1) [11]. The section from the upper
endplate of the L4 vertebra was used. CSAs were measured bilaterally using the Picture
Archiving and Communication Systems (PACS, INFINITT PACS, INFINITT Healthcare
Company, Korea) to create a free line region of interest for each muscle. To minimize bias
caused by individual relative body size and disk pathology, the CSA ratio was evaluated
using the ratio of each muscle to VB (individual muscle CSA/L4 VB CSA), which was
expressed as a percentage. The symmetry ratio of CSA between right and left paraspinal
muscles was also evaluated. Measurement of the CSAs of the individual muscles and L4
vertebral body were carried out by two orthopedic surgeons to determine inter-examiner
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error. All parameters were measured 3 times with 2 week intervals to evaluate the intra-
examiner reproducibility.

Figure 1. The cross-sectional areas (CSAs) of individual paraspinal muscles (multifidus (MF), erectus
spine (ES), and psoas major (PM) muscles), and L4 vertebrae body (VB) were measured by assessment
of axial computed tomography (CT) images. Measurements of the CSA of the paraspinal muscles
were obtained at the level of the upper endplate of L4 by manual tracing (A,B).

Statistical analysis was performed using SPSS Statistics for Windows, version 21.0
(IBM Corp., Armonk, NY, USA). A normal distribution was confirmed by the Kolmogorov–
Smirnov test. Regarding continuous variables, a Student’s t-test (paired means) was used
for parametric data. Longitudinal comparison of three groups used one-way repeated
measures analysis of variance (ANOVA) and post hoc analysis used the Tukey honestly
significant difference (HSD) test. Correlation of the CSA ratio with radiological param-
eters was analyzed using the Pearson correlation test. The intraclass coefficient (ICC)
of individual CSA was measured to assess inter-examiner reliability with standardized
agreement [12]. For variables having negative or positive values based on the measured ref-
erence point, such as coronal balance and SVA, statistical comparisons of groups required
converting negative numbers to positive numbers because of the necessity to analyze
differences from a reference point. Statistical significance was set at p < 0.05.

3. Results

3.1. Comparison of Patient Demographic Data

All demographic and operative data, including gender, age, body mass index (BMI),
follow-up period, Risser stage at surgery, fused segments, thoracoplasty, and number of
resected ribs are summarized in Table 1. A total of 42 patients (five males and 37 females)
were enrolled in this study. The mean age at surgery and at last follow up was 14.6 years
and 27.4 years, respectively, with a statistically significant difference (p < 0.001). The mean
follow-up period was 9.9 years. For operative data, the mean number of fused segments
was 11.1 and the mean number of resected ribs was 5.5 (Table 1).
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Table 1. Demographic and operative data of this study.

Variables Cases (n = 42) p-Value

Gender (n (%))
Male

Female
5 (11.9%)

37 (88.1%)
-
-

Age (years)
At surgery

At last follow up
14.6 ± 2.4 *
27.4 ± 3.6 *

<0.001

Follow-up period (years) 9.9 ± 2.4 * -
BMI at surgery (kg/m2) 18.1 ± 3.1 * -
Risser stage at surgery 3.1 ± 0.9 * -

Fused segments 11.1 ± 2.4 * -
Thoracoplasty (Yes:No) 40:2 -
Number of resected ribs 5.5 ± 1.7 * -

* All values are expressed as mean ± standard deviation. Significant differences were accepted for p < 0.05.
N = number; M = male; F = female; BMI = body mass index.

The number of curve types by Suk’s classification as follows: nineteen (45.2%) single
thoracic curves, 10 (23.8%) double thoracic curves, 10 (23.8%) double major curves, and
three (7.2%) thoracolumbar/lumbar curves.

3.2. Comparison of Radiological Parameters

Regarding parameters of radiological outcomes, the mean correction rate was 72.7%
and the loss of correction was 1.3◦. The mean values of CB and SVA were within normal
limits preoperatively, postoperatively, and last-follow-up. Last follow-up TK (32.2◦) was
significantly higher than preoperative TK (25.3◦) (p < 0.001). For post hoc analysis, there
was no statistical significance between preoperative TK and postoperative TK (p = 0.445).
Last follow-up LL (44.6◦) was significantly higher than preoperative LL (37.3◦) (p < 0.001).
With post hoc analysis, there was no statistical significance between preoperative LL and
postoperative LL (p = 0.660) (Table 2).

Table 2. Radiological parameters of this study.

Variables Cases (n = 42) p-Value

Coronal parameters

Main curve
Preoperative (◦)
Postoperative (◦)
Last follow up (◦)
Correction rate (%)
Loss of correction (◦)

59.9 ± 15.1
16.4 ± 11.5
15.7 ± 12.0
72.7 ± 12.6
1.3 ± 16.4

<0.001
* Pre vs. Post: <0.001
* Post vs. Last: 0.973
* Last vs. Pre: <0.001

Coronal balance (mm)
Preoperative
Postoperative
Last follow up

13.4 ± 8.3
14.4 ± 10.9

8.3 ± 6.0

<0.001
* Pre vs. Post: 0.849
* Post vs. Last: 0.005
* Last vs. Pre: 0.024

Sagittal parameters -

Sagittal vertical axis (mm)
Preoperative
Postoperative
Last follow up

18.2 ± 17.5
22.1 ± 13.8
18.1 ± 12.1

0.319

Thoracic kyphosis (◦)
Preoperative
Postoperative
Last follow up

25.3 ± 10.2
27.4 ± 6.7
32.2 ± 8.7

<0.001
* Pre vs. Post: 0.536
* Post vs. Last: 0.002
* Pre vs. Last: 0.001

Lumbar lordosis (◦)
Preoperative
Postoperative
Last follow up

37.3 ± 11.4
39.5 ± 10.2
44.6 ± 12.6

<0.001
* Pre vs. Post: 0.660
* Post vs. Last: 0.032
* Last vs. Pre: 0.012

Data are presented as mean ± standard deviation values for each group. p-Values are calculated by one-way
repeated measures ANOVA test. * Post hoc analysis was performed by the Tukey HSD test. Significant differences
were accepted for p < 0.05. N = number; Pre = preoperative; Post = postoperative; Last = last follow up.
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3.3. Comparison of CSAs of the Paraspinal Muscles

The mean last follow-up CSAs of the multifidus, erector spine, and psoas major were
significantly higher than the corresponding preoperative CSAs (all p-values < 0.001). Last
follow-up CSA of the L4 vertebra body was 1179.9 mm2, which was significantly higher
than the preoperative CSA of the L4 vertebra body (p < 0.001). The CSA ratio of the
multifidus was 33.5% preoperatively and 30.4% at last follow up, a significant decrease
(p = 0.001). The CSA ratio of the erector spine between preoperative and last follow up
was 242.0% preoperatively and 235.0% at last follow up, a significant decrease (p < 0.001).
Only the CSA ratio of the psoas major increased, from 122.0% to 124.5%, with statistical
significance (p = 0.002) The symmetry ratio of multifidus was 1.3 preoperatively and 1.2 at
last follow up (p = 0.209). The symmetry ratio of erector spine was 1.2 preoperatively and
1.1 at last follow up (p = 0.095). The symmetry ratio of psoas muscle was 1.2 preoperatively
and 1.1 at last follow up, a significant improvement (p = 0.005) (Table 3) (Figure 2).

Table 3. Longitudinal comparison of paraspinal muscle cross-sectional areas between preoperative
and last follow-up data.

Variables Preoperative (n = 42)
Last Follow Up

(n = 42)
p-Value

CSA (mm2)

Multifidus (mm2)
Right
Left
Mean

173.9 ± 54.5
170.9 ± 76.1
172.4 ± 59.3

185.5 ± 61.1
170.4 ± 60.6
177.9 ± 57.4

0.001
0.015

<0.001

Erector spine (mm2)
Right
Left
Mean

1291.3 ± 280.6
1229.1 ± 250.2
1260.2 ± 243.1

1478.5 ± 343.1
1261.5 ± 272.4
1370.0 ± 291.8

0.001
0.002

<0.001

Psoas major (mm2)
Right
Left
Mean

609.3 ± 168.1
656.4 ± 145.7
632.8 ± 144.9

737.4 ± 197.2
728.3 ± 201.2
732.8 ± 193.3

<0.001
0.001

<0.001

L4 vertebrae body
(mm2) 1046.3 ± 132.9 1179.9 ± 183.0 <0.001

Symmetry of CSA

Multifidus
Erector spine
Psoas major

1.3 ± 0.3
1.2 ± 0.1
1.2 ± 0.2

1.2 ± 0.1
1.1 ± 0.1
1.1 ± 0.1

0.209
0.095
0.005

CSA ratio (%)

Multifidus
Erector spine
Psoas major

33.5 ± 12.4
242.0 ± 40.6
122.0 ± 26.6

30.4 ± 10.1
235.0 ± 41.0
124.5 ± 27.4

0.001
<0.001
0.002

Data are presented as mean ± standard deviation values for each group. p-Values were calculated by paired
t-tests. Significant differences were accepted for p < 0.05. Mean CSAs of paraspinal muscles were calculated as the
average of right and left CSAs of paraspinal muscles. CSA ratios were evaluated as each muscle CSA to that of
the L4 vertebra body expressed as a percentage. N = number; CSA = cross-sectional area.
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Figure 2. Symmetry difference between preoperative and last follow-up data. Symmetry was
compared by ratio between large and small CSAs in the right and left paraspinal muscles. Only
the symmetry of the psoas muscles showed statistical significance (A–C). The CSA ratio between
preoperative and last follow-up data (D–F). Only the CSA ratio of the psoas muscle increased, from
122% to 124%, with statistical significance. * means statistical significance (p < 0.05).

3.4. Correlation Analysis for CSA Ratios of Paraspinal Muscles

Analysis of correlation was performed between the last follow-up CSA ratios of
paraspinal muscles and between the last follow-up CSA ratios of paraspinal muscles and
radiological parameters. Correlations between last follow-up CSA ratio of psoas major and
erector spine were significant with a correlation coefficient of 0.546 (p < 0.001). Correlations
between last follow-up CSA ratio of psoas major and coronal balance were significant with
a correlation coefficient of 0.314 (p = 0.043) (Table 4).

All ICCs for the CSA ratio of multifidus, erector spine, and psoas major were greater
than 0.75. Thus, all measurements of the CSA ratio showed excellent strength of agreement
according to Fleiss guidelines (Table S1).

Table 4. Pearson’s correlation analysis between last-follow-up paraspinal muscle and the measured parameters.

Parameters of CSA Ratio Comparative Parameters Correlation Coefficient p-Value

Multifidus

Age
Duration

BMI
Correction rate

Loss of correction
CB (Last follow up)

SVA (Last follow up)
TK (Last follow up)
LL (Last follow up)

0.048
0.193
0.146
−0.266
0.177
0.023
0.046
0.239
0.081

0.765
0.221
0.355
0.088
0.262
0.886
0.770
0.127
0.611

Erector spine

Age
Duration

BMI
Correction rate

Loss of correction
CB (Last follow up)

SVA (Last follow up)
TK (Last follow up)
LL (Last follow up)

Multifidus CSA ratio

0.304
0.179
−0.280
0.202
0.041
0.160
−0.197
0.281
0.294
0.039

0.051
0.257
0.073
0.200
0.795
0.312
0.211
0.072
0.058
0.808
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Table 4. Cont.

Parameters of CSA Ratio Comparative Parameters Correlation Coefficient p-Value

Psoas major

Age
Duration

BMI
Correction rate

Loss of correction
CB (Last follow up)

SVA (Last follow up)
TK (Last follow up)
LL (Last follow up)

Multifidus CSA ratio
Erector spine CSA ratio

0.095
0.089
−0.187
0.268
0.029
0.314
−0.127
0.027
0.035
−0.116
0.546

0.549
0.575
0.235
0.087
0.855
0.043
0.423
0.865
0.827
0.465

<0.001

Significant differences were accepted for p < 0.05. CSA = cross-sectional area; BMI = body mass index; CB = coronal balance; SVA = sagittal
vertical axis; TK = thoracic kyphosis; LL = lumbar lordosis.

4. Discussion

Studies on the impact of paraspinal muscle quantity and quality on spinal dis-
eases have been evaluated by CT and MRI [5,6,13]. The poor quantity and quality of
paraspinal muscles resulted in degenerative lumbar kyphosis by quantitative analysis
using CT [14–16]. However, there is no study of the changes in paraspinal muscles in the
growth process after PSI by posterior approach in AIS. To the best of our knowledge, this is
the first study investigating the long-term follow-up changes in paraspinal muscle volume
in patients with AIS following deformity correction by posterior approach. Furthermore,
our longitudinal study aimed to analyze the long-term follow-up changes in paraspinal
muscles that are affected by injury during the growth process after deformity correction.
AIS occurs more frequently in females and progress faster than in males. In our study, the
enrolled patients were also mainly females.

Yeung et al. showed paraspinal muscle compositional change on the concave side
by prolonged compression and reduced muscle activity in AIS, which illustrated that
paraspinal muscle imbalances are associated with curve progression in AIS [10]. However,
no studies have reported changes in paraspinal muscles after correction of scoliotic curve
by surgery. In our study, correction rate and loss of correction showed no correlation with
the CSA ratio of paraspinal muscles by Pearson’s correlation analysis. Therefore, even
if paraspinal muscle imbalances affect scoliotic curve progression, the degree of correc-
tion does not significantly affect the development of paraspinal muscles after deformity
correction by posterior approach.

Even though PSI with posterior approach has been applied widely for AIS, surgery
can lead to massive damage to the multifidus and erectus major muscles [2]. TK and LL
were significantly increased to the normal range of an adult over the 9.9 year follow up of
this study. From the post hoc analysis, last follow-up TK and LL significantly increased
compared to preoperative values; this was thought to be the result of growth after deformity
correction. Degeneration of the paraspinal muscles was related to sagittal imbalances in
elderly groups [13,17]. Jun et al. illustrated that the quantity and quality of paraspinal
muscles had greater influence on parameters of sagittal balance in elderly patients than in
younger groups [6]. Our study showed that there were no correlations between paraspinal
muscle and sagittal parameters in patients with AIS following deformity correction by
posterior approach.

The psoas muscle of the deep back musculature plays a valuable role in the bolstering
effect on the anterolateral aspect of the lumbar spine, stabilizing the spine in the upright
position, and maintaining load-absorptive capacity [18]. Poor quantity and quality of
the psoas muscle not only limit spinal movement, but also cause lower back pain [19].
In our study, the CSA ratios of paraspinal muscles significantly decreased during the
9.9 year follow-up period except for that of the psoas muscle. This was due to the fact of
injury of the multifidus and erector spine muscles during deformity correction through
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posterior approach. The psoas muscle, as a deep muscle group, seems to have no significant
restrictions on growth and development, because it is a less-damaged area during the
deformity correction process. Furthermore, only the psoas muscle significantly improved
for symmetry. It was also associated with deep muscle group, less-damaged area in
deformity correction, and developed during growth process.

The role of the psoas muscle after PSI by posterior approach in AIS patients is impor-
tant because of its effect on the load absorptive capacity. The psoas muscle strengthens
adjacent spinal segments and reduces stress on the spinal fusion instrumentation seg-
ment [5,18,19]. For correlation analysis in our study, the CSA ratio of the psoas muscle
correlated with that of the erector spine muscle. The degree of damage to the erector spine
muscle could affect the development of the psoas muscle. Therefore, minimizing the injury
to the erector spine muscle is imperative to maintaining psoas major muscle development
after AIS surgery by posterior approach. Furthermore, last follow-up CB correlated with
psoas muscle CSA ratio. In AIS patients, CB has a greater effect on the upright position
than on sagittal parameters, which reflects the role of psoas muscle [9].

Minimal invasive scoliosis surgery (MISS) recently showed comparable radiological
and clinical outcomes with fewer complications compared to conventional open scoliosis
surgery [20,21]. The smaller incision in MISS has esthetic benefits in addition to preserva-
tion of paraspinal muscles [22,23]. Therefore, MISS could be an alternative procedure to
COSS to preserve the paraspinal muscles. However, comparative studies of paraspinal
muscle quantity between MISS and COSS are needed.

There were several limitations in our study. First, the number of patients was relatively
small, and we utilized a retrospective design. Second, this study did not reflect the
morphological quality of paraspinal muscles. Large multi-center comparative studies are
needed to confirm our results. However, our study focused on paraspinal muscle quantity,
which is associated with development of paraspinal muscles after deformity correction.
Third, the evolution pattern of paraspinal muscle quantity could not be examined in this
study because of radiation hazards by CT scan in especially young adolescents. Lastly,
although various muscles can effect on growth process in AIS, this study only limited
on paraspinal muscles by using spine CT. Further trials will be needed for influences
of abdominal musculatures in AIS. Nonetheless, our study suggested that minimizing
the injury to the erector spine muscle was important to maintain psoas major muscle
development in AIS patients following deformity correction.

5. Conclusions

Minimizing the injury to the erector spine muscle is imperative to maintain psoas major
muscle development in patients who underwent AIS surgery with posterior approach.
A minimally invasive surgical technique with preservation of the erector spine muscle
could be important for skeletally immature AIS patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10204790/s1, Table S1: Intra-examiner reproducibility and inter-examiner reliability by
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Author Contributions: Conceptualization, H.J.K., J.H.Y. and D.-G.C.; methodology, H.J.K., J.H.Y.,
and S.W.S.; validation, H.J.K., J.H.Y., S.-I.K., K.-S.S. and Y.N.; investigation, H.J.K.; data curation,
H.J.K.; writing—original draft preparation, H.J.K., J.H.Y. and D.-G.C.; writing—review and editing,
H.J.K., J.H.Y., S.-I.S. and D.-G.C.; visualization, J.H.Y. and S.W.S.; supervision, D.-G.C.; project
administration, D.-G.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially supported by KOREA UNITED PHARM.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of Inje University Sanggye
Paik Hospital (IRB number: 2021-06-001).

Informed Consent Statement: Patient consent was waived due to the retrospective design.

62



J. Clin. Med. 2021, 10, 4790

Data Availability Statement: Data collected for this study, including individual patient data, will
not be made available.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Weinstein, S.L.; Dolan, L.A.; Cheng, J.C.Y.; Danielsson, A.; Morcuende, J.A. Adolescent idiopathic scoliosis. Lancet 2008, 371,
1527–1537. [CrossRef]

2. Jada, A.; Mackel, C.E.; Hwang, S.W.; Samdani, A.F.; Stephen, J.H.; Bennett, J.T.; Baaj, A.A. Evaluation and management of
adolescent idiopathic scoliosis: A review. Neurosurg. Focus 2017, 43, E2. [CrossRef]

3. Suk, S.I.; Kim, J.H.; Kim, S.S.; Lim, D.J. Pedicle screw instrumentation in adolescent idiopathic scoliosis (AIS). Eur. Spine J. 2012,
21, 13–22. [CrossRef]

4. Maki, T.; Oura, P.; Paananen, M.; Niinimaki, J.; Karppinen, J.; Junno, J.A. Longitudinal Analysis of Paraspinal Muscle Cross-
Sectional Area During Early Adulthood—A 10-Year Follow-Up MRI Study. Sci. Rep. 2019, 9, 19497. [CrossRef] [PubMed]

5. Khan, A.B.; Weiss, E.H.; Khan, A.W.; Omeis, I.; Verla, T. Back Muscle Morphometry: Effects on Outcomes of Spine Surgery. World
Neurosurg. 2017, 103, 174–179. [CrossRef] [PubMed]

6. Jun, H.S.; Kim, J.H.; Ahn, J.H.; Chang, I.B.; Song, J.H.; Kim, T.H.; Park, M.S.; Chan Kim, Y.; Kim, S.W.; Oh, J.K.; et al. The Effect of
Lumbar Spinal Muscle on Spinal Sagittal Alignment: Evaluating Muscle Quantity and Quality. Neurosurgery 2016, 79, 847–855.
[CrossRef] [PubMed]

7. Ohashi, M.; Watanabe, K.; Hirano, T.; Hasegawa, K.; Katsumi, K.; Shoji, H.; Mizouchi, T.; Endo, N. Long-term Impacts of Brace
Treatment for Adolescent Idiopathic Scoliosis on Body Composition, Paraspinal Muscle Morphology, and Bone Mineral Density.
Spine 2019, 44, E1075–E1082. [CrossRef]

8. Zapata, K.A.; Wang-Price, S.S.; Sucato, D.J.; Dempsey-Robertson, M. Ultrasonographic measurements of paraspinal muscle thick-
ness in adolescent idiopathic scoliosis: A comparison and reliability study. Pediatr. Phys. 2015, 27, 119–125. [CrossRef] [PubMed]

9. Watanabe, K.; Ohashi, M.; Hirano, T.; Katsumi, K.; Shoji, H.; Mizouchi, T.; Endo, N.; Hasegawa, K. The Influence of Lumbar
Muscle Volume on Curve Progression after Skeletal Maturity in Patients with Adolescent Idiopathic Scoliosis: A Long-Term
Follow-up Study. Spine Deform. 2018, 6, 691–698. [CrossRef]

10. Yeung, K.H.; Man, G.C.W.; Shi, L.; Hui, S.C.N.; Chiyanika, C.; Lam, T.P.; Ng, B.K.W.; Cheng, J.C.Y.; Chu, W.C.W. Magnetic
Resonance Imaging-Based Morphological Change of Paraspinal Muscles in Girls with Adolescent Idiopathic Scoliosis. Spine 2019,
44, 1356–1363. [CrossRef] [PubMed]

11. Hyun, S.J.; Bae, C.W.; Lee, S.H.; Rhim, S.C. Fatty Degeneration of the Paraspinal Muscle in Patients With Degenerative Lumbar
Kyphosis: A New Evaluation Method of Quantitative Digital Analysis Using MRI and CT Scan. Clin. Spine Surg. 2016, 29,
441–447. [CrossRef]

12. Dang, N.R.; Moreau, M.J.; Hill, D.L.; Mahood, J.K.; Raso, J. Intra-observer reproducibility and interobserver reliability of
the radiographic parameters in the Spinal Deformity Study Group’s AIS Radiographic Measurement Manual. Spine 2005, 30,
1064–1069. [CrossRef] [PubMed]

13. Hiyama, A.; Katoh, H.; Sakai, D.; Tanaka, M.; Sato, M.; Watanabe, M. The correlation analysis between sagittal alignment and
cross-sectional area of paraspinal muscle in patients with lumbar spinal stenosis and degenerative spondylolisthesis. BMC
Musculoskelet Disord 2019, 20, 352. [CrossRef] [PubMed]

14. Kim, H.J.; Yang, J.H.; Chang, D.G.; Suk, S.I.; Suh, S.W.; Kim, S.I.; Song, K.S.; Park, J.B.; Cho, W. Proximal Junctional Kyphosis in
Adult Spinal Deformity: Definition, Classification, Risk Factors, and Prevention Strategies. Asian Spine J. 2021, in press. [CrossRef]

15. Kim, H.J.; Yang, J.H.; Chang, D.G.; Suk, S.I.; Suh, S.W.; Song, K.S.; Park, J.B.; Cho, W. Adult Spinal Deformity: Current Concepts
and Decision-Making Strategies for Management. Asian Spine J. 2020, 14, 886–897. [CrossRef]

16. Danneels, L.A.; Vanderstraeten, G.G.; Cambier, D.C.; Witvrouw, E.E.; De Cuyper, H.J. CT imaging of trunk muscles in chronic low
back pain patients and healthy control subjects. Eur. Spine J. 2000, 9, 266–272. [CrossRef]

17. Tamai, K.; Chen, J.; Stone, M.; Arakelyan, A.; Paholpak, P.; Nakamura, H.; Buser, Z.; Wang, J.C. The evaluation of lumbar
paraspinal muscle quantity and quality using the Goutallier classification and lumbar indentation value. Eur. Spine J. 2018, 27,
1005–1012. [CrossRef]

18. Penning, L. Psoas muscle and lumbar spine stability: A concept uniting existing controversies. Critical review and hypothesis.
Eur. Spine J. 2000, 9, 577–585. [CrossRef]

19. Verla, T.; Adogwa, O.; Elsamadicy, A.; Moreno, J.R.; Farber, H.; Cheng, J.; Bagley, C.A. Effects of Psoas Muscle Thickness on
Outcomes of Lumbar Fusion Surgery. World Neurosurg. 2016, 87, 283–289. [CrossRef]

20. Yang, J.H.; Kim, H.J.; Chang, D.G.; Suh, S.W. Comparative Analysis of Radiologic and Clinical Outcomes between Con-
ventional Open and Minimally Invasive Scoliosis Surgery for Adolescent Idiopathic Scoliosis. World Neurosurg. 2021, 151,
e234–e240. [CrossRef]

21. Yang, J.H.; Kim, H.J.; Chang, D.G.; Suh, S.W. Minimally invasive scoliosis surgery for adolescent idiopathic scoliosis using
posterior mini-open technique. J. Clin. Neurosci. 2021, 89, 199–205. [CrossRef]

63



J. Clin. Med. 2021, 10, 4790

22. Yang, J.H.; Chang, D.G.; Suh, S.W.; Damani, N.; Lee, H.N.; Lim, J.; Mun, F. Safety and effectiveness of minimally inva-
sive scoliosis surgery for adolescent idiopathic scoliosis: A retrospective case series of 84 patients. Eur. Spine J. 2020, 29,
761–769. [CrossRef] [PubMed]

23. Neradi, D.; Kumar, V.; Kumar, S.; Sodavarapu, P.; Goni, V.; Dhatt, S.S. Minimally Invasive Surgery versus Open Surgery for
Adolescent Idiopathic Scoliosis: A Systematic Review and Meta-Analysis. Asian Spin J. 2021, in press. [CrossRef] [PubMed]

64



Journal of

Clinical Medicine

Article

The Measurement of Health-Related Quality of Life of Girls
with Mild to Moderate Idiopathic Scoliosis—Comparison of
ISYQOL versus SRS-22 Questionnaire

Edyta Kinel 1,*, Krzysztof Korbel 2, Mateusz Kozinoga 3, Dariusz Czaprowski 2,4, Łukasz Stępniak 3
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Abstract: This study aimed to compare the Italian Spine Youth Quality of Life Questionnaire (ISYQOL-
PL) versus the Scoliosis Research Society-22 (SRS-22) questionnaire scores evaluating the validity
of the concurrent and known-groups. Eighty-one girls (mean age 13.5 ± 1.8 years) with idiopathic
scoliosis (IS) with a mean Cobb angle of 31.0 (±10.0) degrees were examined, all treated with a
corrective TLSO brace for an average duration of 2.6 (±1.9) years. The patients’ scores were compared
as follows: (1) age: ≤13 years vs. >13 years); (2) scoliosis severity: mild (Cobb angle 10–30◦) vs.
moderate (Cobb angle > 30◦); (3) single curve pattern vs. double curve pattern. Lin’s concordance
correlation coefficient was used to evaluate the strength of the association between ISYQOL-PL and
SRS-22 scores. t-tests were applied to assess if the ISYQOL-PL measure and SRS-22 total score were
significantly different in the different groups of patients. The concurrent validity analysis showed
a moderate correlation (Lin pccc = 0.47). The ISYQOL-PL showed a significantly better quality of
life in mild than moderate scoliosis. The severity of scoliosis but not the age or the curve pattern
demonstrated a direct statistically significant effect on patients’ quality of life only when evaluated
using the ISYQOL-PL.

Keywords: idiopathic scoliosis; health-related quality of life; Italian spine youth quality of life
questionnaire; SRS-22

1. Introduction

Currently, specialists in various medical disciplines include assessing patients’ health-
related quality of life (HRQoL) into routine clinical practice. Considering the HRQoL,
girls with idiopathic scoliosis (IS) due to visible deformation of the trunk and exposure to
long-term stress related to disease and therapy seem to constitute a particular group [1,2].
Their treatment is complex, long-lasting, often occurs in a challenging period in adoles-
cents’ lives, and requires both patients’ and parents’/legal guardians’ approval [3]. The
specificity of the 20/24 h brace treatment and its influence on aesthetics, school activities,
and sports activities, such as cycling, can significantly affect IS girls’ stress levels’ percep-
tion [4–6]. In severe scoliosis, an additional stressor may be the fear of possible surgery.
In patients after surgery, both mental and physical discomfort due to spinal fusion or a
large scar can appear [7]. To summarize, the need to monitor the HRQoL of patients with
IS is justified. It allows for, at the right moment, the decision of implementing appro-
priate psychological therapy to support the treatment. The HRQoL of patients with IS
is studied with specific standardized questionnaires. Vasiliadis et al. [8] developed the
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Brace Questionnaire (BrQ) for adolescents with IS treated by wearing a corrective brace.
There are questionnaires that measure the level of stress induced by the deformity (Bad
Sobernheim Stress Questionnaire Deformity, BSSQ—Deformity) and the stress caused by
the treatment with a brace (Bad Sobernheim Stress Questionnaire Brace, BSSQ—Brace)
for patients with IS [9]. The BSSQ questionnaires, however, do not evaluate the overall
HRQoL. The Scoliosis Research Society-22 (SRS-22) questionnaire is the most commonly
used [10–12]; however, new tools are being developed. The Italian Spine Youth Quality
of Life (ISYQOL) questionnaire, translated and culturally validated into English, Spanish,
and Polish (ISYQOL-PL), is the first questionnaire developed using Rasch analysis to mea-
sure the HRQoL in spine deformity during growth [13–17]. Rasch analysis is a statistical
technique for evaluating questionnaires and developing questionnaires’ ordinal scores
into interval measures [13,14]. According to Caronni et al., Rasch analysis showed that
the SRS-22 suffers poor metric properties, which prevents it from adequately measuring
patients’ quality of life [13]. Caronni et al. [14] demonstrated the superiority of the ISYQOL
over the SRS-22 questionnaire in the Rasch analysis framework. The aim of this study was
to compare the performance of the ISYQOL-PL versus the SRS-22 questionnaire (Polish
version) to evaluate HRQoL in patients with IS. The comparison was carried out analyzing
the concurrent and known-groups validity of both questionnaires. The a priori hypothesis
was proposed as follows: The ISYQOL-PL questionnaire provides additional information
compared to SRS-22 in evaluating HRQoL in IS girls undergoing conservative treatment.

The results of the present study led to the conclusion that ISYQOL-PL seems to offer
advantageous capacities of analysis comparing to the SRS-22 when applied to adolescent
girls undergoing non-surgical treatment for mild or moderate idiopathic scoliosis.

2. Materials and Methods

2.1. Study Population

The sample included eighty-one girls with IS diagnosis treated by the same specialist
in orthopedics. The following criteria for inclusion were applied: (1) girls with diagnosed
IS at the age of 10–18 years; (2) with a Cobb angle > 10◦; (3) under brace treatment (TLSO,
at least three months for at least 12h per day); (4) who completed both the ISYQOL-PL and
the SRS-22 questionnaires. Exclusion criteria: (1) history of spine surgery; (2) combined
spinal deformities (e.g., scoliosis plus spondylolisthesis); (3) history of relevant diseases,
surgery, or trauma, including a positive neurologic examination.

All the invited girls with IS selected through the inclusion criteria participated in the
study. Table 1 reports the participants’ demographic and clinical data.

Table 1. Participants’ demographic and clinical data.

Number of
Participants

Gender
Mean Age
(SD) Years

Mean Cobb
Angle

(SD) Degrees

Mean TLSO
Brace Wear
(SD) Years

81 females 13.5 (1.8) 31.0◦ (10.0) 2.6 (1.9)
SD—Standard deviation.

After a brief explanation about the aim of questionnaires, the participants were left to
fill in the questionnaires alone, in a separate space, to minimize any influence from parents
or medical staff. They completed both questionnaires before clinical evaluation.

The Institutional Review Board of Poznan University of Medical Sciences approved
the study (5 November 2019).

Data from the ISYQOL-PL and SRS-22 were collected from March to May 2020.
Before inclusion in the study, the parents and the patients signed their informed consent.

2.2. Polish Version of the Italian Spine Youth Quality of Life (ISYQOL-PL) Questionnaire

The ISYQOL is a 20 items questionnaire. Each item is scored 0, 1, or 2. Items investi-
gating the presence of spine-related problems (questions 1–4, 7–9, 11–12, and 14–20) are
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coded 0-1-2 ((0): never; (1): sometimes; (2): often). Conversely, questions 5, 6, 10, and 13,
investigating positive reactions, are coded 2-1-0 ((2): never; (1): sometimes; (0): often). The
questionnaire provides a total score, with lower scores representing a higher quality of
life. The ordinal ISYQOL total score is subsequently converted to an interval measure,
expressed on a 0–100% scale, where 100% indicates the highest quality of life. The ISYQOL
questionnaire has two domains: Spine health (13 items) and Brace (7 items) specifically
devoted to brace wearers. The Rasch method used in the analysis allows for comparing
the ISYQOL result of non-brace wearers (who answer only 13 of the 20 items) with brace
wearers (who complete the entire questionnaire). In the present study, only the brace
wearer IS girls were included. The questionnaire is developmentally appropriate for ages
10–18 years and is designed to be self-administrated [13,14]. The recently validated Polish
language version (ISYQOL-PL) of the ISYQOL questionnaire was used in the study [13,17].

2.3. Polish Version of the Scoliosis Research Society-22 (SRS-22) Questionnaire

SRS-22 is the criterion standard for measuring the HRQoL in IS. The SRS-22 question-
naire was developed according to the classical test theory and, in this framework, presents
satisfactory psychometric properties such as concurrent validity and reliability [11]. It in-
cludes 22 items scored on five ordinal categories: Intensity of Pain—5 items (items 1, 2, 8, 11,
and 17); Self-image—5 items (items 4, 6, 10, 14, and 19); Function/activity—5 items (items
5, 9, 12, 15, and 18); Mental health—5 items (items 3, 7, 13, 16, and 20); Satisfaction from
treatment—2 items (items 21 and 22). The scores for each answer range from 1–5 points.
In each category, the recipient can score from 5–25 points, except for the satisfaction from
the treatment category, where they can score from 2–10 points. The overall score can range
from 22 to 110 points. A total score is obtained by adding individual item scores so that the
higher the total score, the better the HRQoL [10–12]. A previously validated Polish version
of the SRS-22 questionnaire was used in the study [18].

2.4. Statistical Analyses

Statistical analysis was applied and managed at various levels beginning with general
descriptive statistics for the entire sample. Thus, when applicable, tests for normality were
carried out (Shapiro–Wilk Test), followed by tests for homogeneity of variance (Fisher Test).

All statistical analyses were carried out using the Real Statistics Resource Pack software
with a significance level of α < 0.05 (Real Statistics Resource Pack software (Release 7.6).
Copyright (2013–2021) Charles Zaiontz. www.real-statistics.com) accessed on 17 October 2021.

2.5. Known-Groups Validity

There could exist a variety of factors negatively affecting adolescents’ HRQoL. We
subdivided patients into different known-groups considering: perception at different ages,
pathological severity, and curve pattern.

A measure has high known-groups validity (a type of construct validity) if it discrimi-
nates across groups of patients believed to be different on theoretical or clinical grounds [19].

For the known-groups’ validity analysis, the patients’ scores were compared as follows:
(1) age: ≤13 years vs. >13 years; (2) scoliosis severity: mild (Cobb angle 10–30◦) vs.
moderate (Cobb angle > 30◦); (3) single curve pattern vs. double curve pattern, Figure 1.
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Figure 1. Patients’ distribution according to age, Cobb angle, and curve pattern.

Depending on normality and homogeneity of variance conditions, parametric or non-
parametric comparison tests (t-test, Mann–Whitney Test, Welch’s Test) were applied to
assess if the ISYQOL-PL measure and the SRS-22 total scores were significantly different in
the different groups of patients.

2.6. Concurrent Validity

The concurrent validity of the ISYQOL-PL was checked using the SRS-22 question-
naire considered the standard measure criterion of HRQol in patients with IS. We used
Lin’s concordance correlation coefficient (CCC) as a measure of agreement, which, unlike
the intraclass correlation (ICC), does not present the limitation of assuming a common
mean for compared ratings at the outset, so it can be used to assess both the level of agree-
ment and the level of disagreement [20,21]. In addition, to compare our results with the
reference literature, the Spearman non-parametric correlation test was applied to evaluate
the strength of the association between the two questionnaires.

2.7. Factors Influencing the HRQoL

Further investigation was carried out to study the influence on the HRQoL given
by selected pairs of factors. Such an analysis was performed using a battery of two-way
ANOVA tests (α = 5%) examining the following pairs of factors, respectively: (1) age and
Cobb angle; (2) number of curves and Cobb angle; (3) years of treatment and Cobb angle.

3. Results

3.1. Known-Groups Validity

The data were revealed to be normally distributed in both questionnaires, as verified
with Shapiro–Wilk test for normality. Therefore, parametric tests were used. The known-
groups validity analysis was performed by applying an Independent Two-sample t-test. In
addition, analysis with a non-parametric approach always confirmed the results obtained
with a parametric one.

Both the ISYQOL-PL and the SRS-22 tools showed no difference (1) between the two
age groups: ≤13 years vs. >13 years; and (2) between the groups of single vs. double
curves. Conversely, the ISYQOL-PL was the only questionnaire showing significantly
better HRQoL in mild than moderate scoliosis.

The values for the ISYQOL-PL and the SRS-22 questionnaires for (1) ≤13 years vs.
>13 years, (2) Cobb angle 10–30◦ vs. Cobb angle > 30, and (3) single vs. double curves, are
reported in Table 2.
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Table 2. The known-groups validity analysis of the ISYQOL-PL and the SRS-22 questionnaires.

Questionnaire
Number of
Participants

Mean of Score
Points (%) (SD)

p-Value

ISYQOL-PL
≤13 years vs. >13 years 35 vs. 46 48.1% (6.6%) vs.

49.2% (7.8%) NS

SRS-22
≤13 years vs. >13 years 35 vs. 46 48.2% (4.3%) vs.

49.6% (5.3%) NS

ISYQOL-PL
Cobb angle 10–30◦

vs. Cobb angle > 30◦
43 vs. 38 48.9 (7.4%) vs. 44.8%

(8.1%) 0.019

SRS-22
Cobb angle 10–30◦

vs. Cobb angle > 30◦
43 vs. 38 48.4% (4.6%) vs.

49.6% (5.4%) NS

ISYQOL-PL
single vs. double curves 41 vs. 40 46.9% (8.6%) vs.

47.0% (7.3%) NS

SRS-22
single vs. double curves 41 vs. 40 48.1% (4.7%) vs.

49.9% (5.2%) NS

SD—Standard deviation; NS—Not Statistically Significant.

3.2. Concurrent Validity

The agreement measured through the Lin’s CCC (pccc = 0.47) demonstrated a mod-
erate/low concordance. The Spearman correlation coefficient value rho = 0.53, showed a
moderate correlation [22] between the two questionnaires.

3.3. Factors Influencing the HRQoL

As the data were normally distributed in both questionnaires, we used a two-way
ANOVA test. Results confirmed no interactions between: (1) age and Cobb angle; (2) num-
ber of curves and Cobb angle; (3) years of treatment and Cobb angle; for the ISYQOL-PL
questionnaire, while moderate (<30◦ Cobb) vs. severe (>30◦ Cobb) scoliosis is a statistically
significant factor influencing HRQoL perception measured through ISYQOL. Conversely,
the SRS-22 two-way ANOVA tests highlighted a significant interaction between age and
Cobb angle. In particular, the combination of levels of these two factors inhibit each other’s
effects, showing a so-called “interference” [23], as shown in Table 3.

Table 3. Two-way ANOVA analysis to study the interaction of scoliosis severity level and age and years of treatment on
patients’ perceived HRQoL measured with the ISYQOL-PL and the SRS-22 questionnaires.

Two Factor ANOVA (via Regression) ISYQOL-PL Two Factor ANOVA (via Regression) SRS-22

In
te

ra
ct

io
n

C
o

b
b

A
n

g
le

–
A

g
e

ANOVA Alpha 0.050 ANOVA Alpha 0.050

SS df MS F p-Value SS df MS F p-Value

Cobb
Angle

342.875 1 342.875 5.578 0.021 *
Cobb
Angle 39.554 1 39.554 1.674 0.200

Age 0.007 1 0.007 0.000 0.992 Age 19.054 1 19.054 0.807 0.372
Interaction 12.701 1 12.701 0.207 0.651 Interaction 110.054 1 110.054 4.658 0.034 *
Within 4733.231 77 61.471 Within 1819.138 77 23.625
Total 5091.482 80 63.644 Total 1987.777 80 24.847

In
te

ra
ct

io
n

C
o

b
b

A
n

g
le

–
N

u
m

b
e

r
o

f
C

u
rv

e
s

ANOVA Alpha 0.050 ANOVA Alpha 0.050

SS df MS F p-Value SS df MS F p-Value

Cobb
Angle

342.875 1 342.875 5.578 0.021 *
Cobb
Angle 33.074 1 33.074 1.349 0.249

Number
of

Curves
0.007 1 0.007 0.000 0.992

Number
of

Curves
69.984 1 69.984 2.855 0.095

Interaction 12.701 1 12.701 0.207 0.651 Interaction 2.509 1 2.509 0.102 0.750
Within 4733.231 77 61.471 Within 1887.346 77 24.511
Total 5091.482 80 63.644 Total 1987.777 80 24.847
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Table 3. Cont.

Two Factor ANOVA (via Regression) ISYQOL-PL Two Factor ANOVA (via Regression) SRS-22

In
te

ra
ct

io
n

C
o

b
b

A
n

g
le

–
Y

e
a

rs
o

f
T

re
a

tm
e

n
t ANOVA Alpha 0.050 ANOVA Alpha 0.050

SS df MS F p-Value SS df MS F p-Value

Cobb
Angle

342.444 1 342.444 5.579 0.021 *
Cobb
Angle 34.503 1 34.503 1.371 0.245

Years of
Treat-
ment

18.904 1 18.904 0.308 0.581
Years of

Treat-
ment

13.359 1 13.359 0.531 0.468

Interaction 0.446 1 0.446 0.007 0.932 Interaction 6.211 1 6.211 0.247 0.621
Within 4726.246 77 61.380 Within 1937.882 77 25.167
Total 5091.482 80 63.644 Total 1987.777 80 24.847

SS—sum of squares; F—statistic; df—degrees of freedom; MS—mean square; * (bold)—significant values.

4. Discussion

The currently published SOSORT (International Scientific Society on Scoliosis Or-
thopaedic and Rehabilitation Treatment) guidelines for conservative scoliosis treatment
promote the HRQoL as one of the essential aims of therapy [24]. This study included girls
with IS treated by a corrective TLSO brace, for at least three months for at least 12h per day.
It is worth underlining that the treatment’s usefulness has been shown to depend on the
patients’ treatment compliance [25,26] and the quality of brace usage [26]. Furthermore, in
the recently presented consensus on the best practice guidelines for bracing in adolescent
idiopathic scoliosis, some emphasis was put on the patient’s emotional/psychological
health as a factor in making bracing decisions [27]. Brace-based treatment, gender, and
severity of the disease can significantly interfere with several aspects of patients’ lives,
resulting in high levels of stress and a negative impact on daily life [7]. Therefore, using
HRQoL questionnaire outcomes is very important in monitoring and assessing the results
of treatment.

In this study, we compared for the first time the Polish language version of the
ISYQOL-PL with the Polish language version of the SRS-22 questionnaire (considered
as a standard criterion for measuring HRQoL in IS). Both questionnaires were culturally
adapted and validated as reliable tools for HRQoL evaluation in the Polish language for
patients with spinal deformity.

Caronni et al. [14] found that the newly developed ISYQOL questionnaire to mea-
sure the HRQoL of adolescents with spinal deformities performs better than the SRS-22
questionnaire when used in the Italian language. The authors claimed that the ISYQOL
questionnaire was the first questionnaire developed by using Rasch analysis. Question-
naires built up with Rasch analysis have several advantages compared to questionnaires
created according to classical test theory [14]. The same group of authors in a different
study using Rasch analysis showed that the SRS-22 questionnaire suffers from poor metric
properties, preventing it from adequately measuring patients’ quality of life [28]. Given
such limitations, statistical analysis using the SRS-22 should be applied with caution [28].
However, the SRS-22 questionnaire, developed according to the classical test theory, pre-
sented satisfactory psychometric properties such as concurrent validity and reliability [11].

Debate is still open on how to statistically treat Likert scale and Likert-type scale
data. Indeed, an important and often underestimated limitation of questionnaires comes
from their ordinal nature, which does not support proper arithmetic operations assuming
linear interval properties (e.g., addition and subtraction) [29–31]. Due to the lack of
additivity of rating scale data [30], questionnaire scores should be formally excluded from
parametric statistics [32].

Some experts view Likert scales as being strictly ordinal in nature; thus, parametric
analysis approaches assuming quantitative, or at least interval-level measurements, are not
appropriate [33–35]. These “ordinalist” views seem to stem from overlooking the difference
between individual items and overall Likert scales, as pointed out by those holding the
contrasting “intervalist” viewpoint [33,36–38].
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However, Likert scales can be included in a larger group of measures that are some-
times referred to as summated (or aggregated) rating scales. The reason is because they
are based on the idea that some underlying phenomenon can be measured by aggregating
an individual’s rating of his/her feelings, attitudes, or perceptions related to a series of
individual statements or items [33].

In particular, a restriction should hold for the SRS-22 questionnaire, for which Rasch
analysis showed it to suffer from poor metric properties [13]. However, such a position has
been criticized as an overly restrictive approach, in practice, since numerous studies have
suggested that parametric approaches are acceptable when the data are not strictly on the
interval level of measurement [33,39–43].

A very informative review by Harpe on this topic suggests several recommendations
to follow in such a case [33]. In particular, in the present study, we considered the first two
recommendations when approaching the statistical analysis. Recommendation 1: “Scales
that have been developed to be used as a group must be analyzed as a group, and only
as a group.” Recommendation 2: “Aggregated rating scales can be treated as continuous
data.” Thus, to analyze the ISYQOL-PL and SRS-22 scales’ behaviors (considered as a
group), we decided to use parametric statistics [33]. The same approach was applied by
Caronni et al. [14], in which they compared the Italian language versions of the ISYQOL
and SRS-22 questionnaires using parametric analysis, stating that despite being “aware that
parametric statistics should be avoided on ordinal data, however, because it is a common
practice to use parametric statistics for SRS-22 analysis, they preferred to compare ISYQOL
with the current practice”.

Moreover, in the present study, the non-parametric statistics for the SRS-22 question-
naire confirmed all the findings obtained through parametric statistics.

The known-groups validity analysis demonstrated that both the ISYQOL-PL and the
SRS-22 tools showed no difference (1) between the two age groups: ≤13years vs. >13years;
and (2) between the groups of single vs. double curves.

Conversely, the ISYQOL-PL showed significantly better HRQoL in mild rather than
moderate scoliosis, as was found by Caronni et al. [14]. This result supports the idea that
the ISYQOL-PL questionnaire depicts better what is perceived in clinical observations.

In Caronni et al. [14], the concurrent validity analysis was approached using cor-
relation and the Spearman rho coefficient. Agreement and correlation are widely used
concepts in the medical literature. Both are used to indicate the strength of association
between variables of interest, but they are conceptually distinct, and, thus, require the use
of different statistics [20,21]. In our results, Lin’s CCC pCCC = 0.47 showed low/moderate
agreement between the two questionnaires [21]. Additionally, using the Spearman rho =
0.53, the concurrent validity analysis showed a moderate validity [22] of the ISYQOL-PL
measure vs. SRS-22. A questionnaire has good concurrent validity if it shows a good
agreement with an accepted standard measure [44]. The found correlation is lower than
the one found by Caronni et al. for scoliotic patients (Spearman r = 0.71). Conversely, our
value appears to be closer to the results (Spearman r = 0.56), which Caronni et al. found
for the concurrent validity of the two questionnaires when hyperkyphosis patients were
considered [14]. The lack of agreement/correlation could be explained concerning the
structure of the questionnaires: SRS-22 is a multidimensional questionnaire (with its five
domains) while ISYQOL is unidimensional.

The two-way ANOVA confirmed no interactions between severity of pathology and
age, or years of treatment, or number of scoliotic curves. This substantially confirms that
only severity of pathology in our sample has a direct statistically significant effect on the
HRQoL of patients when evaluated via the ISYQOL-PL tool. Such a result complies with
what it is commonly observed in clinical practice. Conversely, the statistically significant
interaction (interference) found for SRS-22 shows some limitations of this questionnaire,
introducing some unclear outcomes. Indeed, while in the ISYQOL-PL the value of Cobb
angle was always a significant factor, showing its importance in the perceived HRQoL

71



J. Clin. Med. 2021, 10, 4806

level in the SRS-22, the age and Cobb angle values interfere, masking which of the two
factors has a direct influence on the perceived HRQoL.

The study’s clinical relevance is related to the need to use tools with high metric
properties in daily clinical practice to measure patients’ HRQoL by specialists involved in
the treatment process. It is important to underline that the monitoring of the HRQoL is one
of the essential recommendations in the treatment of patients with spinal deformities. The
ISYQOL-PL will simplify collecting individual results and interpret them adequately and
objectively for Polish language clinicians and patients. Health professionals could produce
an important practical clinical impact by using such as tool as a basis to discuss with the
patient their disease, to support them, clarify common myths and fears associated with the
deformity, or help them concerning the brace experience. In addition, the clinician can use
the outcomes of the questionnaire to tune the treatment process.

Given that the data collection was during the first wave of the COVID-19 pandemic
in Europe, we strongly considered eventual influence impacting the patients’ perceived
HRQoL, so we asked the patients to focus on their scoliosis-related issues strictly. The
questions refer to spine diseases, and the patients, when answering the questions, under-
stood them in this way. None of the patients presented and reported malaise in connection
with the COVID-19 pandemic. In addition, parents or legal guardians did not raise any
objections to the behavior and well-being of their children. There were no circumstances
that affected the quality of the answers provided.

As a limitation, our study analyzed only girls with IS under brace treatment. Ongoing
research aims to compare groups with and without brace treatment, including gender
differences and per-spinal deformities differences.

5. Conclusions

Both questionnaires adequately measure HRQoL. ISYQOL-PL seems to offer ad-
vantageous analytical capacities compared to SRS-22 when applied to adolescent girls
undergoing non-surgical treatment for mild or moderate idiopathic scoliosis. The severity
of scoliosis but neither the age nor the curve pattern demonstrated a direct statistically
significant effect on HRQoL in girls with IS when evaluated using the ISYQOL-PL tool.
Such an effect could not be detected using the SRS-22 questionnaire. Using the HRQoL
questionnaire, with high metric properties, in different languages, could constitute the
basis for creating a multicenter study to better understand the changes in the quality of life
of girls with IS during treatment of a larger population with different cultural backgrounds
and environments.
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Abstract: To better understand the etiology of idiopathic scoliosis, prospective research into the
pre-scoliotic state is required, but this research is practically impossible to carry out in the general
population. The use of ‘models’, such as idiopathic-like scoliosis established in genetically modified
animals, may elucidate certain elements, but their translatability to the human situation is ques-
tionable. The 22q11.2 deletion syndrome (22q11.2DS), with a 20-fold increased risk of developing
scoliosis, may be a valuable and more relevant alternative and serve as a human ‘model’ for idio-
pathic scoliosis. This multicenter study investigates the morphology, dynamic behavior, and presence
of intraspinal anomalies in patients with 22q11.2DS and scoliosis compared to idiopathic scoliosis.
Scoliosis patients with 22q11.2DS and spinal radiography (n = 185) or MRI (n = 38) were included
(mean age 11.6 ± 4.2; median Cobb angle 16◦) and compared to idiopathic scoliosis patients from
recent literature. Radiographic analysis revealed that 98.4% of 22q11.2DS patients with scoliosis had
a curve morphology following predefined criteria for idiopathic curves: eight or fewer vertebrae,
an S-shape and no inclusion of the lowest lumbar vertebrae. Furthermore, curve progression was
present in 54.2%, with a mean progression rate of 2.5◦/year, similar to reports on idiopathic scoliosis
with 49% and 2.2–9.6◦/year. The prevalence of intraspinal anomalies on MRI was 10.5% in 22q11.2DS,
which is also comparable to 11.4% reported for idiopathic scoliosis. This indicates that 22q11.2DS
may be a good model for prospective studies to better understand the etiology of idiopathic scoliosis.

Keywords: idiopathic scoliosis; 22q11.2 deletion syndrome; human model; neuromuscular scoliosis;
radiography; MRI; curve morphology; intraspinal anomaly

1. Introduction

Scoliosis is a deformity of the spine and trunk that can have a clear cause, such as
neuromuscular disease or congenital spinal malformation; however, the majority of cases
are referred to as ‘idiopathic’ and occur in otherwise healthy adolescents [1]. Idiopathic
scoliosis is quite common, with a prevalence of 2–4% in the general population, but its
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exact etiology remains clouded, despite important recent discoveries about genetics and
the role of human upright spinal biomechanics [1–6]. Knowing the exact cause(s) is of
utmost importance for potential scoliosis prevention and optimal treatment. The problem
with current human etiology research is that, by necessity, only patients with an already
established idiopathic scoliosis are studied; therefore, it is impossible to distinguish cause
from effect [1,3].

Prospective cohort research, which follows the development of scoliosis starting in the
pre-scoliotic spine, is practically impossible in the general population due to practical and
ethical obstacles: the prevalence of idiopathic scoliosis would require thousands of children
to be included for sufficient statistical power, and there would have to be periodic follow-
ups with full spine radiographs, raising ionizing radiation concerns. The next best option
is to use a ‘model’ with better availability or a higher idiopathic scoliosis prevalence—
for instance, an animal model. Unfortunately, idiopathic scoliosis is a disease unique
to humans, mainly due to our unique upright spinal biomechanics [7]. Earlier studies
demonstrated that the computation of spinal biomechanics, for instance, with finite element
models, can help understand idiopathic scoliosis [8]. Additionally, idiopathic-like scoliosis
can be established in genetically modified animals such as zebrafish, pinealectomized
chickens, or bipedal-forced mice; however, the translatability of this model to the human
situation is questionable [9–12].

To prospectively study the etiology of idiopathic scoliosis, a human model is therefore
preferred but has not yet been described. In other fields of medicine, such as psychiatry, the
innovative use of a subset of the population with a high risk of a certain disease has been
used and validated to serve as a ‘model’ for the disease in the general population [13]. This
approach obviously also has scientific limitations, but if the model sufficiently resembles
the condition in the general population, it can yield important information on specific
aspects of the earliest phases of the disorder that cannot otherwise be studied prospectively.

The 22q11.2 deletion syndrome (22q11.2DS), the most common cause of DiGeorge
syndrome, is the most common microdeletion syndrome in humans, with an incidence of 1
in 992 unselected pregnancies and 1 in 2148 live births [14–16]. Compared to the general
population, these children have a 20-fold increased risk of developing scoliosis during their
growing years, with a prevalence of around 50% [17]. Children with 22q11.2DS are often
identified before or shortly after birth, well before potential scoliosis onset, are usually
known in the pediatric circuit, and could therefore be studied prospectively [18,19]. It is
currently unknown if scoliosis in 22q11.2DS sufficiently resembles idiopathic scoliosis in
the general population, which is a prerequisite to be used as a ‘model’. This study focused
on the morphology, dynamic behavior, and presence of intraspinal anomalies, all of which
are quantifiable features relevant to idiopathic scoliosis development. These were studied
in 22q11.2DS and scoliosis patient cohorts from multiple centers and compared to what is
reported in the literature for idiopathic scoliosis in the general population.

2. Materials and Methods

2.1. Study Population

The local Ethical Review Boards of the three hospitals involved approved this study
and waived the necessity of explicit (parental) informed consent since data were collected
as part of standard care and were handled anonymously. In all participating centers, spinal
radiographs are made of each patient at two-year intervals as part of a global standard
22q11.2DS follow-up protocol [20].

From databases of two specialized 22q11.2DS centers, patients with an available full
spine radiograph were extracted. All patients that were ambulant, had a genetically con-
firmed 22q11.2 deletion (via FISH, 22q11.2 specific MLPA, CGH, or SNP micro-array), were
aged >4, and had scoliosis defined as a Cobb angle >10◦ were included [21]. Patients with
congenital spinal anomalies (based on spinal radiography review) that induced congenital
scoliosis were excluded since the pathoetiology varies greatly from the development of
idiopathic scoliosis [22]. Additionally, non-ambulant patients (based on the patient’s chart
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review) were excluded. Sex, age at the time of radiography, and data on comorbidities
were collected. For the further analysis of curve progression, all included patients with at
least one year of radiographic follow-up were analyzed.

Additionally, patients were included from a database of a third specialized 22q11.2DS
center, where patients with scoliosis frequently receive an MRI of the spine for indications
such as pain, fast progression, or pre-operative screening. Patients with congenital spinal
anomalies or with only post-operative MRIs were excluded. These MRIs were analyzed for
intraspinal anomalies.

2.2. Radiographic Analysis

One trained and experienced observer (JH), blinded for all other clinical parameters,
analyzed all radiographs in chronological order. First, the Cobb angle was measured of
all scoliotic curve(s), and the location of the major curve (i.e., the largest) was noted as
either thoracic (apex at T2 – disc T11/T12), thoracolumbar (apex at T12 – L1), or lumbar
(apex at disc L1/L2 – L4), according to the Scoliosis Research Society guidelines [21]. Next,
curve morphology was determined based on the first available radiograph of each patient,
according to the criteria determined by Abul-Kasim et al. in 2010 [23]. Curves were
classified as non-idiopathic if three conditions were met: (1) the Cobb-to-Cobb segment
exceeded eight vertebrae, (2) the curve was C-shaped, and (3) the curve included the lowest
or second-lowest lumbar vertebra (Figure 1). The findings in the 22q11.2DS patients in this
study were compared to reference observations in idiopathic and non-idiopathic scoliosis
patients in the general population [23].

Figure 1. Two examples of different scoliosis curve types. On the left is an idiopathic-like curve,
which is S-shaped with the apex of the major curve located at vertebral level T9 and a curve length of
8 vertebrae. On the right is a non-idiopathic neuromuscular-like curve, which is C-shaped with a
curve length of 12 vertebrae, and a lower-end vertebra located at level L4.

Furthermore, the progression of scoliosis curve severity was analyzed by measuring
the Cobb angle on the first and last radiograph available for each patient with at least
one year of follow-up. A progressive curve was defined as at least a 5◦ increase over the
follow-up period [24]. Additionally, if a patient had received brace treatment or surgery,
the curve was considered progressive. Of all 22q11.2DS patients with progressive scoliosis,
the curve progression rate in degrees of Cobb angle per year was calculated and compared
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to reference values of idiopathic scoliosis in the general population, as described in a
meta-analysis by Di Felice et al. in 2018 [24].

2.3. MRI Analysis

Of the spinal MRIs made of 22q11.2DS patients with scoliosis, all reports were screened
for the presence of intraspinal anomalies and annotated as described by the clinically
involved radiologist at the time of investigation. The rate of intraspinal anomalies in
22q11.2DS patients with scoliosis was compared to that reported in idiopathic scoliosis in
the general population, as described in a meta-analysis by Heemskerk et al. in 2018 [25].

2.4. Statistical Analysis

The age at diagnosis, sex, curve progression (< or >5◦), and presence of spinal anoma-
lies in the 22q11.2DS patients in this study were compared to data on idiopathic scoliosis
in the general population from literature. Normality of distribution was tested with Q–Q
plots, the means ± standard deviations were calculated for normally distributed variables,
and medians and interquartile ranges (IQR) were calculated for not normally distributed
variables. Since data were compiled from multiple cohorts with different criteria, no com-
parative statistics were performed to produce irrelevant p-values. The descriptive statistical
analyses were performed with SPSS 25.0 for Windows (IBM, Armonk, NY, USA).

3. Results

3.1. Study Population

From two databases, 206 patients with 22q11.2DS, scoliosis, and a full spine radiograph
were retrieved; after 21 exclusions, 185 patients were included for radiographic analysis
(Figure 2). From these 185 patients, a further 48 had at least one year of radiographic
follow-up and were included for analysis of their scoliosis curve progression. Finally, for
the MRI analysis, after nine exclusions, 38 patients were included for analysis of the rate of
intraspinal anomalies (Figure 2).

The mean age at diagnosis of scoliosis in 22q11.2DS patients was 11.6 ± 4.2, and 92
(49.7%) were female (Figure 3). In literature, the mean age at idiopathic scoliosis diagnosis
in the general population varies due to different screening and diagnosis protocols but is
reported 9.5–13.6 [26–28]. Furthermore, the ratio of females to males in idiopathic scoliosis
is reported as 1.44 to 1, corresponding to 59% females [26].

3.2. Radiographic Analysis

Of the 185 patients with 22q11.2DS and scoliosis, the median Cobb angle was 16◦ (IQR:
13–25◦). A total of 182 patients (98.4%) had an idiopathic-like curve based on Abul-Kasim’s
criteria (Table 1) [23]. The other three patients (1.6%) fitted the criteria for neuromuscular-
like scoliosis. Remarkably, the proportion of S-shaped curves was 69%, much higher than
the 18% reported earlier for idiopathic scoliosis (Table 1) [23]. Of the 48 patients with at
least one year of radiographic follow-up, the mean age at scoliosis diagnosis was 9.8 ± 2.7,
and the median follow-up was 3.4 years (IQR: 2.3–5.1). There was a curve progression of
at least 5◦ in 26 patients (54.2%), at an average progression rate of 2.5◦ per year, ranging
from 1.4◦ to 5.0◦. This is very comparable to idiopathic scoliosis, which has a reported
proportion of 49% and a similar rate of 2.2–9.6◦ per year in the general population [24].
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Figure 2. Flowchart shows the inclusion and exclusion of patients in the current study. Furthermore,
the results of both the radiographic and MRI analysis are displayed.

 

Figure 3. The age distribution at the moment of initial radiographic diagnosis of scoliosis. In
the 185 included 22q11.2 deletion syndrome patients in this study, the mean age at diagnosis was
11.6 ± 4.2.

79



J. Clin. Med. 2021, 10, 4823

Table 1. Curve characteristics of the 185 ambulant 22q11.2 deletion syndrome patients with scoliosis
next to references values of the idiopathic and neuromuscular scoliosis. From Abul-Kasim et al. (2010).

Current Study Abul-Kasim et al. (2010) 1

22q11.2DS Idiopathic Scoliosis Neuro. Scoliosis

n 185 77 21
Major curve location

- Thoracic 79 (43%) 52 (68%) 5 (24%)
- Thoracolumbar 54 (29%) 13 (17%) 12 (57%)

- Lumbar 52 (28%) 12 (16%) 4 (19%)
Median curve length
in № vertebrae (IQR) 6 (5–7) 7 (7–8) 10 (9–11)

>8 vertebrae in curve 18 (10%) 3 (4%) 19 (90%)
Curve morphology

- S-shape 127 (69%) 14 (18%) 0 (0%)
- C-shape 58 (31%) 63 (82%) 21 (100%)

Lower-end vertebra
- L3+ 114 (62%) 62 (81%) 5 (24%)
- L4 67 (36%) 15 (19%) 8 (38%)
- L5 4 (2%) 0 (0%) 8 (38%)

Fulfilled criteria for 2

- Neuro. scoliosis 3 (2%) 0 (0%) 16 (76%)
- Idiopathic scoliosis 183 (98%) 77 (100%) 5 (24%)

1 Reprinted by Permission of SAGE Publications, Ltd. [23]. 2 The combination of a Cobb-to-Cobb curve
length > 8 vertebrae, a C-shaped curve, and the location of the lower-end vertebrae at the lowest or second-lowest
lumbar vertebrae is determined as a non-idiopathic (neuromuscular) curve pattern [23].

3.3. MRI Analysis

Out of 38 scoliosis patients with 22q11.2DS and an available MRI of the complete spine,
four patients (10.5%) had a total of five intraspinal anomalies. The different anomalies were
one tonsillar herniation, one extradural cyst, one intraspinal lipoma, and two vertebral
body abnormalities. This is comparable to a prevalence of 11.4% in idiopathic scoliosis in
the general population (Table 2) [25].

Table 2. Intraspinal anomalies in 38 patients with 22q11.22 deletion syndrome and scoliosis compared
to idiopathic scoliosis in the general population, as described by Heemskerk et al. (2018).

Current Study Heemskerk et al. (2018) 1

22q11.2DS Idiopathic Scoliosis

n 38 8622
Spinal anomaly:
-Isolated syrinx 318 (3.7%)
-Isolated Arnold-Chiari malf. 259 (3.0%)
-Arnold-Chiari malf. with syrinx 218 (2.5%)
-Tethered cord 49 (0.57%)
-Dural ectasia 33 (0.38%)
-Cerabral or intra/paraspinal tumors 22 (0.26%)
-Tonsilar herniation 1 (3%) 20 (0.23%)
-Diastematomyelia 19 (0.22%)
-Abnormal position of conus 10 (0.12%)
-Extra- or intradural cysts 1 (3%) 6 (0.07%)
-Intraspinal lipoma 1 (3%) 5 (0.06%)
-Discopathy 4 (0.05%)
-Hydrocephalus 3 (0.03%)
-Vertebral body abnormality 2 (5%) 2 3 (0.03%)3

-Hydromyelia 2 (0.02%)
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Table 2. Cont.

Current Study Heemskerk et al. (2018) 1

22q11.2DS Idiopathic Scoliosis

-Craniocervical junctional narrowing 1 (0.01%)
-Cerebellar angioma 1 (0.01%)
-Dandy-Walker syndrome 1 (0.01%)
-Arteriovenous fistula 1 (0.01%)
-Not specified 88 (1%)

1 Compiled from the systematic review and meta-analysis as performed by Heemskerk et al. [25]. 2 Patient 1:
Mild osteophytic ridging at T10-T11 and T11-T12 with Schmorl’s nodes and decreased disc height at these levels.
Patient 2: Vertical cleft in the midline of the T7 vertebral body. 3 Hemangioma or lipoma in vertebral body.

4. Discussion

The problem with the current etiology research on idiopathic scoliosis is that only
established cases can be studied, and prospective research before the onset of the deformity
is unfeasible in the general population [1,3]. The solution is the use of a ‘model’; however,
currently, for idiopathic scoliosis, only ‘models’ of genetically or anatomically modified
small animals exist [7,9–12]. This study investigated the relevance of a human ‘model’ for
idiopathic scoliosis by using a subset of the population with a high risk for the disease.
Children with 22q11.2DS have a 20-fold increased prevalence of scoliosis at around 50% and
are usually prospectively followed from birth [14,17,18]. The purpose of this multicenter
study was to analyze the morphology, dynamic behavior, and presence of intraspinal
anomalies in scoliosis patients from 22q11.2DS cohorts in comparison to idiopathic scoliosis.

Over two hundred patients with 22q11.2DS and scoliosis were compared to thousands
of patients with idiopathic scoliosis from the recent literature. The mean age at diagnosis
of scoliosis in patients with 22q11.2DS was 11.6, and 49.7% were females. In idiopathic
scoliosis, this is reported as 9.5–13.6 years old and 59% females [26–28]. This broad range
of reported age at diagnosis is caused by the many different scoliosis screening protocols in
different countries. However, if scoliosis in 22q11.2DS onsets at the same age as idiopathic
scoliosis, the mean age at diagnosis in patients with 22q11.2DS is likely to be lower since
spinal radiography is part of the standard follow-up, promoting early diagnosis. The vast
majority of included patients with 22q11.2DS and scoliosis (98.4%) had a curve morphology
that was consistent with predefined criteria for an idiopathic curve [23]. Additionally,
the proportion of progressive curves (54.2%) and the rate of curve progression (2.5◦ per
year) was similar to reports on idiopathic scoliosis, with 49% being progressive at a rate
of 2.2–9.6◦ per year [24]. Finally, the prevalence of intraspinal anomalies in 22q11.2DS
patients with scoliosis was 10.5%, which was similar to the 11.4% prevalence in idiopathic
scoliosis in the general population [25].

There are multiple classification systems that describe the curve morphology pattern
in scoliosis. The well-known King and Lenke classifications were created mainly for surgi-
cal planning by distinguishing stiffer/structural curves from non-structural curves rather
than distinguishing between idiopathic and non-idiopathic scoliosis [29,30]. Abul-Kasim
et al. showed that non-idiopathic curves display distinct morphologic characteristics on
upright standing spinal radiographs, including the scoliosis shape, the curve length, and
the contribution of the lowest lumbar vertebrae to the curve (Figure 1). These characteristics
were translated into three criteria to distinguish idiopathic from non-idiopathic curves,
which were used in this study of 22q11.2DS scoliosis [23]. While these three criteria are all
assessed from anterior–posterior standing spinal radiographs, idiopathic scoliosis is a 3D
deformation of the spine and trunk, including vertebral rotation and sagittal plane defor-
mation. However, since lateral radiographs were not routinely made in all participating
centers, these were not analyzed in this study. Furthermore, accurate assessment of the
sagittal spinal profile is notoriously unreliable on lateral radiographs, especially in more
severe curves with a larger Cobb angle, due to coupling of the spinal curvature in all three
planes [31,32].
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Besides the global curve morphology criteria for idiopathic scoliosis, the curve behav-
ior over time was also reckoned as relevant. Although similar values for the proportion
and rate of curve progression were observed in 22q11.2DS scoliosis in comparison to
idiopathic scoliosis, this should be interpreted with caution since scoliosis progression
is heavily influenced by age, sex, curve location, and curve magnitude, all parameters
that were not normalized or matched in this study [24,33]. Additionally, in the 22q11.2DS
cohort, there was a median follow-up difference between the progressive curves (4.4 years)
and non-progressive curves (2.5 years); therefore, the number of progressive curves in
22q11.2DS might be underestimated by this study. Future studies, with, for instance, an
age- and sex-matched design, could aim to confirm the similarities in curve behavior
between 22q11.2DS and idiopathic scoliosis. The addition of an MRI-based analysis to
this study was mainly to exclude intraspinal anomalies as an important cause of scoliosis
in 22q11.2DS. Indeed, the intraspinal anomaly prevalence was comparable to idiopathic
scoliosis [25].

Although this study demonstrated similarities in curve morphology and behavior
between scoliosis in 22q11.2DS and idiopathic scoliosis, the validity of 22q11.2DS as a
‘model’ has obvious limitations. First, the absence of typical non-idiopathic features that
were identified for neuromuscular scoliosis does not imply that the curve is similar to
idiopathic scoliosis. On the contrary, more subtle differences could be observed, such
as the distribution between thoracic, thoracolumbar, and lumbar curves, as well as the
contribution of L4 to the curve. Second, in this study, patients with congenital spinal
anomalies that induced congenital scoliosis were excluded. This was because in the
general population, and most likely also in 22q11.2DS, the pathoetiology of congenital
scoliosis varies greatly from the development of idiopathic scoliosis [22]. It is known that
in 22q11.2DS, the rate of congenital spinal malformations, especially in the cervical spine,
is higher than the general population; therefore, if 22q11.2DS scoliosis were to be used as a
‘model’ to study idiopathic scoliosis, the congenital curves should be excluded [34]. Third,
22q11.2DS is a multisystem syndrome with many phenotypes resulting, for example, in
hypocalcemia and a lower bone mineral density in half of the patients [14,35]. Interestingly,
a proportion of patients with idiopathic scoliosis in the general population have lower bone
mineral density [36–39]. Irrespective of a 22q11.2 deletion, a lower bone mineral density
might be an independent risk factor for idiopathic-like scoliosis. Additionally, congenital
heart disease is prevalent in 22q11.2DS, and for many decades, congenital heart disease has
been linked to scoliosis in the general population [40,41]. Recent observations in different
cohorts demonstrate that the 22q11.2 deletion itself is a confounder in this relationship and
that in both the general population and in 22q11.2DS, congenital heart disease itself is not
a large scoliosis risk factor [42]. Finally, children with 22q11.2DS differ from the general
population in frequent phenotypes such as slow maturation, short stature, and articular
laxity, which could all influence scoliosis development, but their exact effects are currently
unknown. Future studies using 22q11.2DS scoliosis as a model should aim to normalize
these as much as possible, for instance, by determining the individual offset from maturity,
i.e., the difference between chronological age and biological maturity [43].

For a scientific ‘model’ to be valid, the disease of the ‘model’ must sufficiently resemble
the condition in the general population before it can be used to study etiological aspects
of the disorder. Of course, any ‘model’ is at best an approximation of the true disease;
this holds true for the often-used animal model as well. Scoliosis in 22q11.2DS does
have differences from true idiopathic scoliosis in the general population, but this study
demonstrated many important similarities in curve morphology and behavior. A future
goal could be to utilize this ‘human model’ in prospective studies on idiopathic scoliosis
etiology—for example, to study the spinal sagittal profile before scoliosis onset and its
influence on scoliosis development [8,44]. Another option is to examine whole-genome
sequencing in patients with scoliosis and 22q11.2DS, and those in the general population,
as a clue to identifying the genomic etiology. Studying psychotic, ‘schizophrenia-like’
disorders in the 22q11.2DS population has yielded important information on idiopathic
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schizophrenia, a disorder that also seems exclusive to humans in the general population [13].
We propose to use the same approach in idiopathic scoliosis research.

5. Conclusions

To better understand idiopathic scoliosis etiology, prospective research on the pre-
scoliotic spine is needed but is practically impossible in the general population. Animal
models can help, but a validated human model would be superior. This study explored sco-
liosis in patients with 22q11.2DS as a possible human ‘model’ for idiopathic scoliosis. These
patients have a 20-fold increased scoliosis risk and a curve morphology that resembles
idiopathic scoliosis. Additionally, the curve dynamic behavior, in terms of prevalence and
rate of curve progression and the prevalence of intraspinal anomalies, closely mimicked
idiopathic scoliosis. This suggests that 22q11.2DS scoliosis may be a very relevant ‘model’
to prospectively study and help better understand certain aspects of idiopathic scoliosis
etiology in the general population.
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Abstract: Loss of body height is observed in patients with idiopathic scoliosis (IS) due to spine
curvatures. The study compared pulmonary parameters obtained from spirometry examination
considering the measured versus the corrected body height. One hundred and twenty adolescents
with Lenke type 1 or 3 IS who underwent preoperative spirometry examination and radiographic
evaluation were enrolled. The mean thoracic Cobb angle was 68◦ ± 12.6, range 48–102◦. The
difference between the measured and the corrected body height increased with the greater Cobb
angle. Using the corrected body height instead of the measured body height significantly changed
the predicted values of pulmonary parameters and influenced the interpretation of the pulmonary
testing results.

Keywords: idiopathic scoliosis; body height; pulmonary function test; Cobb angle

1. Introduction

Spine and trunk alignment can be altered due to idiopathic scoliosis (IS), and this
can impair pulmonary function in the case of spinal curvatures developing in the thoracic
region [1]. Previous publications regarding possible factors contributing to pulmonary
function impairment revealed that radiological parameters such as thoracic Cobb angle,
thoracic kyphosis angle, the number of vertebrae involved and the limitation of rib cage
mobility might correlate with the pulmonary parameters [2–6]. Due to spine deformity, a
loss of body height is observed in patients with idiopathic scoliosis, which can be considered
another factor which may impact pulmonary testing results. In previous studies, several
mathematical formulas for calculating scoliosis-induced body height loss were proposed,
but none are considered a gold standard [7–11]. No study comparing the impact of the
application of the measured body height versus the corrected body height (defined as the
sum of the measured body height and the body height loss caused by the spinal deformity)
on the interpretation of the spirometry testing results was identified.

The aim of the study was to compare the pulmonary parameters revealed during
spirometry examination in adolescents with thoracic idiopathic scoliosis in relation to
measured versus corrected body height. The hypothesis is that using the patients’ measured
body height introduces a bias in the interpretation of the spirometry examination in patients
with thoracic idiopathic scoliosis.

2. Materials and Methods

2.1. Study Population

Retrospective analysis of preoperative radiographs and preoperative pulmonary
testing was performed in 120 adolescents (88 females and 32 males) aged 15.0 ± 1.8 years
(range 12–18), who were admitted for surgical IS treatment and met the inclusion criteria:

J. Clin. Med. 2021, 10, 4877. https://doi.org/10.3390/jcm10214877 https://www.mdpi.com/journal/jcm87
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diagnosis of IS, Lenke 1 or 3 type curve, surgical treatment, spirometry evaluation. The
exclusion criteria comprised non-idiopathic scoliosis and previous surgical treatment.
The Lenke 1 group consisted of 73 patients (53 girls and 20 boys), the Lenke 3 group of
47 patients (35 girls and 12 boys).

The patients’ charts were analyzed according to the Lenke curve type (Lenke 1 vs.
Lenke 3) and according to the thoracic Cobb angle: subgroup I. of 84 patients with thoracic
Cobb angle less than 75◦ vs. subgroup II. of 36 patients with thoracic Cobb angle of 75◦ or
more.

2.2. Radiological Examination

In accordance with the Cobb method [12], the thoracic and lumbar curve measure-
ments were taken from the standing anteroposterior radiograph of the whole spine.

2.3. Corrected Body Height Calculation

The loss of body height was calculated on the basis of Stokes’ formula [10]. The
corrected body height was calculated as the sum of the measured body height and the loss
of body height. In the case of single scoliosis (Lenke 1), the formula for calculating the loss
of body height was 1.55 − 0.0471Cobb + 0.009Cobb2, while in the case of double curves
(Lenke 3) the formula was 1.0 + 0.066Cobb + 0.0084Cobb2 [10].

2.4. Pulmonary Testing

Pulmonary testing (PT) was performed in a sitting position using a LungTest LT
250 spirometer (MES, Kraków, Poland). Forced Vital Capacity (FVC) and Forced Expiratory
Volume in one second (FEV1) were measured 3 times. The single best effort was taken for
analysis [5,13–16]. The predicted values of the pulmonary parameters, the lower limit of
normal (LLN), the upper limit of normal (ULN), z-scores and percentages of the predicted
values of the pulmonary parameters were calculated according to the Global Lung Function
Initiative (GLI 2012) reference values, independently for the measured and the corrected
body height [17].

2.5. Statistical Analysis

The mean value, standard deviation and range of the parameters were calculated using
Microsoft Excel Software (Microsoft, Redmond, WA, USA). The Kolmogorov–Smirnov
test was used to analyze normal data distribution. Since the parameters revealed normal
distribution, Student’s t-test was used to determine the significance of the differences
for predicted values LLN, ULN, z-scores and percentages of the predicted values of the
pulmonary parameters calculated according to the measured and the corrected body height.
The correlation between the thoracic Cobb angle magnitude versus the loss of body height
was calculated using Pearson’s correlation coefficient.

The statistical significance level was set at p = 0.05. The analysis was performed with
Statistica Software (TIBCO Software Inc., Palo Alto, CA, USA).

3. Results

3.1. Cobb Angle Analysis

The mean thoracic Cobb angle was 68◦ ± 12.6 (48–102◦) for all patients. For Lenke
1 subgroup I, the thoracic Cobb angle was 60.2◦ ± 6.6 (48–74◦); for Lenke 1 subgroup II,
the thoracic Cobb angle was 82.6◦ ± 6.7 (75–102◦). In Lenke 3 subgroup I, the thoracic
Cobb angle was 63.8◦ ± 6.0 (50–74◦); in Lenke 3 subgroup II, the thoracic Cobb angle was
87.3◦ ± 6.2 (76–95◦).

3.2. Measured versus Corrected Body Height

The values of the measured body height, the calculated corrected body height and the
calculated loss of body height are presented in Table 1.
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Table 1. Comparison of the measured body height versus the calculated corrected body height.

Thoracic Cobb
Angle Range

[◦]

Measured
Body Height

[cm]

Calculated
Height Loss [cm]

(Stokes)

Calculated
Corrected Body

Height [cm]

Measured
versus Corrected

Body Height

Lenke 1 and 3 types

Subgroup I and II
N = 120 48–102 164.9 ± 7.9

(145.0–185.0)
3.9 ± 1.4
(1.5–9.0)

168.8 ± 8.0
(151.3–188.5) p < 0.01 *

Subgroup I
N = 84 48–74 164.9 ± 7.9

(148.0–184.0)
3.1 ± 0.7
(1.5–4.7)

168.0 ± 7.8
(151.2–187.5) p = 0.01 *

Subgroup II
N = 36 75–102 165.0 ± 8.1

(145.0–185.0)
5.7 ± 1.2
(3.5–9.0)

170.7 ± 8.2
(151.3–188.5) p = 0.004 *

Lenke 1 type

Subgroup I and II
N = 73 48–102 165.1 ± 7.7

(145–184)
3.9 ± 1.4
(2.0–9.0)

169.0 ± 7.7
(151.2–188.0) p < 0.01 *

Subgroup I
N = 54 48–74 165.5 7 ± 9

(151.0–184.0)
3.2 ± 0.7
(2.0–4.7)

168.6 ± 7.8
(153.3–187.2) p < 0.01 *

Subgroup II
N = 19 75–102 163.9 ± 7.2

(145.0–182.0)
5.9 ± 1.0
(4.8–9.0)

169.9 ± 7.2
(151.2–188.0) p < 0.01 *

Lenke 3 type

Subgroup I and II
N = 47 50–95 164.7 ± 8.3

(148.0–185.0)
3.9 ± 1.4
(1.5–7.9)

168.6 ± 8.6
(151.5–188.5) p < 0.01 *

Subgroup I
N = 30 50–74 163.8 ± 7.8

(148.0–184.0)
3.1 ± 0.6
(1.46–4.1)

166.9 ± 7.8
(151.5–187.5) p < 0.01 *

Subgroup II
N = 17 76–95 166.3 ± 9.0

(149.0–185)
5.3 ± 1.2
(3.5–7.9)

171.6 ± 9.3
(152.5–189.6) p < 0.01 *

All values are presented as a mean ± standard deviation, minimum and maximum in brackets. * difference statistically significant.

The body height loss was significantly higher in subgroup II patients than in subgroup
I (5.7 cm vs. 3.1 cm, p < 0.01). For the Lenke 1 and Lenke 3 type considered separately, body
height loss was also higher in subgroup II than in subgroup I (5.9 cm vs. 3.2 cm, p < 0.01;
5.3 cm vs. 3.1 cm, p < 0.01, respectively).

With the increasing Cobb angle, increased body height loss was observed, as presented
in Figure 1.

Th Cobb angle [o] Confidence interval 95%

y = 0.1050x -3.297

 

Figure 1. Thoracic Cobb angle magnitude versus loss of body height, Pearson’s correlation coefficient
r = 0.93, p < 0.01, N = 120.
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3.3. Predicted Pulmonary Parameters Calculated for the Measured versus the Corrected
Body Height

The predicted absolute value of FVC and FEV1, as well as the values of the LLN
and ULN for each of the two pulmonary parameters (FVC and FEV1), were calculated
according to the GLI 2012 reference values [17], using the measured body height and using
the corrected body height, separately (Table 2), as well as within the Lenke types and the
subgroups (Appendix A). All the corresponding values—the predicted values of the FVC
and FEV1, LLN and ULN calculated for the FVC and FEV1—proved significantly different.

Table 2. Predicted values of the pulmonary parameters calculated (GLI 2012, [17]) for the measured
versus the corrected body height, N = 120.

Parameter
FVCm

Measured Body
Height

FVCc

Corrected Body
Height

FVCm vs. FVCc

p-Value

Predicted value [L] 3.83 ± 0.6 4.04 ± 0.7 p < 0.01 *
LLN [L] 3.09 ± 0.5 3.26 ± 0.5 p < 0.01 *
ULN [L] 4.59 ± 0.7 4.84 ± 0.8 p < 0.01 *

FEV1m

Measured Body
Height

FEV1c

Corrected Body
Height

FEV1m vs. FEV1c

p-Value

Predicted value [L] 3.36 ± 0.51 3.53 ± 0.53 p < 0.01 *
LLN [L] 2.70 ± 0.41 2.84 ± 0.42 p < 0.01 *
ULN [L] 4.00 ± 0.6 4.20 ± 0.6 p < 0.01 *

All values are presented as a mean ± standard deviation. FVCm—forced vital capacity calculated for the
measured body height; FVCc—forced vital capacity calculated for the corrected body height; FEV1m—forced
expiratory volume in 1s calculated for the measured body height; FEV1c—forced expiratory volume in 1s
calculated for the corrected body height; LLN—lower limit of normal; ULN—upper limit of normal. * difference
statistically significant.

3.4. Pulmonary Parameters Values Registered at Spirometry Examination

The absolute FVC and FEV1 values, followed by z-score and the percentage of the
predicted normal value for FVC and FEV1, are presented in Table 3. Z-score and the
percentage of the predicted normal value for FVC and FEV1 were calculated for the
measured versus the corrected body height.

Table 3. The absolute FVC and FEV1 values, and values calculated for the measured vs. the corrected
body height, N = 120.

Parameter FVC 3.00 ± 0.8 L

FVCm

Measured Body
Height

FVCc

Corrected Body Height
FVCm vs. FVCc

p-Value

z-score −1.83 ± 1.4 −2.19 ± 1.4 p < 0.01 *
%FVC 78.67 ± 16.7 74.62 ± 16.1 p < 0.01 *

FEV1 2.59 ± 0.7 L

FEV1m

Measured Body
Height

FEV1c

Corrected Body Height
FEV1m vs. FEV1c

p-Value

z-score −1.84 ± 1.6 −2.15 ± 1.5 p < 0.01 *
%FEV1 77.78 ± 18.7 74.03 ± 18.2 p < 0.01 *

All values are presented as a mean ± standard deviation. FVCm—forced vital capacity for the measured body
height; FVCc—forced vital capacity for the corrected body height; %FVC—percentage of the predicted FVC
value; FEV1m—forced expiratory volume in 1s for the measured body height; FEV1c—forced expiratory volume
in 1s for the corrected body height, %FEV1—percentage of the predicted FEV1 value. * difference statistically
significant.
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3.5. Comparison of the Pulmonary Parameters in Subgroup I versus Subgroup II

The predicted absolute value of FVC and FEV1, as well as the values of LLN and ULN
for each of the pulmonary parameters (FVC, FEV1), were calculated using the measured
body height and using the corrected body height in subgroup I and subgroup II in Lenke 1
and Lenke 3 types, separately (Table A1), in Lenke 1 type (Table A2) and in Lenke 3 type
(Table A3). All the corresponding values- the predicted values of the FVC and FEV1, LLN,
and ULN calculated for the FVC and FEV1- proved significantly different.

The absolute FVC and FEV1 values, followed by z-score and the percentage of the
predicated value of FVC and FEV1 for both subgroups calculated for the measured versus
corrected body height, are presented in Table A4.

The FVC absolute values were not significantly different in both subgroups (p = 0.14);
however, the absolute value of FEV1 was significantly lower in patients with a greater
Cobb angle (p = 0.04).

The %FVC calculated for the corrected body height and %FEV1 values calculated
for the measured and the corrected body height were significantly lower in subgroup II
than in subgroup I (p = 0.02; p = 0.04, p = 0.01, respectively). Additionally, the FVC and
FEV1 z-score values calculated for the corrected body height were significantly lower in
subgroup II than subgroup I (p = 0.01; p = 0.01, respectively).

The absolute FVC and FEV1 values, as well as the z-score values and the percentages
of the predicted values of both parameters calculated in subgroup I and subgroup II using
the measured versus corrected body height in Lenke 1 type patients are presented in
Table A5.

The absolute values of FVC and FEV1 were lower in subgroup II than in subgroup I
patients, but the difference was not significant (p = 0.58; p = 0.82, respectively).

Significantly lower values of %FVC and %FEV1 were observed in subgroup II patients
than in subgroup I when calculated for both the measured and the corrected body height
values (p = 0.04; p = 0.009; p = 0.02; p = 0.006, respectively). Additionally, FVC and FEV1
z-score values proved significantly lower in patients with a greater Cobb angle when
calculated using the measured and the corrected body height (p = 0.04; p = 0.008; p = 0.03;
p = 0.008, respectively).

The absolute FVC and FEV1 values, as well as the z-score values and the percentages
of the predicted values of both parameters calculated in subgroup I and subgroup II using
the measured versus corrected body height in Lenke 3 type patients are presented in
Table A6.

In Lenke 3 type, the differences in absolute FVC, FEV1 values were not significant in
subgroup II versus subgroup I (p = 0.20; p = 0.13, respectively).

Additionally, in Lenke 3 type, the values of the %FVC and %FEV1 parameters were
lower in subgroup II than in subgroup I when calculated for the measured and the cor-
rected body height; however, the differences were not significant (p = 0.89; p = 0.56; p = 0.81;
p = 0.52, respectively). Additionally, the FVC and FEV1 z-score values proved not signifi-
cantly different when comparing subgroup I versus subgroup II (p = 0.84; p = 0.51; p = 0.85;
p = 0.85, respectively).

An example of a different interpretation of the result of spirometry testing is shown in
Figure A1.

4. Discussion

Spirometry is an examination that allows us to assess pulmonary function in pa-
tients with IS. Regular pulmonary testing allows to recognize pulmonary impairment,
even though it may not be clinically evident until severe or irreversible changes have
occur [18]. Even though spirometry cannot replace body plethysmography for diagnosing
the restrictive patterns that occur in patients with idiopathic scoliosis, it may indicate
their presence and suggest a need for further examination [19,20]. On the other hand,
spirometry is recommended for diagnosing the obturation patterns which are less common
in IS [19–22]. Loss of body height is observed in all patients with moderate or severe
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idiopathic scoliosis—the greater the Cobb angle, the higher the body height loss. Several
methods have been proposed to replace the misleadingly low measured body height during
pulmonary function testing.

Hepper et al. [23] observed that body height is correlated with arm span. The authors
evaluated pulmonary parameters in patients with kyphoscoliosis using body height calcu-
lated from arm span. Using arm span instead of measured body height was recommended
for calculating pulmonary parameters in patients with spinal deformities [24]. However,
the arm span: body height ratio depends on age and gender [24–26]. Furthermore, arm span
may be lower than predicted due to the trunk asymmetry caused by spinal deformity [27].

Several factors were previously identified as determinants contributing to body height
loss due to idiopathic scoliosis: Cobb angle magnitude, curvature length and the number
of vertebrae involved in the curve [7–10]. In previous studies, authors presented regression
equations based on the Cobb angle values that may be used to calculate body height
loss [7–10,28].

Tyrakowski et al. [11] compared four methods—Bjure, Stokes, Kono and Ylikoski—
and concluded that none of them could be recommended as most valid. On the other
hand, Gardner et al. [29], comparing five methods—Bjure, Stokes, Kono, Ylikoski and
Hwang—concluded that the Kono and Stokes methods were the most valid in determining
height loss in patients with idiopathic scoliosis.

Our preliminary study in 39 IS patients (29 girls and 10 boys) aged 12–17 with the
mean thoracic Cobb angle 69.8◦ ± 12.4◦ (50–104◦) showed that corrected body height
was significantly higher than measured body height (p = 0.01) [30]. The impact of body
height loss on the interpretation of the spirometry testing is based on the fact that the
predicted reference values are calculated for every individual patient considering age,
gender, body height and ethnicity. From these data, the predicted values are generated by
means of the GLI 2012 regression equations using spirometry equipment software or the
GLI 2012 software. Changing one component value—body height—the predicted values
of the pulmonary parameters change accordingly. For example, in a 13-year-old girl, the
application of the corrected body height (172.2 cm) instead of the measured one (168.0 cm)
into the regression equation results in a 5.46% difference in the FVC predicted value (3.89 L
vs. 3.67 L) and 5.26% difference in the FEV1 predicted value (3.40 L vs. 3.23 L; Appendix B).

Weinstein et al. [2] concluded that pulmonary parameters—FVC and FEV1—significantly
correlate with the thoracic Cobb angle magnitude. The pulmonary parameters decreased
when the thoracic Cobb angle value got close to 100◦–120◦. However, later observations sug-
gested that pulmonary impairment was observed in patients with smaller curves [3,5,31].
In our study, the absolute value of FEV1 (p = 0.04) but not FVC (p = 0.16) was significantly
lower in patients with a greater Cobb angle (Cobb > 75◦). Meanwhile, when the spirometry
absolute values are transformed into percentages of the predicted values, the impact of
the body height correction appears evident. In adolescents with a Cobb angle > 75◦, the
%FVCc, %FEV1m and %FEV1c values were lower than in those with a Cobb angle < 75◦
(p = 0.02; p = 0.04, p = 0.01, respectively).

In clinical practice, the absolute values of spirometry parameters are less useful for
evaluating the patient’s pulmonary status, so clinicians rely more on the percentages of
the values predicted for a given gender, age and height. The calculation of the predicted
values is automatically offered by spirometry equipment software. The modification of
one component—body height—does impact the calculation of the predicted values. In
consequence, one absolute value measured in liters may be interpreted differently due to
different reference values. This study confirmed the discrepancy of the predicted FVC and
FEV1 values depending on the height parameter introduced for calculation (measured vs.
corrected). As body height loss increases with the Cobb angle, the discrepancy becomes
significant in severe curves, over 75 Cobb degrees.

In previous studies of IS patients, the pulmonary parameters used to be interpreted
using the threshold of 80% as the lower limit of normal predicted value, in accordance
with the recommendation made by Bates and Christie [32]. The American Thoracic Society
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and European Respiratory Society recommend the 5th percentile as an LLN (z-score
−1.64) [21,33,34]. The z-score value indicates by how many standard deviations a particular
measurement is situated from the predicted value. Contrary to the percentage of the
predicted value, the z-score parameter is not biased due to age, gender or ethnic group,
and seems more useful for defining the LLN [17]. In Lenke 1 type subgroup I, the z-score
values of FVC and FEV1 calculated for the measured body height indicated that the results
were within the normal limits. However, when the z-score values of FVC and FEV1 were
calculated for the corrected body height, the results were below the normal limits (−1.54
vs. −1.84; −1.51 vs. −1.78, respectively). Replacing the measured body height with the
corrected body height can also change the classification of the severity of the pulmonary
impairment. In subgroup II, the %FVC and %FEV1 calculated from the measured body
height indicated a mild pulmonary impairment, but when the corrected body height was
used, the interpretation changed to a moderate impairment [20].

A limitation of the study was that the study group consisted solely of patients with
Lenke 1 or 3 type scoliosis. Another limitation is that the group contained both girls and
boys.

5. Conclusions

Increasing height loss is observed with an increasing Cobb angle in adolescents with
thoracic idiopathic scoliosis. Predicted spirometry reference values change significantly in
proportion to a change in body height. At spirometry examination, the interpretation of
the results of the pulmonary functional testing is affected by body height loss. Use of the
corrected body height instead of the measured one can be seriously considered in severe
thoracic curvatures over a 75 degree Cobb angle.
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Appendix A

Table A1. Comparison of the predicted values of the pulmonary parameters calculated (GLI 2012, [17]) for the measured
versus the corrected body height in subgroup I, N = 84, and subgroup II, N = 36.

Subgroup I Subgroup II

Parameter
FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p-Value

FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p-Value

Predicted value
(L) 3.83 ± 0.6 4.00 ± 0.6 p < 0.01 * 3.82 ± 0.6 4.13 ± 0.7 p < 0.01 *

LLN (L) 3.09 ± 0.5 3.23 ± 0.5 p < 0.01 * 3.08 ± 0.5 3.34 ± 0.6 p < 0.01 *
ULN (L) 4.59 ± 0.7 4.80 ± 0.7 p < 0.01 * 4.57 ± 0.7 4.95 ± 0.8 p < 0.01 *

FEV1m

Measured
Body Height

FEV1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

FEV1m

Measured
Body Height

FEV1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

Predicted value
(L) 3.36 ± 0.6 3.50 ± 0.5 p < 0.01 * 3.34 ± 0.5 3.59 ± 0.5 p < 0.01 *

LLN (L) 2.70 ± 0.4 2.82 ± 0.5 p < 0.01 * 2.69 ± 0.4 2.89 ± 0.4 p < 0.01 *
ULN (L) 4.00 ± 0.7 4.17 ± 0.6 p < 0.01 * 3.98 ± 0.6 4.28 ± 0.6 p < 0.01 *

All values are presented as a mean ± standard deviation. FVCm—forced vital capacity for the measured body height; FVCc—forced vital
capacity for the corrected body height; FEV1m—forced expiratory volume in 1 s for the measured body height; FEV1c—forced expiratory
volume in 1s for the corrected body height; LLN—lower limit of normal; ULN—upper limit of normal. * difference statistically significant.

Table A2. Comparison of the predicted values of the pulmonary parameters calculated (GLI 2012, [17]) for the measured
versus the corrected body height in subgroup I, N = 54, and subgroup II, N = 19, Lenke 1 type.

Subgroup I Subgroup II

Parameter
FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p-Value

FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p-Value

Predicted value
(L) 3.88 ± 0.6 4.05 ± 0.6 p < 0.01 * 3.74 ± 0.5 4.06 ± 0.6 p < 0.01 *

LLN (L) 3.13 ± 0.5 3.27 ± 0.5 p < 0.01 * 3.02 ± 0.4 3.27 ± 0.5 p < 0.01 *
ULN (L) 4.65 ± 0.7 4.86 ± 0.7 p < 0.01 * 4.49 ± 0.6 4.87 ± 0.7 p < 0.01 *

FEV1m

Measured
Body Height

FEV1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

FEV1m

Measured
Body Height

FEV1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

Predicted value
(L) 3.40 ± 0.5 3.54 ± 0.5 p < 0.01 * 3.29 ± 0.4 3.55 ± 0.5 p < 0.01 *

LLN (L) 2.73 ± 0.4 2.85 ± 0.4 p < 0.01 * 2.65 ± 0.4 2.86 ± 0.4 p < 0.01 *
ULN (L) 4.05 ± 0.6 4.21 ± 0.6 p < 0.01 * 3.91 ± 0.5 4.22 ± 0.6 p < 0.01 *

All values are presented as a mean ± standard deviation. FVCm—forced vital capacity for the measured body height; FVCc—forced vital
capacity for the corrected body height; FEV1m—forced expiratory volume in 1 s for the measured body height; FEV1c—forced expiratory
volume in 1s for the corrected body height; LLN—lower limit of normal; ULN—upper limit of normal. * difference statistically significant.
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Table A3. Comparison of the predicted values of the pulmonary parameters calculated (GLI 2012, [17]) for the measured
versus the corrected body height in subgroup I, N = 30, and subgroup II, N = 17, in Lenke 3 type patients.

Subgroup I Subgroup II

Parameter
FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p-Value

FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p -Value

Predicted value
(L) 3.75 ± 0.7 3.91 ± 0.7 p < 0.01 * 3.92 ± 0.7 4.22 ± 0.8 p < 0.01 *

LLN (L) 3.02 ± 0.5 3.15 ± 0.6 p < 0.01 * 3.17 ± 0.6 3.41 ± 0.6 p < 0.01 *
ULN (L) 4.50 ± 0.8 4.69 ± 0.8 p < 0.01 * 4.68 ± 0.8 5.04 ± 0.9 p < 0.01 *

FEV1m

Measured
Body Height

Fev1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

FEV1m

Measured
Body Height

FEV1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

Predicted value
(L) 3.30 ± 0.5 3.43 ± 0.6 p < 0.01 * 3.40 ± 0.6 3.64 ± 0.6 p < 0.01 *

LLN (L) 2.66 ± 0.4 2.76 ± 0.4 p < 0.01 * 2.73 ± 0.5 2.92 ± 0.5 p < 0.01 *
ULN (L) 3.92 ± 0.6 4.09 ± 0.7 p < 0.01 * 4.05 ± 0.7 4.34 ± 0.7 p < 0.01 *

All values are presented as a mean ± standard deviation. FVCm—forced vital capacity for the measured body height; FVCc—forced vital
capacity for the corrected body height; FEV1m—forced expiratory volume in 1 s for the measured body height; FEV1c—forced expiratory
volume in 1s for the corrected body height; LLN—lower limit of normal; ULN—upper limit of normal. * difference statistically significant.

Table A4. Comparison of the pulmonary parameters calculated for the measured versus the corrected body height in
subgroup I, N = 84 and subgroup II, N = 36.

Subgroup I Subgroup II

Parameter FVC 3.07 ± 0.7 L FVC 2.85 ± 0.8 L

FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p−Value

FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p−Value

z-score −1.69 ± 1.4 −1.98 ± 1.3 p < 0.01 * −2.18 ± 1.6 −2.67 ± 1.4 p < 0.01 *
%FVC 80.30 ± 16.0 76.89 ± 15.4 p < 0.01 * 74.87 ± 17.8 69.31 ± 16.8 p < 0.01 *

FEV1 2.67 ± 0.7 L FEV1 2.41 ± 0.6 L

FEV1m

Measured
Body Height

FEV1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

FEV1m

Measured
Body Height

FEV1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

z-score −1.66 ± 1.8 −1.92 ± 1.5 p < 0.01 * −2.26 ± 1.5 −2.67 ± 1.4 p < 0.01 *
%FEV1 79.90 ± 22.1 76.81 ± 17.7 p < 0.01 * 72.61 ± 18.9 67.56 ± 17.7 p < 0.01 *

All values are presented as a mean ± standard deviation. FVCm—forced vital capacity for the measured body height; FVCc—forced vital
capacity for the corrected body height; %FVC—percentage of the predicted FVC value; FEV1m—forced expiratory volume in 1s for the
measured body height; FEV1c—forced expiratory volume in 1 s for the corrected body height, %FEV1—percentage of the predicted FEV1
value. * difference statistically significant.
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Table A5. Comparison of the pulmonary parameters calculated for the measured versus the corrected body height in
subgroup I, N = 54 and subgroup II, N = 19, Lenke 1 type.

Subgroup I Subgroup II

Parameter FVC 3.07 ± 0.8 L FVC 2.95 ± 0.7 L

Fvcm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p-Value

FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p-Value

z-score −1.54 ± 1.3 −1.84 ± 1.2 p < 0.01 * −2.30 ± 1.7 −2.80 ± 1.6 p < 0.01 *
%FVC 82.01 ± 14.6 78.49 ± 14.0 p < 0.01 * 73.41 ± 19.4 67.73 ± 18.2 p < 0.01 *

FEV1 2.66 ± 0.7 L FEV1 2.62 ± 0.6 L

FEV1m

Measured
Body Height

FEV1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

FEV1m

Measured
Body Height

FEV1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

z-score −1.51 ± 1.6 −1.78 ± 1.2 p < 0.01 * −2.48 ± 1.5 −2.89 ± 1.4 p < 0.01 *
%FEV1 81.79 ± 19.3 78.51 ± 18.5 p < 0.01 * 70.02 ± 18.6 64.93 ± 17.6 p < 0.01 *

All values are presented as a mean ± standard deviation. FVCm—forced vital capacity for the measured body height; FVCc—forced vital
capacity for the corrected body height; %FVC—percentage of the predicted FVC value; FEV1m—forced expiratory volume in 1s for the
measured body height; FEV1c—forced expiratory volume in 1 s for the corrected body height, %FEV1—percentage of the predicted FEV1
value. * difference statistically significant.

Table A6. Comparison of the pulmonary parameters calculated for the measured versus the corrected body height in
subgroup I, N = 30 and subgroup II, N = 17 in Lenke 3 type patients.

Subgroup I Subgroup II

Parameter FVC 3.07 ± 0.7 L FVC 2.78 ± 0.7 L

FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p-Value

FVCm

Measured
Body Height

FVCc

Corrected
Body Height

FVCm vs.
FVCc

p-Value

z-score −1.96 ± 1.5 −2.23 ± 1.5 p < 0.01 * −2.05 ± 1.4 −2.5 ± 1.4 p < 0.01 *
%FVC 77.23 ± 18.2 74.02 ± 17.5 p < 0.01 * 76.5 ± 16.3 71.09 ± 15.3 p < 0.01 *

FEV1 2.59 ± 0.6 L FEV1 2.32 ± 0.6 L

Fev1m

Measured
Body Height

Fev1c

Corrected
Body Height

FEV1m vs.
FEV1c

p-Value

FEV1m

Measured
Body Height

FEV1c

Corrected body
height

FEV1m vs.
FEV1c

p-value

z-score −1.94 ± 1.4 −2.18 ± 1.3 p < 0.01 * −2.02 ± 1.6 −2.43 ± 1.5 p < 0.01 *
%FEV1 76.77 ± 16.8 73.76 ± 16.1 p < 0.01 * 75.5 ± 19.3 70.49 ± 18.0 p < 0.01 *

All values are presented as a mean ± standard deviation. FVCm—forced vital capacity for the measured body height; FVCc—forced vital
capacity for the corrected body height; %FVC—percentage of the predicted FVC value; FEV1m—forced expiratory volume in 1s for the
measured body height; FEV1c—forced expiratory volume in 1 s for the corrected body height, %FEV1—percentage of the predicted FEV1
value. * difference statistically significant.

Appendix B

Example of a patient presenting a discrepancy in the interpretation of spirometry
testing due to body height.
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13 y.o. girl 

FVC 2.97 l 

FEV1 2.62 l 

Measured body 

height 

168 cm 

FVC 

z-score −1.63  

%FVC 80.83 

FEV1 

z-score −1.59 

%FEV1 81.20 

Calculated 

corrected body 

height 

FVC  

z-score −2.02 

%FVC 76.43 

FEV1 

z-score −1.93 

%FEV1 77.06 

Figure A1. Example of a patient presenting a discrepancy in the interpretation of spirometry testing. A case of a 13-year-old
girl with right idiopathic thoracic scoliosis, Cobb angle 70◦. The pulmonary parameters are within the norm when the
normal values are calculated for the measured body height. The parameters suggest a mild impairment of pulmonary
function when calculated using the corrected body height.
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Abstract: Previous studies have reported abnormal muscle morphology and functions in patients
with adolescent idiopathic scoliosis (AIS). To answer whether such abnormalities could be reflected
in their circulation and their clinical implication for predicting curve progression to the surgical
threshold, this preliminary study explored the presence of baseline muscle-related proteins and their
association with curve progression. Plasma samples were collected at the first clinical visit for AIS,
with patients divided into non-progressive or progressive groups (N = four and four) according to
their Cobb angle in six-year follow-ups, with age- and sex-matched healthy subjects (N = 50). Then,
the samples were subjected to isobaric tags for relative and absolute quantitation (iTRAQ) for global
comparison of untargeted protein expression. Seventy-one differentially expressed proteins (DEPs)
were found elevated in progressive AIS. Functional analysis showed that 18 of these are expressed
in muscles and play an essential role in muscle activities. Among the muscle-related DEPs, α-actin
had the highest fold change in progressive/non-progressive groups. This preliminary study firstly
suggested higher circulating levels of muscle structural proteins in progressive AIS, indicating the
likelihood of structural damage at the microscopic level and its association with progression to the
surgical threshold. Further studies with larger sample sizes are warranted to validate these novel
candidates for early diagnosis and predicting progression.

Keywords: scoliosis; iTRAQ; α-actin; progressive; differentially expressed proteins

1. Introduction

Adolescent idiopathic scoliosis (AIS) is the most common type of three-dimensional
structural deformity occurring during the puberty growth period, with a prevalence of
1~4% worldwide. AIS is more prevalent in girls than in boys [1]. For example, a five-year
idiopathic scoliosis screening program of 255,875 children aged 11~14 years old in Japan
reported that the prevalent ratio of girls to boys was 11:1 [2]. Our local scoliosis study on
115,190 fifth grade children indicated that the prevalence ratio of girls to boys with a Cobb
angle ≥10◦ was 2.7 by the age of 19 years, and the ratio increased to 4.5 and 8.1 with a Cobb
angle ≥20◦ and ≥40◦, respectively [3]. Unlike congenital, neuromuscular, and other types
of scoliosis, the etiopathogenesis of AIS is largely unknown [1]. Bracing is an evidence-
based effective treatment for patients with a Cobb angle ≥20◦ by means of preventing curve
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progression [4]. However, wearing braces could cause a negative cosmetic appearance,
poor self-esteem, and functional discomfort [5], resulting in insufficient wearing time and
thus affecting the effectiveness of this treatment. Those that develop a Cobb angle of
major curve >40~45◦in the thoracolumbar region, or >50◦ in the thoracic region, might
accept invasive surgery to correct the anatomical deformation and to reduce the risk of
further progression during adulthood. However, the potential complications of surgery,
including partial or complete loss of neurological function, infection, implant failure
or pseudoarthrosis, recurrence, or additional deformity, should be carefully taken into
consideration [1]. Current understanding of the etiopathogenesis is limited. Investigation
on unexplored areas is worthwhile to develop more effective prognostication and treatment.

AIS patients have been reported to have weaker muscle strength than healthy subjects
of a similar age and sex [6,7]. Decreased respiratory muscle strength in patients with AIS
has been described in pulmonary function studies [6,8]. The posterior paraspinal muscles,
including the multifidus and erector spinal muscle, provide dynamic stability to the spinal
column [9], and its imbalance has been postulated to contribute to the initiation and/or
progression of spinal deformity in AIS [10,11]. Previous studies have reported abnormal
and asymmetric muscle phenotypes in concave and convex side paraspinal muscles of AIS
patients, including electromyography (EMG) activities, muscle volume, muscle fiber types,
and fatty and fibrosis infiltration [12–16]. Additionally, one recent study demonstrated a
significantly lower density of activated satellite cells for fiber type I in AIS patients when
compared to non-scoliosis controls, and the curve severity appeared to be associated with
the density of satellite cells and other histological parameters such as cross-sectional areas
of muscle fiber and myonuclear density [17]. Collectively, these findings suggest that
patients with AIS have generalized muscle dysfunction, which is potentially associated
with the curve severity. Until now, whether muscle abnormalities could be a predictive
value for AIS onset or curve progression remained unexplored.

In AIS, the current studies on paraspinal muscles rely heavily on muscle biopsies,
which is a major research hurdle due to ethical concerns and the scarcity of muscle biopsies
from healthy control subjects or AIS patients with mild curvature for fair comparison. Thus,
less invasive tests are widely used to reveal muscle-related changes at earlier time points
and for longitudinal study. Blood samples are a surrogate for systemic phenotype research,
which allows for biomarker discovery. Currently, the advancement in “omics” research
enables researchers to quantify a large amount of proteins/peptides and metabolites in the
circulation in a non-targeted and unbiased manner, resulting in identification of numerous
AIS-related predictive and prognostic biomarkers [18]. A recent metabolomics study that
performed UPLC/QTOF-MS (ultra-high-performance liquid chromatography coupled
with quadrupole time-of-flight mass spectrometry) analysis revealed differential serum
lipid metabolism profiles in patients with AIS [19]. This study suggested disrupted glyc-
erophospholipid, glycerolipid, and fatty acid metabolism in AIS patients when compared to
age-matched healthy controls, and provided a list of metabolites for diagnostic biomarkers.
Another two proteomic studies described the differential circulating proteomes in AIS.
Shen et al. [20] compared the plasma samples derived from four AIS patients and four
healthy controls using 10-plex tandem mass tag (TMT)-based quantitative MS analysis.
They identified several proteins correlating with the differential gut microbiota species
in AIS patients. Makino et al. [21] employed two-dimensional fluorescence difference gel
electrophoresis (2D-DIGE) quantitation followed by an MS-based proteins identification
strategy to compare pooled plasma samples from five severe AIS and five non-AIS control
subjects, revealing the association between vitamin D binding protein and coagulation-
related proteins with AIS pathogenesis. However, these studies did not step further to
explore the link between the acquired proteomic data and the risk of curve progression
in AIS, specifically exploring biomarkers with respect to muscles. Therefore, the current
study aimed to compare proteomic profiles among healthy girls and AIS subjects with
either remaining curvature or progressing into severe cases, further providing a candidate
list of muscle-related DEPs for functional and clinical validation.
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In this study, we aimed to (1) conduct a quantitative proteomic study screening the
plasma samples from healthy controls and AIS patients, who were further divided into non-
progressive and progressive subgroups regarding their curve progression in a longitudinal
follow-up; (2) compare the proteomic profiles among these three groups and filter out a list
of candidate muscle-related proteins.

2. Materials and Methods

2.1. Subjects Recruitment and Blood Taking

As referred by the local population-based School Scoliosis Screening Service, students
of the fifth grade or above with a maximal Cobb angle of ≥20◦ were referred to our scoliosis
special clinic [3]. As the prevalence of AIS is likely linked to sex and there is a higher
risk of curve progression in girls, female subjects with AIS with a maximal Cobb angle
of <30◦at their first clinical visit were recruited from our scoliosis clinic. Patients with
other types of scoliosis with known causes or with congenital deformities, neuromuscular
diseases, autoimmune disorders, endocrine disturbances, or medical conditions that affect
the bone metabolism were excluded, as previously reported [22]. Non-progressive subjects
prescribed with bracing or any other treatment that might interfere with curve progression
during the follow-up were excluded.

Blood samples and clinical data from the CAL cohort (NCT01103115) were used.
The Cobb angle of a major curve was measured via standard standing posterior–anterior
radiography of the whole spine at the first visit and at six-month intervals for six years
(reaching skeletal maturity). All of the subjects were regularly followed, observed, and/or
treated with bracing or surgical correction according to standard clinical practice (CREC
Reference Number: 2009.491-T). Four subjects with curve progression that increased less
than 6◦ in the follow-up period were defined as the non-progressive (NP) group [23], and
four subjects that had reached the surgical threshold (≥45◦) at any time point within the
follow-up period were defined as the progressive (P) group. The classification criteria
for the NP and P groups are illustrated in Figure 1a. Basic anthropometric data were
measured with standardized methodology. Tanner staging and age at menarche were
recorded. The body composition parameters were determined via bioelectrical impedance
analysis (BIA, InBody 720, Biospace, Seoul, Korea). Handgrip strength was assessed
with portable dynamometers (Nakamura Scientific Co., Ltd., Tokyo, Japan) three times
using the dominant and non-dominant hands, and the mean of the three measurements
was calculated.

Figure 1. Proteomic analysis of the plasma in the healthy control (CTRL) vs. non-progressive (NP)
vs. progressive (P) AIS groups. (a) Illustration of the selection criteria for the AIS groups. (b) Main
procedures of sample pooling, iTRAQ labeling, HPLC–MS analysis, and bioinformatic analysis.

A total of 50 age-matched healthy Chinese girls were recruited randomly from lo-
cal secondary schools to serve as the control (CTRL) group. Clinical examination was
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carried out by experienced orthopedic surgeons to exclude spinal deformities. The basic
information for the CTRL, AIS NP, and AIS P groups is described in Table 1.

Table 1. Basic information for the three groups.

Groups
CTRL

(N = 50)
NP

(N = 4)
P

(N = 4)
p-Value 1

Age (years) 13.1 ± 0.5 13.4 ± 0.5 12.6 ± 0.9 0.155
Body Weight (kg) 49.6 ± 9.8 42.2 ± 3.2 34.3 ± 3.8 * 0.002
Body Height (cm) 157.4 ± 6.1 154.0 ± 10.6 145.8 ± 3.4 * 0.014

Arm Span (cm) 156.1 ± 6.9 152.4 ± 12.2 146.9 ± 8.1 0.090
BMI (kg/m2) 20.23 ± 3.0 18.3 ± 2.3 15.9 ± 0.5 * 0.005

Abbreviations: CTRL, healthy control; NP, non-progressive AIS; P, progressive AIS. Data are shown as mean ±
SD. 1 Kruskal–Wallis test was used. * p < 0.05 when compared to the CTRL group using a post hoc test.

Peripheral venous blood samples (2 mL) were collected from the participants’ arms at
their first visit to our scoliosis special clinic. The blood was centrifuged at 4 ◦C, 3000× g
for 10 min. The plasma were aliquoted to minimize the freeze–thaw cycle and stored at
−80 ◦C for further analysis.

2.2. Sample Preparation for iTRAQ-Based Proteomic Analysis

Isobaric tags for relative and absolute quantitation (iTRAQ)-based [24] proteomic
analysis allows relative quantitation, comparing the proteomic profiles of plasma from
three groups. Considering the limitation of the maximal eight samples for one 8-plex
analysis and the sample sizes of the designed comparison groups (CTRL: N = 50; NP:
N = 4; P: N = 4), the strategy of groupwise pooling followed by technical duplicates was
adopted (Figure 1b). An equal volume (300 μL) of each plasma sample within each group
was pooled into one mixture and further divided into two duplicates, resulting in six
plasma samples (CTRL_1, CTRL_2, NP_1, NP_2, P_1, and P_2). The duplicates in this
study allowed for a decrease in the variance due to the technical error of the experimental
technique.

High abundance protein depletion was carried out with a ProteoMiner Protein En-
richment Kit (Cat. # 163-3007; Bio-Rad laboratories, Hercules, CA, USA) according to
the manufacturer’s instructions. The proteins were dissolved in lysis buffer consisting of
8 M urea for denaturation afterwards. For cysteine alkylation, protein lysis was further
subjected to 10 mM dithiothreitol (DTT, Cat. #10197777001, Sigma-Aldrich, Burlington,
MA, USA) with incubation at 57 ◦C for 45 min, followed by 10 mM iodoacetamide (IAM,
Cat. #I1149-5G, Sigma-Aldrich, Burlington, MA, USA) and incubation at room temperature
in the dark for 1 h. A Bradford assay was used to determine the total protein concen-
tration, for which 50 μg of protein of each sample was diluted four times with 100 mM
triethylammonium bicarbonate (TEAB, Cat. #90114, Thermo Fisher Scientific, Waltham,
MA, USA). Then, the protein solution was subjected to protein digestion with Trypsin
Gold (Cat. #V5117; Promega, Madison, WI, USA). Trypsin Gold was added at a 1:40 (w/w)
enzyme/protein ratio for further incubation at 37 ◦C for 18 h. HCl was added to a final
concentration of 50 mM to stop the tryptic digestion. After trypsin digestion, the peptides
were desalted with a Strata X C18 column (Phenomenex, Torrance, CA, USA) according to
the manufacturer’s protocol, and then vacuum-dried.

The digested peptides from 50 μg of protein were dissolved in 30 μL of 0.5 M TEAB
and subjected to peptide labeling with an iTRAQ Reagent 8-plex Kit (SCIEX, Framingham,
MA, USA) according to the manufacturer’s instructions [25]: 113 and 114 for the CTRL
group, 116 and 117 for the NP group, and 119 and 121 for the P group. The labeled
peptides were combined and desalted with a Strata X C18 column followed by vacuum-
drying. The peptides were subjected to a Shimadzu LC-20AB high-performance liquid
chromatography (HPLC) pump system (Shimadzu, Kyoto, Japan) coupled with a high
pH reversed-phase (RP) column to separate into 20 fractions. The following gradient was
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used for fractionation. The peptides were reconstituted with buffer A (5% acetonitrile (Cat.
#900667-4 × 4L, Sigma-Aldrich, Burlington, MA, USA), 95% H2O, pH 9.8) to 2 mL and
loaded onto a column containing 5 μm of particles (Phenomenex, Torrance, CA, USA). The
peptides were separated at a flow rate of 1 mL/min with a gradient of 5% buffer B (5%
H2O, 95% acetonitrile, pH 9.8) for 10 min, 5~35% buffer B for 40 min, and 35~95% buffer B
for 1 min. The system was then maintained in 95% buffer B for 3 min and decreased to 5%
within 1 min, before equilibrating with 5% buffer B for 10 min. Elution was monitored by
measuring the absorbance at 214 nm, and fractions were collected every 1 min. The eluted
peptides were pooled as 20 fractions and vacuum-dried. Each fraction was resuspended
in 2% acetonitrile and 0.1% formic acid (Cat. #33015-500ML, Sigma-Aldrich, Burlington,
MA, USA), and centrifuged at 20,000× g for 10 min. The supernatant was subjected to the
following HPLC–MS analysis.

2.3. HPLC–MS and Bioinformatic Analysis

Each fraction was loaded onto a C18 trap column using a LC-20AD nano-HPLC
instrument (Shimadzu, Kyoto, Japan) by an autosampler. Then, the peptides were eluted
from the trap column and separated by an analytical C18 column (inner diameter of 75 μm)
packed in-house, and then subjected to MS analysis with a TripleTOF 5600 System (SCIEX,
Framingham, MA, USA) equipped with a Nanospray III source (SCIEX, Framingham, MA,
USA). The following gradient was used for elution of the peptides for MS analysis: buffers
A and B for elution were 2% acetonitrile with 0.1% formic acid, and 98% acetonitrile with
0.1% formic acid, respectively. The gradient was run at 300 nL/min, starting from 8~35%
of buffer B for 35 min, then up to 60% for 5 min, maintained at 80% B for 5 min, and finally
returned to 5% for 0.1 min and equilibrated for 10 min.

For the MS setting, the high-sensitivity mode was used for the whole data acquisition.
The accumulation time for MS1 was 250 ms, and the mass ranges were from 350 to 1500 Da.
Based on the intensity in the MS1 survey, as many as 30 product ion scans were collected if
exceeding a threshold of 120 counts/s and with charge-state 2 + to 5 +, dynamic exclusion
was set for 1/2 of the peak width (12 s). For iTRAQ data acquisition, the collision energy
was adjusted to all precursor ions for collision-induced dissociation, and the Q2 trans-
mission window for 100 Da was 100%. The raw MS/MS data were converted into MGF
format by the ProteoWizard tool msConvert, and the exported files were searched using
Mascot version 2.3.02 against the selected database Swissprot (Homo_sapiens, 201704).
The fragment and peptide mass tolerance were set at 0.1 and 0.05 Da, respectively. The
variable modifications were Oxidation (M) and iTRAQ8plex (Y), while the fixed modi-
fications were Carbamidomethyl (C), iTRAQ8plex (N-term), and iTRAQ8plex (K). One
missed cleavage was allowed. The false discovery rate (FDR) at 1%, which was based on
the picked protein FDR strategy [26], was used for cut-off. Automated software IQuant
Protein Quantification [27] was used to analyze the labeled peptides with isobaric tags.
In this project, we set NP_1/CTRL_1, NP_2/CTRL_1, NP_1/CTRL_2, NP_2/CTRL_2,
P_1/CTRL_1, P_1/CTRL_2, P_2/CTRL_1, P_2/CTRL_2, P_1/NP_1, P_1/NP_2, P_2/NP_1,
and P_2/NP_2 as the comparison groups. The mean ratio of the protein expression in
the pairwise comparison groups was calculated. For example, the mean ratio of NP vs.
CTRL = (NP_1/CTRL_1 + NP_1/CTRL_2 + NP_2/CTRL_1 + NP_2/CTRL_2)/4. A protein
with a mean ratio ≤0.83 or ≥1.2, a p-value < 0.05 by an independent t-test was considered
as differentially expressed protein (DEP).

A Venn diagram for overlapping analysis was performed using Venny v2.1 [28].
The functions of the DEPs were analyzed using Protein Analysis Through Evolutionary
Relationships (PANTHER) v15.0 [29] to demonstrate their Gene Ontology (GO) profiles.
Detailed GO term descriptions at the level of DIRECT were obtained using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) v6.8 [30]. A protein–protein
interaction (PPI) network of the DEPs was constructed using the online Search Tool for the
Retrieval of Interacting Genes (STRING) database [31]. The minimum required interaction
score was set to medium confidence (0.4). The PPI results were exported and subjected to
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Cytoscape v3.7.2 for visualization. The other results were visualized using PRISM v7.03.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [32] partner repository with the dataset identifier PXD023915.

2.4. Statistical Analysis

All results are presented as mean ± SD. Independent t-test, Kruskal–Wallis tests,
or Mann–Whitney U tests were used for comparison studies. Statistical analysis was
performed with SPSS 22. A p-value of <0.05 was considered statistically significant.

3. Results

3.1. Subject Characteristics

Among the 110 subjects in the dataset, a total of eight age-matched AIS subjects with
a maximal Cobb angle of <30◦ at the first visit (baseline) without any prior treatment and
who were skeletally immature (years since menarche of <two years; Risser sign of ≤four)
were included in this study. The selection criteria for the AIS NP and AIS P subgroups and
the clinical parameters are described in Table 2. None of the NP subjects received bracing
or any treatment during the follow-up period, while all of the P group subjects received
bracing treatment but still progressed and reached the surgical threshold. As shown in
Tables 1 and 2, AIS subjects in the P group had a significantly later onset of menarche,
lower tanner staging, and were skeletally less mature compared to the NP group, despite
having a similar chronological age. The lean mass of the right and left arms and the trunk
was statistically lower in the P group compared to the NP group. On the contrary, skeletal
muscle mass, body fat mass, fat-free mass, right and left leg lean mass, and handgrip
strength did not show a significant difference between the two AIS subgroups. Body
weight, body height, arm span, and body mass index (BMI, calculated as body weight/arm
span2 [7]) showed no significant differences between the NP and P groups, although body
weight, body height, and BMI were found to be significantly lower in the P group than in
the CTRL group. The Cobb angle of the major curve in the two AIS groups showed no
significant difference at their first visit.

Table 2. Selection criteria for the AIS subgroups and the subjects’ information.

AIS Subgroups Non-Progressive (NP) Progressive (P)

Mean SD Mean SD p 1

Selection criteria of the subgroups
Cobb at first visit (◦) 23.5 2.4 26.5 3 0.189

(Individual: 21, 22, 25, 26) (Individual: 23, 25, 29, 29)
Change of Cobb angle at latest follow-up Less than 6◦ Final Cobb larger than 45◦ /

(Individual: 24, 21, 20, 28) (Individual: 57, 59, 49, 50)
With bracing No (0/4) Yes (4/4) /

Sexual and skeletal maturity
Time since onset of menarche (years) 1.6 0.8 −0.9 0.4 0.021

(range: 0.62~2.57) (range: −1.38~−0.34)
Breast stage 3.3 0.5 2.0 0.8 0.044

(range: 3~4) (range: 1~3)
Pubic hair 3.0 0.0 1.8 0.5 0.011

(range: 3~3) (range: 1~2)
Risser sign 3.5 0.6 0.8 1.0 0.019

(range: 3~4) (range: 0~2)
Body composition

Skeletal muscle mass (kg) 16.8 2.7 14.1 1.2 0.149
Body fat mass (kg) 9.9 2.1 7.1 2.0 0.149
Fat-free mass (kg) 32.0 4.7 27.5 2.2 0.149

106



J. Clin. Med. 2021, 10, 4927

Table 2. Cont.

AIS Subgroups Non-Progressive (NP) Progressive (P)

Mean SD Mean SD p 1

Right arm lean mass (kg) 1.2 0.2 0.9 0.1 0.029
Left arm lean mass (kg) 1.2 0.2 0.9 0.1 0.043

Trunk lean mass (kg) 13.4 1.4 10.9 0.8 0.043
Right leg lean mass (kg) 4.9 1.2 3.8 0.3 0.083
Left leg lean mass (kg) 4.8 1.1 3.7 0.3 0.083

Handgrip strength
Dominant hand (kg) 17.8 3.9 14.4 3.4 0.146

Non-dominant hand (kg) 18.4 5.3 13.8 3.6 0.149
1 Mann–Whitney U-test was used. p in bold indicated a value of <0.05.

3.2. Up- and Downregulated DEPs in Pairwise Comparison Analysis

In total, 34,915 spectra were matched to 4749 peptides, and 1058 proteins were iden-
tified in all three groups of plasma samples (Table S1). Compared to the healthy control
group, the non-progressive group had 127 upregulated and 185 downregulated DEPs, while
the progressive group had 285 upregulated and 173 downregulated DEPs (Figure 2a). Com-
pared to the non-progressive group, there were 375 proteins upregulated and 120 downreg-
ulated in the progressive group.

3.3. Gradually Changing DEPs Accompanying a Higher Risk of Scoliosis Progression

In order to discover those circulating DEPs that had gradually higher or lower levels
accompanying a higher risk of scoliosis progression, the overlap of up and downregulated
DEPs in all three comparison groups was determined. Only four proteins, namely, AIM1L
(absent in melanoma 1-like), SOX2 (SRY-box 2), WDR7 (WD repeat domain 7), and DNM3
(dynamin 3), showed decreasing levels when comparing NP vs. CTRL, P vs. CTRL,
and P vs. NP (Figure 2b). AIM1L, known as CRYBB2 (beta/gamma crystallin domain-
containing protein 2), is biased in terms of expression in the esophagus and has functions
in carbohydrate binding. WDR7 is a component in synaptic vesicles and is functionally
involved in hematopoietic progenitor cell differentiation. DNM3 is a microtube-associated
force-producing protein involved in producing microtubule bundles. SOX2 is a critical
transcription factor regulating early embryogenesis.

On the contrary, 71 proteins showed upregulation when comparing NP vs. CTRL, P
vs. CTRL, and P vs. NP (Figure 2c). GO analysis with PANTHER showed the distribution
of these DEPs’ annotation to be in three functional aspects (Figure 2d). For the molecular
function (MF), the term “binding”—which includes protein–protein, protein–nucleic acid,
and protein–lipid binding—was the most annotated term (59.06%). Catalytic activity was
the second most annotated term (21.32%), which could indicate that some of the DEPs
were enzymes. “Cellular process” (24.54%) was the most annotated biological process
(BP) aspect, representing any process carried out at the cellular level, such as processes
in a single cell, or cell–cell communication occurring at the cellular level. This term was
followed by “cellular component organization or biogenesis” (15.10%) and “biological
regulation” (11.90%). For the cellular component (CC), “cell” and “cell part” (both 19.24%)
were the most annotated, followed by “organelle” and “organelle part” (12.83% and 11.32%,
respectively).
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Figure 2. Analysis of differentially expressed proteins (DEPs). (a) Volcano plot of the relative quantitation results. A t-test
was used between groups. Proteins with a ratio of ≤0.83 or ≥1.2 and a p-value < 0.05 were considered as DEPs. Blue
and orange plots indicate down and upregulated DEPs, respectively. Gray plots represent non-significant (NS) proteins.
(b,c) Venn diagrams show the overlap among all down and upregulated DEPs in the three comparison groups: NP vs.
CTRL, P vs. CTRL, and P vs. NP. (d) PANTHER Gene Ontology (GO) functional categorization of upregulated DEPs
presented in all of the comparison groups in (b). MF, BP, and CC represent the GO aspects molecular function, biological
process, and cellular component, respectively. The percentage of each term was calculated as a protein hit the term/total
function hits. The BP and CC terms less than 4% were combined as “others”.

3.4. Shortlist of Muscle-Related DEPs

The gradually changed DEPs accompanying a higher risk of curve progression were
analyzed using DAVID to determine their detailed function. None of the four gradually
downregulated DEPs in Figure 2b were directly relevant to muscles according to GO
annotation. Meanwhile, among the 71 upregulated DEPs in Figure 2c, 19 of them could
annotate BP terms directly related to muscle activities in terms of including the keyword
“muscle” (Table S2), such as “muscle contraction” and “muscle filament sliding”. Due to
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the structural and functional similarities of skeletal, cardiac, and smooth muscle, many of
the proteins can be expressed in more than one type of muscle. Calmodulin 1 (CALM1),
for example, is expressed in all kinds of muscle cells and could regulate their contraction.
Therefore, the GO terms related to all three muscle types were retained in our analysis.
One of the DEPs, named angiotensinogen, which can annotate the GO term “response to
muscle activity involved in regulation of muscle adaptation”, was excluded from our list,
since it was known to be generated and secreted by the liver and thus its modulating effect
on muscle function is endocrine in nature only. The remaining 18 DEPs (Figure 3) were
considered to be directly involved in muscle activities, while their circulating levels were
associated with the risk of scoliosis progression.

Figure 3. Heatmap of the upregulated DEPs that are functionally related to muscle. The DEPs
are listed, sorted by the mean ratio of the P vs. NP groups. The mean ratio was calculated as the
mean of four ratio values, e.g., the mean ratio of NP vs. CTRL = (NP_1/CTRL_1 + NP_1/CTRL_2 +
NP_2/CTRL_1 + NP_2/CTRL_2)/4.

3.5. PPI Network of 18 Candidate DEPs

A PPI network of the 18 shortlisted DEPs was developed (Figure 4). The lines (interac-
tion) thickness indicates the interaction score (range = 0.403~0.999) calculated by STRING,
which represents the strength of data support. The size of the nodes (DEPs) indicates
the mean ratio of the P vs. NP groups. ACTA1 (α-actin) had the largest expression ratio
between the P vs. NP groups. The location of the DEPs was determined according to GO
annotation and is represented by three colors. “Extracellular” represents all extracellular
regions, including the extracellular matrix. “Membrane” includes both the membrane part
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and the cell junction. “Cell” indicates all parts inside the cell, such as the organelle part.
The nodes were sorted by the degree of connectivity calculated by Cytoscape and listed
in a circle. For example, VCL (vinculin), which is involved in cell matrix adhesion and
cell–cell adhesion, had the highest connectivity, as it was shown to interact with 13 DEPs.
The complex interactions among these DEPs indicate they are closely connected with one
another and function as a network.

Figure 4. Protein–protein interaction (PPI) network among the upregulated muscle-related DEPs.
The colors of each node (DEP) represent its location. The size of the node indicates its mean ratio
of the P vs. NP groups. The nodes are sorted from VCL to ENO3 by the degree of connectivity
calculated by Cytoscape and listed in a circle. The line (interaction) thickness indicates the interaction
score calculated by STRING, which represents the strength of data support.

4. Discussion

As previous proteomic studies have only compared the profiles between the control
and AIS groups [20,21], the current comparison analysis attempted to move a step further to
compare the circulating protein profiles between healthy girls and girls with AIS, who were
further divided into non-progressive and progressive AIS subgroups. This preliminary
study demonstrated that the baseline muscle-related DEPs in the circulation of AIS subjects
might represent a novel group of biomarkers for predicting curve progression to the
surgical threshold.

A number of circulating proteins have been proposed as prognostic factors of AIS, such
as melatonin and calmodulin [33–37]. Recently, our group proposed a composite model
composed of plasma miR-145 and total procollagen type 1 N-terminal propeptide (P1NP)
together with clinical parameters to predict the risk of curve progression in AIS, achieving
a sensitivity of 72.2% and a specificity of 90% [38]. Despite there being a close interaction
between bone and muscle, there are, as of yet, no muscle-related biomarkers for AIS.
This proteomic study showed that among all of the upregulated DEPs in the progressive
group, approximately 25% of DEPs (18 of 71) are found in muscles and play essential
roles in muscle activities, such as muscle contraction and muscle regeneration. Among
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them, ACTA1 showed the highest fold change in the progressive vs. non-progressive
AIS comparison, followed by another structural protein, TPM2 (tropomyosin beta chain).
ACTA1 and TPM2 are only expressed in striated muscle. ACTA1 in the circulation is
a well-reported candidate for muscle damage caused by physical damage or intensive
exercise [39–42]. Injury could lead to an increase (up to 187 times) in ACTA1 levels in the
serum [40]. Collectively, our preliminary results first suggest that there might be muscle
structural damage to a certain extent in patients with AIS, which leads to the release of
some cellular proteins into the bloodstream. Further in-depth investigation is warranted
to determine whether these structural proteins originate from paraspinal muscles under
asymmetric tension or a global phenomenon. In addition to ACTA1, some other DEPs
are also associated with the etiopathogenesis of muscle-related diseases. ENO3 (beta-
enolase) and its mutations can cause glycogen storage disorder XIII (GSD13, also known as
Enolase-beta deficiency), which presents myalgia post exertion in adulthood and recurrent
rhabdomyolysis [43]. Mutations of TPM2 and TPM3 (tropomyosin 3) have been reported to
cause various congenital myopathies, such as CAP myopathy, Nemaline myopathy types 1
and 4, and congenital myopathies with fiber-type disproportion [44]. The close interactions
among the 18 DEPs shown in the PPI network indicate that they function as a network;
thus, the alternation of muscle fibers might not only be limited to structure, but also to
affected muscle functions in patients with AIS. Most importantly, the upregulation of these
DEPs in AIS in the progressive group was shown to have occurred prior to the Cobb angle
progressing into a severe curvature, as the plasma were all collected at baseline, at which
both the progressive and non-progressive AIS subjects had similar curve severities. Of
note, the concurrent lower trunk and arm lean mass observed in the progressive group is in
line with an abnormal muscle-related proteomic profile, further supporting the likelihood
of impaired muscle functioning in the progressive group in the early stage.

The present study has its clinical implications. First, given the etiology of AIS remain-
ing undetermined, the novel muscle-related DEP profiles observed in this study strongly
indicate primary pathological changes in muscle tissues in AIS subjects, thus suggesting
a new perspective for therapy to target the underlying etiology. Second, these proteomic
markers from patients in the early stage of AIS provide potential predictors for curve
progression. From the view that patients with AIS are recommended to visit the clinic
regularly (e.g., every six months) until skeletal maturity to monitor curve progression, the
predictors presented in this study could be helpful in risk stratification of AIS so that unnec-
essary clinical visits can be minimized, especially under conditions such as the COVID-19
pandemic. Third, screening muscle-related proteins in plasma samples has the potential to
replace repeated X-ray measurements, which cause radiological toxicity, though further
validation with larger sample sizes is warranted.

This study has some advantages compared to previous studies. (1) In order to perform
a strict subgrouping of non-progressive AIS, the current study performed a six-year longi-
tudinal follow-up until the patients reached skeletal maturity. (2) There have been studies
reporting abnormal muscle morphology and functions in AIS, especially at paraspinal
regions of the major curve. Nevertheless, these cross-sectional studies failed to answer
whether the abnormal muscle phenotypes are primary or secondary to spinal curvature.
Our study, conducted at baseline when the AIS subgroups had comparable severity, pro-
vides fresh evidence indicating the likelihood of abnormal muscle phenotypes at the protein
level in AIS, which might contribute to curve progression. (3) iTRAQ-based proteomic
analysis enables the simultaneous screening of thousands of proteins reflecting systemic
changes of the whole body, and thus could provide enough candidates for further evalua-
tion of biomarkers and for the establishment of a predication model of curve progression.

However, there are limitations in this study. (1) The findings of this pilot study, with a
limited sample size in non-progressive and progressive AIS groups, requires further vali-
dation with larger and longitudinal cohorts. (2) Only female subjects were recruited in this
study, which could have caused sampling bias. Despite there being higher AIS prevalence
and risk of curve progression in girls, further investigations with cohorts including boys are
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necessary to validate our findings and to identify sex-specific DEPs in AIS. (3) Progressive
and non-progressive subjects of similar ages and Cobb angles at the baseline were selected
to minimize individual variation. However, differences in sexual and skeletal maturity
between these two groups still exist and might be a cofounding factor partly contributing to
the profile of DEPs. It should be noted that these unmatched factors might also contribute
to the risk of progression, which should be taken into consideration in future similar studies.
(4) Despite technological advancement, iTRAQ is still a costly approach when compared to
well-established but less-sensitive methods such as 2D difference gel electrophoresis [45].
Therefore, the strategy of pooling plasma samples within one group was adopted, which is
a common approach to reducing the variance of biological replicates in proteomics studies
due to small sample sizes [46]. However, the pooling strategy has its own shortages, such
as the effect of outlier samples. Therefore, verifying the levels of candidates in individual
samples is desired in future validation studies.

In summary, this is the first study to hypothesize that there might be a higher level
of circulating baseline muscle-related proteins in AIS, which might further link to the risk
of curve progression. Herein, we proposed 18 proteins as potential candidates reflecting
alternations of muscle phenotypes, which require further investigation to verify the cir-
culating levels and biological functions of these biomarker candidates, and eventually a
refined composite model for curve prediction.
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Abstract: Adolescents with idiopathic scoliosis (AIS) often receive conservative treatments aiming
to prevent progression of the spinal deformity during puberty. This study aimed to explore patient
adherence and secondary outcomes during the first 6 months in an ongoing randomised controlled
trial of three treatment interventions. Interventions consisted of physical activity combined with
either hypercorrective Boston brace night shift (NB), scoliosis-specific exercise (SSE), or physical
activity alone (PA). Measures at baseline and 6 months included angle of trunk rotation (ATR),
Cobb angle, International Physical Activity Questionnaire short form (IPAQ-SF), pictorial Spinal
Appearance Questionnaire (pSAQ), Scoliosis Research Society (SRS-22r), EuroQol 5-Dimensions
Youth (EQ-5D-Y) and Visual Analogue Scale (EQ-VAS). Patient adherence, motivation, and capa-
bility in performing the intervention were reported at 6 months. The study included 135 patients
(111 females) with AIS and >1-year estimated remaining growth, mean age 12.7 (1.4) years, and mean
Cobb angle 31 (±5.3). At 6 months, the proportion of patients in the groups reporting high to very
high adherence ranged between 72 and 95%, while motivation ranged between 65 and 92%, with the
highest proportion seen in the NB group (p = 0.014, p= 0.002). IPAQ-SF displayed significant between
group main effects regarding moderate activity (F = 5.7; p = 0.004; ηp2 = 0.10), with a medium-sized
increase favouring the SSE group compared to NB. Walking showed significant between group main
effects, as did metabolic equivalent (MET-min/week), with medium (F = 6.8, p = 0.002; ηp2 = 0.11,
and large (F = 8.3, p = < 0.001, ηp2 = 0.14) increases, respectively, for the SSE and PA groups compared
to NB. From baseline to 6 months, ATR showed significant between group medium-sized main
effects (F = 1.2, p = 0.019, ηp2 = 0.007) favouring the NB group compared to PA, but not reaching a
clinically relevant level. In conclusion, patients reported high adherence and motivation to treatment,
especially in the NB group. Patients in the SSE and PA groups increased their physical activity
levels without other clinically relevant differences between groups in other clinical measures or
patient-reported outcomes. The results suggest that the prescribed treatments are viable first-step
options during the first 6 months.
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1. Introduction

Idiopathic scoliosis is a deformity of the spine, with most cases developing during
puberty [1,2]. Spinal deformity can negatively affect health-related quality of life (HRQoL),
including psychological distress, perception of spinal appearance, back pain, and pul-
monary function in large curves [3–7]. Conservative treatments including a combination
of bracing, scoliosis-specific exercise, and more general physical activity interventions are
commonly used for patients with moderate-grade AIS, in order to prevent progression and
to avoid surgical treatment [8].

Thoracolumbosacral braces are designed to provide three-dimensional correctional
counterforces to the scoliosis curvature. Full-time bracing has been the usual care inter-
vention for moderate-grade AIS [8]. A systematic review provides low-quality strength
of evidence suggesting that full-time bracing is effective in approximately 75% of cases in
preventing excessive progression of the spinal deformity during puberty [9]. More hours
of brace wear have been associated with higher success rates [10]. However, full-time
bracing can negatively affect patients’ perceptions of body appearance, reduce quality
of life, and cause back pain [11,12]. Hypercorrective night-time bracing aims to provide
curve correction in supine position with reduced mechanical loading [13], and has shown
comparable outcomes to full-time bracing in halting the progress of spine deformity [14,15].
Night-time bracing may also minimise potential limitation of daytime activities compared
to full-time bracing, and may facilitate better treatment acceptability and adherence for a
larger proportion of patients. This warrants investigating the viability of night-time bracing
as a first-step approach before considering full-time bracing. This may potentially mitigate
negative side effects and overtreatment of bracing [10,16,17].

Current international guidelines recommend scoliosis-specific exercise (SSE) to treat
mild AIS (Cobb angle 11–24◦), or adjunct to bracing for moderate-grade AIS [8]. How-
ever, it is unknown whether SSE is a viable first-step treatment for moderate-grade AIS.
Standard features of SSE include three-dimensional spinal self-correction strategies and
their integration in activities of daily living, stabilizing the corrected posture, and patient
education [8,18]. This potentially influences neuromuscular and sensory integration effect
mechanisms, aiming to prevent progression of AIS [19]. A recent systematic review com-
paring SSE with other conservative interventions for AIS displayed low-quality evidence
for SSE causing greater improvements in function, HRQoL, self-image, mental health, and
patient satisfaction. However, bracing displayed more effectiveness on measures of spinal
deformity than SSE [20].

Physical activity is associated with health benefits for children, including improved
muscle strength, motor development, aerobic fitness, and higher bone mineral density [21].
Children are recommended to perform a daily minimum of 60 min of physical activity of
at least moderate intensity [21,22]. Current AIS guidelines also recommend sporting activi-
ties [8]. According to studies proposing low bone mineral density as a possible mechanism
behind AIS [23,24], physical activity might be a possible alternative intervention [25]. How-
ever, research is needed in order to evaluate whether physical-activity-related intervention
alone is also viable in preventing the progression of moderate-grade AIS [8].

Adherence can be defined as to what extent a person’s behaviour corresponds to
treatment recommendations [26]. Poor adherence is a reason for suboptimal clinical
effect [26], and is therefore important to monitor in clinical trials where the treatment
is self-managed and requires long-term maintenance.

An ongoing randomised controlled trial (RCT)—Conservative Treatment for Adoles-
cent Idiopathic Scoliosis (CONTRAIS)—aims to investigate the effectiveness of conservative
treatments of moderate-grade AIS in preventing progression and the need for surgical
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intervention [27]. The treatments consist of adequate self-mediated physical activity lev-
els combined with either hypercorrective Boston brace night shift (NB), scoliosis-specific
exercise (SSE), or active control with adequate self-mediated physical activity alone (PA).

Beyond assessment of Cobb angle and trunk rotation, it is of importance in the short-
term to explore patients’ adherence to treatments, physical activity levels, and potential
effects on perception of spinal appearance and HRQoL, considering the long-term mainte-
nance required for scoliosis treatments [28]. The aim of the present study was to explore
patient adherence to treatment and secondary outcomes during the first 6 months in terms
of physical activity, spinal appearance, spinal deformity, and quality of life within and
between NB-, SSE-, and PA-based treatments for AIS in an ongoing RCT.

2. Materials and Methods

2.1. Study Design and Selection of Participants

The present study reports data at baseline and 6 months of an ongoing RCT. The study
protocol has been previously published, and is available on clinicaltrials.gov (NCT0176130) [27].
Approval has been obtained by the Regional Ethical Board in Stockholm (Dnr 2012/172-
31/4, 2015/1007-32, and 2017/609-32). Study centres were the orthopaedic departments at
Karolinska University Hospital, Linköping University Hospital, Ryhov Hospital Jönköping,
Eskilstuna Hospital, Västerås Hospital, and Sundsvall Hospital.

Inclusion criteria encompassed a diagnosis of idiopathic scoliosis in females and
males; primary curve according to Cobb of 25–40◦ [29]; curve apex T7 or caudal; estimated
remaining skeletal growth of at least one year; not more than one year after menarche; and
age 9–17. Exclusion criteria were previous treatment for scoliosis or inability to understand
Swedish. The enrolment of the patients took place consecutively between January 2013
and October 2018. Patients who declined participation were offered standard care, which
consisted of full-time bracing. In total, 135 patients were randomised into one of three
treatment groups: NB, SSE, or PA (Figure 1).

The present study concerns secondary outcomes based on clinical measurements and
questionnaires at baseline and after 6 months of treatment. Questionnaires were completed
without guidance of the health care provider (HCP), but guidance from the parents was
allowed if requested by the patient. In the ongoing RCT, the primary outcome is failure
of treatment, defined as an increase in Cobb angle of more than 6 degrees, as seen on two
consecutive X-rays after 6 months in relation to the baseline X-ray. Our primary outcome
will be reported in a future publication when all patients have reached the endpoint. The
endpoint is defined as when the participant reaches skeletal maturity (less than 1.0 cm
growth of body height in 6 months), or if the curve progresses by more than 6 degrees, as
seen on two consecutive X-rays after 6 months in relation to the baseline X-ray.

A computer-generated concealed randomisation with varying block sizes, at a 1:1:1
ratio, was prepared a priori by an independent statistician. After informed consent, a
central research coordinator was contacted for the randomisation process, after which the
participants were assigned to the interventions. In this study, blinding of patients and
therapists for treatment was not possible.

2.2. Interventions

To enhance desired behavioural outcomes—i.e., high adherence to the treatment plan
and self-management—the capability, opportunity, motivation, and behaviour change
model (COM-B) was applied for all allocated treatments [30]. The HCPs gave instructions
and guidance to enable the patients’ self-care ability, goal setting, progression, and follow-
up of intervention prescription diary monitoring, as well as parents’ participation in the
treatment delivery. At an initial 60 min individual session with one out of four experienced
physiotherapists, patients were instructed to increase physical activity for the entirety of
the study. Instructions were given to perform adequate self-mediated physical activity of at
least moderate intensity for ≥ 60 min daily in all groups [31]. A summary of the additional
interventions is provided below, and in more detail in Figure S1. Abbreviations in Figure
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S2. Every 6 months, reinforcement of the assigned intervention was performed Figure S1
at the clinic during an individual session of 60 min. Additional contact via telephone was
used when needed.

Figure 1. CONSORT flow diagram of the participants with AIS in the study.

2.2.1. Hypercorrective Boston Brace Night Shift

The NB group received a hypercorrective Boston brace night shift [32] tailored to the
individual patients’ scoliosis. and applying built-in correction in all three planes. The
criterion for adequate brace correction was greater than or equal to 50% reduction in Cobb
angle. Patients were advised to use the brace throughout every night for at least 8 h. The
physiotherapist and orthotist educated the patient and parent when introducing the brace
during the first session. The spine orthotist was available for outpatient brace adjustment
when needed.

2.2.2. Scoliosis-Specific Exercise

The SSE group received supervised individual treatment by one out of four experi-
enced physiotherapists, consisting of 3 × 60–90 min individual sessions with reiteration
of skills learned and skill progression, once per month for the first 3 months. Additional
single bolus sessions were given if required. Training goals were directed towards ac-
tive self-correction in 3 dimensional planes, postural control, spinal stability, muscular
stabilisation, and endurance in corrective postures, and were integrated into activities
of daily living. Patients were initially asked to perform these specific exercises with
10 repetitions × 3 sets over 30 min, which was included in their prescription of 60 min
self-mediated physical activity. When patients had mastered these exercises, they could ad-
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ditionally focus on transferring these skills to similar activities of daily living or individual
sporting and recreational activities of interest. Patients were also instructed to use over-
corrective side-shift postural strategies during activities of daily living involving relaxed
sitting and standing positions. The SSE covered similar concepts and methods to those
described in previous literature [33]. The physiotherapists were trained to ensure consistent
treatment approach.

2.2.3. Active Control with Adequate Self-Mediated Physical Activity

The PA active control group were instructed to perform adequate self-mediated
physical activity of at least moderate intensity for ≥60 min daily, for the entirety of the
study, with no additional bracing or SSE intervention [31].

2.3. Measurements
Patient Characteristics and Clinical Measures

Patient data such as age, gender, weight, height, and angle of trunk rotation (ATR)
assessed via scoliometer were assessed at baseline and at 6 months. Adverse events were
reported at 6 months. The assessments took place at the orthopaedic departments, and were
coordinated by a multiprofessional team consisting of physicians, nurses, and physiothera-
pists. Whole standing spine radiographs were performed at baseline and after 6 months.
Two experienced spine surgeons not otherwise part of the research group performed
blinded assessment of Cobb angle measurements of the largest curve on anonymised im-
ages without knowledge of age, sex, or treatment. The mean of the two blinded assessors’
Cobb angle measurements of the largest curve was reported at baseline and 6 months.

2.4. Questionnaires, Self-Reported Data, and Health Care Provider Report

The questionnaires included self-report of maturity stages for breast/genitals and pu-
bic hair (Tanner), treatment adherence, effects on HRQoL, perception of spinal appearance,
and physical activity level.

2.4.1. Adherence, Motivation, and Capability

In line with the COM-B model [30], to gain knowledge of desired behavioural
outcomes—i.e., adherence, motivation, and capability regarding the treatment plan—all
study participants answered three additional questions ”the grade to which you feel that
you have completed the treatment (reported adherence)”, “the grade to which you are
motivated to carry out the treatment (reported motivation)” and, finally, “how confident
are you in your own capability to perform the treatment? (reported capability)”.

Additionally, the treating HCP team answered one question—“to what grade the
patient has adhered to treatment plan” (reported patient adherence)—using the diary and
after dialogue with the patients and families. The patients and HCPs were asked to rate
each question on a scale from best “very sure” (1 point) to worst “not at all” (4 points).
These questions were collected at the 6-month follow-up.

2.4.2. Physical Activity

Self-reported levels of physical activity during the prior 7 days were captured using
the International Physical Activity Questionnaire short form (IPAQ-SF). The IPAQ-SF has
acceptable measurement properties [34,35], and provides the achieved mean in minutes
of daily activity at the levels of “walking”, “moderate” and “vigorous” intensity activity,
and “sitting”. The volume of activity is computed by weighting each type of activity by
its energy requirements as metabolic equivalents (MET). The mean total score of MET
min/week is provided by summation of the duration (in min) and frequency (days) [35,36].
The total score ranges from 0 min/day to a maximum of 180 min/day.
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2.4.3. Perception of Spinal Appearance

The pictorial part (pSAQ) [6] of the Spinal Appearance Questionnaire (SAQ) is
based on the Walter Reed Visual Assessment Scale [37], and has shown good psycho-
metric properties [38,39]. The patient’s perception of spinal shape asymmetry is based on
7 categories: body curve, rib prominence, flank prominence, head–chest–hips relationship,
head position over hips, shoulder level, and spine prominence. Each category is graded on
a scale from “no” (1 point) to “most severe” spinal deformity (5 points). The total score
ranges from “least” (7 points) to “most” (35 points) distorted appearance.

2.4.4. Health Related Quality of Life

The Scoliosis Research Society-22r (SRS-22r) is a valid and reliable scoliosis-specific
patient-reported measure of HRQoL, and comprises 22 questions categorized into 5 do-
mains (function, pain, self-image, mental health, and satisfaction) [40–42]. The domains,
subscore (function, pain, self-image, mental health) and total score (all five domains) can
range from “worst” (1 point) to “best” (5 points) [41]. The satisfaction domain and total
score were included as measures after 6 months of treatment.

EuroQol 5-Dimensions Youth (EQ-5D-Y) is a valid and reliable generic questionnaire
measuring HRQoL, where children from 8 years of age can report their own health [43–48].
The instrument comprises five dimensions: “mobility”, “looking after myself”, “doing
usual activities”, “having pain or discomfort” and “feeling worried, sad, or unhappy”.
Each dimension has three levels of severity: “no” (1 point), “some “(2 points) and “a lot
of” (3 points) problems. A global assessment of current health state is measured with a
visual analogue scale (EQ-VAS), from “worst” (0 points) to “best” (100 points) imaginable
health state.

2.5. Statistical Methods and Analysis

This study’s original sample size calculation was based on the primary outcome
measure, with a failure of 15% in each of the NB and SSE groups, and 45% in the PA
group [49]. With a significance level of 5%, a power of 80%, and consideration for dropout
of up to 20%, 45 patients were required in each of the treatment groups [27].

Data was double-entered, and any discrepancies were checked and corrected. Inter-
rater reliability of Cobb angle measurements performed by two blinded assessors was
calculated via interclass correlation coefficient (ICC 2,1). Descriptive statistics at base-
line were presented as mean and standard deviation (±), or as number and proportions
(no, %). Patient–HCP agreement in reporting of adherence was estimated with linearly
weighted kappa (K), and the relative strength of agreement according to poor <0.00, slight
0.00–0.20, fair 0.21–0.40, moderate 0.41–0.60, substantial 0.61–0.80, and almost perfect
0.81–1.00 [50]. Logistic regression was used to assess the association of two independent
factors (motivation and capability) with adherence, applying dichotomised ratings “a very
high grade and high grade” and “low grade and not at all”. Statistics are presented as
Nagelkerke pseudo R-squared (R2) and odds ratio (OR).

To analyse differences within groups, paired-sample t-tests were performed. Effect
size was estimated with Cohen’s d as small 0.20, medium 0.50, and large 0.80 [51]. Be-
tween group analyses for continuous and categorical variables were performed using
univariate analysis of variance (ANOVA) or chi-squared. For ANOVA, partial eta squared
(ηp2 ) was used as an estimated measure of effect size, where ηp2 = 0.01 ~ small effect,
ηp2 = 0.06 ~ medium effect, and ηp2 = 0.14 ~ large effect [51]. Two-sided statistical sig-
nificance was considered if p < 0.05. Paretian analysis presents a classification of health
change in EQ-5D-Y from baseline to 6 months towards worse, unchanged, better, or inde-
terminable [52]. To avoid overestimation for IPAQ physical activity levels, outliers were
excluded by truncating to 180 max min/day and a maximum of 21 h of activity/week [35].
All analyses were performed per protocol using statistical analysis performed using the
Statistical Package for the Social Sciences (SPSS) statistical software for Windows (SPSS
V26, IBM Corporation, New York, NY, USA).
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3. Results

3.1. Participant Flow and Baseline Characteristics

Participant flow throughout the study is displayed in Figure 1. In total, 2150 patients
were seen as outpatients during the inclusion period, and 135 patients were included and
randomly allocated to 45 patients per group. The mean age was 12.7 (±1.4), and 111 were
females (82%). There were two female questionnaire non-responders at baseline—one
allocated to the NB group and one to the SSE group. Treatment groups did not differ at
baseline regarding patient characteristics, clinical measures, or patient-reported outcomes
(Tables 1–6).

Table 1. Baseline characteristics of the included patients.

Overall Sample
n = 135

NB
n = 45

SSE
n = 45

PA
n = 45 p-Value

Age * (years) 12.7 (1.4) 12.7 (1.4) 12.6 (1.4) 12.6 (1.5) 0.892
Females (no.%) 111 (82) 39 (87) 33 (73) 39 (87) 0.161
Height * (cm) 158.1 (9.5) 157.2 (9.5) 158.1 (9.6) 159.0 (9.6) 0.678
Weight * (kg) 46.0 (9.2) 44.8 (9.3) 45.7 (9.0) 47.3 (9.4) 0.434
Body mass index * 18.3 (2.6) 18.0 (2.7) 18.2 (2.4) 18.6 (2.7) 0.504
Angle of trunk rotation *
(degrees) 11.3 (3.1) 11.8 (2.7) 10.8 (3.3) 11.3 (3.1) 0.287

Tanner breast/genital N (%)

0.521

I 8 (6) 2 (5) 5 (12) 1 (2)
II 23 (18) 8 (19) 5 (12) 10 (24)
III 65 (52) 22 (52) 20 (49) 23 (55)
IV 26 (21) 10 (24) 9 (22) 7 (17)
V 3 (2) - 2 (5) 1 (2)
Tanner pubic hair N (%)

0.595

I 16 (13) 5 (12) 6 (15) 5 (12)
II 19 (15) 6 (15) 6 (15) 7 (17)
III 33 (27) 14 (34) 9 (22) 10 (24)
IV 49 (40) 14 (34) 15 (38) 20 (48)
V 6 (5) 2 (5) 4 (10)
Cobb angle * (degrees) 31 (5.3) 32 (5.6) 31 (4.6) 31 (5.6) 0.433
Location of largest curve N (%)

0.970
Thoracic 99 (73) 32 (73) 33 (73) 33 (73)
Thoracolumbar 21 (16) 7 (16) 6 (13) 8 (18)
Lumbar 15 (11) 5 (11) 6 (13) 4 (9)

* Values are given as mean and standard deviation (SD). N: number of patients; NB: hypercorrective Boston brace night shift; SSE:
scoliosis-specific exercise; PA: adequate self-mediated physical activity; Tanner scale: breast/genitals and pubic hair I–V maturity stages;
Cobb angle: largest curve of scoliosis measured with X-ray.

A total of 135 patients received the allocated treatment plan. At 6 months, there were
16 questionnaire non-responders (Figure 1), of whom 11 gave no reasons, 4 opted for a full-
time brace, and 1 due to anxiety. This resulted at 6 months in 119 patients who provided
patient-reported outcomes: 40 patients each in the NB and SSE groups, and 39 in the PA
group. HCPs provided data collection regarding 132 patients: 44 in the NB group, 43 in the
PA group, and 45 in the SSE group. At 6 months, patients or HCPs reported five adverse
events in the NB group: sleeping problems during habituation period, awkwardness of
staying overnight with friends, pressure towards ribs, redness and itchiness, and one
unspecified. In the SSE group, one patient reported pain during treatment sessions, and
one other patient reported muscle strain. No adverse events were reported in the PA group.

3.2. Adherence, Motivation, and Capability Regarding the Treatment Plan

Table 2 describes the reporting of adherence, motivation, and capability regarding
the treatment plan at 6 months. In most cases a “high or very high grade” was reported
by patients and practitioners. However, the NB group had a statistically significantly
larger proportion of patients reporting a very high grade of adherence to the treatment
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plan compared to the PA group (p = 0.014). Furthermore, the NB group had a statistically
significantly larger proportion of patients reporting a “very high grade” of motivation
regarding the treatment plan compared to the PA group (p = 0.002). The NB group also
had statistically significantly smaller proportion of patients reporting a lower grade of
motivation regarding the treatment plan compared to the SSE and PA groups (p = 0.002).The
strength of patient–HCP agreement in reported adherence to the treatment plan at 6 months
was fair (K = 0.319). Patient–HCP proportional agreement on treatment adherence most
frequently occurred within the “high grade–sure” (n = 23/115), and “very high grade–very
sure” (n = 22/115) responses, but also had the largest mismatch between “high grade–very
sure” (n = 40/115) responses.

Logistic regression highlighted that 37% of the variation in adherence at 6 months was
explained by motivation and capability (R2 = 0.37). Patients with high self-rated motivation
had 3.6 times better odds of higher adherence to the treatment plan (OR 3.58, p = 0.043).
Likewise, patients with high self-rated capability had 14.2 times better odds of higher
adherence to the treatment plan (OR = 14.24, p = 0.004).

Table 2. Adherence, motivation, and capability regarding the treatment plan.

Patient and Practitioner Reporting Related to Performance of the Treatment Plan

NB SSE PA
N (%) N (%) N (%) p-Value

Patient-reported adherence to the treatment plan 0.014

Very high grade 14 (37) a 7 (18) 4 (10) b

High grade 22 (58) 21 (54) 28 (74)
Low grade 2 (5) 9 (23) 6 (16)
Not at all 0 (0) 2 (5) 0 (0)

Patient-reported motivation regarding the treatment
plan 0.002

Very high grade 22 (56) a 12 (30) 6 (16) b

High grade 14 (36) 14 (35) 19 (50)
Low grade 2 (5) b 11 (27) a 11 (29) a

Not at all 1 (3) 3 (8) 2 (5)

Patient-reported capability to adhere to the treatment
plan 0.076

Very high grade 21(54) 15 (38) 14 (37)
High grade 17 (44) 22 (55) 18 (47)
Low grade 1 (2) 1 (2) 6 (16)
Not at all 0 (0) 2 (5) 0 (0)

Practitioner-reported patient adherence to the
treatment plan 0.129

Very sure 28 (67) 18 (44) 27 (64)
Sure 11 (26) 10 (24) 10 (24)
Unsure 2 (5) 8 (20) 3 (7)
Not at all 1 (2) 5 (12) 2 (5)

Patient–practitioner concordance in reporting of adherence to the treatment plan

Practitioner-reported patient adherence to the treatment plan

Very sure Sure Unsure Not at all

Patient-reported adherence to the treatment plan
Very high grade 22 2 1 0
High grade 40 23 8 0
Low grade 4 5 3 5
Not at all 0 0 0 2

Linear weighted Kappa = 0.319

N: number of patients; NB: hypercorrective Boston brace night shift; SSE: scoliosis-specific exercise; PA: adequate self-mediated physical
activity. Bold = statistical significance at p < 0.05, where row proportion a > b.
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3.3. Physical Activity Level

Results of the IPAQ-SF are displayed in Table 3. Regarding change from baseline to
6 months within groups, the NB group showed a small, statistically significant decrease
in sitting time of 79 min/day (p = 0.031, d = 0.45). The SSE group had a statistically
significant medium-sized increase in walking time of 20 min/day (p = 0.002, d = 0.51). The
PA group had a small, statistically significant increase in moderate-intensity activity of
23 min/day (p = 0.009, d = 0.49), as well as an increase in walking of 15 min/day (p = 0.033,
d = 0.35). Furthermore, the SSE and PA groups had statistically significant medium-sized
increases of 1499 MET-min/week (p = 0.001, d = 0.59) and 1378 MET-min/week (p = < 0.001,
d = 0.73), respectively.

Regarding between group differences in changes from baseline to 6 months, there
was a statistically significant medium-sized main effect (F = 5.7, p = 0.004, ηp2 = 0.10)
for moderate-intensity activity. This favoured the SSE group, with 37 min/day more
than the NB group. Similarly, there was a statistically significant medium-sized main
effect (F = 6.8; p = 0.002, ηp2 = 0.11) for walking, favouring the SSE and PA groups, with
27 min/day and 23 min/day more, respectively, compared to the NB group. The same
pattern was displayed in MET-min/week, with a large, statistically significant main effect
(F = 8.3, p = < 0.001, ηp2 = 0.14) favouring the SSE and PA groups, with 1880 and 1482 more
MET-min/week, respectively, compared to the NB group.

Table 3. Physical activity levels for the IPAQ-SF in min/day and MET-min/week at baseline, within group change and
between group differences in change between baseline to 6 months.

Baseline Within Group Changes from Baseline to
6 Months

Between Group Differences in Changes from Baseline to
6 Months

IPAQ-SF
min/day Mean (SD) Mean Change (SD) p-Value Cohen´s

d
Main Effects

F; p-Value; ηp2

Pairwise Comparison
Mean difference (95% CI) p-Value

Positive change =
better outcome Favoured group ↑

Vigorous 0.2; 0.844; 0.03 NA
NB 45 (54) 5 (49) 0.565
SSE 47 (53) 9 (65) 0.392
PA 40 (47) 9 (43) 0.228

Moderate 5.7; 0.004; 0.10
NB 47 (60) −10 (60) 0.318 NB-SSE ↑ = −37 (−64 to −10); 0.004
SSE 65 (54) 11 (85) 0.417 SSE-PA= 10 (−17 to 38); >0.999
PA 39 (45) 23 (51) 0.009 0.49 NB-PA = −26 (−54 to 1); 0.066

Walking 6.8; 0.002; 0.11
NB 50 (46) −14 (47) 0.073 NB-SSE ↑ = −27 (−46 to −8); 0.002
SSE 38 (37) 20 (39) 0.002 0.51 SSE-PA= 4 (−15 to 23); >0.999
PA 39 (47) 15 (43) 0.033 0.35 NB-PA ↑ = −23 (−42 to −4); 0.014

Negative change =
positive outcome

Sitting 1.8; 0.167; 0.04 NA
NB 458 (199) −79 (180) 0.031 0.45
SSE 385 (184) 17 (134) 0.526
PA 415 (153) −9 (126) 0.693

IPAQ-SF MET-min/week Positive change =
better outcome Favoured group ↑

8.3; < 0.001; 0.14
NB 2751 (3522) −411 (2508) 0.332 NB-SSE ↑ = −1880 (−3059 to −701); 0.001
SSE 2693 (2098) 1499 (2525) 0.001 0.59 SSE-PA= 398 (−786 to 1582); >0.999
PA 2139 (1765) 1378 (2216) 0.001 0.73 NB-PA ↑= −1482 (−2667 to −297); 0.009

IPAQ-SF: International Physical Activity Questionnaire short form; MET: metabolic equivalent; NB: hypercorrective Boston brace
night shift; SSE: scoliosis-specific exercise; PA: adequate self-mediated physical activity. ↑ = Favoured group marked with an arrow,
Bold = significant at p < 0.05; Cohen’s d estimate = effect size; ηp2 = partial eta squared. NA = not applicable.

3.4. Perception of Spinal Appearance

There was a small, statistically significant mean decrease in pSAQ from baseline to
6 months for the SSE group (0.9 (±2.9), p = 0.049, d = 0.34). No between group differences
in change from baseline to 6 months were displayed regarding pSAQ (Table 4).
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3.5. Angle of Trunk Rotation and Cobb Angle

ATR showed a small, statistically significant within group mean change, increasing
from baseline to 6 months for the SSE (1.2 (±2.4), p = 0.004) and PA groups (1.0 (±3.0),
p = 0.029). A significant between group difference in change from baseline to 6 months
was displayed favouring the NB group compared to the PA group (−1.5 (CI −3.0 to −0.1),
p = 0.037), with a medium-sized main effect (F = 4.1, p-value = 0.019, ηp2 = 0.07) (Table 4).

Cobb angle showed a small, statistically significant within group mean change, in-
creasing from baseline to 6 months for the NB group (2.3 (±4.3), p = 0.001). Likewise,
there was a medium-sized within group mean change increasing for the SSE (3.7 (±7.0),
p = 0.001) and PA groups (3.7 (±6.3), p = < 0.001). No between group differences in change
from baseline to 6 months were displayed regarding Cobb angle (Table 4). The interrater
reliability of Cobb angle measurements performed by two blinded assessors at baseline
was ICC 2,1 = 0.817, and at 6 months ICC 2,1 = 0.888.

Table 4. Spinal appearance, angle of trunk rotation, and Cobb angles at baseline, within group changes from baseline to 6
months, and between group differences in changes from baseline to 6 months.

Baseline Within Group Changes from Baseline to
6 Months

Between Group Differences
in Changes between Baseline and 6 Months

Mean (SD) Mean Change (SD) p-Value Cohen´s
d

Main Effects F;
p-Value; ηp2

Pairwise Comparison
Mean Difference (95% CI) p-Value

Positive change =
worse outcome Favoured group ↑

pSAQ general
(7–35) 0.7; 0.485; 0.01 NA

NB 11.7 (3.5) 0.1 (2.9) 0.784
SSE 11.5 (3.1) 0.9 (2.9) 0.049 0.32
PA 11.7 (2.8) 0.6 (3.2) 0.261

Angle of
trunk rotation
(degrees)

4.1; 0.019; 0.07

NB 11.8 (2.7) −0.6 (3.0) 0.172 NB-SSE= −1.5 (−3.1 to <0.1); 0.051
SSE 10.5 (3.0) 1.2 (2.4) 0.004 0.34 SSE-PA= −0.2 (−1.5 to 1.5); >0.999
PA 11.1 (2.8) 1.0 (3.0) 0.029 0.34 NB↑-PA= −1.5 (−3.0 to −0.1); 0.037

Cobb angle 1.1; 0.332; 0.02 NA
NB 32 (5.6) 2.3 (4.3) 0.001 0.34
SSE 31 (4.7) 3.7 (7.0) 0.001 0.50
PA 31 (5.6) 3.7 (6.3) <0.001 0.50

pSAQ: pictorial Spinal Appearance Questionnaire; NB: hypercorrective Boston brace night shift; SSE: scoliosis-specific exercise; PA:
adequate self-mediated physical activity. ↑ = Favoured group marked with an arrow, Bold = significant at p < 0.05; Cohen’s d
estimate = effect size; ηp2 = partial eta squared.

3.6. Health-Related Quality of Life

Results for the SRS-22r are displayed in Table 5. Regarding changes from baseline
to 6 months within groups, the NB group had a small decrease in the function domain
(−0.1 (±0.3), p = 0.018, d = 0.36), the PA group had a small decrease in the mental health
domain (−0.2 (±0.5), p = 0.009, d = 0.33), and the SSE group had a small decrease in the
SRS-22r subscore (−0.1 (±0.3), p = 0.039, d = 0.22). No between group differences in change
from baseline to 6 months were displayed regarding SRS−22r domains or subscores. At
6 months, the SRS-22r satisfaction domain and total score displayed no significant differ-
ences between groups.

For EQ-VAS global health state, there were no statistically significant within group
changes or between group differences in changes between baseline and 6 months
(Table 5). The EQ-5D-Y dimensions and Paretian Classification of Health Change showed
no statistically significant differences between groups at 6 months (Table 6).
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Table 5. Health-related quality of life according to the SRS-22r and EQ-VAS global health scores at baseline, within group
changes from baseline to 6 months, and between group differences in changes from baseline to 6 months.

Baseline Within Group Changes from Baseline to
6 Months

Between Group Differences in Changes between
Baseline and 6 Months

Mean (SD) Mean Change (SD) p-Value Cohen´s d Main Effects F;
p-Value; ηp2

Pairwise Comparison
Mean Difference (95% CI) p-Value

Negative Change =
Worse Outcome

SRS-22r Function (1–5) 1.2; 0.298; 0.02 NA
NB 4.8 (0.2) −0.1 (0.3) 0.018 0.36
SSE 4.7 (0.3) −0.1 (0.4) 0.066
PA 4.7 (0.3) <−0.1 (0.3) 0.925
SRS-22r Pain (1–5) 0.4; 0.658; 0.01 NA
NB 4.7 (0.6) <−0.1 (0.4) 0.731
SSE 4.6 (0.6) <−0.1 (0.4) 0.486
PA 4.7 (0.6) <−0.1 (0.4) 0.943
SRS-22r Self-image (1–5) 1.8; 0.170; 0.03 NA
NB 4.1 (0.7) 0.1 (0.5) 0.367
SSE 4.2 (0.6) −0.1 (0.5) 0.101
PA 4.3 (0.5) −0.1 (0.5) 0.200
SRS-22r Mental health (1–5) 0.8; 0.437; 0.02 NA
NB 4.3 (0.6) −0.1 (0.4) 0.325
SSE 4.3 (0.5) −0.1 (0.6) 0.152
PA 4.3 (0.6) −0.2 (0.5) 0.009 0.33
SRS-22r Subscore (1–5) 0.9; 0.394; 0.02 NA
NB 4.5 (0.5) <−0.1 (0.2) 0.493
SSE 4.5 (0.4) −0.1 (0.3) 0.039 0.22
PA 4.5 (0.3) −0.1 (0.3) 0.057
SRS-22r Satisfaction (1–5) At 6 months only 2.7; 0.074; 0.05 NA
NB 3.9 (0.8)
SSE 3.5 (0.9)
PA 3.4 (1.1)
SRS-22r Total Score (1–5) At 6 months only 0.8; 0.460; 0.01 NA
NB 4.4 (0.5)
SSE 4.3 (0.5)
PA 4.3 (0.4)
EQ-VAS Global health (0–100) 0.2; 0.763; 0.01 NA
NB 88.2 (11.5) −2.6 (10.4) 0.133
SSE 88.0 (10.0) −3.2 (15.0) 0.197
PA 87.6 (10.6) −1.0 (12.2) 0.620

SRS-22r: The Scoliosis Research Society-22r; EQ-VAS: EuroQol Visual Analogue Scale; NB: hypercorrective Boston brace night shift; SSE:
scoliosis-specific exercise; PA: adequate self-mediated physical activity. Bold = significant at p < 0.05; Cohen’s d estimate = effect size;
ηp2 = partial eta squared. NA = not applicable.

Table 6. Health-related quality of life for the EQ-5D-Y dimensions, at baseline and 6 months, and changes in health state
according to Paretian Classification of Health Change from baseline to 6 months.

EQ-5D-Y Dimensions Mobility Self-Care Usual Activities Pain/Discomfort Anxiety/Depression

Baseline 6 Months Baseline 6 Months Baseline 6 Months Baseline 6 Months Baseline 6 Months
No problems

NB-number (%) 44 (100) 39 (100) 44 (100) 38 (100) 42 (96) 38 (97) 34 (77) 30 (77) 28 (65) 25 (66)
SSE 43 (98) 39 (98) 44 (100) 40 (100) 41 (93) 37 (92) 33 (75) 26 (65) 31 (74) 29 (74)
PA 45 (100) 38 (100) 45 (100) 38 (100) 43 (96) 37 (97) 34 (76) 28 (74) 32 (71) 29 (76)

Moderate problems
NB-number (%) 0 (0) 0 (0) 0 (0) 0 (0) 2 (4) 1 (3) 9 (20) 8 (20) 14 (33) 12 (32)
SSE 1 (2) 1 (2) 0 (0) 0 (0) 3 (7) 3 (8) 9 (20) 13 (32) 11 (26) 9 (23)
PA 0 (0) 0 (0) 0 (0) 0 (0) 2 (4) 1 (2) 10 (22) 9 (24) 12 (27) 8 (21)

Severe problems
NB-number (%) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2) 1 (3) 1 (2) 1 (3)
SSE 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (4) 1 (2) 0 (0) 1 (3)
PA 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2) 1 (3) 1 (2) 1 (3)

Chi2 p-Value 0.662 > 0.999 NA NA 0.898 0.617 >0.999 0.869 0.852 0.906

Paretian Classification of
Health Change, baseline to
6 months

Worse 1 Unchanged 2 Better 3 Indeterminable 4 Chi 2 p-Value

NB n = 38-number (%)
SSE n = 37-number (%) 8 (22) 22 (60) 6 (16) 1 (3) 0.448
PA n = 38-number (%) 10 (26) 18 (47) 9 (24) 1 (3)

EQ-5D-Y: EuroQol 5-Dimensions Youth; NB: hypercorrective Boston brace night shift; SSE: scoliosis-specific exercise; PA: adequate
self-mediated physical activity; NA: not applicable—the distribution is a constant in self-care. Paretian Classification of Health Change:
1 The health state is worse in at least one dimension, and is no better in any other dimension; 2 the health state is exactly the same; 3 the
health state is better in at least one dimension and is no worse in any other dimension; 4 the changes in health are “mixed”—better in one
dimension, but worse in another.
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4. Discussion

The present study’s results highlight that differences exist in adherence and patient-
reported outcomes after a 6-month period of either NB, SSE, or PA treatments for AIS.
Overall, self-reported and HCP-reported assessments of patient adherence, motivation, and
capability regarding the treatments were high, especially for the NB group (92–98%), while
adherence and motivation for the PA and SSE treatments were statistically significantly
lower by approximately 10–20%, respectively. Importantly, patient-reported capability
to carry out the treatment plan over 6 months displayed no differences between groups.
In contrast, a report from the World Health Organization showed lower proportions of
adherence (50%) in long-term therapies, which further reduced if treatments were complex
and self-managed [26]. This implies that the HCPs in this study successfully facilitated
patient and parent understanding and physical ability to perform and self-manage the
treatment plans over 6 months.

In line with the COM-B model [30] and other studies [26,53], high patient adherence
had a significant positive association with patient capability and motivation. This suggests
the importance of the HCP strategies in the delivery of the treatment plans. This not only
serves to facilitate and maintain patient capabilities, but also to improve motivation, which
may be important for long-term adherence to interventions. The COM-B model highlights
the importance of providing sufficient opportunity to maintain a target behaviour. For
example, the provision of extra HCP guidance if requested, the use of a training diary, and
the promotion of the parent’s role in guiding and motivating the patient can be important
strategies that may help to influence motivation and treatment adherence.

Within the NB group, according to the IPAQ-SF, there was a decrease in time spent
sitting, but no change in other physical activity levels during the 6-month period. In
contrast, both the PA and SSE groups had a significant increase in walking, while moderate-
intensity physical activity levels significantly increased in the PA group. This contributed
to a significantly higher improvement in MET-min/week of physical activity in the PA
and SSE groups compared to the NB group. Group means at baseline for IPAQ-SF levels,
however, were already in line with recommendations for physical activity from the Public
Health Ministry of Sweden [54], which are in line with the WHO´s recommendations [31].
Instead of increasing physical activity levels, one can speculate that the NB group was
above all motivated to adhere to night-time bracing. This could be a potential factor
influencing the higher patient ratings of adherence and motivation with the NB treatment
plan [55]. George et al. [53] pointed out that adherence is rarely, if ever, an all-or-nothing
phenomenon; more likely, some recommendations in a treatment plan are followed, while
others receive less focus from the patient.

The patients in our sample had mean Cobb angle curves of 31 (±5.3) degrees at
baseline, but perceived minimal spinal shape asymmetry according to the pSAQ [6]. The
SAQ has been shown to be more sensitive and responsive to change than textual scales such
as the SRS-22r self-image domain [28]. The SSE and PA groups had a small increase in ATR
and a medium increase in Cobb angle, while small increases in pSAQ for the SSE group
and Cobb angle for the NB group were seen at 6 months. However, the SRS-22r self-image
domain displayed no differences during the study period. ATR displayed a medium-sized
between group difference in changes from baseline to 6 months, favouring the NB group
compared to the PA group. The observed changes in ATR and Cobb angle measurements
in this study, however, were well below what can be considered clinically relevant, since
both the scoliometer and digital Cobb angle measures have up to approximately 6 degrees
standard error of measurement [56–59]. Schreiber et al. [60] found better general SAQ scores
in AIS patients after 6 months of full-time bracing in combination with SSE compared to
controls, in contrast to a previous study that showed more distorted perceived appearance
in braced patients compared to non-braced patients [11]. It is possible that more intensive
bracing [10] is required for patients to perceive changes in spinal appearance. However,
when considering the risk of overtreatment, one may consider NB as a viable first step
requiring lower dosage.
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The SRS-22r satisfaction domain showed no between group differences despite the
NB group reporting a significant decrease in the SRS-22r function domain over time. A
previous study suggested that full-time brace wear can negatively impact different aspects
of quality of life in 72% of the study population [12]. Conversely, another study found no
decline in health in braced individuals compared to observation only [61]. The minimal
important change for the SRS-22r function domain in moderate AIS has been reported to
be 0.60 [62], which implies that the negative change in our study does not affect the patient
in everyday activities.

The PA group showed a small, statistically significant decrease in the SRSr-22r mental
health domain over the 6-month period. However, there were no statistically significant
between group differences, and the PA group change was less than the minimal important
change for the SRS-22r mental health domain in moderate AIS, which has been reported
to be 0.55 [62]. The SSE group showed a small, statistically significant decrease in the
SRSr-22r subscore over the 6-month period; this is in contrast to the findings of Monticone
et al. [63], who evaluated the effect of SSE vs. traditional exercises in mild AIS, and found
increased HRQoL favouring the SSE group. The SRS-22r subscores for patients in the
present study, however, were slightly below normative values of 4.7 at baseline [64], but
higher than previously reported values for braced, surgically treated, or untreated adults
with AIS [7,65].

The EQ-VAS global health score in the present study population was high, and similar
to normative data [46]. According to the EQ-5D-Y domain scores in the present study,
patients very rarely reported problems with mobility, self-care, or usual activities, and
none that were severe. When considering the anxiety/depression and pain/discomfort
domains, severe problems were very rare, but 20–33% of the patients reported moderate
problems at either baseline or 6 months, with no statistically significant between group
differences in change over the 6 months. These proportions were similar to literature
reporting Swedish general population normative EQ-5D-Y data for 12 and 16 year olds [46],
but a little higher than normative EQ-5D scores for ages ≤ 19 [64]. Similar occurrence of
pain has been reported with SRS-22r in a study of patients with AIS [4], but as high as
46% in full-time brace-treated populations evaluated with the Brace Questionnaire [12].
Anxiety and depression can be considered to be risk factors for chronic back pain [4]. This
suggests the importance of helping patients showing signs of anxiety/depression and
pain/discomfort to manage such problems throughout the treatment plan.

This RCT data collection was successfully carried out within the context of the Swedish
public health care system. The study is therefore representative of the Swedish context, and
generalizable to similar health care systems. The study’s rigorous design, adequate sample
size, patient adherence to treatment plan, and good retention in prospectively collected data
provide lower risk of bias to findings compared to previous studies in the field. Another
strength was the use of patient-reported outcome and experience measurements to capture
the patient perspective regarding the three prescribed treatments. SSE in the current study
covers similar concepts and methods to those described in previous literature on scoliosis-
specific treatments [8,33]. However, the current study focused on patient self-management,
with three supervised sessions as a first-step intervention during the first three months,
and additional sessions if needed before the 6-month follow-up.

Key limitations of this study are that the evaluations of adherence, motivation, and
capability are based on the entire treatment plan as a whole, and do not distinguish between
the included parts of the treatment. Lower adherence toward one of the components in
the treatment plan cannot be ruled out. This study only comprises subjective means of
measuring adherence, including patient-administered questionnaires and HCP reports.
Measuring adherence is complex, and overestimation [66] or underestimation among
patients and HCPs is possible. Review of diaries at follow-up every 6 months was an initial
strategy to maintain and report adherence as accurately as possible, but patient compliance
with the use of a diary varied, with some patients filling their diaries in as an afterthought in
conjunction with revisit. The current study was planned in 2011–2012, when the availability
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of objective and patient-friendly monitoring of adherence was in progress, as well as
with telehealth to enhance adherence. Advances in new technologies and measurement
methods enable objective measures of time spent in brace [10], along with pedometers
and accelerometer-based devices to register physical activity, inactivity, and sleep [67].
However, objective measurements can be costly and technically demanding [26]. The
current study had missing values ranging from 1.5 to 31%, where the IPAQ-SF sitting score
had the highest number of missing values—possibly due to difficulty in reporting, because
sitting occurs continually throughout the day. A mix of self-reported and reasonable
objective measures could be the best way to capture adherence behaviour to a treatment
plan [26], and to get a broad picture of health aspects in AIS [68].

5. Conclusions

After a 6-month intervention period, self-reported and HCP-reported patient adher-
ence were high in all groups. Patients also reported motivation and capability to carry
out and perform the treatment as high, especially in the NB group. Patients in exclusively
active intervention groups increased their physical activity without other clinically relevant
differences between groups on other clinical measures or patient-reported outcomes. The
results suggest that prescribed interventions are viable first-step options during the first
6 months.
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Abstract: Combining evidence-based medicine and shared decision making, current guidelines
support an evidence-based personalised approach (EBPA) for idiopathic scoliosis in adolescents
(AIS). EBPA is considered important for adolescents’ compliance, which is particularly difficult in AIS.
Benchmarking to existing Randomised Controlled Trials (RCTs) as paradigms of single treatments, we
aimed to check the effectiveness and burden of care of an EBPA in high-risk AIS. This study’s design
features a retrospective observation of a prospective database including 25,361 spinal deformity
patients < 18 years of age. Participants consisted of 1938 AIS, 11–45◦ Cobb, Risser stage 0–2, who were
studied until the end of growth. EBPA included therapies classified for burdensomeness according to
current guidelines. Using the same inclusion criteria of the RCTs on exercises, plastic, and elastic
bracing, out of the 1938 included, we benchmarked 590, 687, and 884 participants, respectively. We
checked clinically significant results and burden of care, calculating Relative Risk of success (RR)
and Number Needed to Treat (NNT) for efficacy (EA) and intent-to-treat analyses. At the end of
growth, 19% of EBPA participants progressed, while 33% improved. EBPA showed 2.0 (1.7–2.5)
and 2.9 (1.7–4.9) RR of success versus Weinstein and Coillard’s studies control groups, respectively.
Benchmarked to plastic or elastic bracing, EBPA had 1.4 (1.2–1.5) and 1.7 (1.2–2.5) RR of success,
respectively. The EBPA treatment burden was greater than RCTs in 48% of patients, and reduced for
24% and 42% versus plastic and elastic bracing, respectively. EBPA showed to be from 40% to 70%
more effective than benchmarked individual treatments, with low NNT. The burden of treatment
was frequently reduced, but it had to be increased even more frequently.

Keywords: adolescent idiopathic scoliosis; shared decision-making; personalised approach; bracing

1. Introduction

The practice of evidence-based medicine (EBM) combines evidence with physicians’
expertise and patients’ values [1]. As it comes mainly from the results of Randomised
Controlled Trials (RCTs) focused on single treatments, a contradiction has been suggested
between RCTs and personalised medicine/shared decision making [2,3], which has been
shown to be important [4,5]. This contradiction also exists in clinical practice, where some
practitioners prefer to follow strict protocols, and others propose highly personalised ap-
proaches. Extensive observational prospective studies can verify personalised approaches
from a realistic everyday perspective [6] and verify the generalisability of RCTs [7]. In
the case of conservative treatment of adolescent idiopathic scoliosis (AIS), RCTs [8–10]
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showed the efficacy of single treatments. Nevertheless, current clinical guidelines support
an evidence-based approach, which clinicians can personalise within a range of different
possible treatments for each clinical condition [11]: in this paper, we call this approach an
evidence-based personalised approach (EBPA). EBPA is particularly advocated for adoles-
cents because they are neither children doing what parents impose nor adults performing
conscious choices. Still, they need to share decisions to adhere to treatments [11].

Scoliosis is a three-dimensional deformity of the spine and trunk with a prevalence
of 2–3% in the general population [11]. The most common idiopathic type is classified
according to the age at discovery, being most frequent in adolescence (AIS). AIS can have
an aesthetic impact and cause in adulthood progressive deformities and back pain. Gold
standard measures are Cobb degrees on a posteroanterior full-spine radiograph [11] where
scoliosis is diagnosed as >10◦, and health problems in adulthood are common at >50◦ and
unusual at <30◦ [12–14]. A substantial percentage of adolescents rapidly progress during
growth, with high risk between age ten and Risser bone maturity stage 2 [14,15].

The Bracing AIS Trial (BrAIST) RCT [8] confirmed the efficacy of plastic thoraco-
lumbo-sacral orthosis (TLSO) for AIS of 20–40◦ consistently with a previous benchmark-
ing controlled trial [16]. Results from cohort studies showed a various range of results
from no efficacy to very high efficacy [17,18]. Population selection, research method-
ologies, patients’ compliance, brace type, and construction, as well as expertise and
management skills [11,19], can explain these differences. Minor side effects have been
reported [8,20], with psychological impacts only occurring for braces extending to the
cervical region [8,11,21]. Two RCTs have shown the efficacy of physiotherapeutic scoliosis-
specific exercises (PSSE) [10] and elastic bracing (SpineCor) [9] in curves of 15–25◦ and
15–30◦, respectively. The Cochrane Systematic Review on PSSE [22] is under revision to
include other short-term RCTs that confirm the efficacy of PSSE, together with a pragmatic
perspective [23] and one other design [24] study. Side effects have not been reported. There
is no evidence for other conservative treatments [11].

Bracing and PSSE are demanding treatments proposed for asymptomatic adolescents
to avoid curve progression to the reported risk thresholds [14]. These treatments last
years until the end of growth. Consequently, compliance is one of the most significant
issues [8,11,25]. Current clinical guidelines propose by consensus a range of possible treat-
ments for each clinical condition, which experts must individually tailor through shared
decision making. They also propose what we call here EBPA to achieve the best results to
reduce the treatment burden and increase compliance through patients’ adherence: this is
achieved through a step-by-step path aimed to provide the most effective treatment with
the lowest impact. Finally, they stress over- and under-treatment as well-known mistakes,
since they cause unnecessary burden on patients or curve progression, respectively [11].

Nevertheless, we are not aware of any study on EBPA for AIS. We aimed to verify its
results in a prospectively collected broad cohort of high-risk (Risser 0–2) AIS patients. We
also wanted to compare two possible models of treatment diffused in the clinical world:
EBPA versus per-protocol. This was done comparing existing RCTs (as a paradigm of per-
protocol treatments) to subgroups of our EBPA cohort benchmarked (matched) for inclusion
criteria. We expect these results to contribute to the debate about personalised decision
making versus per-protocol approaches, particularly in adolescence when a personalised
approach could be more appropriate than in adulthood. We also expect to verify the current
evidence on AIS treatments generalising RCTs to everyday practice and determine the
feasibility and importance of an EBPA.

2. Materials and Methods

2.1. Study Design and Participants

We designed a retrospective observational study nested in a prospective clinical
database including all prospectively collected data of patients of a tertiary referral insti-
tute. The institute is specialised in the rehabilitation (conservative treatment) of spinal
disorders at all ages, with specific attention to idiopathic scoliosis during growth. The
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prospective clinical data collection started in March 2003. At the time of data collec-
tion (31 December 2017), we included 29,859 individuals with spinal disorders, with
25,361 having had the first consultation before age 18.

We defined the following inclusion criteria: AIS diagnosis [11], curves 11–45◦ at the
start, and a Risser stage between 0 and 2. Our institute receives many patients for a second
opinion, so we only included those in charge, which we defined as adolescents who came
at least three times to our facilities. The exclusion criteria were wearing a brace at first
consultation and absence of X-rays in the three months before or after the start or end
of treatment and observation. We found 1938 participants that fit the inclusion criteria
(Figure 1). To compare the EBPA proposed in this study to standard treatments provided
by RCTs, we selected three subgroups of participants paired to the existing end-of-growth
RCTs using their inclusion criteria (Table 1). The Plastic Bracing (PB), Elastic Bracing (EB),
and PSSE subgroups were compared to the BrAIST [8], SpineCor [9], and Monticone [10]
papers, respectively. The 3 subgroups included 3 subsamples of the entire observed cohort
of 1938 adolescents of 687, 884, and 590 participants, respectively,

Figure 1. Selection of patients. Flow-chart of selection of participants from the clinical perspective.
database. AIS, adolescent idiopathic scoliosis.
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Table 1. Inclusion criteria of the existing end-of-growth Randomised Controlled Trials (RCTs) used for benchmarking in the
current study.

Subgroup Plastic Brace TLSO Elastic Brace (SpineCor)
Physiotherapeutic

Scoliosis-Specific Exercises

Acronym BrAIST EB PSSE

Comparison RCT Weinstein et al. [8] Coillard et al. [9] Monticone et al. [10]

Age (years) 10–15 8–15 10 or older

Risser (grade) 0–2 0–2 0–1

Menarche pre-menarchal or 1-year
post-menarchal - -

Cobb angle 20–40◦ 15–30◦ 11–25◦

Curve apex at, or caudal to T7 - -

Previous treatments not for AIS - -

Results of the patients treated with an evidence-based personalised approach (EBPA) in this study have been compared to the standard
treatments received in the compared RCTs. BrAIST: Bracing Adolescent Idiopathic Scoliosis Trial; TLSO: Thoraco-Lumbo-Sacral Orthosis.

All parents provided written informed consent. The local Ethical Committee (Comitato
Etico Milano Area B, Via F. Sforza 28, Milan, Italy-parere 801_2015bis, 15 December 2015)
approved the study protocol, which is available at clinicaltrials.gov.

2.2. Procedures

Participants underwent a medical evaluation every 4–6 months, according to their
growth rate. We prescribed a radiographic exam every two consultations, measuring Cobb
degrees and recording the Risser stage.

Proposed treatments included observation, PSSE, and bracing. We proposed treat-
ments according to the current situation and progression risk as determined by physician
expertise by combining risk factors including Cobb degrees, growth, history, angle of trunk
rotation (ATR), sagittal plane measures (radiographic measures of kyphosis and lordo-
sis, pelvic parameters, and plumbline distances), aesthetics evaluated through the Trunk
Aesthetic Clinical Evaluation (TRACE) scale, and others (e.g., family history) [11]. We
proposed observation in low-degree, low-progression risk AIS to verify the effect of growth.
PSSE followed mainly the SEAS (Scientific Exercises Approach to Scoliosis) approach [26],
even if some participants autonomously chose other techniques; exercises were used in
patients with a low degree and low to medium progression risk AIS to avoid bracing. An
elastic brace (SpineCor 20 h/day) was used for 20–30◦ AIS not considered at high risk
of progression. Plastic braces and included the rigid Sibilla, Lapadula [27], and PASB
(Progressive-Action Short Brace) [28], and the very rigid [21] Sforzesco [27] braces. Plastic
brace prescriptions ranged between 18 and 24 h/day according to progression risk. PSSE
were always prescribed in combination with any brace prescription.

According to the SOSORT Guidelines [11], we defined the intensity of available
treatments (Table 2) and a range of acceptable proposals for each clinical condition. These
ranges fell within the range of possibilities proposed by the guidelines, so keeping an EBM
approach. Each physician of our institute contributed to the definition of these protocols,
which were gradually improved (as typical for EBM) with time, also with the introduction
of new treatments (such as SpineCor since 2010). In front of single patients corresponding
to each pre-defined clinical condition, physicians chose the treatment options remaining
within the acceptable pre-defined range. The electronic patient record allowed checking
the coherence between the protocols and the therapeutic proposals made by physicians,
allowing to gradually improve the system. More information about the EBPA approach
used in this study is reported in Appendix A.
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Table 2. The intensity of treatment.

Intensity of Treatment Treatment

0 Observation

1 Physiotherapeutic Scoliosis-Specific Exercises

2 Elastic brace (SpineCor)

3 Rigid plastic brace (Sibilla, Lapadula, PASB) brace 21 h/day or less

4 Rigid plastic brace (Sibilla, Lapadula, PASB) brace 22–24 h/day

5 Very rigid plastic brace (Sforzesco) brace 18–12 h/day

6 Very rigid plastic brace (Sforzesco) brace 22–24 h/day
In this table, treatments provided in the study have been ordered by intensity from the less to the most demanding.
This corresponds also to the order from the least to the most effective. This order has been defined by expert
consensus by the current SOSORT guidelines [11] and accepted by the SRS-SOSORT Consensus for research
studies [14]. The ordinal scale used here has been adapted as follows: (1) night-time rigid bracing and scoliosis
intensive rehabilitation were not present in our cohort and have been excluded; (2) according to the last Cochrane
Review on bracing [21] we have differentiated between rigid and very-rigid braces; (3) half-time and part-time
rigid bracing have been combined (categories 3 and 5) as well as full and total time (categories 4 and 6); (4) all
observation categories with different time intervals between check-ups have been collapsed into the 0 category.
PASB, Progressive-Action Short Brace. Note: the Sforzesco brace was developed between 2004 and 2005. Till then,
the Lyon brace was the very rigid brace used.

To achieve an informed, shared decision, participants systematically received informa-
tion from the treating physician about their clinical and aesthetic condition, progression
risk, the importance of the 30◦/50◦ thresholds [14], and how they could influence their
health and possible results. We discussed alternatives to either reduce the burden of treat-
ment or increase the probability of success. We finally proposed the prescription according
to a risk/benefit ratio agreed upon with the patient and family. Hence, we can precisely
describe the treatment provided only post hoc, since clinical decisions were always person-
alised. Appendix A provides examples of clinical decisions and the pathway followed by
clinicians with patients to achieve the final individualised prescription. EBPA differs from
a per-protocol approach in the quantity of information provided, full range of treatment
alternatives proposed as effective, and the greater interaction with patient and family, with
a final decision taken together on these bases.

After consultation, a trained scoliosis expert provided a cognitive–behavioural inter-
vention (20–45 min) to answer questions and give information. An email question-and-
answer service was also provided. In cases of bracing, in case of stability or improvement,
a reward strategy was adopted with a gradual decrease every six months of 2 h/day. We
kept an 18 h/day minimum dosage until Risser stage 3. Participants completed the study at
bone maturity, defined as Risser stage 4, or at complete brace gradual weaning, if achieved
after bone maturity.

2.3. Data Analysis

We analysed all data by sex, but it was not by race due to the uniformity of the Italian
population. We defined the treatment intensity using an ordinal scale adapted from the
current guidelines. We listed therapies in seven classes from the least (observation) to the
most effective and burdening for participants (very rigid brace, 22–24 h/day) (Table 2). We
used this scale to study the final results. We checked the scale application in our sample
dividing all patients per treatment applied and verifying the Cobb degrees differences
among groups.

Outcomes included the number of patients that achieved the primary outcomes of
<30◦ and <50◦ [14]. Secondary outcomes included improvement or progression of >5◦ [14].
We also included achieving the current guidelines’ [11] primary (optimal) and secondary
(minimum desired achievement) treatment aims. Finally, we faced the concepts of under-
and over-treatment. They are classically described as mistakes in AIS management since
they mismatch between finally achieved results and applied treatments. These concepts
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start from the premise that increasing treatment intensity (as defined above) means higher
efficacy and more patient demands. Consequently, under-treatment describes a therapy
not effective enough to achieve desired targets, and over-treatment describes the opposite:
therapies demand could have been lowered, since the results achieved were above the
needs of the patients. We considered under- and over-treatment compared to the most
relevant target, achieving adulthood with a curve below 30◦ [12–14]. We defined under-
treatment as (1) when patients started treatment below 30◦ if the deformity progressed
above 30◦, and (2) when patients started treatment above 30◦ if they progressed at all.
There is not a generally accepted definition of over-treatment (too demanding therapies),
which is a concept stated in the guidelines [11] but not operationalised. For this paper,
we needed such an operationalisation. Consequently, we defined over-treatment as any
unnecessary improvement identified through a specific formula based on the 5◦ Cobb
radiographic measurement error (Table 3). Improvements could be considered unnecessary
when not changing the future of patients according to the known threshold of 30◦ for future
problems in adulthood [14].

Table 3. Aims of treatments, over-, and under-treatment according to the different clinical situations.

Clinical Situation at the Start
Aims of Treatment According to Current

Guidelines [11]
Thresholds of Over- and Under-Treatment

Degree of scoliosis ◦Cobb Primary aim Minimal aim Over-treatment Under-treatment

Low 11–20 End of growth < 20◦

End of growth < 45◦

Improvement > 5◦
End of growth > 30◦

Moderate

21–25
End of growth < 30◦ Improvement > 5

◦
+( ◦

Cobb start −20
◦

2

)26–30
Progression > 5◦ #31–40

Severe 41–45 End of growth < 45◦ End of growth < 60◦ *

Current guidelines [11] define the primary aim as the optimal desired achievement, while the minimal aim corresponds to the minimum
desired achievement, in cases where it is impossible to obtain the primary aim. Keeping in mind the threshold of 30◦ [12–14], under-
treatment has been defined when the deformity progressed above this significant threshold or, if already above, if it progressed at all.
Conversely, over-treatment has been defined when there have been successful (1) improvements, for starting points below 21◦; (2) important
improvements according to a specific formula, reaching scoliosis below 30◦, for starting points above 20◦. * For severe curves, the guidelines
propose postponing surgery [11]. We arbitrarily decided that a 60◦ curve requires immediate surgery, while below it is still possible to
achieve results with conservative treatment [21] and set this threshold. # Only if therapy intensity was below 6.

We compared the PB, EB, and PSSE subgroups with the corresponding paired RCTs [8–10]
for benchmarking purposes. We compared the baseline data using t-tests calculated using
averages, standard deviations, and the number of patients. We used chi-square tests for
percentages of different categories and final results. The outcomes for the paired RCTs
were (1) ending at >50◦ for PB [8], (2) progression >5◦ for EB [9], and (3) progression > 3◦
for PSSE [10]. We performed an efficacy analysis, considering all patients who reached
the end of treatment, and an intent-to-treat analysis (ITT). In the ITT, we hypothesised
a worst-case scenario, with the patients who dropped out interpreted as failures. For
EBPA and the treated group of the compared RCTs, we computed Relative Risk (RR)
of success, Number Needed to Treat (NNT), and 95% Confidence Interval (95CI). These
parameters could be calculated because our sample and those of the RCTs had been
collected prospectively. Moreover, the comparison groups of the RCTs could offer natural
history data to be compared to our subgroups, providing a successful pairing with similar
baseline parameters in our subgroups and RCTs participants.

We collected data through software developed by our institute, managed with Excel,
and analysed statistically with STATA 13 Texas 77845 USA.

3. Results

Out of 1938 participants, 274 (14%) were still in treatment and excluded, and 207 (11%)
dropped out (Figure 1). We could not determine the reasons for dropping out due to the
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observational design of the study. The EBPA applied in the full cohort is described in
Figure 2: each treatment group is statistically different from the others, with the exclusion
of the comparison “Very rigid bracing (Sforzesco) 18–21 h per day” versus “Rigid bracing
22–24 h/day”. The EBPA applied in every single subgroup benchmarked to an RCT is
reported in Table 4. We could not benchmark our PSSE subgroup, since it included less
mature (Risser stage) and 10 cm smaller participants than the paired RCT. For EB and PB
subgroups, we found a few statistically but not clinically significant differences with the
intervention and observation arms of corresponding RCTs at the baseline (Table 4).

 

Figure 2. The intensity of treatments applied in the whole sample per Cobb degrees at the first consultation. All treatment
groups were statistically different one from the other, with the only exception of “Very rigid bracing 18–21 h/day (h/d)”
versus “Rigid bracing 22–24 h/d”, where other determinants beyond Cobb degrees could play a role. Data of each single
subgroup compared to RCTs are reported in Table 4.

Table 5 reports the individual choices made at the first patient–physician encounter
(EBPA) throughout the 18 years of observation according to each clinical condition (deter-
mined according to the degree of scoliosis and Risser sign—see Appendix A). There is a
percentage of patients who had a higher or lower treatment intensity. The same information
about the subgroups and their benchmarked studies are reported in Table 4.

Due to the inclusion criteria, we had at baseline 69% of patients < 30◦. At the end of
treatment, this percentage increased to 78%, with 2% progressing above 50◦. Improvement
occurred in 33% and progression occurred in 19%. We reached the primary (optimal)
guideline aims in 68% and the secondary (minimal) in 98%. Under- and over-treatment
occurred in 13% and 10%, respectively.
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Table 5. Adherence of the entire population to the expected EBPA option.

Risser
0 1 2

Cobb Degrees Intensity of Treatment

10–20◦

0 10% 6% 6%
1 78% 80% 82%
2 5% 4% 1%
3 5% 10% 10%

4 1% 0% 0%

5 1% 1% 2%

6 0% 0% 0%

21–30◦

0 1% 1% 1%
1 16% 18% 24%
2 14% 9% 6%
3 39% 45% 47%
4 13% 7% 6%
5 8% 11% 10%
6 9% 8% 7%

31–40◦

0 0% 0% 0%

1 1% 0% 1%

2 0% 1% 1%
3 9% 7% 4%
4 16% 15% 9%
5 4% 17% 18%
6 70% 59% 67%

Severe (41–45◦)

0 0% 0% 0%

1 0% 0% 0%

2 0% 0% 0%

3 0% 0% 0%

4 2% 0% 0%

5 0% 0% 7%
6 98% 100% 93%

The treatment applied is listed for each clinical condition (defined according to the degree of scoliosis and Risser
test—see Appendix A). The intensity of applied treatment follows this ordinal scale: 0. Observation, 1. PSSE
(SEAS School), 2. Elastic brace (SpineCor), 3. Rigid brace 18/21 h/d, 4. Rigid brace 22/24 h/d, 5. Very rigid brace
(Sforzesco) 18–21 h/d, 6. Very rigid brace (Sforzesco) 22–24 h/d. The yellow cells correspond to the expected
EBPA. There are patients with treatment above or below the expected EBPA range. The choices performed for
each subgroup are reported in Table 4 to compare with the benchmarked studies.

To check the efficacy of EBPA, we benchmarked our subgroups to RCTs controls
(Figure 3). For the efficacy analysis, EBPA had 2.0 (1.7–2.5) and 2.9 (1.7–4.9) RR of success,
with 2 (1.7–2.5) and 2.4 (1.6–4.8) NNT for BrAIST and SpineCor studies, respectively
(Table 6). Failure rates of PB and EB were 2% and 19%, respectively, versus 52% and 75% in
the observed arms of the BrAIST and SpineCor studies, respectively.
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Figure 3. Relative Risk of success of the evidence-based personalised approach (EPBA) to paired RCTs [8,9]. Results in terms
of Efficacy Analysis (EA) and Intention-to-Treat (ITT) are compared to the observational arms of each of the two studies. We
used the Relative Risk (RR) of success since all data in RCTs and EBPA were collected prospectively. A higher RR shows
the probability for a patient to achieve better results with one treatment vs. the other. The vertical line corresponds to the
natural history data collected in every single RCT for the first four lines (for the original RCT, the first two lines, for the EBPA
subgroups, the second two lines), while that in the last four corresponds to the comparison group coming from the RCTs
(lines 3–4 to controls/natural history, lines 5–6 to the RCT treated group). The RCT on physiotherapeutic scoliosis-specific
exercises (PSSE) [10] has not been compared since baseline populations were statistically significantly different. The same
was true for the subgroups when we exclusively applied the treatment proposed in the RCTs.
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Table 6. Comparison of evidence-based personalised approach (EBPA) with benchmarked Randomised Controlled Trials
(RCTs): Plastic Brace (PB) and Elastic Brace (EB) subgroups with the BrAIST [8] and SpineCor [9] studies, respectively.

Analysis
Groups Relative Risk (RR) of Success Number Needed to Treat (NNT)

EBPA RCT RR IC95 p NNT IC95

Comparison with BrAIST Study

Efficacy
treated EBPA controls BrAIST 2.0 1.7–2.5 chi2 = 307.4 p < 0.001 2.0 1.7–2.5

treated EBPA treated BrAIST 1.4 1.2–1.5 chi2 = 141.8 p < 0.001 3.8 2.9–5.3

Intent to Treat
treated EBPA controls BrAIST 1.8 1.5–2.3 chi2 = 97.5 p < 0.001 2.5 2.0–3.3

treated EBPA treated BrAIST 1.2 1.1–1.4 chi2 = 24.46 p < 0.001 6.3 4.2–12.5

Comparison with SpineCor Study

Efficacy
treated EBPA controls SpineCor 1.7 1.2–2.5 chi2 = 184.2 p < 0.001 2.4 1.6–4.8

treated EBPA treated SpineCor 2.9 1.7–4.9 chi2 = 377.0 p < 0.001 1.6 1.2–2.2

Intent to Treat
treated EBPA controls SpineCor 3.5 2.0–6.1 chi2 = 103.1 p < 0.001 1.6 1.3–2.1

treated EBPA treated SpineCor 1.2 0.97–1.5 chi2 = 5.96 p = 0.05 NS 6.7 3.2–100

RR: Relative Risk; NNT: Number Needed to Treat; IC95: Interval of Confidence 95%. In EBPA, we considered the subgroups comparable to
the populations of RCTs. We used the Relative Risk (RR) of success since all data in RCTs and EBPA were collected prospectively. A higher
RR shows the probability for a patient to achieve better results with one treatment vs. the other. It was in this way also possible to compare
our subgroups to the control groups of RCTs, showing the superiority of EBPA on natural history. Note that the relative risk of success is
different for the two comparisons: in BrAIST RCT, it was defined as remaining below 50◦ [8], while in SpineCor one, it was remaining
below 45◦ [9].

To compare EBPA to single treatments, we benchmarked our subgroups to the
RCTs treated groups (Figure 2). For the efficacy analysis, EBPA had 1.4 (1.2–1.5) and
1.7 (1.2–2.5) RR of success, with 3.8 (2.9–5.3) and 1.6 (1.2–2.2) NNT for plastic and elastic
bracing, respectively. The above reported 2% and 19% failure rates of PB and EB compared
to 28% and 34% in the treated arms of the BrAIST and SpineCor studies, respectively. EBPA
treatment burden was more significant than RCTs in 48% of patients and reduced in 24%
and 42% versus plastic and elastic bracing, respectively (Figure 4).

Figure 4. Cont.

144



J. Clin. Med. 2021, 10, 5020

 
Figure 4. Comparison of the intensity of treatment for the evidence-based personalised approach (EPBA) versus paired
RCTs [8,9]: (A) Thoraco-Lumbo-Sacral Orthosis (TLSO) [8] and (B) elastic braces [9]. The improvement in results of EBPA
has been obtained using greater treatment intensity than paired RCTs in 48% of cases, but also a reduced treatment intensity
in 24% of the BrAIST subgroup and 42% of the EB subgroup.

4. Discussion

This pragmatic observational study of a large prospective cohort benchmarked to pub-
lished RCTs shows a higher efficacy of EBPA than standardised protocols. The probability
of success of patients treated in EBPA is between 1.5 and 3.5 times that of natural history
and between 1.2 and 2.9 when compared to per-protocol treated groups (RR in Table 6).
This higher efficacy than what was reported in RCTs corresponds to a reduced burden of
treatment for a high percentage of patients but also more demands on another important
percentage of patients. The dropout, over-, and under-treatment rates are significant: 10%,
10%, and 13%, respectively.

The results of this study could be due to the real-world pragmatic approach of the
EBPA we used vs. the artificial process of a research environment of a per-protocol RCT. It
could very well be true that a real-world clinic that uses a strict protocol for all patients
shows similar good results just because patients are motivated and not subject to an artificial
randomisation and study process. Nevertheless, the study could also support the idea that
a personalised approach based on shared decision making is superior to a standardised
protocol. The latter is consistent with some papers based on different methodologies and
other fields of medicine [5]; it is also coherent with the strong support given nowadays to
patient-centred care. This is probably significant in AIS and adolescence [11] and could
be specific to the field, but that is not necessarily the case. Shared decision making could
improve compliance [2–5] and consequently final results, which could be particularly
important in clinical areas where compliance is a problem, as in AIS [11,19,25,29]. We
disagree with the contradiction suggested between EBM and shared decision making [2,3].
RCTs are one of the means to achieve EBM [1], but they do not coincide with it. The
complete per-protocol application of RCT results is quite frequent among clinicians but
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not supported by EBM, and in the field of AIS, it can be one of the factors leading to the
disparity of results reported in the literature [11,17].

As in previous studies [8,11,21], bracing has shown to be highly effective; personalisa-
tion increases its efficacy while reducing invasiveness whenever possible. Other elements
can contribute to EBPA to explain the current results. Measured compliance was compa-
rable to some studies [29] but much higher than others [8,30], which could explain our
results and could be due to EBPA or the cognitive–behavioural approach [25]. The braces
that we used are the most symmetric reported in the literature [18] with the precise aim of
reducing visibility and increasing compliance [27]. Moreover, other brace-related technical
and biomechanical factors could explain our results. Finally, we must consider that our
braced patients always practised PSSE, too. This could influence final results as well as
compliance [11].

This study confirms the possibility of stabilising AIS with PSSE [22,24] according to a
pragmatic trial [23], but not a previous RCT [10] that reported improvements. This RCT
population was different from all the other RCTs and our study, and the possible reduced
progression risk due to higher bone maturity precluded any benchmarking.

The issue of under- and over-treatment is discussed in the AIS community [11], but we
are not aware of any numerical definition. We proposed a specific approach internal to our
EBPA population based on the most desired target of conservative treatment: an outcome
below the 30◦ threshold [14] or, if not possible due to the starting deformity, approaching
it as much as possible. Of note, we could also compare EBPA to per-protocol standard
RCTs approach using the same concept. In this case, the higher percentage of bad results
in RCTs could be considered under-treatment (i.e., not enough efforts are required for
patients to achieve better results). Conversely, good results obtained with less invasive
procedures with EBPA could be considered over-treatment by the RCTs (i.e., treatment
invasive than what required by the clinical situation—as shown by EBPA being a less
demanding treatment). Using this approach, under-treatment and over-treatment account
for 48% and 25% for the standards TLSO 18 h/day in 20–40◦ AIS [8], and 48% and 42% for
SpineCor in 15–30◦ AIS [9], respectively.

We had a 10% dropout rate, which may be due to the demands and length of treatment.
On average, treatment lasted 3.7 ± 2.1 years, while dropouts stopped after 1.8 ± 0.8 years.
Future studies should verify if these patients stopped treatment and their results at the
end of growth. Nevertheless, at dropout, their results were not different from the other
patients, and consequently, considering them total failures as we did in the ITT analysis
is questionable.

The strengths of our study include the representation of everyday clinical reality,
the possibility of checking many different factors and research hypotheses, a focus on the
highest-risk population, and the large numbers achieved through a specific database. While
this study reports real-world results, we also have to consider that the EBPA we used was
developed in a tertiary referral institute. AIS is usually treated in tertiary referral institutes,
particularly when it becomes important, but this is not always the case. Consequently,
we cannot consider these results generalisable to everyday clinical life but only to tertiary
referral institutes where high specific competencies are retrievable.

The limitations of our study include the non-randomised design that increases the rate
of confounders. Nevertheless, RCTs for AIS are becoming difficult due to very high costs,
large effect sizes that lead BrAIST to stop recruitment for ethical reasons [8], high failure
rates, and recruitment difficulties [21]. Since the quality of evidence on AIS treatment is
between low and very low [21,22], this study contributes to strengthening current evidence.
This paper includes all patients who came to our institute according to specifically defined
criteria, being representative of daily practice in a wide group of patients. Conversely, the
subgroups compared to RCTs may not completely represent the everyday clinical reality,
since they could share one possible problem of data from RCTs, which is the limited inclu-
sion criteria leading to selection bias. However, the subgroups do demonstrate the success
percentage in treatment per-protocol in an RCT compared to EBPA. The specialisation of
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our institute could reduce generalisability, but expertise is a prerequisite for EBPA. It is also
theoretically possible that the rigor of data collection in clinical everyday life was reduced
when compared to a research setting such as in RCTs. There are two main reasons why this
should not happen: the electronic medical records of the institute provide a quality check
of all individual patients and treating physicians need all data reported in this paper for
their clinical follow-up. The only possibility would be not to report on the existence of a
radiograph, but this does not happen. Future studies should verify the current definition
of over- and under-treatment.

5. Conclusions

EBPA showed to be from 40% to 70% more effective than benchmarked individual
treatments, with low NNT. The burden of treatment was frequently reduced, but it had
to be increased even more frequently. These results contribute to the clinical and research
debate about personalised medicine based on shared decision making versus standard
protocols, particularly in adolescence. They impact practitioners because they confirm
data on the efficacy of bracing and PSSE and stress their importance as components of
a personalised approach. Guideline developers should continue to keep the concept of
personalisation also in future recommendations [11]. Health policy managers should value
an expert approach to scoliosis by tertiary referral practitioners. Finally, reducing patients
requiring more invasive and costly procedures is highly relevant, particularly in low to
middle-income countries where access to some treatments can be challenging.
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Appendix A. Description of the Evidence-Based Personalised Approach (EBPA) Used

in This Study

Current Clinical Guidelines developed by the Society on Scoliosis Orthopedic and
Rehabilitation Treatment (SOSORT) have been developed following an evidence-based
clinical approach; they also followed a step-by-step approach to current treatments, where
for each clinical condition, a different range of possible treatment could be proposed
(Table A1) [11].

Table A1. Possible range of treatments proposed by the SOSORT Guidelines [11].

Low (up to 20◦) Moderate (21–40◦) Severe (>40◦)

Min Max Min Max Min Max

Infantile
Obs 3

Obs 3 Obs 3 TTRB TTRB

Su

Juvenile PPSE PSSE

FTRB

HTRB

Adolescent Risser 0

Obs 6 SSB

HTRB TTRB

Risser 1

PSSE FTRB
Risser 2

Risser 3

Risser 4 Obs12 SIR

Adult up to 25 y
Nothing PSSE

Obs12
SIR

Obs6

Adult No Pain
PSSE

Obs12 HTRB

Pain PSSE SSB HTRB PSSE Su

Elderly No Pain Nothing PSSE Obs36 PSSE Obs12 HTRB

Pain PSSE
SSB PSSE

HTRB
PSSE Su

Trunk decompensation Obs6 PTRB

For each clinical condition, treatment is proposed from a minimum (Min) to a maximum (Max) intensity. In progressive order of intensity,
treatments are Obs: observation (with number of months from a minimum intensity of follow-up every 12 months to a maximum every
3 months); PSSE: Physiotherapeutic Scoliosis-Specific Exercises; SIR: Scoliosis Inpatient Rehabilitation; SSB: scoliosis soft brace; PTRB:
part-time (12–15 h per day) rigid bracing; HTRB: half-time (16–18 h per day) rigid bracing; FTRB: full-time (19–22 h per day) rigid bracing;
TTRB: total-time (23–24 h per day) rigid bracing; Su: surgery.

In this paper, we followed what was proposed by the SOSORT Guidelines, and we
called our treatment an Evidence-Based Personalised Approach (EBPA). Consequently, per
each clinical condition, we proposed a range of possible treatments according to Table A2
that is within the range proposed by SOSORT. Each physician in our Institute followed this
protocol, and compliance was checked through our clinical data recording system. Regular
monthly team meetings were held to improve the system and check variances–obviously
accepted in individual cases.

Figure A1 reports a graphical description of the three stages of an evidence-based
approach according to the current clinical guidelines and the triad of evidence-based
medicine [11].

The first step of the EBPA is the evaluation of the clinical situation according to the
current evidence. At this moment in time, for adolescents with idiopathic scoliosis (AIS),
Risser score between 0 and 2, we have the RCTs reported in the figure and described in
the main text: Monticone 2014 showing the efficacy of Physiotherapeutic Scoliosis-Specific
Exercises (PSSE) above “wait & see” for curves 15–25◦ Cobb; Coillard 2012 showing the
efficacy of SpineCor above “wait & see” for curves 15–30◦ Cobb; Wong 2018 showing the
efficacy of plastic braces above SpineCor for curves 20–30◦; Weinstein 2014 showing the
efficacy of plastic braces above “wait & see” for curves 20–40◦ Cobb; Lusini 2012 showing
the efficacy of very rigid plastic braces above “wait & see” for curves 45–60◦ Cobb with a
reduction of the need of surgery of 50%.
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Table A2. Range of treatments proposed in this study (EBPA) (yellow lines) compared to SOSORT Clinical Guidelines
(white lines).

Guidelines EBPA Risser 0 Risser 1 Risser 2

Low
(10–20◦)

Minimum Observation (6 months)

Minimum 0. Observation
(3 months)

0. Observation
(6 months)

10–20◦
Maximum 2. Soft Scoliosis Brace 1. Physiotherapeutic Scoliosis

Specific Exercises
Maximum Soft Scoliosis Brace

Moderate
(21–40◦)

Minimum Half-Time
Rigid Bracing

Physiotherapeutic Scoliosis
Specific Exercises

Minimum 1. Physiotherapeutic Scoliosis-Specific Exercises
21–30◦ Maximum 5. Half-Time Very Rigid Bracing

Minimum 3. Half-Time Rigid Bracing
31–40◦ Maximum 6. Full-Time Very Rigid Bracing

Maximum Surgery

Severe
(>40◦)

Minimum 6. Total-Time
Rigid Bracing

6. Full-Time
Rigid Bracing

Minimum 6. Full-Time Very Rigid Bracing
41–45◦ Maximum 6. Total-Time Very Rigid Bracing

Maximum Surgery
The Moderate (21–40◦) range of scoliosis of the Guidelines is split into two EBPA subgroups (21–30◦ and 31–40◦). For each clinical condition,
treatment is proposed by Guidelines and EBPA from a minimum (Min) to a maximum (Max) intensity. The SOSORT Guidelines propose
the following intensity progression reported in this table: observation, Physiotherapeutic Scoliosis-Specific Exercises, Soft Scoliosis Brace,
half-time (16–18 h per day) rigid bracing, full-time (19–22 h per day) rigid bracing, total-time (23–24 h per day) rigid bracing. In this study,
the intensity follows the same progression but with a slight difference: 0 Observation, 1 PSSE (SEAS School), 2 Elastic brace (SpineCor),
3 Rigid brace 18/21 h/d, 4 Rigid brace 22/24 h/d, 5 Very rigid brace (Sforzesco) 18–21 h/d, 6 Very rigid brace (Sforzesco) 22–24 h/d.

Figure A1. Graphical description of the three stages of an evidence-based approach according to the
current clinical guidelines and the triad of evidence-based medicine used in the study. All details
and explanations are reported in the Appendix A.

The second step of the EBPA is to apply the clinical expertise of the treating clinicians.
This takes into account multiple factors, including:

• Medical factors: they include commonly described risk factors determining the prog-
nosis, even if without a complete certainty; physician experience drives to a more or
less conservative or aggressive attitude; physicians’ preferences and institute protocols
greatly influence the dosage (number of hours per day of treatment), since there are
no strong scientific data on the topic.
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• Personal factors: they include the relationships with patient and family, the evaluation
of the personalities of patient and family, and how they could influence treatment.

Contextual factors: they include the years’ season (e.g., in the summer, plastic braces
are more demanding), treatment costs, and insurance coverage.

The third step of EBPA is patients’ values. They include multiple factors, including
the following:

• Preferences: the need for safety with as few risks as possible drives to a more aggres-
sive attitude (more demanding treatments), while more significant attention to care
and psychological well-being can lead to the opposite.

• Psychological factors: a more significant internal locus of control or an aggressive
attitude will lead to more demanding treatments, while the opposite will become true
on the other extreme of the psychological spectrum.

The physician will first evaluate the clinical situation and identify a range of possible
treatments according to the current evidence and guidelines. Expertise will allow the
clinician to “weigh” this range of possibilities according to the factors mentioned above.
As a result, he/she will have a preferential proposal for the patient while providing all
information to her/him and the family about the whole range of possibilities and the
risk/demand ratio of each choice (a more demanding treatment decreases the risk of
progression, and vice versa). According to the current knowledge, the pathology and
progression probability are also described, including the current and future health risks.
Finally, the clinician presents and discusses the prognosis and other “expertise-based”
factors with their current strength of evidence. This process allows the patient and family to
orientate the final decision, expressing their values in an interactive process, including open
questions and answers sessions. Sometimes, the third step continues after the consultation,
during the cognitive–behavioural session described in the text, and/or through other
contacts in the subsequent days with clinicians. In addition, there could be an agreement
for a time-buying strategy, i.e., a less demanding treatment with reduced follow-up time to
closely check the outcomes and eventually change therapy as soon as possible.

In some cases, the situation is crystal clear, such as when there is no pathology (no
need of treatment), or, at the other side of the spectrum, when there is a surgical case with
the patient and family willing to try to avoid it (immediate most demanding treatment
for the longest time). In these cases, there is no discussion; it is a black or white situation.
On the contrary, in most cases, there are multiple possible options in terms of treatment
or dosage. In these gray situations, there is plenty of space for discussion and shared
decisions. The usual length of the first consultation, including this process and a proper
history taking and clinical exam, lasts on average 30/40 min for an expert clinician, with a
range between 50% and 200% of this time.

In Figures A2–A4, we exemplify the process described above. All three cases consider
AIS of patients at age 11, Risser score 0, and triradiate cartilage open (i.e., maximum
progression risk according to the current knowledge).

In case the scoliosis is of 15◦ Cobb (Figure A2), we have first to take into account the
measurement error, which leads to a range between 10◦ and 20◦. With these possibilities,
we could consider a range of possible treatments from observation to SpineCor. Factors
such as prominence, rigidity, sagittal plane, family history, and other prognostic elements
will drive the clinician’s preference and proposal. The decision will finally be achieved by
discussing it with the patient and family.
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Figure A2. Application of an Evidence Based Clinical Approach to the theoretical Clinical case 1:
age 11, Risser score 0, triradiate cartilage open, scoliosis of 15◦ Cobb.

In case the scoliosis is of 25◦ Cobb (Figure A3), the measurement error leads to a range
between 20◦ and 30◦; the possible treatments range between PSSEs and full-time plastic
rigid brace. The last could be proposed for example in case of an important prominence
or rigidity, while the first in case of an important postural component with no big signs
of deformity and perhaps being in full summer for a patient living at the seaside: in this
case, a closer follow-up would also be proposed. The final decision will always rely on the
patient and family risk/demand ratio evaluation.

Figure A3. Application of an Evidence Based Clinical Approach to the theoretical Clinical case 2:
age 11, Risser score 0, triradiate cartilage open, scoliosis of 25◦ Cobb.

Finally, in case of scoliosis at the top range of this study, with 40◦ Cobb (Figure A4)
and a range between 35◦ and 45◦ to be considered, a brace is unavoidable according to the
current evidence. The expertise will play a role in proposing a part-time (18 h per day)
rigid plastic brace in case of good prognosis versus a full-time (23/24 h per day) very rigid
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brace in case of a patient considered at high risk of surgery due to other features (important
prominence, high rigidity, big decompensation, flat back, etc). Contrarily to all the other
cases, for the latter, very bad prognosis situation, very little space will be given to patient
and family discussion.

Figure A4. Application of an Evidence Based Clinical Approach to the theoretical Clinical case 3:
age 11, Risser score 0, triradiate cartilage open, scoliosis of 40◦ Cobb.
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Abstract: Idiopathic scoliosis is a disorder of unknown etiology. Bone biopsies from idiopathic scolio-
sis patients revealed changes at cellular and molecular level. Osteocytic sclerostin is downregulated,
and serum level of sclerostin is decreased. Osteocytes in idiopathic scoliosis appear to be less active
with abnormal canaliculi network. Differentiation of osteoblasts to osteocytes is decelerated, while
Wnt/β-catenin signaling pathway is overactivated and affects normal bone mineralization that leads
to inferior mechanical properties of the bone, which becomes susceptible to asymmetrical forces
and causes deformity of the spinal column. Targeting bone metabolism during growth by stimulat-
ing sclerostin secretion from osteocytes and restoring normal function of Wnt/β-catenin signaling
pathway could, in theory, increase bone strength and prevent deterioration of the scoliotic deformity.

Keywords: idiopathic scoliosis; sclerostin; osteocytes; β-catenin; Wnt signaling pathway

1. Introduction

Idiopathic scoliosis is a disorder of unknown etiology. Numerous factors have been
involved in its pathogenesis either by initiating or by contributing to the progression
of the deformity [1]. Sclerostin has been recognized as a negative regulator of bone
formation through inhibition of canonical Wnt signaling pathway in osteoblast lineage
cells [2], and its role was first recognized in the study of two rare high bone mass disorders,
namely sclerosteosis [3] and van Buchem’s disease [4]. Systematic research into sclerostin’s
biology and mechanisms of action revealed that it is involved in the pathogenesis of many
skeletal disorders.

Low bone mass is a common finding among idiopathic scoliosis patients, and osteope-
nia is considered a prognostic factor for curve progression [5,6]. In addition, structural
changes of bone micro-structure have been reported, [7] suggesting that there are changes
at the cellular and molecular level. Abnormal differentiation of osteoblasts and a reduc-
tion in the population of osteocytes were found in bone tissues from idiopathic scoliosis
patients [8]. Osteocytes in idiopathic scoliosis appear to be less active with abnormal
canaliculi network, which affects normal bone mineralization [9]. Furthermore, sclerostin
expression was found decreased, while β-catenin was overexpressed in bone lining cells de-
rived from patients with idiopathic scoliosis [9]. The present review article summarizes the
current knowledge on sclerostin structure, expression, and regulation and also discusses
its role in the pathogenesis of idiopathic scoliosis.

2. Sclerostin Structure, Expression, and Regulation

Sclerostin is a 190-amino-acid secreted glycoprotein that is encoded by SOST, a gene
identified in sclerosteosis and van Buchem’s disease patients [10]. SOST gene is localized
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in chromosome 17q12–q21, [11] and encodes a 27 kDa–213 amino-acid pro-peptide, with
the first 23 amino acids as part of a signal sequence for secretion. Sclerostin, the SOST gene
product, is rarely detected as the expected 27 kDa protein, as it is secreted predominantly
in a dimeric form [12]. It has two glucosylation sites and contains a cystin-knot motif that
covers residues 80–167 [13], indicating that sclerostin is closely related to the DAN protein
family although its amino-acid similarity to the members of the DAN family is rather
limited [14]. A similar sequence of the cystin-knot is present in TGFb superfamily. DAN
family proteins antagonize BMPs signaling [15]. Although the role of sclerostin as a direct
BMPs antagonist is not clear [2], there is evidence that it downregulates BMPs action by
preventing BMPs binding to its receptors [16]. Sclerostin is also considered as an inhibitor
of the canonical Wnt signaling pathway that plays a central role in the regulation of bone
growth and remodeling through its binding to the Wnt LRP 5/6 co-receptors.

Sclerostin is considered as an osteocyte specific protein [16]. The SOST gene has
been detected in numerous other organs, such as the lung, kidney, aorta, heart, liver,
and bone [13,15,17]. By using SOST promoter LacZ reporter, SOST gene expression was
documented in the epididymis, pyloric sphincter, carotid arteries, and parts of the cere-
bellum [18]. The presence of congenital hand disorders in patients with sclerosteosis [3]
suggests that SOST is expressed in the developing embryo. LacZ reporter was detected
in the distal limb bud ectoderm and gradually is restricted to the digits as gestational age
progresses [18].

SOST gene expression has also been detected in articular cartilage [16], mineralized
hypertrophic chondrocytes [19], cementocytes [19], and osteoclasts [20], suggesting that
sclerostin is expressed by terminally differentiated cells within mineralized matrices [19].

Although sclerostin is found in numerous tissues, it is predominately produced by
osteocytes and is associated with high bone mass disorders in humans [3,4]. SOST knockout
mice also appear with an increased bone mass phenotype due to enhanced osteogenesis [21].
These findings assign sclerostin as a key negative regulator of bone formation through
inhibition of canonical Wnt signaling pathway and antagonizing BMPs.

Activation of canonical Wnt signaling pathway is initiated by ligands, such as Wnt
proteins, which bind to Frizzled receptors, and its co-receptors of low-density lipoprotein-
related receptor (LRP) proteins, LRP5 and LRP6. An inhibition of GSK-3β follows inside
the cytoplasm, leading to accumulation of β-catenin, which then translocates into the
nucleus and induces gene transcription [22]. Through this mechanism, differentiation of
mesenchymal stem cells is controlled in favor of osteoblastic differentiation. Osteblastic
differentiation predominates, apoptosis of osteoblast precursor cells is suppressed, and
chondrogenic, myogenic, and adipogenic differentiation is restrained, indicating that
canonical Wnt signaling pathway is essential for MSCs differentiation to osteoblast lineage
cells. Numerous LRP5 mutations were found to reduce sclerostin binding and result in
high bone mass diseases, similar to sclerosteosis. These findings further support the role of
sclerostin in regulating Wnt activity [23,24].

Furthermore, in osteoblast lineage cells, the activation of canonical Wnt signaling
pathway enhances the secretion of osteoprotegerin (OPG), the decoy receptor for receptor
activator of nuclear factor kappa-B ligand (RANKL), and suppresses osteoclast differentia-
tion of osteoclast precursors [22]. SOST knock-out mice showed an anabolic effect with
increased bone formation without elevation of bone resorption markers [21]. The increase
in bone mass corresponds to improved microstructure with relative proteoglycan content,
lower apatite crystal maturity, and lower matrix mineralization, which are related with
increased resistance to maximum load, stiffness, and energy to failure [25].

Additionally, in osteocytes, sclerostin increases the expression of cathepsin K, tartrate-
resistant acid phosphatase (TRAP), and carbonic anhydrase-2 in vitro, which are proteins
involved in bone resorption and remodeling of extracellular matrix [26].

There are two regions that regulate SOST gene expression: the upstream promoter
region and the downstream enhancer, evolutionary conserve region 5(ECR5). Interestingly,
ECR5 is required for sclerostin production only in osteocytes and not in cells from other
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tissues [27]. These regulatory regions are sites where numerous transcription factors bind in
response to cytokines and growth factors. In van Buchem’s disease, there is a homozygous
absence of ECR5 region, which has binding sites for the myocyte enhancer factor (Mef2c)
transcription factor [28], suggesting that the binding of Mef2c to the ECR5 region of the
SOST gene is important for SOST gene expression. The upstream promoter region has
binding sequences for osteoblast transcription factor runt-related transcription factor 2
(Runx2) [29] and also contains a methylation site. Demethylation of this region during
osteoblast-osteocyte transition results in increased SOST expression [30].

Reports regarding the role of vitamin D in regulation of SOST gene expression are not
consistent. Vitamin D was found either to induce SOST expression [31] or to decrease the
transcriptional activity of the SOST promoter [32].

Current data demonstrated that sclerostin was also implicated in bone fracture heal-
ing process and in the pathophysiology of osteoarthritis and spinal deformities or disc
degeneration via its angiogenetic activities [33]. Micro-CT analysis for vasculogenesis
demonstrated that application of sclerostin antibody was associated with neo-angiogenesis
improvement during the second post-fractural week. On the contrary, there was not any
difference regarding vascularization at the sixth or ninth week. Contrariwise, no signif-
icant improvement was detected in total vessel volume or diameter during the eighth
week after the injury [34]. Recently, it was displayed that the application of sclerostin
antibodies [35] were involved in the cartilage preservation and chondrocyte metabolism
inhibiting the expression of catabolic angiogenetic molecules, like Vascular Endothelial
Growth Factor (VEGF) [17]. In-vitro studies demonstrated that sclerostin significantly
induces Primary Human Umbilical Vein Endothelial Cells (HUVEC) cell proliferation, an
effect that is exerted by VEGF [36]. Moreover, sclerostin angiogenic activity in vivo was
evaluated with chorioallantoic membrane (CAM) assay, and it was comparable to the
VEGF-induced proangiogenic effects [36]. Similarly, the expression of anti-angiogenic Pig-
ment Epithelium-Derived Factor (PEDF), whose down-regulation was closely associated
with the progression of skeletal angiogenic deformities and was spatially expressed in
areas of endochondral ossification and bone remodeling, was strongly inhibited by the ex-
pression of sclerostin [37]. These activities of sclerostin were also associated with increased
recruitments of osteoclasts and their circulating monocyte progenitors and with reduced
expression of osteoblastic genes and bone mineralization [36]. Based on these findings, it
was suggested that sclerostin not only induced angiogenesis and can be classified with
other Wnt antagonists already known for their angiogenic properties but can be considered
as a critical growth factor for angiogenesis-osteogenesis coupling effect [36].

Sclerostin is expressed by osteocytes in mineralized bone and by mineralizing chon-
drocytes in articular cartilage and the growth plate in most primary bone tumors, such as
osteoma, osteoid osteoma, osteoblastoma, and osteosarcoma [38]. Furthermore, sclerostin
is expressed by tumor cells in most high-grade osteosarcomas and pariosteal osteosarcomas.
In human osteosarcoma Saos2 cell line, Runx2 was found to increase SOST gene expression
by binding to the proximal promoter [39]. The precise role of sclerostin is not clear, and
evidence regarding the role of Wnt-signaling pathway in osteosarcoma is contradictory.
Wnt-signaling pathway was reported either to facilitate osteosarcoma [40] or to suppress
cellular proliferation and metastases [41].

Serum sclerostin levels were found to be age dependent [38,39]. Older women had
46% higher serum sclerostin levels than younger women [38]. Conversely, both young and
aged women had similar bone SOST mRNA levels, implying that other tissues may be
responsible for increased sclerostin secretion with age [38].

Furthermore, sclerostin was expressed by tumor cells in most high-grade osteosar-
comas and parosteal osteosarcomas. In human osteosarcoma Saos2 cell line, Runx2 was
found to increase SOST gene expression by binding to the proximal promoter [39]. The
precise role of sclerostin is not clear and evidence regarding the role of Wnt-signaling
pathway in osteosarcoma is contradictory. Wnt-signaling pathway was reported either to
facilitate osteosarcoma [40], or to suppress cellular proliferation and metastases [41].
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Serum sclerostin levels were found to be age dependant [42,43]. Older women had
46% higher serum sclerostin levels than younger women [42]. Conversely, both young and
aged women had similar bone SOST mRNA levels, implying that other tissues may be
responsible for increased sclerostin secretion with age [42].

3. Osteocytes in Idiopathic Scoliosis

In bone tissues from patients with idiopathic scoliosis, the population of bone lining
cells was found different than controls. Number of osteocytes was lower, osteoblasts were
higher, and osteoclasts were found unaltered [9]. Osteocytes are key regulators of bone
remodeling by transforming mechanical forces into structural changes of bone microenvi-
ronment through regulation of bone homeostasis. Osteocytes are considered as the main
mechano-sensors of bone, and their impact of mechano-transduction is determined by
numerous signaling networks, which are involved in skeletal growth and function [44].

Osteocytes are located in cavities in mineralized matrix called lacunae and form a
well-organized network of small canals, the canaliculi. Canaliculi are occupied by osteocyte
cellular extensions, the dendrites, which allow communication with other cells and are
filled by canalicular fluid, which carries nutrients and biological factors and transmits
mechanical signals [45]. Mechanical loading exerted on bone matrix is amplified through
fluid flow inside lacunae and canaliculi [46] and stimulates osteocytes, which transduce
the mechanical signal into biochemical reaction [47]. In idiopathic scoliosis, osteocytes’
canaliculi were found disorganized and less in number, with shortening of their dendrites’
length [9].

In response to mechanical loading, osteocytes produce numerous biological factors
that regulate bone homeostasis and remodeling. Following mechanical loading, osteo-
cytes secrete sclerostin, prostaglandins [48], and other inflammatory factors, such as
TNF, leukemia inhibitory factor, and oncostatin M, which downregulate sclerostin ex-
pression [49].

Abnormal osteocyte function in idiopathic scoliosis results in impaired bone mineral-
ization and inferior mechanical properties of the bone, which is susceptible to asymmetric
forces that cause deformity of the spine [50].

4. Sclerostin and Idiopathic Scoliosis

Osteocytic sclerostin is downregulated by mechanical loading in wild-type mice, re-
sulting in increase of new bone formation after canonical Wnt-signaling pathway activation,
while in human SOST transgenic mice (DMP1-SOST), the anabolic response to loading was
disrupted [51]. Suppression of sclerostin after mechanical loading is caused, among other
mechanisms, by the increased periostin secretion, by periosteal osteoblasts [52], and the
involvement of prostaglandin E2 and nitric oxide [47,52].

Osteocytes from bone biopsies of patients with idiopathic scoliosis had decreased
SOST gene expression as well as lower sclerostin secretion. Osteocytes derived from
CTNNB1 knocking down osteoblasts from patients with idiopathic scoliosis SOST gene
expression and sclerostin secretion were found significantly elevated [9]. These findings
provide evidence that sclerostin antagonizes Wnt/β-catenin signaling pathway.

In bone marrow mesenchymal stem cells derived from idiopathic scoliosis patients,
miRNAs miR-17-5p, miR-106a-5p, miR-106b-5p, miR-16-5p, miR-93-5p, and miR-181b-5p
were found up-regulated. Their role was identified as osteogenic differentiation and
bone-formation suppressors. Additionally, up-regulation of miR-15a-5p was involved in
regulation of cell apoptosis [53]. There are several studies in the literature that negatively
corelate miRNAs with sclerostin. Higher serum levels of miRNA-21 were coupled with
lower levels of sclerostin [54], while inhibition of miRNA-218-5p promoted SOST gene
expression [55]. Serum level of SOST was negatively correlated with plasma miR-145, and
serum level of SOST miR-145 knockdown in osteoblasts from idiopathic scoliosis patients
improved osteocyte function possibly by maturation of osteocytes and dendrite formation
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and not by osteoblast differentiation [9]. Decreased levels of sclerostin may be explicated
due to elevated levels of miRNAs in bone biopsies from idiopathic scoliosis patients.

Wnt signaling pathway was found overactivated in bone biopsies from scoliotic pa-
tients as active β-catenin was found significantly elevated [50]. Similar findings were
reported in zebrafish scoliotic model, where β-catenin activity was related to the defor-
mity of the spine through the enzyme tyrosine kinase 7 [56]. Although Wnt/β-catenin
activation increases bone mass, overactivation of Wnt/β-catenin signaling pathway in
idiopathic scoliosis halt osteoblasts from differentiation to osteocytes [57] and compromise
matrix mineralization [58]. Additionally, Runx2, an early bone formation marker, was
found decreased in idiopathic scoliosis bone tissues, meaning that bone formation was
impaired due to Wnt/β-catenin signaling pathway overexpression [7]. Overactivation
of Wnt/β-catenin signaling pathway may play a role in the progression of the deformity
through abnormal function of muscles [59], the intervertebral disc [60], and the vertebral
growth plate [61]. One possible explanation of asymmetrical muscle contraction between
convex and concave side of a scoliotic curve is the role of cadmodulin and its relation to
Wnt/β-catenin signaling pathway and sclerostin expression. Cadmodulin concentration in
paraspinal muscles was found increased at the convex side and decreased at the concave
side of patients with idiopathic scoliosis [62]. Calmodulin after binding with calcium acti-
vates myosin light chain and contributes in smooth muscle contraction [63]. Cadmodulin
downregulation was found to affect calcitonin and consequently calcium blood levels
and G proteins activation [64]. Calcitonin downregulation subsequently downregulates
sclerostin expression [65] and activates Wnt/β-catenin signaling pathway in osteoblastic
differentiation of bone marrow stem cells [66]. Similarly, G proteins induce Wnt/β-catenin
signaling [51] and show higher expression in the vertebral bodies from the convex side of
the scoliotic spine [67]. One possible explanation of sclerostin downregulation in patients
with idiopathic scoliosis is through the cadmodulin/calcitonin interaction.

Asymmetric mechanical forces over a vulnerable spinal column during growth may
cause deformity of the spine. The origin of asymmetric mechanical forces is unknown.
There are numerous etiologic concepts in the literature that involve relative anterior spinal
overgrowth [68]; rib cage asymmetry [69]; handedness [70]; central nervous system abnor-
malities [71,72]; deficits of the vestibular system, which may affect the tone of paraspinal
muscles [73]; decreased leptin levels in the peripheral blood [74]; and the double neuro-
osseous theory, which results in the loss of co-ordination between autonomic and somatic
nervous systems of the spine and trunk [75]. A direct association between mechanical
loading and sclerostin expression is documented in the literature. Enhanced loading of
the ulna in rodents reduced osteocyte expression of sclerostin, and parts of cortical bone
sustaining greater strain demonstrated a more profound reduction of sclerostin staining
osteocytes [76]. Numerous genes associated with activation of Wnt-signaling pathway in
wild-type mice were upregulated after loading, but in DMP1-SOST mice, this response
was not evidenced [77]. Mechanical loading was associated with inhibition of bone loss
in response to unloading in SOST knock-out mice [78]. Stroke patients, who experience
mechanical unloading due to long-term immobilization, were found with increased levels
of serum sclerostin [79]. Anti-sclerostin antibodies prevented unloading induced bone loss
in a hindlimb-immobilization rat model [80]. Mechanical loading was found to suppress
TGFβ signaling in osteocytes, which is required for SOST gene expression, resulting in
sclerostin suppression [81]. Although sclerostin-independent changes in bone formation
after loading has been reported [82], sclerostin downregulation is critical for the osteogenic
response to mechanical loading by relieving inhibition of Wnt-signaling pathway. Al-
though increased mechanical forces decrease sclerostin expression from osteocytes, there
is no evidence for how asymmetrical loading may affect sclerostin in idiopathic scoliosis.
Further studies are required to investigate this association.

Wnt/β-catenin signaling pathway overexpression and sclerostin downregulation
by osteocytes could be progressive factors for the development of idiopathic scoliosis.
Although sclerostin is a negative regulator of bone formation, it could play a role in Wnt/β-
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catenin signaling pathway downregulation. In theory, by restoring bone metabolism during
growth at a molecular level through Wnt/β-catenin signaling pathway downregulation
and stimulating sclerostin secretion from osteocytes at a cellular level, bone vulnerability
could be alleviated, and the scoliotic deformity could be improved. Further studies are
needed in order to test this hypothesis, and care should be taken to minimize the possible
side effects of Wnt/β-catenin signaling pathway and sclerostin action at sites other than
the spinal column.
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Abstract: Introduction and aim of the study: We aim to determine whether the changes in the spine
in scoliogenesis of idiopathic scoliosis (IS), are primary/inherent or secondary. There is limited
information on this issue in the literature. We studied the sagittal profile of the spine in IS using
surface topography. Material and methods: After approval of the ethics committee of the hospital,
we studied 45 children, 4 boys and 41 girls, with an average age of 12.5 years (range 7.5–16.4 years),
referred to the scoliosis clinic by our school screening program. These children were divided in two
groups: A and B. Group A included 17 children with IS, 15 girls and 2 boys. All of them had a trunk
asymmetry, measured with a scoliometer, greater than or equal to 5 degrees. Group B, (control group)
included 26 children, 15 girls and 11 boys, with no trunk asymmetry and scoliometer measurement
less than 2 degrees. The height and weight of children were measured. The Prujis scoliometer was
used in standing Adam test in the thoracic (T), thoraco-lumbar (TL) and lumbar (L) regions. All
IS children had an ATR greater than or equal to 5 degrees. The Cobb angle was assessed in the
postero-anterior radiographs in Group A. A posterior truncal surface topogram, using the “Formetric
4” apparatus, was also performed and the distance from the vertebra prominence (VP) to the apex of
the kyphosis (KA), and similarly to the apex of the lumbar lordosis (LA) was calculated. The ratio of
the distances (VP-KA) for (PV-LA) was calculated. The averages of the parameters were studied, and
the correlation of the ratio of distances (VP-KA) to (VP-KA) with the scoliometer and Cobb angle
measurements were assessed, respectively (Pearson corr. Coeff. r), in both groups and between them.
Results: Regarding group A (IS), the average height was 1.55 m (range 1.37, 1.71), weight 47.76 kg
(range 33, 65). The IS children had right (Rt) T or TL curves. The mean T Cobb angle was 24 degrees
and 26 in L. In the same group, the kyphotic apex (KA (VPDM)) distance was −125.82 mm (range
−26, −184) and the lordotic apex (LA (VPDM)) distance was −321.65 mm (range −237, −417). The
correlations of the ratio of distances (KA (VPDM))/(LA (VPDM)) with the Major Curve Cobb angle
measurement and scoliometer findings were non-statistically significant (Pearson r = 0.077, −0.211,
p: 0.768, 0.416, respectively. Similarly, in the control group, KA (VPDM))/(LA (VPDM) was not
significantly correlated with scoliometer findings (Pearson r = −0.016, −p: 0.939). Discussion and
conclusions: The lateral profile of the spine was commonly considered to be a primary aetiological
factor of IS due to the fact that the kyphotic thoracic apex in IS is located in a higher thoracic vertebra
(more vertebrae are posteriorly inclined), thus creating conditions of greater rotational instability
and therefore greater vulnerability for IS development. Our findings do not confirm this hypothesis,
since the correlation of the (VP-KA) to (VP-KA) ratio with the truncal asymmetry, assessed with the
scoliometer and Cobb angle measurements, is non-statistically significant, in both groups A and B. In
addition, the aforementioned ratio did not differ significantly between the two groups in our sample
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(0.39 ± 0.11 vs. 0.44 ± 0.08, p: 0.134). It is clear that hypokyphosis is not a primary causal factor for
the commencing, mild or moderate scoliotic curve, as published elsewhere. We consider that the
small thoracic hypokyphosis in developing scoliosis adds to the view that the reduced kyphosis,
facilitating the axial rotation, could be considered as a permissive factor rather than a causal one, in
the pathogenesis of IS. This view is consistent with previously published views and it is obviously
the result of gravity, growth and muscle tone.

Keywords: idiopathic scoliosis; scoliometer; truncal asymmetry; lateral spinal profile; surface
topography; aetiology

1. Introduction

Idiopathic scoliosis (IS) is defined as a three-dimensional (3D) structural deformity
of the spine and is associated with asymmetries of the trunk and the extremities [1].
The aetiology of this deformity is not yet clear, because there is no established theory of
scoliogenesis. Adolescent idiopathic scoliosis (AIS) is the most common type of IS, and
begins in early puberty. The incidence of AIS is 1–4% in adolescents and affects mainly
females [2]. The frontal plane spinal curvature in IS is commonly assessed in the postero-
anterior standing radiographs using the Cobb angle [3]. Similarly, the thoracic kyphosis is
commonly assessed in the lateral standing radiographs using the Cobb method, usually
from T4 to T12 vertebrae.

A major question in the study of IS aetiology is whether the growth changes in the
spine in initiating and mild cases, are primary/inherent or secondary. There is no clear
answer and there is limited information on this issue in the peer review literature. Some
maintain that pathology begins within the spine [4]. while others argue that changes in
the spine are secondary [5]. The research approach to shed some light in this issue is
multidimensional, with the study of the various anatomical components of the deformity,
such as the thoracic cage and the lateral vertebral profile.

As concerns the thoracic cage in IS, and especially in adolescents, there is the view that
the rib length asymmetry in apical region is a secondary event to the scoliosis deformity
and not a protagonist in the aetiopathogenesis [6,7]. The opponents of this view claim
that in the chain of the pathological deformations leading to scoliosis, the ribs deform
first and then the spine follows [8,9]. The rib cage deformity can be traditionally assessed
radiographically using the rib vertebra angles (RVAs), mainly in early onset scoliosis, if it is
developed before 10 years of age. A prognostic indicator for the progression of the curve is
the difference of the concave minus the convex apical thoracic RVA (RVAD), if this is more
than 20 degrees [10,11].

Regarding the frontal plane (FP), it was revealed by [12], that the scoliotic spine first
deforms at the level of the intervertebral disc (IVD), not the vertebrae. These findings were
confirmed three years later by [13]. Moreover, it was published that the histological ab-
normalities in the IVD in AIS are secondary to an altered mechanical environment [14–18].
These findings were based on the CTs of AIS patients, which showed that the IVDs con-
tribute more to anterior spinal length compared to the contribution by the vertebrae, and
suggested that the curve progression is not a primary vertebra growth disorder; rather, it is
the result of altered mechanical loading.

The lateral spinal profile (LSP) and its significance in IS scoliogenesis is a topic that
was discussed by many researches for many years, e.g., [19–39].

An answer to the question of whether emerging IS changes during growth are en-
dogenous to or outside the vertebrae may be provided comparing the morphology of the
growing spine during the early stages of IS development to normal peers’ spines.

It can be determined whether developmental changes in the spine are intrinsic or
secondary by studying the various elements of the morphology of the growing spine
during the early stages of IS development and correlating them with each other. This study
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may reveal the real role of the LSP in IS patho-biomechanics. Moreover, it may be helpful
for tailoring an aetiological rather than symptomatic treatment, which is currently the case.
This could be a medical treatment leaving the spine mobile and unfused.

Thus, the aim of this study is to address the above question by studying the sagittal
profile of the onset and mild IS, using the radiography, the surface topography and the
scoliometer readings of children with IS, examined in the scoliosis clinic of our department.
We compared findings of these different examination methods and assessed their agreement
or disagreement.

2. Materials and Methods

We performed a retrospective study of children and adolescents (16 years and younger),
referred to the scoliosis clinic of our hospital by our school scoliosis screening (SSS) program,
between January 2013 and December 2019. During this period, 2512 children attending
schools located in the district of our hospital were screened.

In order to proceed with the study, we obtained approval by the hospital’s ethical
committee (excerpt from the 24th on 6 October 2021 Ethical committee meeting) to conduct
a retrospective study of radio-morphology of the spine, the scoliometer readings and the
surface topography of patients attending our hospital scoliosis clinic.

Informed consent was also obtained by the parents of children for the examination.

2.1. The Examined Children

We studied two groups which included 43 children, 13 (30.2%) boys and 30 (69.8%)
girls, with an average age of 12.7 ± 1.9 years (range 8.4–16.4 years).

The group A (IS group) included 17 children with IS, 15 girls and 2 boys. All of them
had a trunk asymmetry, measured with a scoliometer, greater than or equal to 5 degrees,
and Cobb angle more than 10 degrees in postero-anterior radiographs.

The group B (control group) included 26 children, 15 girls and 11 boys, with no trunk
asymmetry, scoliometer measurement equal or less than 2 degrees, and straight spines in
4D Formetric.

2.2. The Measurements

The height and weight of children were measured. The Prujis scoliometer was used
to examine the children in standing forward bending position (Adam test) in thoracic (T),
thoraco-lumbar (TL) and lumbar (L) regions. The Cobb angle in the scoliotic children
was assessed in the postero-anterior radiographs. The posterior truncal surface topogram,
using the “Diers-Formetric 4” apparatus, was also performed.

The lateral truncal projection produced with the Diers 4D Formetric topogram is
demonstrated in Figure 1. The lateral projection corresponds to the midline of the spine in
the lateral view. This curve forms the 3D reconstruction of the spinal midline on conjunction
with the frontal projection. The continuous green curve represents the external back profile
(i.e., the symmetry line in the lateral view). The symmetry lines and anatomical landmarks
are displayed in addition to the profiles. The symmetry line divides each profile into two
halves with minimal lateral asymmetry. It approximates the line of the spinal process. In a
healthy individual, the symmetry line is a straight line through VP (Vertebra Promines)
and DM (Dimple Middle). The kyphotic apex is marked KA and the lordotic apex LA as
seen in the diagram in lateral projection in Figures 1 and 2.
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Figure 1. ICT or VP = vertebra prominence, KA = Kyphotic Apex, LA = Lordotic Apex,
DM = Dimple Middle.

Figure 2. VP = Vertebra prominence, this corresponds to ICT (zero 0 mm), KA = Kyphotic Apex, LA = Lordotic Apex. If
the (VP-KA) distance is shorter, that is, if the IS thoracic vertebra corresponding to KA is higher at the thoracic spine, then
the value of the distances’ ratio (VP-KA)/(VP-LA) turns smaller, because the nominator of the quotient is smaller, (shorter
VP-KA) distance. If this ratio were statistically significantly correlated with the Cobb angle and the truncal asymmetry, this
would imply that this morphology (higher KA in IS) would be a primary aetiological factor for the commencement of IS.
But this is not the case!
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Using the ruler on the left of the projection of the lateral profile, the distances VP up
to KA and VP up to LA are measured in mm. Then a quotient is formed with numerator
VP-KA and denominator VP-LA.

The distance from the vertebra prominence (VP) to the apex of the kyphosis (KA) and
similarly to the apex of the lumbar lordosis (LA) was calculated on the topograms. The
quotient of the distances (VP to KA) divided by (PV to LA) was also calculated.

The distance of the apparatus from the examined child was set at 2 m, the temperature
of the examined room is the standard indoors temperature of 23–24 degrees Celsius, with a
normal humidity of 36–38% so that the child was comfortable. To reduce error caused by
potential movement of the child during the examination, the apparatus was designed to
shut eight pictures in 10 s and the final result was the mean of all these captures.

2.3. Statistical Analysis

Power analysis was performed in order to assess significant differences in the vari-
able of interest (Kyphotic Apex KA/Lordotic Apex LA) higher than 0.1 with a standard
deviation of 0.1.

The averages of the parameters were studied, and the correlation of the ratio of
distances (VP-KA) to (VP-LA) with the scoliometer and Cobb angle measurements was
assessed respectively (Pearson corr. Coeff. r).

3. Results

Power analysis showed that in order to assess significant differences in the variable of
interest (Kyphotic Apex KA/Lordotic Apex LA) higher than 0.1 with a standard deviation
of 0.1, a sample size of at least 17 individuals in each study group (control and experimental)
would be needed in order to achieve statistical power of 80% at a significance level (alpha)
of 0.05. Descriptive statistics by group of interest and by gender are shown in Table 1.

Table 1. Descriptive statistics by group.

Group

Controls IS

Gender Gender

Boys Girls Boys Girls

Mean SD Mean SD Mean SD Mean SD

Age (years) 13.03 2.09 12.16 1.72 15.25 1.65 12.43 1.63
Height (cm) 165.14 16.36 155.55 10.28 168.50 3.54 154.00 8.47
Weight (kg) 55.64 22.43 45.55 8.86 56.50 0.71 46.60 8.93

Major Curve Cobb angle 28.00 11.31 30.33 9.22
Scoliometer 0.73 1.01 0.27 0.70 12.50 3.54 7.47 3.76

Kyphotic apex
KA(VPDM) −150.00 32.21 −140.93 35.90 −118.00 26.87 −126.87 36.48

Lordotic apex LA
(VPDM) −350.82 43.91 −313.07 48.61 −395.50 30.41 −311.80 37.20

Kyphotic Apex
KA/Lordotic Apex LA 0.43 0.07 0.45 0.09 0.30 0.09 0.41 0.11

3.1. Group A (IS)

The mean age of the girls was 12.4 (range: 8.4–14.3 years) with seven Major T curves
(five right and two left) and eight Major TL, eight of which were double curves. The
average height was 1.54 m (range: 1.37–1.64) and the average weight was 46.6 kg (range:
33–65). The mean T Cobb angle measurement was 29.28 degrees (range: 23–38 degrees)
and TL 31.25 degrees (range: 21–37 degrees).

The mean scoliometer measurement was 7.47 ± 3.76 degrees.
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The mean age of the boys was 15.3 (range:14.1–16.4 years) with a right Major T curve
with a TL and a left TL curve. The average height was 1.69 m (range:1.66–1.71) and
the average weight was 56.5 kg (range: 56–57). The Cobb angle measurements were T
36 degrees and TL 20 degrees. The mean scoliometer measurement was 12.5 ± 3.54 degrees.

Regarding the whole group, the mean (VP-KA) distance was 125.82 mm (range:
26–184) and the mean (VP-LA) distance was 321.7 mm (range: 237–417).

3.2. Group B (Controls)

The mean age of the girls was 12.2 (range: 9.3–15.2 years). The average height was
1.56 m (range: 1.39–1.73) and the average weight was 45.6 kg (range: 33–59).

The mean age of the boys was 13 (range: 9.9–15.6 years). The average height was
1.65 m (range: 1.38–1.84) and the average weight was 55.6 kg (range: 29–105).

Regarding the whole group, the mean (VP-KA) distance was 144.77 mm (range:
77–226) and the mean (VP-LA) distance was 329.038 mm (range: 282–426).

The ratio did not differ significantly between the two groups in our sample (0.39 ± 0.11
vs. 0.44 ± 0.08, p: 0.134). In the control group, KA (VPDM))/(LA (VPDM) was not
significantly correlated with scoliometer findings (Pearson r = −0.016, −p: 0.939). The
correlations of the ratio of distances (KA (VPDM))/(LA (VPDM)) with the measurement
and scoliometer findings were non-statistically significant (Pearson r = 0.077, −0.211,
p: 0.768, 0.416, respectively).

4. Discussion

As regards the radiological examination of the asymmetric children referred to our
scoliosis clinic, it is noted that according to our recent practice policy, we do not prescribe
radiological examination in younger asymmetric referrals (hump less than 4–5 degrees and
children younger than 12–13 years of age). In these cases, we usually base our assessment
on the surface topography picture. Radiological examination is only prescribed if the
child’s asymmetry increases in the next visit to the scoliosis clinic [35].

It has been suggested that in IS, hypokyphosis is aetiological to the development of the
deformity. The apex of the hypokyphosis is located in a vertebra located in a more cephalad
level. In other words, the quotient numerator (VP-KA) decreases, and the quotient has
a lower value. In that case, if the hypokyphosis were aetiologically responsible for the
development of scoliosis, then the value of the quotient would have a negative statistically
significant correlation with the Cobb angle and with the thoracic hump, too.

The results of the present report indicate that there is a negative correlation of the value
of the ratio (VP-KA)/(VP-KA) with the scoliometer and Cobb angle measurements; yet it
is not non-statistically significant (Pearson −0.356238) with a poor correlation coefficient.
Similarly, the correlation with the scoliometer measurements is non-statistically significant
(Pearson r = −0.2261). This means that both the transverse plane deformity of the thorax
as expressed by the scoliometer measurements and the sagittal profile of the spine are not
correlated with the Cobb angle, in mild and moderate scoliosis.

Additionally, this ratio did not differ significantly between the two groups in our
sample (0.39 ± 0.11 vs. 0.44 ± 0.08, p: 0.134).

The opinion of the authors is that in initiating and mild scoliosis, the patho-biomechanics
are probably dissimilar from the biomechanics when the curve is severe. This issue was
studied in an earlier research project of our group in scoliotic children, and provided a
clue to the question whether there is an intrinsic vertebral body growth disorder or not
in mild/moderate IS. It was found that the sagittal profile of these IS curves do not differ
significantly from the profile of normal peers, see: [36]. In other words, the growth potential
in mild/moderate IS in the sagittal plane (the lateral spinal profile), is similar to that of
peers having normal spines, in both vertebral bodies and the intervertebral discs (IVDs).

Regarding the role of hypokyphosis and its importance in IS aetiology, we stated
earlier that in this report the minor hypokyphosis of the thoracic spine and its minimal
differences observed in the small curves studied compared with that of non-scoliotics.
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This adds to the view that the reduced kyphosis, by facilitating axial rotation, could be
viewed as being permissive, rather than as aetiological, in the pathogenesis of idiopathic
scoliosis [36]. In other words, a straight (not bended) beam is more easily rotated than a
curved one!

It may be stated that the study could be framed as a new scientific research of high
clinical interest. Nevertheless, as a limitation it might be stated that for many years
researches have been carried out in this sense and even if specific research features are
present they are not the exclusive prerogative of this study which among other things used
an evaluation parameter, (the surface topography), that is always carefully managed in
scientific works, as although not invasive (total absence of radiation) in the application it
often results to have variables that can subvert the study, as among other things admitted
in the comparisons with other methods by the same authors.

5. Conclusions

This study indicates that hypokyphosis is not a primary causal factor for the commenc-
ing, mild or moderate scoliotic curve, as published elsewhere. We consider that the small
thoracic hypokyphosis in developing scoliosis is considered as a permissive factor, rather
than a causal one, in the pathogenesis of IS. This view is consistent with views previously
published [5].
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With great interest, we have read the article entitled “Morphology, Development
and Deformation of the Spine in Mild and Moderate Scoliosis: Are Changes in the Spine
Pri-mary or Secondary?” by Grivas et al., an incredibly interesting read [1]. This study
covers the important but divided topic of sagittal spinal alignment as a causal factor in the
etiology of idiopathic scoliosis, and we would like to compliment the authors on their work.
The purpose was to study “the sagittal profile of the onset and mild idiopathic scoliosis, using
the radiography, the surface topography and the scoliometer readings of children with idiopathic
scoliosis”. The data presented in this study contribute to the discussion; however, we believe
it should be interpreted with caution since there are substantial methodological limitations,
and these results should not seek to provide a definitive answer.

1. The authors try to translate their data towards a definitive answer on whether sagittal
spinal alignment is a primary etiological factor of idiopathic scoliosis. In contrast to
the defined aim, they studied the sagittal profile of patients with already established
idiopathic scoliosis (mean Cobb angle of 28 and 30 degrees) cross-sectionally and
without radiographic sagittal measurements. It has been widely described that the
apical deformation in idiopathic scoliosis is characterized by apical lordosis and alters
the regional and global sagittal profile [2]. Additionally, the cross-sectional nature
of these data can only suggest a relationship; the only way to discriminate between
cause and effect would be a prospective longitudinal study.

2. The authors summarize the theoretical background and state that the “lateral spinal
profile” was commonly considered to be a primary etiological factor of idiopathic
scoliosis, because the thoracic kyphosis apex is located in a higher thoracic vertebra
(therefore, more vertebrae are posteriorly inclined), which creates conditions of greater
rotational instability and, therefore, increases vulnerability for idiopathic scoliosis
development. We appreciate this simplification; however, it misses an important
nuance: A longer posteriorly inclined segment was previously shown to be associated
with thoracic scoliosis, but not necessarily with (thoraco) lumbar scoliosis. For the
latter, in fact, a shorter but more steep posteriorly inclined segment with a more
distal kyphotic apex may be much more relevant [3,4]. From the scoliosis patients
included in the study, 9 out of 17 had a primary (thoraco) lumbar curve, and the
primary thoracic curves were not analyzed separately. This actually counterbalances
the outcome parameter of this study, since only for thoracic scoliosis, this apex is
expected to be higher.
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3. The efforts of the authors to provide a sample-size calculation is appreciated, and
since the calculated n = 17 for the cases (total of thoracic and (thoraco) lumbar curves)
are precisely met, they are confident that the non-significant difference of 0.39 ± 0.11
in scoliosis vs. 0.44 ± 0.08 in controls (p = 0.134) is not a type II error. The type of
power analysis and whether the test was one or two sided is not mentioned. The
0.l standard deviation seems to have been well chosen looking at the results; however,
the rationale for a 0.1 margin was not given. A 0.1 margin for equivalence seems
rather broad, since in the controls, the mean difference between boys and girls is only
0.02, and it is likely that slight, not drastic, inter-individual sagittal spinal alignment
variability predisposes for scoliosis development. If this study used a smaller margin,
this would sharply increase the required sample size [5].

4. There is a fair chance of selection bias as only two of the 17 scoliosis patients were
boys (which is expected given the epidemiology of idiopathic scoliosis), while the sex
distribution of the controls was more even with 15 girls and 11 boys. Moreover, the
age distribution of the controls and scoliosis series does not match, and they include
juveniles as well as adolescents. The mean VP-KA/VP-LA ratio in the controls
was higher in girls, representing a relatively lower kyphotic apex than boys, which
indicates a sex difference. Therefore, the scoliosis group, which mostly consisted of
girls, is biased to have a higher ratio. Interestingly, the ratio was still lower in the
scoliosis group compared to controls, although not significant. This is important,
since a trend towards a smaller VP-KA/VP-LA ratio (i.e., higher kyphotic apex) in
idiopathic scoliosis, probably corresponds to a relatively longer posteriorly inclined
segment, which is opposite to the authors’ conclusion but in line with other hypotheses
in the literature [3].

5. In addition to comparing the two groups, the authors demonstrate that the VP-
KA/VP-LA ratio did not significantly correlate with the scoliometer trunk asymmetry
measurements (r = 0.211, p = 0.416). Therefore, the authors conclude that the hypothe-
sis of a larger posteriorly inclined spinal segment being a primary etiological factor for
idiopathic scoliosis is not confirmed. This study did not include a power analysis for
this specific test, possibly introducing a type II error. However, most importantly, the
correlation with curve severity is not relevant for the sagittal spinal alignment, since
it has been hypothesized to influence scoliosis risk, not severity. Scoliosis severity is
probably mostly correlated with time from onset, not the sagittal profile.

6. Throughout the manuscript, the authors interchange the terms ‘posteriorly inclined
segment’ and ‘hypokyphosis’; however, we would like to emphasize that these are
distinct. Based on previous findings and the results presented, we agree that hy-
pokyphosis is not likely the primary causal factor in idiopathic scoliosis, rather a
passive result of the combined effect of the rotation and anterior opening of the apical
intervertebral disc spaces [6]. However, the individual posteriorly inclined spine,
specifically the relative length and inclination of that segment, is hypothesized to
be a risk factor for scoliosis development, which is supported by recently published
prospective data [4].

In conclusion, the statistical limitations, interchange of distinct terminology and the
cross-sectional nature of this study, in our mind, may lead to a less conclusive statement
that sagittal alignment has no place in idiopathic scoliosis etiology. If anything, we feel that
the hypothesis rejected by the authors, that the posteriorly inclined segment is larger in
scoliosis patients, is actually suggested in their data but masked by poor group selection
of both the scoliosis and the control group. Regardless of the shortcomings related to
these types of studies, we commend the authors for their efforts in exploring the sagittal
spinal alignment in relation to idiopathic scoliosis etiology, and we look forward to their
future contributions.
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With great interest we have read the “Letter to the editor by de Reuve et al. concerning
“Morphology, Development and Deformation of the Spine in Mild and Moderate Scoliosis:
Are Changes in the Spine Primary or Secondary?” by Grivas et al. [1]”.

We appreciate their compliments on our work and we would like to thank them
for their kind words [2]. Moreover, we should thank the authors who have studied
the publication so thoroughly, providing us with a great opportunity to controvert the
arguments put forward by a group of colleagues world-renowned for their studies on the
aetiology of idiopathic scoliosis. The authors of the letter state that “The data presented in
this study contribute to the discussion”, and they claim, “however, we believe it should
be interpreted with caution since there are substantial methodological limitations, and
these results should not seek to provide a definitive answer”. However, the comments by
de Reuve, et al. generally apply to scoliosis cases that are more severe than the subjects
examined in our series.

Furthermore, it would be useful to have a look at the definitions of the severity of
scoliosis. There is not full agreement on what is mild and moderate idiopathic scoliosis.
Mild idiopathic scoliosis is characterized by a Cobb angle of more than 10 and less than
30 degrees [3], of more than 10 but less than 25 degrees [4], and of more than 10 but
less than 20 degrees [5]. Moderate IS is characterized by a Cobb angle of 25–40 degrees,
which is indicated for non-operative treatment [6,7], and a Cobb angle greater than 21 to
35 degrees [5]. We consider as mild curves those with a Cobb angle of greater than 10
but less than 20 degrees and as moderate those with a Cobb angle of greater than 21 to
35–40 degrees. In our material, only one patient had a Cobble angle greater than 40 degrees,
which is practically not affecting the mean Cobb angle.

In these curves, especially in the mild ones, the rotation of the apical vertebrae is not
large [8,9]; this morphology is very important for the measurements of a true sagittal profile,
which is minimally affected. This fact results in more reliable contacted measurements, and
it is very important for our study.

Our response point by point to authors’ comments is presented below.
In comment number 1, the authors of the letter notice that “the study is cross-sectional

and without radiographic sagittal measurements”. This research is indeed a cross-sectional
one and not a longitudinal study. It could not have been a longitudinal design because

J. Clin. Med. 2022, 11, 2049. https://doi.org/10.3390/jcm11072049 https://www.mdpi.com/journal/jcm177



J. Clin. Med. 2022, 11, 2049

we studied mild and moderate scoliosis, and it is not an attempt to establish the definite
causality of IS. All these children were presented in the scoliosis clinic and diagnosed with
IS for the first time; as a result, they had not had any previous imaging examination for IS.
Moreover, we only used the data of diagnosis at presentation, as this was the aim of the
study. Therefore, we did not aim to conduct a longitudinal study.

The letter’s authors state that “the study was done without radiographic sagittal
measurements”. We do have lateral radiographs for all the IS children included in the
study because this imaging is asked for, based on our protocol, during the first examination
and assessment. However, the sagittal profile using surface topography (ST) is correlated
to the sagittal profile to radiographic imaging with a strong correlation coefficient, not
only for the surface apparatus we utilized but also for other systems of ST as well [10–15].
Therefore, for this reason, it was not deemed necessary to study the lateral radiographs of
IS children. Consequently, the results of the study were not affected.

Moreover, the reference of Deacon et al. 1984 stating “that the apical deformation in
IS is characterized by apical lordosis and alters the regional and global sagittal profile”,
which is quite true, cannot be used for mild or moderate IS. All of Deacon’s scoliotic
spines are severely deformed up to 184 Cobb degrees, except for one of 18 degrees, with a
significant/severe rotation, which is not the case, as mentioned above, for mild or moderate
IS. Mild IS children were analyzed in the study by Grivas et al. [16,17]; thus, a comparison
to severe scoliosis is not advisable.

At this point, we are given the opportunity to reiterate and emphasize our view,
which is also expressed in our publication, that is “at initiating and mild scoliosis, the
patho-biomechanics are probably dissimilar from the biomechanics when the curve is
severe”. Furthermore, we consider that at initiating and mild IS cases, genetics, epigenetics,
and biology have the dominant/protagonistic aetiological role; however, we should not
overlook the non-protagonistic role of patho-biomechanics, which later become dominant
for progressive IS.

In comment number 2 in the letter, the authors claim: “A longer posteriorly inclined
segment was previously shown to be associated with thoracic scoliosis, but not necessarily
with (thoraco)lumbar scoliosis. For the latter in fact, a shorter but more steep posteriorly
inclined segment with a more distal kyphotic apex may be much more relevant. [5,6]” We
would like to note that in the study, we included no children with lumbar IS curve, as was
the case in Schlösser et al. 2014 [16]; this publication did not include any thoracolumbar
curve, either. Therefore, the comment on the morphology of lumbar curves is not applicable
to our study.

In comment number 3 in the letter, the authors claim: “The type of power analysis and
whether the test was one or two-sided is not mentioned”.

It should be stated that it was an a priori, one-sided power analysis. The types of power
analyses and the selection of the margins were both based on our previously unpublished
data, due to lack of sufficient published results for this specific marker (ratio of distances).
Although we acknowledge the fact that, in controls, the mean difference proved lower than
the expected one, it should be noticed that the main comparison of interest was between
scoliosis patients and controls, rather than a gender-based comparison. However, a larger
sample size would make the margin lower and thus make the whole study more robust to
gender and other potentially confounding effects.

In comment number 4 in the letter, the authors claim: “the age distribution of the
controls and scoliosis series do not match and they include juveniles as well as adolescents”.

In Group A (IS), the mean age of the girls was 12.4 (range: 8.4–14.3 years). The mean
age of the boys was 15.3 (range:14.1–16.4 years). In Group B (Controls), the mean age
of the girls was 12.2 (range: 9.3–15.2 years). The mean age of the boys was 13 (range:
9.9–15.6 years).

It is stated by the authors of the letter that “The mean VP-KA/VP-LA ratio in the
controls was higher in girls, representing a relatively lower kyphotic apex than boys, which
indicates a sex difference. Therefore, the scoliosis group which mostly consisted of girls, is
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biased to have a higher ratio. Interestingly, the ratio was still lower in the scoliosis group
compared to controls, although not significant. This is important, since a trend towards a
smaller VP-KA/VP-LA ratio (i.e., higher kyphotic apex) in idiopathic scoliosis, probably
corresponds to a relatively longer posteriorly inclined segment, which is opposite to the
authors conclusion but in line with other hypotheses in the literature [5]”. This argument is
rather weak and of no use because no matter the non-statistical variations of VP-KA/VP-LA
ratio among the groups, the main finding—which was not emphasized and taken into
consideration by the authors of the letter—is that all of these ratios were not correlated to
Cobb angle and the truncal asymmetry measured using the scoliometer. In other words, in
the studied group suffering mild and moderate IS, the sagittal profile is not associated with
coronal and transverse plane deformity.

In comment number 5, the authors claim, “Besides comparing the two groups, the
authors demonstrate that the VP-KA/VP-LA ratio did not significantly correlate to the
scoliometer trunk asymmetry measurements (r = 0.211, p = 0.416). Therefore, the authors
conclude that the hypothesis of a larger posteriorly inclined spinal segment being a primary
etiological factor for idiopathic scoliosis is not confirmed. This study was not powered for
this analysis, possibly introducing a type II error”.

As far as the power analysis concerns the introduction of a type II error, it is plausible
given the fact that the power analysis in our study was—as usual—performed for the
purposes of the main comparison. However, the large deviation from a significance level
close to 0.05 increases the probability of a real correlation.

Additionally, the authors of the letter mention the following: “But most importantly,
the correlation with curve severity is not relevant for the sagittal spinal alignment, since it
has been hypothesized to influence scoliosis risk, not severity. Scoliosis severity is probably
mostly correlated to time from onset, not the sagittal profile”.

We did not aim to study severe curves or the prediction of which curve will become
severe.

In comment number 6, the authors write: “Throughout the manuscript, the authors
interchange the terms ‘posteriorly inclined segment’ and ‘hypokyphosis’, however, we
would like to emphasize that these are distinct”.

The terms ‘posteriorly inclined segment’ and ‘hypokyphosis’ in a linguistic sense are
completely distinct, but in IS, they are anatomically considered strictly interconnected and
justifiably may be used both describing the same entity. The reason for this consideration
may be described below.

When the decrease in the normal spinal thoracic kyphosis angle (T4–T12 or T1–T12)
changes below a cutoff point, then this kyphosis is termed hypokyphosis. The normal
kyphotic angle can only be decreased if the kyphotic apex is placed more cephalad, and
then the posteriorly inclined segment of the kyphosis is increased. This can only occur
if the number of the so-called “declived vertebrae”, in other words, the number of the
posterior inclined vertebrae—comprising the posteriorly inclined segment—are increased,
and consequently, the “proclive” segment (the segment with the number of vertebrae
inclined anteriorly) is decreased, so the total thoracic vertebrae number will always be 12.

The terms “declive” and “proclive” vertebra in kyphosis were introduced by Prof. RG
Burwell 31 years ago [18–20].

The authors also write: “Based on previous findings and the results presented, we
agree that hypokyphosis is not likely the primary causal factor in idiopathic scoliosis,
rather a passive result of the combined effect of rotation and anterior opening of the apical
intervertebral disc spaces [21]”. We agree with this fact—that hypokyphosis is not likely
the primary causal factor—and we mention the following in the publication: “Regarding
the role of hypokyphosis and its importance in IS aetiology, we stated earlier that the
minor hypokyphosis of the thoracic spine and its minimal differences observed in the small
curves studied compared with that of non-scoliotics, this adds to the view that the reduced
kyphosis, by facilitating axial rotation, could be viewed as being permissive, rather than as
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aetiological, in the pathogenesis of IS [17]”. In other words, a straight (not bended) beam is
more easily rotated than a curved one.

The authors next write: “However, the individual posteriorly inclined spine, specifi-
cally the relative length and inclination of that segment, is hypothesized to be a risk factor
for scoliosis development and supported by recently published prospective data [22]”.

For our response, see our statement above.
In contrast to the proposition that sagittal alignment has no place in the aetiology of IS,

we mention in our article that the minor hypokyphosis of the thoracic spine and its minimal
differences observed in the small curves studied compared with that of non-scoliotics adds
to the view that the reduced kyphosis, by facilitating axial rotation, could be viewed as
being permissive, rather than as aetiological, in the pathogenesis of idiopathic scoliosis [17].

In conclusion, we would honestly like to thank the authors for their kindness in
dealing with our article. With their comments, we were given the great opportunity to
productively and positively expand and augment our arguments and discussion on such
an interesting topic as that of the sagittal profile in relation to the aetiology of IS.

We are looking forward to future research contributions from other groups studying
the aetiology of IS and further insights about the effect of the sagittal profile. Since the
topic is very much under discussion, we might think about proceeding with the study
and including more patients to increase its power. If contact to the patients is feasible, a
follow-up might be possible, e.g., after growth completion.

Funding: This research received no external funding.
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Abstract: The braces of today are constructed to correct the frontal plane deformity of idiopathic
adolescent scoliosis (AIS). The Spinaposture brace© (Spinaposture Aps, Copenhagen, Denmark) is a
soft-fabric brace for AIS and is designed to enhance rotational axial stability by inducing a sagittal
plane kyphotic correction. This prospective observational study evaluated the brace in fifteen patients
with AIS. The initial average CA was 16.8◦ (SD: 2.8). They were followed prospectively every 3 to
6 months during their brace usage until skeletal maturity of 25 months and at long-term follow-up of
44 months. In- and out-of-brace radiographs were performed in six subjects at inclusion. This resulted
in an immediate in-brace correction of 25.3 percent in CA (14.3◦→10.8◦) and induced a kyphotic
effect of 14.9 percent (40.8◦→47.9◦). The average in-brace improvement at first follow-up was 4.5◦ in
CA, and the CA at skeletal maturity was 11◦ (SD: 7.4◦) and long-term 12.0◦ (SD: 6.8◦). In conclusion,
the Spinaposture brace© had an immediate in-brace deformity correction and a thoracic kyphotic
effect. At skeletal maturity, the deformities improved more than expected when compared to that
of the natural history/observation and similar to that of other soft braces. No long-term deformity
progression was seen. To substantiate these findings, stronger designed studies with additional
subjects are needed.

Keywords: spinal deformities; idiopathic scoliosis; bracing; pathobiomechanics; follow-up study

1. Introduction

Idiopathic adolescent scoliosis (AIS) is a structural spinal disorder that sometimes
requires the intervention of either bracing or surgery due to the magnitude of or progres-
sion in the spinal deformity [1,2]. The bracing of today has a governing principle of three
points pressure-mediated correction in the frontal plane supplemented by derotation to
prevent curve progression using a hard brace of polyethene [1–6]. Such hard braces can
have a negative psychological impact, which subsequently leads to decreased compliance
and thereby diminished correctional effect [3,7,8]. The efficacy of the current treatment of
bracing has been debated [9–11]. It has been claimed that omitting bracing is inconsequen-
tial [11]. However, the efficacy of bracing was tested in a rigorous scientifically design, and
it minimizes the need for corrective surgery [3]. Doubts still loom concerning the efficacy
of bracing despite the meticulous scientific effort [9]. Earlier studies have introduced soft
braces, which consist of, for example, correctional elastic ribbons [12]. This seems to have a
correctional effect, but it is not as effective as hard bracing (especially not in the period of
pubertal growth) [12,13]. An insufficient correction in the sagittal profile in the first soft
braces has been considered as a reason for the lack of correction [14]. Bracing concepts have
now evolved to include not only restoring the frontal plane deformity but also focusing
on correction in the sagittal alignment with seemingly promising results [12,15,16]. The
Spinaposture© brace is a soft brace focused on sagittal alignment which consists of two
parts. The first part is a soft ‘suit’ that is custom made to fit the individual anthropometric
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measures using the measures from a whole trunk optical 3D scan of the individual patient.
The brace is sewn using Sensotex, a special elastic fabric of Neopren and Sensotex Lycra,
and has a ‘memory effect’ (with the ability to return to its original shape). The brace is
designed to induce a kyphotic effect. This is induced both by the tactile response to the
elastic component of the fabric and incorporated into the design of the ‘suit’. The brace
has a second part, namely a hard shield with ‘fingers’ to be placed in a ‘pocket’ of the soft
fabric placed posterior at the thoracic level. This induces a further kyphotic effect. The hard
shield is introduced secondarily if the frontal plane deformity is progressing (increased
CA) or if initial correction is insufficient. Figure 1 displays the ‘suit’ and the ‘hard shield’ of
the Spinaposture brace©.

 

Figure 1. The ‘suit’ of the Spinaposture brace (left), a schematic diagram of the ’shield with fingers’
and placement of the shield (middle) and the Spinaposture brace© worn by a subject (right).

The brace is intended to augment axial stability by inducing a sagittal plane thoracic
kyphotic effect and, if needed, a derotation in the spine depending on the individual curve
pattern. The brace is intentionally built to induce minor to no direct frontal plane correction,
and to realign or restore the thoracic kyphosis by inducing an inherently proprioceptive
‘hyper-kyphotic strive’. The strive is induced utilizing the principle of autocorrection
derived from physiotherapeutic practice [17]. Specifically, the aim is to realign the tempo-
rary, naturally occurring thoracic hyperkyphosis occurring during the normal growth in
adolescence [18]. This is considered to have a role in the initial development of thoracic
AIS [19]. AIS is typically associated with the adolescent female. AIS has been perceived as
developing as a consequence of the spine growing into a mechanically unstable column
and might progress in a self-sustaining ‘vicious cycle’ due to the effect of gravity and
asymmetric loads in a growth-modulating buckling-like manner. The spinal growth spurt
for both sexes coincides with adolescence, but adolescent females distinguish themselves
from males by a significantly increased and earlier thoracic growth. These factors coincide
with a temporal sagittal flattening of thoracic vertebrae for adolescent females. This con-
tributes to rotational instability of the spine. The brace is aimed to improve or reestablish
axial stability by the sagittal plane correction/realignment. The intended purpose is to
prevent curve progression without being as strenuous as the conventional hard braces.
The brace is designed as an advanced t-shirt/body stocking, and the discomfort of the
brace is closer to regular clothing than a hard brace, which we perceive as beneficial for
promoting compliance and subsequent treatment efficacy [8]. Being less strenuous whilst
probably having a less frontal plane correctional effect, justified bracing smaller curves,
and early intervention also has a better correctional effect [20]. Thus, we braced AIS with
Cobb’s angle (CA) between 15◦ and 25◦ [21]. This study evaluated the correctional effect of
the Spinaposture brace© with in- and out-of-brace radiographs for patients with AIS, and
in a prospective follow-up study, we evaluated the initial correction when the brace was
discontinued at skeletal maturity and long-term at approximately four years.
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2. Materials and Methods

2.1. Inclusion, Bracing and Strengthening Exercises

The subjects were patients referred with AIS from our hospital service area and in-
cluded as a convenience sample. At the first visit, the including doctor diagnosed them with
AIS, and if having a thoracic or thoracolumbar AIS with a CA between 15◦ and 25◦, they
were included after informed consent. The subjects and caregivers were specifically told
that longitudinal radiological follow-up without bracing was the ‘gold standard’ treatment.
Exclusion criteria were subjects with primary lumbar scoliosis, previous brace treatment
or inability to cope with bracing in general, or if MRI-verified intraspinal pathology was
present. If the subjects had a correction of approximately one-fourth in the frontal plane de-
formity after three months, when using the brace, this was continued. If the correction was
less than one-fourth then the ‘hard shield’ was introduced. If the subjects had a correction of
approximately one-fourth in the frontal plane deformity after another three months, when
using the brace, then this was continued. Otherwise, the subjects were excluded. The ‘body
stocking’ part of the brace was worn in the daytime (<16 h and defined as part-time) to
counteract the effect of gravity on the spine and was not worn at night [13,22]. We allowed
them not to wear the brace when performing sports and when the subjects were too hot in
the brace. We considered the brace as a passive correctional measure [19], thus we advised
them to perform strengthening exercises either through a home exercise program, formal
physiotherapy and/or participate in sports such as crawl swimming [23]. We allowed all
forms of physical exercises at the patient’s discretion throughout the study.

2.2. Initial in-Brace Radiographs

At study initiation, the subjects were asked to volunteer to have performed initial
in-brace radiographs (both anteroposterior and lateral projections).

2.3. Outpatient Follow-Up

The subjects were followed prospectively with anteroposterior out-of-brace radio-
graphs every six months in general. However, the initial radiographs were taken every
three months as a precaution since we had no previous experience using the brace [12]. The
subjects were instructed not to wear the brace one day before the follow-up. We used a
local developed low-dose anteroposterior radiological examination [24]. Figure 2 shows a
typical radiographic follow-up using the low dose radiographic technique.

The brace was worn until skeletal maturity. Skeletal maturity was determined by
having at least Risser 4, duration of menstruation of 2 years for girls, and a skeletal hand
age of 14 years and 16 years for girls and boys (Sanders stage 8), respectively. The follow-up
was continued for an additional three to six months with a final radiographical and clinical
evaluation. The subjects were recalled for one long-term radiographic follow-up.

2.4. Study Assessments and Statistical Analyses

The primary outcome was Cobb’s angle for the primary curves at skeletal maturity. A
change of five degrees or more was considered either a progression or regression [13,25]. If
the CA remained within five degrees of the initial measurement before the brace treatment
was initiated, we considered them as ‘stable’. We compared the course of the spinal
deformity when using the brace with comparison to the expected outcomes in relation to
the Risser classification at brace initiation [13]. At skeletal maturity, 42 percent of AIS is
expected to improve or remain stable for Risser 0–1 and 71 percent of AIS is expected to
improve or remain stable for Risser 0–2 [13]. In this study, we considered an improvement
or remaining stable as a good outcome. For observation only, the expected outcome is 50%
(CI: 44–56%) [13].
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Figure 2. An example of radiographs using the low dose technique.

Secondary parameters were radiographic and evaluated as categorical variables of
changed or unchanged. The parameters were the descriptive categorization of scoliosis
according to the Moe-Kettleson classification [26], changes in the level of the apex vertebrae
(if more than two levels difference), Nash and Moe’s classification (if rotation changed more
than one segment) at the apex vertebrae, change in rib vertebrae angle differences/Metha
angle (if more than 20◦ difference), and change in CA of the secondary curves if any.

The evaluators were two doctors of pediatric orthopaedic and spinal surgery with
26 and 20 years of experience, respectively. All measurements were performed separately
and blinded using the Synedra View Personal 19 (Ver. 19.0.0.2, Innsbruck, Austria) and
the PACS system (Impax 6.4.0, Agfa® HealthCare, Mortsel, Belgium) on a three-megapixel
viewing station. For statistical analyses, we performed an inter-class correlation for inter-
observer variability between the evaluators. The chi-square cross-tabulation test and the
Spearman correlation test were performed for differences between subjects and drop-outs.
All tests were performed using IBM SPSS Statistics, Version 25 (IBM, Richmond, VA, USA).
A post hoc power analysis was performed using GPower (Ver 3.0.10, Aichach, Germany).

The study was conducted according to the guidelines of the Declaration of Helsinki II.
The local ethical committee evaluated this study as a clinical observational follow-up series
(reference number H-17014162). Informed consent was obtained from all involved subjects.
This research received no external funding.

3. Results

3.1. Population

Twenty-two patients were screened. Seven patients were excluded from the study
at first evaluation. Two subjects had CA larger than 25◦ and previous brace treatment,
three subjects were not included due to syrinx or anisomelia, and two subjects received
the brace but never used it. Fifteen subjects were included with no prior treatment, except
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for observation. Five subjects dropped out. Two subjects, after joining a formal Schroth
therapy, acquired the Chêneau Gensigen brace by their own accord. This was encouraged
by their private physiotherapists. One subject had back pain without improvement by
bracing, one changed to Rolfing structural integration therapy, and one did not attend
the follow-ups. All three subjects discontinued bracing. Two subjects did not attend the
long-term follow-up. One subject was too busy with school work and we were unable
to recall one. We considered them as drop-outs. Otherwise, there were no subjects lost
in follow-up or withdrawals. Figure 3 shows a flow chart of the history of the subject’s
participation, exclusion, and drop-out.

Figure 3. Timeline of the subject’s participation. *1 Six patients had initial in and out-of-brace
radiographs as part of the inclusion process. *2 Seven patients did not fulfil the inclusion and
exclusion criteria, thus were excluded. *3 Fifteen subjects were included with an improvement of
one-fourth in Cobb’s angle. *4 Five subjects dropped out due to change to other brace strategies by
their own accord. *5 Evaluation at skeletal maturity and when the soft brace was discontinued. *6 Two
subjects did not participate in the follow-up at four years. *7 Evaluation at follow-up at four years.

For the ten subjects at skeletal maturity in the follow-up study, the average age at
brace initiation was 12.26 (SD: 2.76) years. The clinical characteristics of the subjects and
relevant medical history are summarized in Table 1.

3.2. In-Brace Correction

Six subjects were examined for the in-brace correction with radiographs in the an-
teroposterior and lateral projections. The frontal plane correction and kyphotic effect
were measured by comparing the CA measured at the same levels on the in- and out-of-
bracing radiographs. The in-brace correction of the primary curve in the frontal plane
was 25.3 percent (14.3◦ to 10.8◦). The in-brace thoracic kyphosis in the sagittal plane
increased 14.9 percent (40.8◦ to 47.9◦). Figure 4 shows an example of the radiographic
in-brace correction.
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Table 1. Patient Characteristics. *1 Patient ID. *2 Age when diagnosed (years). *3 Gender
(fem = female, male = male). *4 Age of menarche (years). *5 Not relevant since male. *6 Pre-menarche.
*7 Type of scoliosis (C, single curve; ju, juvinil; de, dextrokonvex; si, sinistrokonvex; TS, thoracic;
TLS, thoracolumbar; s-s, combined curve). *8 AIS related events. *9 MRI of columna. *10 intermittent
back pain, which was relieved by the brace, and the brace was omitted temporarily at the beginning
of 2017 since her spine was straight, but radiographic monitoring is continued. *11 anisomelia of
1.3 cm, but still had radiologic diagnosed AIS after leg length correction (after hip fracture). *12 back
pain after using the Spinaposture brace and whilst using the Chêneau light brace. *13 normal MRI.
*14 improvement at First Visit. *15 improvement at Skeletal Maturity. *16 improvement at Long-Term.

Pt *1 Age *2 Sex *3 Risser Mena *4 Type of

Scoliosis *7 AIS Events *8 MR col. *9 CA FV *14 CA SM *15 CA LT *16

1 14.6 male 2 - *5 high de-TS - - 9.6 6.85 9.1
2 9.1 fem 0 12.2 high de-TS Back pain *10 MR ia *13 10.85 16.5 14.9
3 14.8 fem 1 15.7 s-s de-TLS Anisomelia *11 - 1.3 3.7 0.65
4 13.9 male 1 - *5 de-TLS - - 7.4 −0.7 −2.3
5 10.9 fem 1 12 s-s de-TLS - - 1.45 4.95 6.05
6 15.2 male 2 - *5 low de-TLS - - 3.75 - -
7 9.7 fem 0 pm *6 s-s de-TLS - - 4.2 4.4 −0.35
8 13.5 fem 0 14.4 s-s de-TLS Back pain *12 MR ia *13 0.8 - -
9 15.1 fem 1 15.3 low de-TS - - 2.45 -
10 14.6 fem 2 15.5 low de-TS - - 2.7 3.8 -
11 7.2 fem 0 pm *6 s-s ju-deTLS - - 3.5 1.4 -
12 12.8 fem 0 13.6 s-s de-TLS - - 4.45 −3.8 −0.1
13 11.5 fem 0 13 C si-TLS - - 2.2 −0.4 −3.25
14 7 male 0 - *5 C ju-deTLS - - 14.4 - -
15 15.2 fem 2 14.8 s-s de-TLS Back pain MR *13 4.9 - -

 

Figure 4. In-brace (picture two and four from left) and out-of-brace (picture one and three from left)
of the frontal and sagittal radiographic examinations of a 10-year-old girl. The brace can be identified
by the zipper at chest level in picture two and the ‘fingers’ are seen in picture four.

3.3. Follow-Up Study

In the prospective follow-up, the average CA when starting bracing was 16.8◦ (SD: 2.8◦).
The average correction in CA at the first follow-up was 4.5◦ (SD: 3.2◦). Initially, four subjects
(4/15) improved in CA with more than 5 dg. and eleven (11/15) remained stable. The
average bracing period was 21 months (range: 12.4–37.63 months; SD: 9.5 months). The
average CA at the end of bracing was 11.0◦ (SD: 7.2◦). At end of bracing, six subjects (6/10)
had straight spines with a CA less than ten degrees and four (4/10) remained stable. In
accordance with Costa et al. (2021), the expected outcome for bracing at skeletal maturity
was 6/11 and 9/15 for the Risser stage 0–1 and 0–2 at brace initiation, respectively [13]. The
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achieved outcome was 11/11 and 15/15 for the Risser stage 0–1 and 0–2, respectively, when
using the brace. The expected outcome for observation is 50% (CI 44–56%) [13]. Thus, ap-
proximately 8/15 was expected to improve or be stable by observation/natural history. In
the long term, none of the subjects deteriorated. When extrapolating the expected outcome
from Costa et al. (2021), the expected outcome for bracing long-term was 4/9 and 7/10 for
the Risser stage 0–1 and 0–2 at brace initiation, respectively [13]. The achieved outcome
was 9/9 and 10/150 for the Risser stage 0–1 and 0–2, respectively, when using the brace.
The last follow-up was at 24 months (SD: 7.5 months). The average CA at the last follow-up
was 10.0◦ (SD: 6.8). The average long-term follow-up was at 44 months (SD: 9.3 months).
The average CA at the long-term follow-up was 12.0◦ (SD: 6.8◦). Three subjects (3/8) had
straight spines and five (5/8) remained stable. The individual curve developments are
shown in the Supplementary Materials. Figure 5 shows the average changes over time
(left-A) and Table 2 displays the achieved and expected outcomes (right-B).

 

Figure 5. Average changes in Cobb’s angle (±one standard deviation) over time in the follow-up
from the brace initiation to the long-term follow-up. (Upper-A).

Table 2. The achieved and expected outcomes after using the soft brace at skeletal maturity. * expected
outcome in accordance to Costa et al. (2021) [13] (Lower-B).

Achieved in the Present Study Expected Number of
“Improved/Straight”

or “Stable” *Risser N Improved/Straight Stable
Improved/Straight

or Stable

0–1 11 5 6 11 6 (42%)
0–2 15 6 9 15 9 (71%)

Secondary radiographic parameters in the follow-up study were evaluated according
to if changed and are illustrated in Table 3.
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Table 3. Secondary radiographic parameters. *1 Patient ID. *2 Time in the brace (in months).
*3 changes in descriptive morphology/classification (straight = developed from initial curve straight,
→ = changed to, otherwise unchanged/Type of scoliosis (C, single curve; ju, juvenile; de, dextrokon-
vex; si, sinistrokonvex; TS, thoracic; TLS, thoracolumbar; s-s, combined curve). *4 Level of apex
vertebrae for the primary curve (→ = changed to, otherwise unchanged). *5 Difference in Metha
angle at apex vertebra. *6 change in Nash and Moe’s classification at apex vertebra for the primary
curve (→ = changed to, otherwise unchanged).

Pt *1 Time in Brace *2 DM/C *3 A.Ver. *4 Metha.A. *5 NashMoe *6

1 12.3 →straight Th3→Th12 13.4 0→0
2 36.6 →straight Th4→Th5 5.9 0→0
3 28.8 →straight Th5 6.2 0→0
4 13.7 deTLS Th12→Th11 14.9 0→0
5 22.3 →straight Th12→Th11 11.4 0→0
6 6.8 low de-TLS Th8→Th10 4.5 0→0
7 24.7 →straigh Th9 1.5 0→0
8 8.3 s-s TL Th9 7.3 1→1
9 7.1 low dTS Th10 11 0→1
10 16.7 low dTS Th9 11.3 0→0
11 12.6 →straight Th9→Th10 19.5 0→0
12 12.8 s-s de-TLS Th12 10.4 0→0
13 34 C si-TLS Th10 21.2 0→1
14 4.5 C ju-deTLS Th12→Th11 27.8 0→1
15 8.1 s-s de-TLS Th10 13.4 0→0

3.4. Brace Compliance and Events

The compliance of brace usage and events were evaluated by open questioning at every
follow-up where the subjects and caregivers were encouraged to disclose non-compliance
and discomfort when using the brace in an open-minded dialogue. Non-compliance and
brace events were seen in periods of warm weather and the subjects often had subsequently
deformity progression at the next follow-up. This motivated the subjects to a more rigorous
brace usage motivated by the deterioration (see supplement S1). Two subjects had heat
sensors embedded in their braces. This is considered an objective way of measuring
brace wear compliance by body heat [27]. The heat sensor would register an increase in
temperature when the brace was worn. The compliance for those two subjects seemed to be
fulfilled. Figure 6 (Upper-A) shows an example of the monitoring with spikes of increased
temperature when the brace was worn, and Table 4 (Lower-B) illustrates the events and
bracing history.

When performing analysis for interobserver variation, the two doctors had an excellent
inter-class correlation of 0.85 [25].

When performing a posthoc power analysis, the power (1-β, α = 0.05) for the first
follow-up with 15 subjects was 0.98, at skeletal maturity 0.88 for ten subjects and long-term
0.79 for eight subjects.

When performing the Chi-square cross-tabulation, none of the parameters of gender,
age, Risser stage, and initial CA between subjects and dropouts was statistically significant
(z < 1.96). The Spearman correlation for dropout found a positive and negative association
between initial CA (p < 0.001) and the duration of bracing (p < 0.01), respectively.
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Figure 6. An example of a period with daytime and nighttime use of the brace. The heat sensor
would register the temperature rise when the brace was worn. A period of brace use is seen on the
left-hand side of the figure (compliance) and a period of non-compliance is seen on the right-hand
side of the figure. (Upper-A).

Table 4. Brace events and brace history. *1 Patient ID. *2 Brace events and clinical comments.
*3 Types of physiotherapy (- = ordinary strengthening spine muscle exercises). *4 omitted the brace
during periods due to hot weather and had a subsequent progression in CA, which regressed again
using the brace. *5 irritation in the crotch, which was amended partly by modification of the brace.
*6 intermittent back pain, which was relieved by the brace, and the brace was omitted temporarily at
the beginning of 2017 since her spine was straight, but radiographic monitoring is continued. *7 back
pain after using the Spinaposture brace and whilst using the Chêneau light brace. *8 change brace
to Chêneau light. *9 change brace to providence in a short period and afterwards Chêneau light.
*10 Excluded. *11 Straight spine and the brace was omitted. (Lower-B).

Pt *1 Brace events *2 Brace Change Exercise *3

1 - - schroth
2 Sum *4 & Irr *5 & BP *6 - schroth
3 Sum *4 & Irr *5 - schroth
4 - - -
5 - - -
6 E *10 - -
7 - - -
8 BP *7 & E *10 chea *8 schroth
9 Irr *5 &E *10 prov/chea *9 schroth
10 - - schroth
11 OM *11 - -
12 - - -
13 - - -
14 E *10 & OM *11 - Roolfing
15 E *10 - -
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4. Discussion

In this study, we examined a new brace for adolescent idiopathic scoliosis. When
testing for immediate correction by in- and out-of-brace radiographs, the proprioceptive-
mediated ‘strive’ of the brace induced a thoracic sagittal kyphotic effect. This led to an
immediate thoracic frontal plane correction of the AIS deformity. This suggests that there
can be an interrelationship between the frontal and sagittal plane spinal curves of the spine
which is described as ‘coupled motions’ by Panjabi and White [28]. To our knowledge,
this has not been demonstrated in vivo in humans. In the follow-up study, there was
a deformity correction of one-fourth at the first follow-up visit. At skeletal maturity,
all subjects either improved or remained stable in their frontal plane deformity. When
compared to the expected outcome for observation only (50% success rate) or other soft
braces (62.5% success rate) [13], more subjects were improving or remaining stable when
using the soft brace when stratified to the Risser stage 0–1 and 0–2 at brace initiation. In
the long term, none of the subjects deteriorated. Based on these findings, the correctional
effect or brace efficacy for this soft brace was better than those of previous studies with soft
bracing and observation only. One can argue that more subjects are needed to detect an
effect (especially long-term) but as a precautious measure, only a small cohort of subjects
was included. In conclusion, our results for the Spinaposture brace are comparable to those
of previous studies with soft braces when used part-time and for small curve AIS.

When interpreting our results, we had the following deliberations. In the initial
evaluations of the subjects, we performed in- and out-of-brace radiographs and closer
follow-ups with three months intervals in the initial period of brace wearing as well.
The in and out-of-brace radiographs were voluntary for the subjects since this induced
additional radiation [29]. We refrained from in and out-of-brace radiographs throughout
the study for this reason. The initial closer follow-up was carried out as a precautious
measure. We justified the more frequent follow-up and excess radiation [30] by using a local
developed low dose radiographic technique [24]. This exposed the subjects to eight-fold
lower radiation doses than the standard posteroanterior radiographs. In this study, only a
small cohort of subjects was included as a precautious measure when testing a new brace,
and since this study was a clinical follow-up study, we performed a posthoc power analysis
that determined our findings as adequately powered at skeletal maturity. However, we
acknowledge the impediments of posthoc power analysis [31]. Our subjects were chosen as
a convenience sample, and thus our study could be influenced by selection bias. However,
there were no differences in demography of gender and age distribution when compared
to previous studies [3,32], thus indicating that our subjects were comparable. Our study
could also be influenced by selection bias due to our exclusions and drop-outs. Five of the
seven initial exclusions were due to the encouragement of private therapists using different
braces and exercise therapies despite neither of the subjects progressing in deformity before
converting to other treatments motivating this change. Non-compliance to any spine-
related intervention was another cause of exclusion and the subsequent drop-outs during
the study were either due to being unable to contact them or being too busy to attend the
follow-up. We were unable to identify specific parameters that caused the drop-outs since
there were no significant differences between subjects and dropouts when comparing the
parameters. However, we found an association between the initial corrective effect of the
brace and the duration of brace treatment and dropout.

The purpose of examining the brace was two-fold, namely to discover if the hypnotized
frontal plane deformity would be correctable using a sagittal plane strive and to determine
if the brace was effective at skeletal maturity and long-term. The hard braces used today
are strenuous, causing pressure marks, pain/soreness, and general discomfort with low
compliance to follow [2,7,8]. The Spinaposture brace© was designed to be less strenuous
and to be a supplement to our current non-operative treatment of watchful follow-up and
physiotherapy. We acknowledge that using temperature monitoring for all subjects are
needed for adequate and quantified brace compliance evaluation [3]. However, this first
study has not discouraged that the brace can be used as an option of early intervention
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in AIS for the smaller thoracic and thoracolumbar curves with a CA between 15◦ and 25◦.
However, to substantiate this, additional studies are needed such as a stronger prospective
randomized design with a control group and a larger number of subjects [13]. These studies
should entail quantifiable monitoring of brace compliance, a more detailed evaluation
for skeletal maturity, and a more detailed stratification of outcome than using the initial
Risser stage.

5. Conclusions

In conclusion, this prospective observational study demonstrated an immediate in-
brace correction of the frontal deformity of AIS in six subjects. In follow-up, there was an
immediate correction of one-fourth of the deformity. At skeletal maturity, the deformities
improved more than expected when compared to that of the natural history/observation
and similar to that of other soft braces. No long-term deformity progression was seen.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11010264/s1, Supplement S1, Development in Cobb’ angle
for the 15 patients with AIS 1.
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Abstract: Background: A scoliosis prevalence of 94% was reported in the population with Rett
syndrome (RTT), with an annual progression rate of 14 to 21◦ Cobb which may result in pain, loss of
sitting balance, deterioration of motor skills, and lung disfunction. This paper describes the efficacy
of an intensive conservative individualized physical and postural activity program in preventing
scoliosis curvature progression in patients with RTT. Methods: Twenty subjects diagnosed with
RTT and scoliosis were recruited, and an individualized intensive daily physical activity program
was developed for each participant. Each program was conducted for six months by participants’
primary caregivers in their daily living environment. Fortnightly remote supervision of the program
implementation was provided by an expert therapist. Pre- and post-intervention radiographs and
motor functioning were analyzed. Results: An averaged progression of +1.7◦ ± 8.7◦ Cobb, over one
year (12.3 ± 3.5 months) was observed in our group, together with motor function improvements. A
relation between curve progression and motor skill improvement was observed. Conclusions: The
intervention prevented scoliosis progression in our group. The achievement of functional motor
improvements could enable better body segment control and muscle balancing, with a protective
effect on scoliosis progression. The intervention was effective for individuals with RTT across various
ages and severity levels. Individual characteristics of each participant and the details of their activity
program are described.

Keywords: Rett syndrome; scoliosis; motor skills; telerehabilitation; physical therapy modalities;
home exercise program

1. Introduction

Rett syndrome (RTT) is a severe neurodevelopmental disease caused by a mutation
in the MECP2 gene located on the X chromosome [1], affecting about 1/10,000 females
worldwide [2–4]. Scoliosis is the most common orthopedic comorbidity in RTT [5–7],
showing a prevalence of up to 94% [7–11]. Reported median age of scoliosis onset in RTT is
at 9.8 years, with 25% of subjects affected by the age of 6 years, about 79% by the age of
13 years, and 85% by the age of 16 years or older [7,9,12,13]. Scoliosis in RTT is neurogenic
in origin and can result in pain, loss of sitting balance, deterioration of motor skills, and
progressive restrictive lung disease development [14]. Diminished early development,
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inability to sit and walk without support, the onset of puberty, and enhanced clinical
severity are also associated with developing scoliosis at an early age [11,13,15].

The case literature suggests a fast mean curve progression in this population, ranging
from 14 to 21◦ Cobb per year, accompanied by an acceleration in the progression at puberty
with an average age of 13 years [11,14,16]. Moreover, in a large cohort study analyzing
radiographs of 128 girls and women with RTT followed for two years (three radiographs
for each subject), the magnitude of scoliosis was found to generally increase with age with
a yearly 0.438-unit increase in the square root of the baseline Cobb’s angle (95% confidence
interval 0.374–0.503) [17].

A corset is usually suggested to individuals with RTT with Cobb’s angle greater than
20–25◦, and spinal fusion is considered if Cobb’s angle progresses over 40–50◦ [12,15,18].

Spinal surgery is considered the definitive management of neuromuscular scolio-
sis [19]. In most cases, posterior-only spinal fusion is performed [20]. However, if an
anteroposterior surgery is required, a single-stage approach is preferable to reduce anes-
thetic and surgical complications [12]. Fixation to the pelvis is indicated in non-ambulant
children with pelvic obliquity [12] and in the presence of a preceding rapid decline in
neurological function with a lethargic presentation and uncontrolled, treatment-resistant
daily seizures [21]. Surgery should not be delayed until skeletal maturity has been achieved.
Barney and colleagues suggested the need for RTT-specific post-operative pain manage-
ment [22]. The authors reported that, after spinal fusion, patients with RTT received fewer
total doses of opioids compared to girls with cerebral palsy and idiopathic scoliosis. With
modern technology, severe curves can be safely treated [21] and positive outcomes follow-
ing spinal surgery were reported [23–26]. Even so, the decision to perform the operation is
challenging for the family due to anxiety about their daughter undergoing such a complex
procedure [8,24]. Moreover, a large cohort study reported that 18.5% of subjects with RTT
and scoliosis had spinal instrumentation [15], showing that the vast majority of this group
of clients will not undergo surgery and therefore will rely on non-surgical, conservative
treatment. Therefore, the development and evaluation of such programs are critical for
individuals with RTT.

Available conservative interventions for scoliosis include observation and monitoring,
bracing, orthotics, and physical therapy [27–29]. As specific guidelines for the manage-
ment of scoliosis for people with RTT were published [12], the available treatments for
scoliosis were here described in the light of such guidelines. The scoliosis monitoring for
these patients should start before the diagnosis of scoliosis. Before-diagnosis monitoring
strategies for people with RTT include genetic testing, parental teaching on the charac-
teristic aspects of scoliosis, and physical assessment upon the diagnosis of RTT and at
least every six months after that [12]. After diagnosing scoliosis, yearly spine radiographs
are suggested to monitor the curve progression. The collection of radiographs every six
months is recommended if the Cobb’s angle progresses over 25◦ before the skeletal maturity.
The maintenance of physical examinations every six months is advised after the scoliosis
diagnosis [12]. Bracing strategies were suggested in the literature for neuromuscular scolio-
sis management among its conservative treatments. A recent literature review identified
23 typologies of braces proposed to care for scoliosis curves of different types (“C” or
“S” shaped), levels (thoracic, lumbar, and thoracolumbar), and entities, using different
approaches (passive and active correction) [30]. Indications for bracing are stronger in
younger children and more controversial in adolescents. Bracing aims to contain the curve
until skeletal maturity [31] and regain the sitting position [32]. However, the role of bracing
in patients with neuromuscular scoliosis is contentious and there is no compelling evi-
dence supporting the use of braces to prevent the deformity progression in neuromuscular
scoliosis [19,32]. There is no consensus among experts on RTT that bracing is beneficial
in reducing the scoliosis progression in this population [12]. Nevertheless, bracing may
be found valuable if support is needed in a sitting position (usually for very hypotonic
children who find it difficult to maintain an erect posture for long periods) or to delay the
necessity of surgery [12,33,34].
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When considering conventional interventions regarding scoliosis, there is a consensus
among experts that efforts should be made to maintain the ability to walk and increase
duration and distance walked to counteract the curve progression [19,27,35]. However,
the capacity of physical therapy treatments to reduce scoliosis or prevent mild scoliosis
from rapidly progressing has, to date, received mild consideration in the literature [35].
Although, so far, physical therapy interventions have not been found to improve etiological
factors for neuromuscular scoliosis or prevent progression of established scoliosis, they
were reported as helpful in avoiding any adverse effects, such as prolonged brace use,
prevention or prolonging onset of joint contractures, and maintenance of both chest mobility
and respiratory excursion [27,32]. The implementation of physical therapy for scoliosis
must be based on the particular spinal deformity characteristics and requires specifically
trained therapists and clinicians [28].

To our knowledge, only one anti-scoliotic physical therapy intervention explicitly
directed to patients with RTT was noted in the literature [35]. This is a specific physical
therapy regimen comprised of an intensive program of postural positioning and enhanced
activity level carried out in joint cooperation with the participant’s family members and
caregivers (within the educational facility). The intervention was conducted with a 5-
year-old girl with RTT whose Cobb’s angle reduced from 30 to 20◦ over an 18-month
treatment period, through the use of positioning equipment, postural strategies (activating
automatic equilibrium reactions, which oppose the natural scoliotic curve), and a motor
activity program (walking or standing) during waking hours. Similar programs were found
helpful to increase the motor function of five girls with RTT in Ireland [36], and 17 girls
and women with RTT in Italy [37], providing evidence of feasibility and acceptability
of this treatment in a broader age and functional range of participants. Yet, to date, no
anti-scoliotic, conventional, physical regime was evaluated for a cohort of participants with
Rett syndrome.

The present paper aims to describe the efficacy of such a physical activity program
in preventing the scoliosis curvature progression in a group of patients with RTT and
analyzing the variables that can affect the intervention efficacy. The proposed intervention
is ecological and intensive; it was carried out by primary caregivers within the partici-
pants’ daily living environment and was planned and remotely supervised fortnightly by
therapists with expertise in carrying out motor rehabilitation treatments for people with
RTT. The proposed intervention was developed based on the one proposed by Lotan and
colleagues [35].

2. Materials and Methods

2.1. Study Design

A single-subject A-B-A design was applied.
The dependent variable was the Cobb’s angle changes before (T1) and after (T2) the

intervention, 12.3 ± 3.5 months apart.
The independent variable was the implementation of a six-month individualized

motor and postural activity program carried out by participants’ parents and care providers
within the participants’ daily living environment for one hour a day, five days a week.

2.2. Participants

Twenty Italian girls and women with genetically confirmed classic RTT and diagnoses
of scoliosis participated in this research. Participants were recruited from the Italian Rett
Association (AIRett) database. All participants lived at home with their parents. One subject
was waiting for scoliosis surgery at enrolment (T1). Descriptive statistics of participants’
age, RTT severity level, and daily physical activity level are presented in Table 1.
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Table 1. Descriptive statistics of participants’ ages, RARS total and subscale scores, and m-BAR
scores.

Mean (SD) Median Range

Age 15.6 (8.4) 13.2 3.8–38.3

RARS

Cognitive 13.4 (2.8) 13.5 9–18.5
Sensory 3.2 (1.1) 3.0 2–5.5
Motor 10.4 (2.1) 10.3 5.5–13

Emotional 3.2 (0.8) 3.0 2–5
Independence 10.7 (1.8) 11.3 4.5–12

Rett
characteristics 23.8 (4.5) 24.3 15–33

Total 64.7 (9.5) 66.0 45.5–81.5

m-BAR 92.8 (26.1) 93.5 52–145
Abbreviation list: SD = Standard Deviation; RARS = Rett Assessment Rating Scale; m-BAR = modified Bouchard
activity record.

2.3. Outcome Measures
2.3.1. RTT Severity Level

The Rett Assessment Rating Scale (RARS) was used to assess the severity of clinical
manifestation of RTT [38]. The RARS was established by a standardization procedure,
proving that the instrument is statistically valid and reliable [39].

2.3.2. Activity Level

Participants’ parents completed the modified Bouchard activity record (m-BAR) to
evaluate their daughter’s physical activity level [40,41]. Previous studies demonstrated
good reliability of the m-BAR as a daily activity level measure for individuals with
RTT [40,41]. The m-BAR was collected at T1 to help the researchers figure out how active
participants were during their typical day.

2.3.3. Motor Functioning

The motor functioning level was scored at T1 and T2 using the Rett Syndrome Motor
Evaluation Scale (RESMES) [39,42]. This RTT-specific gross motor evaluation scale showed
optimal inter-rater agreement among clinicians and strong internal consistency [42].

2.3.4. Scoliosis Severity

A clinical score for the scoliosis severity was given to each participant at T1 to help
understand the curve’s characteristics. The scoliosis severity level was coded with a 0 to 3
ordinal score (0: no scoliosis; 1: mild scoliosis, curve visible only on thorough examination
in forward bending; 2: moderate scoliosis, obvious curve in both upright and forward
bending; 3: severe scoliosis, pronounced curve preventing upright position without external
support) as suggested for individuals with RTT by Rodocanachi and colleagues [43].

Participants’ coronal Cobb’s angles were digitally measured by two independent
assessors through manual use of the RadiAnt DICOM Viewer software
(version 2020.2.1—Medixant, Poznan, Poland) “Cobb’s angle” tool on the participants’
anterior–posterior radiograph images. The Cobb angle is a standard quantification value of
scoliosis certified by the Scoliosis Research Society. This study has adopted it as an objective
measure, to quantify state of scoliosis at T1 and change in scoliosis, based on the radio-
graph images [44]. The manual measurement of Cobb’s angle required determining the
upper/lower end vertebras (UEV/LEV) on the participants’ whole spine antero–posterior
radiograph images and drawing two lines corresponding to the upper and lower end
vertebra endplate lines (UEVEL; LEVEL). Then, two lines respectively perpendicular to the
UEVEL and LEVEL are drawn. The angle included between the two perpendicular lines
represents the Cobb’s angle. Visual explanation of Cobb’s angle measurement procedure
is available in Figure 1. Each participant’s radiographs were collected at T1 and T2 at
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the same facility, in the same posture, and by the same technician following international
guidelines [12]. If a double curve was present, the bigger curvature was considered.

Figure 1. Visual explanation of the method used to measure the Cobb’s angle. Upper and lower end
vertebra endplate lines (UEVEL; LEVEL).

Detailed clinical descriptions of motor functioning changes between T1 and T2 due to
the present intervention program will be presented in a future article.

2.4. Procedure

The present research was conducted following the Declaration of Helsinki principles
and approved by the Ariel University Institutional Review Board (AU-HEA-ML-20190326-
1). Before starting the intervention, informed consent for participation and study publica-
tion was collected for all participants from their legal guardians. Each participant was then
clinically evaluated at her home by two therapists experienced in treating people with RTT
(pre-intervention evaluation meeting—T1). At T1, the levels of RTT severity, daily physical
activity, motor functioning, and scoliosis severity were assessed, and relevant information
related to participants’ clinical conditions (such as the presence of comorbidities typically
associated with RTT), daily activities, routines, and living environments were collected.
Participants’ parents and referred rehabilitation professionals (when available) participated
in this meeting.

At the end of the T1 meeting, a draft of individualized motor activities and the pos-
tural program was prepared relying on the collected information. The draft was then
discussed with participants’ parents and referred therapists until consensus on activity
characteristics and their execution timetable was reached. Each program included 4–7
(median: 5) therapeutic activities that parents could perform at home and that could be
easily integrated into the participant’s daily routine. Those activities were based on passive
(hypercorrective) [35,45] and active (causing the participant to use balance reactions while
sitting, standing, and walking, working asymmetrically and harder with the extensors and
side flexors of the convexity side of her body, against the natural pull of scoliosis) [35,46]
postural strategies and on the performance of motor tasks that strengthened the trunk
muscles. A full description of each activity included in each program is available as
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Supplementary Material (see “Text file—Supplementary material”, which illustrates each
participant’s activities carried out during the intervention). Each activity in the program
was shown and taught to the participants’ parents, other involved caregivers (e.g., babysit-
ters and teachers), and therapists in vivo during the first evaluation meeting where possible,
and through video call and digital material sharing (such as figures and videos) in the other
cases. Each participant was required to perform the programmed activities for at least
one non-consecutive hour per day, five days a week, for six months. The progress of each
program was supervised fortnightly for the first three months of the intervention by one of
the therapists who had created the programs via video call with the involved caregivers.
The supervision meetings lasted for one hour each and were aimed to support the program
execution, answering caregivers’ questions, adapting the program to the emerged needs,
solving problems, rearranging timetables, adapting the suggested exercises, and, if needed,
setting new activities. At the end of the intervention, participants’ motor functioning level
was assessed again, and the post-intervention spine radiographs were collected (T2).

2.5. Statistical Analysis

As the obtained results were not normally distributed, non-parametric statistics were
used for the data analysis. Wilcoxon signed-rank test was conducted to compare the par-
ticipants’ Cobb’s angles and RESMES total scores collected at T1 and T2. If a statistical
difference was found within the above-reported comparisons, the size of the effect was
calculated using the matched-pairs rank-biserial correlation [47,48]. The effect size can
be defined as the degree to which a null hypothesis is false or the degree to which the
phenomenon is present in the population [49]. Cohen [50] proposed widely used interpre-
tative guidelines for the effect size, considering it small if between 0.200 and 0.500, medium
between 0.500 and 0.800, and large if above 0.800. However, a meaningful interpretation of
the magnitude of a treatment effect requires a comparison of the result to a frame of refer-
ence, such as previous findings [51]. Accordingly, Cohen suggested that his interpretative
framework should only be used when the discipline lacks specific guidelines [50,52]. There-
fore, for the present study, the effect size interpretation followed the empirically derived
guidelines proposed by Kinney and colleagues [53] for rehabilitation studies. Accordingly,
the effect size was considered small if between 0.140 and 0.310, medium if between 0.310
and 0.610, and large if above 0.610 [53].

Relations between Cobb’s angles changes with participant’s age, Cobb’s angles at
T1, level of RTT severity, daily physical activity at T1, motor function at T1, and the
variation of motor functional levels that occurred between T1 and T2 were explored using
Spearman’s rank correlation coefficient. This non-parametric test assesses how well a
monotonic function can describe the relationship between two variables and is equal to
using the Pearson correlation between the rank values of two variables. The threshold for
significance for the comparisons above has been assumed as α = 0.05. No correction for
multiple comparisons was applied [54].

3. Results

All our participants carried out their individualized program for its entire duration
(six months). The descriptive statistics of Cobb’s angles measured at T1 and T2 and the
difference between Cobb’s angles measured at the two evaluations are collected in Table 2.
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Table 2. Descriptive statistics of participants’ Cobb’s angles at T1 and T2 divided between those
whose scoliosis worsened, those whose curve improved, and all participants together. Delta (Δ)
Cobb’s angles represent the simple difference between Cobb’s angle measured at T2 and T1. Positive
values represent a worsening, while negative values represent an improvement in the scoliotic curve.

Worsening Improving All

No. (%) 12 (60%) 8 (40%) 20 (100%)

Cobb’s angles T1
(◦)

Mean (SD) 23.6 (13.8) 27.9 (12.5) 25.3 (13.2)
Median 21.5 29.2 23.3
Range 8–56 10–41 8–56

Cobb’s angles T2
(◦)

Mean (SD) 30.8 (16.5) 21.5 (14.8) 27.1 (16.1)
Median 25.6 24.4 25.6
Range 14–65 0–39 0–65

Δ Cobb’s angles
(◦)

Mean (SD) 7.2 (6.5) −6.4 (4.1) 1.7 (8.7)
Median 5.0 -4.8 2.1
Range 1–23 −13—2.5 −13–23

Abbreviation list: SD = Standard Deviation; T1 = pre-intervention evaluation meeting; T2 = post-intervention
evaluation meeting.

Figure 2 shows Cobb’s angles of each participant at T1 and T2. Four of the eight
participants (50%) who reduced their Cobb’s angle improved their curve for at least five
degrees. On the other hand, a worsening of more than 5◦ Cobb was observed in 6 out of 12
subjects (50%) who worsened their curves. Considering as a curve progression a Cobb’s
angle increment of more than 5◦, the scoliosis of 70% of participants did not deteriorate at
T2.

 

Figure 2. Cobb’s angles of each participant at T1 and T2. Gray arrow (participant no. 8) represents
the absence of scoliosis at T2.

The Wilcoxon signed-rank test showed no statistical difference between Cobb’s angles
collected at T1 and T2 (p= 0.400). Descriptive statistics of RESMES total and subscales results
collected at T1 and T2, and corresponding p-values and size effects, are collected in Table 3.
On average, the motor function of participants in our group improved at the end of the
intervention. Statistically significant improvements were found for the transitions and stair-
climbing RESMES subscales but without a size effect. On the other hand, the total RESMES
score showed a statistically significant reduction after the intervention (representing an
improvement in global motor functioning) with a large size effect.
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Table 3. Descriptive statistics and corresponding p-value and effect size of participants’ RESMES
total and subscales scores.

Mean (SD) Median Range p-Value Effect Size

RESMES
Subscales

Standing T1 3.2 (4) 1 0–11
0.098 \T2 2.6 (3.5) 0 0–10

Sitting T1 1 (2.3) 0 0–9
0.066 \T2 0.4 (1) 0 0–3

Transition
T1 14.6 (6.7) 16 0–24

0.034 * 0.138T2 14.1 (6.7) 13.5 0–24

Walking T1 7.6 (7) 5.5 0–18
0.094 \T2 7.1 (6.7) 4.5 0–18

Running T1 4 (0) 4 4–4
1.000 \T2 4 (0) 4 4–4

Stairs
T1 6.5 (1.8) 6.5 2–8

0.038 * 0.071T2 6.1 (1.9) 6 2–8

RESMES Total
T1 36.8 (19.3) 32.5 6–70

<0.001 * 0.648T2 34.3 (18.1) 28.5 6–66

Abbreviation list: SD = Standard Deviation; RESMES = Rett Syndrome Motor Evaluation Scale; T1 = pre-
intervention evaluation meeting; T2 = post-intervention evaluation meeting. *: p < 0.05.

A moderate positive correlation (p = 0.008; ρ = 0.574) was found between the Cobb’s
angles variation and functional motor level variation (evaluated with RESMES) between T1
and T2. No other correlations were found between the Cobb’s angle changes at T2 and the
other investigated variables. Participants’ individual data are available as Supplementary
Material (see Tables S1–S3 in “Tables—Supplementary material”, which illustrates each
participant’s age, genetic mutation, RARS scores, daily physical activity level, scoliosis
severity, Cobb’s angles, and RESMES scores measured at T1 and T2).

4. Discussion

This paper presented the effect of a six-month remotely supervised individualized
motor and postural activity program carried out by parents, therapists, and primary
caregivers (when available) with their daughters and clients with RTT. The results suggest
that the proposed intervention effectively prevented the participants’ scoliosis progression
as 70% of participants did not worsen their curves. The available literature reported the
absence of progression in 0–17% of cases. [11,16,55] One study reported that 62% of the 21
included participants (age range= 4.3–18 years) did not worsen their curve [56], but this
result was never replicated. This finding is significant for the population with RTT that
shows a high prevalence of scoliosis (up to 94%). According to a large observational study,
only 18.5% of people with RTT and scoliosis undergo spinal surgery [15]. Therefore, most
subjects with RTT rely on non-surgical, conservative intervention, such as the one suggested
within the current intervention program, to cope with the scoliosis progression. As of today,
the existing literature regarding conservative treatments for scoliosis is limited, and the
current article presents the first evidence on the established efficacy of a conservative
intervention coping with scoliosis progression in people with RTT. The case series available
in the literature reported an average annual curve progression ranging from 14–21◦ Cobb
with an acceleration in the progression during adolescence [11,14,16]. Compared to them,
participants in our group have shown a much lower progression rate (average Cobb’s
angle change= +1.7◦ ± 8.7◦ in 12.3 ± 3.5 months) even though the average age of the
current intervention program’s participants was mid-puberty (15.6 years). Moreover, the
participants’ motor functional level improved at T2 with a large effect size when considering
the global motor function. As the intervention was focused on daily physical activities,
this result suggests that the daily performance of such activities had a positive effect also
on the participants’ global motor functioning. Furthermore, even though no statistical
differences or significant effect size were found, a positive trend was identifiable in all the
RESMES subscales (except the “running” subscale). The findings of the current intervention
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program agree with previous reports, suggesting an improvement in functional abilities
in RTT after two months of a daily treadmill training program [57]. Similar programs
(remote supervision of intensive activity programs for individuals with RTT) performed in
different groups and at different locations (Ireland and Italy) have also presented similar
results [36,37,58,59]. The correlation between Cobb’s angles and RESMES total score
variations suggests that a greater improvement in motor functioning is related to a more
significant benefit to the scoliotic curve. These findings can be explained by the fact
that higher-level functional abilities necessitated more complex dynamical control of the
body that requires better integration of sensory information and increased core muscle
strength and usage, leading to a better balance in back muscle strength. In support of this
consideration, our group statistically improved stair climbing ability, which was related
in previous research to better scoliosis outcomes in this population [60]. Moreover, these
considerations echo a previous report of Bisgaard and colleagues describing a negative
relation between scoliosis entity and motor functioning in adults with RTT [61]. The
authors highlighted the need for lifelong rehabilitation and promotion of an active lifestyle
to maintain physical health and functional level, which the authors of the current article
wholeheartedly support.

Furthermore, when looking at the individual results, in two cases (participants no.
8 and 16) showing unstructured flexible scoliosis, the intervention was able to eliminate
the scoliotic curve completely. This result is highly significant as no spontaneous scolio-
sis curve regression was ever reported in people with RTT. These participants were the
youngest in our group and the only two who also learned to walk independently during
the intervention. Walking ability development, maintenance, and promotion for as long as
possible are strongly recommended by the guidelines for scoliosis management in RTT [12]
and were found to be associated with a reduced risk of severe scoliosis development in
this population [15,62]. Participant no. 8′s case description and pre- and post-intervention
radiographs are available in Figure 3.

On the other hand, the curve of two participants (no. 4 and 13) progressed for at least
14◦ despite the intervention. In both cases, between T1 and T2, the researchers recognized a
progressive reduction in mobility. In one case (participant no. 4), this reduction was driven
by the scoliosis progression that made it harder and harder for her to move. In the other
case (participant no. 13), the increased immobility could be attributed to progressive and
painful supination of the right foot that prevented her from standing and walking for a
long duration. Therefore, the authors would like to reiterate the importance of starting the
intervention at an early age and of the continuative promotion of the motor skills (walking
in particular) of people with RTT, as was repeatedly suggested by experts in the field of
RTT [63,64].

The absence of correlations between Cobb’s angle variations and the other investigated
variables, together with the wide range of participants’ age and RTT severity level, suggests
that the proposed intervention can effectively limit the scoliosis progression of people with
RTT at any age and severity level. Interestingly, among the four participants older than
20 years in our group (no. 2, 3, 11, and 18), three reduced their curve (in one case, by
11◦—subject no. 11—Figure 4).
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Figure 3. Participant no. 8′s X-rays collected before (a) and after (b) the intervention. She was
6.5 years old at T1. At baseline, she could walk for more than 10 steps supported by one hand and
independently stand for 30 s. Lack of efficient balance reaction was recognized at T1. Therefore,
her program included intensive balance training and asymmetrical posture maintenance. At the
end of the intervention, she could walk for more than 10 steps and stand for more than one minute
independently. An improvement of 10◦ Cobb was recognized at T2.

Moreover, the only subject showing a severe manifestation of RTT (RARS score >81—subject
no. 17) also improved her curve of three degrees Cobb (showing the absence of progression).
She used to lie down or be fully supported throughout her waking hours. Therefore, in
her case and others, the activity program led to a considerable increment in her daily
abilities (standing and walking activity with support), bringing positive results for her
scoliosis. The above presented cases, as well as others presented within the scope of the
present article, reiterate the fact that physical activity is extremely important to those with
RTT continuously from a young age and that improvements in functional abilities can be
achieved by this group of clients at all severity levels and at all ages.

The main limitation of the present research is that the study design limits the gen-
eralization of the results. A randomized controlled trial with a more solid baseline and
follow-up is required to verify the robustness of the results. Moreover, the small sample
size and the absence of a control group limit the presented results’ external validity and
robustness. Future studies with larger samples and control groups are needed to establish
the cause/effect relationship between the proposed intervention and the obtained results
and compare the intervention benefit with other treatment options (such as standard care
or bracing regimens). However, the presented investigation demonstrated the feasibility
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of this type of intervention, proving its effectiveness, in a group of 20 participants with
RTT. Another limitation relates to the lack of kyphosis and pelvic obliquity data collection.
This information could provide more insight into the participants’ full clinical pictures
and highlight possible treatment effects on such conditions. Finally, even though one
participant qualified as a surgery candidate, the absence of data on the pre-intervention
progression trajectory of scoliosis development impeded the evaluation of the proposed
treatment efficacy in preventing the surgical intervention.

 

Figure 4. Participant no. 11′s radiographs collected before (a) and after (b) the intervention. She
was 31.6 years old at T1 and used to sit with trunk supported for most of her waking hours. She
was able to stand and walk only with significant support given at the trunk from behind. During
the intervention, she started a daily program of unsupported asymmetrical sitting, walking on a
treadmill, and overcorrecting passive posture maintenance. At the end of the intervention, she was
able to walk more than 10 steps and stand for more than one minute with support given to the distal
section of both hands. An improvement of 11◦ Cobb was recognized at T2.

5. Conclusions

The present article proposes an effective intervention to prevent scoliosis progression
of people with RTT, a population with no established conservative treatments for spinal
asymmetries until now. The proposed program was found to be feasible for people with
RTT across a wide range of ages and severity levels and can represent a valid strategy
to prevent or delay the need for a complex surgery such as spinal fusion. A detailed
description of each participant’s characteristics and the therapeutic program was presented
and can be found online as Supplementary Materials.
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Abstract: Knowledge about neurodynamic functions of the nervous system (NS) in patients with
idiopathic scoliosis (IS) is limited. This study aimed to assess the mechanosensitivity of the NS
structures (MNS) in adolescents with IS. The study included 69 adolescents with IS and 57 healthy
peers aged 10–15 years. The Upper Limb Neurodynamic Test 1 (ULNT1), straight leg raise (SLR) test,
and slump test (SLUMP) were used to assess MNS. The spinal curvatures in the sagittal plane and
selected ranges of motion were measured. The data were analysed using the Mann–Whitney U test
and Spearman’s rank correlation. Increased MNS assessed by ULNT1 and SLUMP tests was observed
in participants with IS. Values of the neurodynamic tests correlated significantly with the sagittal
profile of the spine and the mobility of the spine and lower limbs in both groups. In conclusion,
increased MNS occurs in adolescents with IS. Therefore, the examination of adolescents with IS
should include an assessment of MNS with the neurodynamic tests. Future studies should investigate
this issue to better understand the mechanisms that coexist with IS.

Keywords: idiopathic scoliosis; neurodynamic functions; assessment; pain; treatment

1. Introduction

Various co-existent abnormalities have been described in patients with idiopathic
scoliosis (IS), but knowledge about the neurodynamic functions of the nervous system (NS)
is still limited [1,2].

Neurodynamics is the science of the correlations between the mechanics and physiol-
ogy of the nervous system, as well as between assessment and therapy [3–5]. This field of
medicine has been developing intensively for several decades.

The literature indicates that tensile loading is necessary for mechanical adaptation
and the normal functioning of neurons and nerves [3,4]. Various aspects of adverse neural
mechanics have been presented in the past. It is known that mechanical disorders, such as
disturbed tensile strength, nerve gliding disturbance (the limited movement of the neural
structures relative to other tissues) or compression (pressure-induced deformation) of the
nerve, may decrease neural tissue extensibility and cause irritation. In this case, these
structures become sensitive to tensile forces [3]. Some authors of the neurodynamic concept
strongly emphasised that many neural problems have their causes in the musculoskeletal
system. They suggested that the structures of NS follow the body’s movements and are
mechanically loaded during daily activities [3].

Mechanosensitivity of the NS structures (MNS) can be detected with the neurodynamic
tests. These tests are designed to apply tensile forces to the tissues of NS. Elongation is
applied to the neural tissues by increasing the distance between the ends of the nerve
tract [3]. Impaired MNS may be manifested by pain, reduced range of motion or sensory
disturbances. The neurodynamic tests were used mainly to examine the patients with
various impairments in the musculoskeletal system and evaluate the effects of the therapy.

Tensioning techniques were the first neurodynamic techniques applied to treat patients
with neuropathies. Later, sliding techniques were developed [4]. The positive effect of
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neural mobilisation on neuromusculoskeletal conditions has been observed, especially its
benefits for back and neck pain [6,7]. Current studies analysing tensioning techniques
revealed neuroimmune, neurophysiological, and neurochemical effects in the structures of
the nervous system [4].

Previous studies have demonstrated various tests such as (1) the upper limb neuro-
dynamic test 1 (ULNT1), which assesses length and mobility of the peripheral NS in an
upper limb [8,9], (2) the straight leg raise (SLR) test with ankle dorsiflexion, which is often
used in patients with back and lower limb pain [10–13], or (3) the slump (SLUMP) test,
which assess the correlations between the patient’s symptoms and movement limitations in
the pain-sensitive structures located in the spinal canal and intervertebral foramen [10,12].
The studies have proven the reliability of ULNT1 [14–16], SLR [13,17,18], and SLUMP
tests [17,18]. Moreover, the ULNT1, SLR, and SLUMP tests have been used mainly to assess
back and leg pain among adults [10,12]. However, the utility of the tests in individuals
without symptoms has also been investigated [11,16,19].

A few studies revealed that a limited range of motion in the SLR test might also be
applied during the period of childrens’ growth [9]. The SLR test was also used in a study
of children with cerebral palsy [20]. In addition, the modified long sitting slump test was
applied to examine children with headaches compared to healthy controls [21]. However,
no study has examined neurodynamic functions in adolescents with IS. There have been no
analyses of correlations between neural tissue extensibility, alignment of spinal curvatures
in the sagittal plane, angle of trunk rotation (ATR), or ranges of motion. Given that a
three-plane change in the position of the spine axis alters the vectors of forces acting on the
body, spinal misalignment in individuals with IS may theoretically affect MNS.

Current literature presents different opinions regarding back pain in adolescents with
scoliosis. Some researchers have reported back pain in this population [22–25], but others
have argued that pain is not the primary problem related to IS [26]. In establishing the
goals of IS treatment, experts of the International Society on Scoliosis Orthopaedic and
Rehabilitation Treatment (SOSORT) indicated aesthetics, quality of life, and disability as
the most important. However, pain prevention and reduction were included as equally
important goals. The SOSORT guidelines have not included recommendations for assessing
neurodynamic functions in individuals with IS [2,27].

Given the lack of knowledge regarding the neurodynamic of the NS in individuals
with spine deformity, this study aimed to assess MNS, expressed by ranges of motion in
neurodynamic tests, in adolescents with IS. Moreover, the correlations between MNS and
selected postural parameters were analysed. Finally, the results were compared with those
obtained in a group of healthy peers.

2. Materials and Methods

The study was conducted after being approved by the Senate Bioethical Commission
at the Józef Pilsudski University of Physical Education in Warsaw (SKE 01-30/2020). The
participants were informed about the study aims during consultations in the physiotherapy
centre specialising in postural disorders prevention and spinal deformities treatment.

Participants self-reported directly to physiotherapists without referrals from other
specialists. In addition, legal guardians of children gave written consent to participate in
the study.

2.1. Participants

The criteria for inclusion in the study group were as follows: girls and boys aged
10–15 years, single-curve (a left-sided lumbar/thoracolumbar curve) or double-curve (a
right-sided thoracic curve and a left-sided lumbar/thoracolumbar curve) IS confirmed
by radiological examination with Cobb angle value of more than 10◦, absence of central
nervous system disorders, chronic respiratory system diseases, metabolic or oncological
diseases, injuries, and fractures within the previous 6 months. The control group included
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girls and boys aged 10–15 years without systemic diseases and with an angle of ATR of
0–5◦, as measured by a Bunnell scoliometer.

2.2. Measures

The study was carried out during individual physiotherapeutic consultations in the
rehabilitation centre. The participants were examined by two physiotherapists with over
25 and 15 years of experience treating patients with IS. Both physiotherapists completed
manual therapy training, including examination with neurodynamic tests. They met three
times before the beginning of the study to unify the study methodology and manner of
performing the tests. The physiotherapists were not blinded to the existence of scoliosis
when examining the participants, as symptoms of scoliosis are usually visible.

At the beginning of the study, basic information regarding IS, the type of treatment
(physiotherapy, brace), the occurrence of pain in the last 3 months, and pain localisation
was collected. The question of pain prevalence was general. The type of pain and its
occurrence and severity were not assessed.

The study included the following measurements: (1) body height and mass, (2) the
ranges of motion in ULNT1, SLR, and SLUMP on the left and right side of the body, (3) ATR,
(4) spinal curvatures in the sagittal plane (cervicothoracic junction—C, thoracic upper—T1,
thoracolumbar junction—T2, lumbosacral junction—LS), (5) ranges of cervical rotation
(CR), (6) hip joint extension with flexion of the knee (HE), (7) hip joint flexion with the
extension of the knee joint (HF), (8) and rotation mobility of the lumbo-pelvic-hip complex
with trunk-pelvis-hip angle (TPHA) on both sides of the body, (9) the fingertip-to-floor
(FTF) test, and (10) generalised joint hypermobility (JHM) using the Beighton scale.

The abbreviations of the tests used in this study are presented in Figure 1. In addition,
the test methodology is described below.

Figure 1. List of abbreviations for parameters used in this paper.

The ULNT1 test [14–16] was performed with a patient lying on a table with an upper
limb abducted by 90◦ and the head in a neutral position. The physiotherapist stabilised
the arm and elbow of the patient with one upper limb, while the opposite upper limb
performed wrist dorsiflexion, finger extension, forearm supination, shoulder joint external
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rotation, and elbow extension until the first feeling of tension. Verification of the affected
structure was performed by moving the head to the tested side. Decreased symptoms
meant disturbed NS slides. The range of motion was measured with a goniometer by
placing the rotational axis along the axis of the elbow joint (Figure 2A,B). Lower values of
the ULNT1 ranges meant greater neural tissue extensibility.

Figure 2. Neurodynamic tests used in this study: (A,B) ULNT1, (C,D) SLR, (E,F) SLUMP.

The SLR test [11,13,19] was performed in a supine position. The physiotherapist
initially arranged the patient’s ankle joint in a neutral position, blocked the knee joint in
extension, and then passively raised the lower limb until the first sign of tension. The
patient’s feelings were verified by plantar flexion in the ankle joint. Decreased symptoms
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meant disturbed peripheral NS slides. The measurement was performed with a Rippstein
plurimeter zeroed horizontally and placed at the lower leg distally from the tibial tuberosity
(Figure 2C,D). Higher values of SLR ranges meant greater extensibility of neural structures.

SLUMP test [17,18] was performed on a patient in a sitting position, with the neck and
trunk bent forward and the sacral bone in a vertical position. The patient joined the upper
limbs behind the back. A physiotherapist placed one hand on the back of the patient’s neck
and extended the patient’s knee joint with the other hand until the first feeling of tension,
at the same time maintaining the ankle joint in a neutral position. The measurement was
made with a plurimeter placed at the lower leg below the tibial tuberosity. Verification
of the affected structure was made based on the extended cervical segment of the spine
(moving the chin away from the neck) (Figure 2E,F). Decreased symptoms meant disturbed
NS slides. Lower values of the SLUMP ranges indicate greater neural tissue extensibility.
Measurements with a plurimeter during SLR and SLUMP tests have been used in previous
studies [12].

The ATR measurement in the thoracic and lumbar segments was performed with
a scoliometer in a standing position, with the trunk bent forward. The reliability of this
measurement has been assessed in the past. This test is widely used in screening for
scoliosis and assessing the effects of treatment in patients with scoliosis [28,29].

The position of the spine in the sagittal plane was assessed with the Rippstein plurime-
ter zeroed vertically and placed at the cervical-thoracic junction (C), in the upper part of the
thoracic spine (T1—spine segment Th1–Th3), at the thoracic–lumbar (T2—spine segment
Th11–L1) and lumbosacral junction (LS—spine segment L5–S1). Moreover, the position of
the sternum was measured by placing a plurimeter on the upper part of the sternum. In
previous studies based on a similar methodology, the Rippstein plurimeter was used to
assess the curvatures of the spine in the sagittal plane in children with scoliosis and healthy
controls [30,31].

The ranges of hip flexion with knee extension and extension in the hip joint with knee
flexion were measured in a supine position according to a widely applied methodology [32].
A plurimeter zeroed parallel to the floor was placed on the thigh above the patella when
the hip joint was extended. In the past, the measurement of extension in hip joints made
with the plurimeter proved to be a reliable test in children with neuromuscular disease [33].
Therefore, when measuring flexion in the hip joint with extension in the knee joint, the
plurimeter was placed at the lower leg below the tibial tuberosity, similarly to the SLR and
SLUMP tests.

The mobility of the lumbo-pelvic-hip complex was measured using the TPHA test
using a plurimeter zeroed parallel to the floor. Values below the horizontal (greater ranges
of movement) were designated as “+” in this study, and values above the level (movement
restriction) were designated as “–”. Previous studies have confirmed the good reliability of
the TPHA test, which was used in adolescents with IS and their healthy peers [34,35].

Also, the FTF test has been used in previous studies in people with back pain. The
good validity of this test has been demonstrated [13,36].

2.3. Statistical Analysis

Statistical analyses were performed using STATISTICA version 13. Normal distribu-
tion was assessed with the Shapiro–Wilk test. Due to the lack of a normal distribution,
the Mann–Whitney U test was used to determine any differences between the tested pa-
rameters in both groups. Spearman’s rank correlation coefficient was used to analyse the
correlations between the parameters. Correlations were interpreted as: <0.3, —negligible
correlation; 0.3–0.5, low correlation; 0.5–0.7, moderate correlation; 0.7–0.9, high corre-
lation; and >0.9, very high correlation [37]. Quantitative variables were described as
median ± quarter deviation; however, means ± SD were presented as additional informa-
tion. The qualitative variables were analysed using the chi-square test. We adopted p = 0.05
as the level of significance.
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3. Results

The study included 126 individuals: 69 patients with IS and 57 controls without
scoliosis (C). The groups did not differ significantly in terms of age, body mass, or body
height. In both groups, there were more girls than boys. There were definitely more
adolescents with double-curve scoliosis in the IS group than with single-curve scoliosis.
Within this group, the Cobb angle range was 11◦ to 69◦. In total, 25 participants (36.3%)
had low scoliosis at 11–20◦, 41 were diagnosed with scoliosis at 21–50◦ (59.4%), and
3 participants (4.3%) had a Cobb angle greater than 50◦. Most of the IS participants
confirmed their participation in physiotherapy sessions. The pain was more common in
adolescents with spinal deformities than in the control group. In both groups, the pain was
most often located in the thoracic and lumbar segments of the spine. Detailed information
on all of the participants is included in Table 1.

Table 1. Characteristics of adolescents with idiopathic scoliosis (IS) and the control group (C).

Characteristics Idiopathic Scoliosis (n = 69) Control Group (n = 57) p

Age [years] 0.410
Median ± Q (range) 13.0 ± 1.5 (11.0–14.0) 12.0 ± 1.5 (11.0–14.0)
Mean ± SD (range) 12.7 ± 1.7 (10.0–15.0) 12.4 ± 1.7 (10.0–15.0)

Body mass [kg] 0.944
Median ± Q (range) 49.0 ± 5.0 (44.0–54.0) 48.0 ± 7.5 (40.0–55.0)
Mean ± SD (range) 48.0 ± 10.2 (28.0–71.0) 47.9 ± 12.0 (29.0–75.0)

Body height [cm] 0.815
Median ± Q (range) 160.0 ± 6.5 (154.0–167.0) 162.0 ± 10.0 (148.0–168.0)
Mean ± SD (range) 159.3 ± 10.9 (132.0–181.0) 158.8 ± 12.5 (136.0 –186.0)

Gender n (%)
Girls 57 (82.6%) 42 (73.7%)
Boys 12 (17.4%) 15 (26.3%)

Cobb angle [◦]
Double scoliosis Th n = 54 (78.3%)
Median ± Q (range) 22.5 ± 6.5 (20.0–33.0)
Mean ± SD (range) 26.1 ± 12.6 (11.0–69.0)

Double scoliosis L n = 54 (78.3%)
Median ± Q (range) 23.00 ± 7.50 (15.0–30.0)
Mean ± SD (range) 24.8 ± 11.5 (11.0–68.0)

Single scoliosis ThL n = 15 (21.7%)
Median ± Q (range) 16.0 ± 5.0 (15.0–25.0)
Mean ± SD (range) 24.9 ± 11.5 (11.0–45.0)

Physiotherapy 54 (78.3%) 18 (31.6%) <0.001
(last year) n (%)

Brace n (%) 25 (36.2%) -

Pain (last 3 months) n (%) 26 (37.7%) 7 (12.3%) 0.001
Head
Back pain 3 (4.3%) 0 (0.0%)

Cervical spine 20 (29.0%) 6 (10.5%)
Thoracic spine 5 (7.2%) 0 (0.0%)
Lumbar spine 12 (17.4%) 4 (7.0%)

Upper limbs 15 (21.7%) 4 (7.0%)
Lower limbs 1 (1.4%) 0 (0.0%)
Several body parts 4 (5.8%) 2 (3.5%)

13 (18.8%) 3 (5.3%)
Abbreviations: Q, quartiles; SD, standard deviation; n, number of participants; p, statistical significance.
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3.1. Neurodynamic Tests, Postural Parameters, and Range of Motion

Significantly lower ranges of ULNT1 and SLUMP tests (lower extensibility) were
observed on both sides of the body in participants with scoliosis compared to the con-
trol group. The SLR test values did not differ significantly (Figure 3, Table 2). Increased
ULNT1left values (5◦ or more) were found in 36 adolescents with scoliosis (52.2%) and
12 (17.4%) healthy participants. Increased ULNT1right values occurred in 36 partici-
pants with scoliosis (52.2%) and 14 (20.3%) controls. The values of SLRleft and SLRright
less than 60◦ (lower extensibility) were achieved by 36 participants with IS (52.2%) and
26 controls (45.6%). A group of 49 adolescents with IS (71.0%) and 23 participants with-
out scoliosis (40.4%) achieved a SLUMPleft of more than 20◦ (higher neural tension). A
SLUMPright greater than 20◦ was found in 53 participants with IS (76.8%) and 22 healthy
(38.6%) participants.

Figure 3. ULNT1, SLR and SLUMP values in adolescents with IS and in the control group.

During the analysis, we checked how many participants had unequal ranges of neuro-
dynamic tests on the left and right sides of the body, assuming a 5◦ difference as asymmetry.
In 31 (44.9%) individuals with scoliosis, there were differences between the ULNT1 ranges
on the left and right sides, equal to or larger than 5◦. In the control group, asymmetry
was noted in only 10 (17.5%) out of 57 adolescents. The SLR test revealed a minimum 5◦
difference in 23 (33.3%) participants with scoliosis and 8 controls (14.0%). The SLUMP
measurements were not equal (minimum 5◦) in 23 (33.3%) adolescents with spine deformity
and in 8 (14.0%) participants without scoliosis. The differences between the mean values
of the neurodynamic tests (ULNT1, SLR, and SLUMP) on both sides of the body were not
significant in the IS patients and the control group. Detailed analysis of left/right asymme-
try in the neurodynamic tests showed that limitation of the range of motion occurs with
a similar frequency of 40–60% on both the left and right sides of the body in participants
with IS (limitations: ULNT1left 54.8%, ULNT1right 45.2%, SLRleft 43.5%, SLRright 56.5%,
SLUMPleft 47.8%, SLUMPright 52.5%).
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Table 2. The values of neurodynamic tests, postural parameters and ranges of motion in adolescents
with idiopathic scoliosis (IS) and the control group (C).

Measurements
Idiopathic Scoliosis (n = 69) Control Group (n = 57)

p
Median ± Q Mean ± SD Median ± Q Mean ± SD

Neurodynamic tests (◦)

ULNT1left 5.0 ± 15.0 *** 14.3 ± 17.2 0.0 ± 0.0 4.9 ± 11.3 <0.001
ULNT1right 5.0 ± 15.0 ** 14.9 ± 17.4 0.0 ± 0.0 6.0 ± 12.9 0.002
SLRleft 58.0 ± 15.0 55.7 ± 15.2 60.0 ± 17.5 58.6 ± 19.0 0.323
SLRright 58.0 ± 15.0 55.3 ± 18.00 60.0 ± 17.0 58.3 ± 19.4 0.304
SLUMPleft 35.0 ± 22.0 *** 32.7 ± 16.7 18.0 ± 12.0 22.1 ± 15.7 <0.001
SLUMPright 36.0 ± 21.5 *** 33.4 ± 15.5 17.0 ± 11.3 22.8 ± 16.8 <0.001

Postural parameters (◦)

ATRT 6.0 ± 3.5 *** 6.9 ± 4.9 2.0 ± 1.5 2.0 ± 1.9 <0.001
ATRL 4.0 ± 2.0 *** 4.2 ± 3.8 1.0 ± 1.0 1.4 ± 1.7 <0.001
Sternum 24.0 ± 2.5 25.3 ± 5.6 27.0 ± 3.5 26.7 ± 5.6 0.064
C 24.0 ± 5.0 24.7 ± 6.3 24.0 ± 3.0 25.7 ± 6.0 0.284
T1 13.0 ± 3.5 ** 13.2 ± 6.1 16.0 ± 3.0 16.5 ± 5.0 0.001
T2 12.0 ± 4.0 ** 12.3 ± 5.5 14.0 ± 3.0 14.8 ± 4.7 0.009
LS 20.0 ± 3.5 20.2 ± 5.2 20.0 ± 4.0 19.7 ± 5.8 0.331

Ranges of motion

FTF (cm) 0.0 ± 6.5 6.5 ± 8.1 0.0 ± 5.5 5.9 ± 7.3 0.735
CRleft (◦) 34.0 ± 4.0 32.9 ± 7.1 34.0 ± 3.0 32.7 ± 4.9 0.412
CRright (◦) 30.0 ± 3.5 30.2 ±7.3 31.0 ± 3.0 30.1 ± 5.6 0.549
HEleft (◦) 22.0 ± 2.0 23.4 ± 4.2 22.0 ± 2.0 22.05 ± 5.7 0.142
HEright (◦) 22.0 ± 3.0 23.0 ± 5.6 22.0 ± 2.0 22.2 ± 5.6 0.205
HFleft (◦) 68.0 ± 11.0 64.1 ± 14.8 66.0 ± 12.0 63.7 ± 16.2 0.943
HFright (◦) 70.0 ± 11.0 65.0 ± 15.2 66.0 ± 12.0 63.8 ± 16.6 0.737
TPHAleft (◦) 12.0 ± 2.0 11.9 ± 6.0 12.0 ± 2.0 12.1 ± 3.6 0.941
TPHAright (◦) 10.0 ± 5.0 8.3 ± 9.4 10.0 ± 3.0 10.7 ± 5.8 0.165
JHM score 3.5 ± 1.5 ** 3.5 ± 2.3 2.0 ± 1.5 2.3 ± 2.4 0.001

Abbreviations: ULNT1, upper limb neurodynamic test; SLR, straight leg raise test; SLUMP, slump test; ATRT,
angle of trunk rotation in the thoracic spine; ATRL, angle of trunk rotation in the lumbar spine; Sternum, sternum
inclination; C, inclination of the cervicothoracic junction; T1, inclination of the upper thoracic spine; T2, inclination
of the thoracic-lumbar junction; LS, inclination of the lumbosacral junction; FTF, fingertip-to-floor test; CR, cervical
rotation; HE, hip extension; HF, hip flexion with knee extension; TPHA, trunk-pelvis-hip angle; JHM, joint
hypermobility; n, number of participants; p, statistical significance. Notes: Mann–Whitney U test; Significance of
differences between IS and control group: (**)—at the level of 0.01 ≥ p ≥ 0.001; (***)—at the level of p < 0.001.

The values of ATR in the thoracic and lumbar segments of the spine and Beighton
score values were significantly higher in individuals with scoliosis. Measurements with
the plurimeter revealed decreased values of T1 and T2 in the IS group compared to the
control group, which indicates decreased kyphosis in patients with scoliosis. No significant
differences were noted between the values of the measurements at the sternum, cervical-
thoracic (C), and lumbosacral junction (LS). Further, the ranges of movement in the cervical
spine, hip joints, and FTF test did not differ significantly (Table 2).

The analysis carried out in the subgroups of girls with scoliosis (n = 57) and with-
out scoliosis (n = 42) revealed significant differences between the values of ULNT1left,
ULNT1right, SLUMPleft and SLUMPright tests. The values of the SLR did not differ
significantly. Girls with scoliosis demonstrated lower values of upper thoracic segment
T1 inclination and higher values of ATRT, ATRL, and Beighton points (IS 3.73 ± 2.11;
C 2.54 ± 2.47; p = 0.005) (Figure 4). No differences between the ranges of motion were
found. Only a trend towards a lower range of TPHAright motion was observed in girls
with scoliosis.
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3.2. Correlations between Neurodynamic Tests and Postural Parameters

There was no significant relationship between the neurodynamic tests’ values and the
Cobb angle values in adolescents with IS. However, participants with deformation over
30◦ showed significantly lower ranges of motion in the SLUMPleft test (p = 0.037). The
IS and control groups revealed medium and low correlations between the ULNT1, SLR,
and SLUMP tests. The increase in nerve tension in one test was accompanied by increased
tension in the others. With an increase in the ULNT1 values, the ranges of SLR decreased,
while higher SLUMP values accompanied an increase in the ULNT1 values (Table 3).

Table 3. Correlations between neurodynamic tests, Cobb angle, age, body mass and height in
adolescents with idiopathic scoliosis (IS) and the control group (C).

Idiopathic Scoliosis (n = 69)

ULNT1 Left ULNT1 Right SLR Left SLR Right SLUMP Left SLUMP Right

ULNT1 right 0.665 *** – – – – –
SLR left −0.518 *** −0.497 *** – – – –
SLR right −0.506 *** −0.529 *** 0.950 *** – – –
SLUMP left 0.313 ** 0.432 ** −0.575 *** −0.524 *** – –
SLUMP right 0.383 ** 0.462 ** −0.545 *** −0.514 *** 0.900 *** –
Cobb angle 0.016 −0.073 0.197 0.177 −0.176 −0.126
Age 0.370 ** 0.215 −0.113 −0.112 −0.014 0.090
Body mass 0.226 0.115 −0.186 −0.176 0.030 0.102
Body height 0.325 ** 0.217 −0.212 −0.184 0.118 0.189

Control Group (n = 57)

ULNT1 Left ULNT1 Right SLR Left SLR Right SLUMP Left SLUMP Right

ULNT1 right 0.928 *** – – – – –
SLR left −0.589 *** −0.625 *** – – – –
SLR right −0.601 *** −0.622 *** 0.979 *** – – –
SLUMP left 0.384 ** 0.423 ** −0.650 *** −0.644 *** – –
SLUMP right 0.373 ** 0.426 ** −0.636 *** −0.624 *** 0.976 *** –
Age 0.140 0.147 −0.239 −0.218 0.190 0.184
Body mass 0.199 0.215 −0.321 * −0.300 * 0.045 0.040
Body height 0.216 0.260 −0.316 * −0.298 * 0.137 0.148

Abbreviations: ULNT1, upper limb neurodynamic test; SLR, straight leg raise test; SLUMP, slump test; n, number
of participants; p, statistical significance. Notes: Significance of differences: (*)—at the level of 0.05 > p > 0.01;
(**)—at the level of 0.01 ≥ p ≥ 0.001; (***)—at the level of p < 0.001.

In both girls with scoliosis and their healthy counterparts, a significantly low corre-
lation was observed between the position of the C and T1 segments in the sagittal plane
and the ULNT1 and SLR tests values. The increased angular inclination of the spine from
the axis was accompanied by higher MNS. In the IS group, a low positive correlation was
observed between ULNT1 and the position of the lumbosacral segment (LS). Higher values
of pelvic inclination were associated with higher values of ULNT1 test (lower extensibility).
A weak correlation between the pelvic position (LS) and SLR values was found in the
control group. The increase in ATR was correlated with the increased range in the ULNT1
test in this group (Table 4).
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Figure 4. (A) ULNT1, SLR and SLUMP; (B) postural parameters; (C) ranges of motion in girls with
IS (n = 57) and asymptomatic girls (n = 42). Abbreviations: ULNT1, Upper Limb Neurodynamic
Test; SLR, Straight Leg Raise Test; SLUMP, Slump Test; ATRT, angle of trunk rotation in the thoracic
spine; ATRL, angle of trunk rotation in the lumbar spine; Sternum, sternum inclination; C, inclination
of the cervicothoracic junction; T1, inclination of the upper thoracic spine; T2, inclination of the
thoracic-lumbar junction; LS, inclination of the lumbosacral junction; FTF, Fingertip-To-Floor test; CR,
Cervical Rotation; HE, Hip Extension; HF, Hip Flexion with knee extension; TPHA, Trunk-Pelvis-Hip
Angle; JHM, Joint Hypermobility; p, statistical significance (Mann–Whitney U test).

218



J. Clin. Med. 2022, 11, 1115

Table 4. Correlations between neurodynamic tests and postural parameters in adolescents with
idiopathic scoliosis (IS) and the control group (C).

Idiopathic Scoliosis (n = 69)

ULNT1 Left ULNT1 Right SLR Left SLR Right SLUMP Left SLUMP Right

Sternum 0.067 −0.043 −0.010 −0.074 0.007 −0.002
C 0.425 *** 0.324 ** −0.377 ** −0.407 ** 0.103 0.131
T1 0.487 *** 0.370 ** −0.450 *** −0.432 *** 0.158 0.216
T2 0.294 * 0.175 −0.264 * −0.281 * 0.118 0.164
LS 0.300 * 0.412 ** −0.135 −0.098 0.256 * 0.243 *
ATRT −0.249 * −0.282 * 0.160 0.169 −0.119 −0.198
ATRL 0.283 * 0.104 −0.124 −0.122 0.122 0.130

Control Group (n = 57)

ULNT1 Left ULNT1 Right SLR Left SLR Right SLUMP Left SLUMP Right

Sternum 0.023 −0.007 −0.122 −0.104 0.045 0.059
C 0.297 * 0.356 ** −0.526 *** −0.544 *** 0.152 0.171
T1 0.352 ** 0.265 * −0.370 ** −0.383 ** 0.173 0.125
T2 0.240 0.270 * −0.253 −0.282 * 0.191 0.200
LS 0.190 0.272 * −0.374 ** −0.346 ** 0.292 * 0.301 *
ATRT −0.429 ** −0.419 ** 0.301 * 0.297 * −0.021 −0.066
ATRL −0.057 −0.109 0.141 0.174 −0.109 −0.136

Abbreviations: ULNT1, upper limb neurodynamic test; SLR, straight leg raise test; SLUMP, slump test; ATR,
angle of trunk rotation; T, thoracic; L, lumbar; Sternum, sternum inclination; C, inclination of the cervicothoracic
junction; T1, inclination of the upper thoracic spine; T2, inclination of the thoracic-lumbar junction; LS, inclination
of the lumbosacral junction; n, number of participants; p, statistical significance. Notes: Significance of differences:
(*)—at the level of 0.05 > p > 0.01; (**)—at the level of 0.01 ≥ p ≥ 0.001; (***)—at the level of p < 0.001.

The analysis showed several relationships between neurodynamic tests and range of
motion. In both groups, a significant correlation was found between the ULNT1, SLR, and
SLUMP tests and the range of flexion in the hip joint with the knee extended (HF). The
grater HF ranges were accompanied by greater neural extensibility. The FLF test showed
a low correlation with SLR in the IS group. A moderate correlation was found between
FLF, SLR, and SLUMP in the control group. No significant relationship was found between
JHM and neurodynamic tests in either group (Table 5).

In the IS group, the ranges of TPHAright were correlated with ULNT1 and SLR. Higher
ULNT1 values (lower extensibility) were associated with greater ranges of motion in both
TPHAright (better mobility), and SLR was correlated with lower values of the mobility of
the lumbo-pelvic-hip complex (limited mobility) (Table 5).

3.3. Neurodynamic Tests and Pain

The values of neurodynamic tests obtained by adolescents with and without pain in
both groups were compared to confirm or exclude the effect of pain on the measurements.
In addition, the values were analysed in the group of participants with IS, considering a
subgroup of adolescents with and without pain.

Significant differences were found between adolescents without pain with scoliosis
(n = 43) and those without scoliosis (n = 50). In participants with IS there were reduced
ranges of motion in the ULNT1left (p < 0.001), ULNT1right (p < 0.001), SLUMPleft (p = 0.002)
and SLUMPright (p = 0.001) tests. Due to the insufficient number of adolescents in the
control group with pain (n = 7), the differences between the groups of participants with
pain are not discussed.

The analysis of adolescents with IS revealed that patients with pain (n = 26) showed
increased mechanosensitivity in the SLRright (p = 0.04) and SLUMPright (p = 0.006) tests
compared to participants without pain (n = 43).
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Table 5. Correlations between neurodynamic tests and ranges of motion in adolescents with idio-
pathic scoliosis (IS) and the control group (C).

Idiopathic Scoliosis (n = 69)

ULNT1 Left ULNT1 Right SLR Left SLR Right SLUMP Left SLUMP Right

FTF −0.026 −0.141 −0.396 ** −0.370 ** 0.189 0.201
CR left −0.139 −0.015 0.096 0.058 −0.105 −0.125
CR right −0.058 0.031 0.022 −0.020 −0.178 −0.168
HE left 0.120 0.049 0.268 * 0.211 −0.159 −0.120
HE right 0.213 −0.011 0.133 0.067 −0.124 −0.095
HF left −0.447 ** −0.426 *** 0.941 *** 0.905 *** −0.533 *** −0.485 ***
HF right −0.403 ** −0.347 ** 0.895 *** 0.886 *** −0.465 *** −0.432 ***
TPHA left 0.206 0.202 −0.078 −0.101 −0.011 0.029
TPHA
right 0.364 ** 0.398 ** −0.350 ** −0.347 ** 0.124 0.151

JHM −0.136 −0.099 0.123 0.108 −0.082 −0.077

Control Group (n = 57)

ULNT1 Left ULNT1 Right SLR Left SLR Right SLUMP Left SLUMP Right

FTF 0.214 0.245 −0.543 *** −0.504 *** 0.433 ** 0.462 ***
CR left 0.025 −0.009 0.188 0.199 −0.275 * −0.254
CR right −0.097 −0.172 0.273 * 0.267 * −0.477 *** −0.462 ***
HE left −0.045 −0.096 0.228 0.207 −0.026 −0.066
HE right −0.192 −0.196 0.281 * 0.279 * 0.005 −0.030
HF left −0.544 *** −0.572 *** 0.965 *** 0.939 *** −0.604 *** −0.589 ***
HF right −0.561 *** −0.581 *** 0.952 *** 0.955 *** −0.586 *** −0.571 ***
TPHA left 0.350 ** 0.353 ** −0.099 −0.113 0.208 0.215
TPHA
right 0.303 * 0.250 0.180 −0.205 0.173 0.153

JHM 0.095 0.027 0.077 0.047 −0.017 −0.054
Abbreviations: ULNT1, upper limb neurodynamic test; SLR, straight leg raise test; SLUMP, slump test; ATR, angle
of trunk rotation; Sternum, sternum inclination; C, inclination of the cervicothoracic junction; T1, inclination of the
upper thoracic spine; T2, inclination of the thoracic-lumbar junction; LS, inclination of the lumbosacral junction;
FTF, fingertip-to-floor test; CR, cervical rotation; HE, hip extension; HF, hip flexion with knee extension; TPHA,
trunk-pelvis-hip angle; JHM, joint hypermobility; n, number of participants; p, statistical significance. Notes:
Mann–Whitney U test; significance of differences between IS and control group: (*)—at the level of 0.05 > p > 0.01;
(**)—at the level of 0.01 ≥ p ≥ 0.001; (***)—at the level of p < 0.001.

4. Discussion

The multivariant aetiology of IS, various health problems, and long-lasting treatment
makes it necessary to conduct scientific studies aimed at a detailed description of this
disease and the prevention of its symptoms in the musculoskeletal system. Unfortunately,
current knowledge about the neurodynamic of the NS in patients with IS is limited. There-
fore, this study aimed to evaluate MNS in adolescents with IS in comparison to a control
group, which is an issue that has not previously been addressed in the literature.

The study included girls and boys with IS and asymptomatic adolescents aged
10–15 years. According to the World Health Organization, adolescents are defined as
the period between childhood and adulthood, from ages 10 to 19 [38]. However, it is
known that in this age, a rapid growth spurt and other puberty-related changes are ob-
served [39,40]. Intensive changes related to maturation may affect posture and range of
motion, and promote the development of scoliosis, making clinical reasoning difficult. The
varied ages of the participants qualified for our study can therefore be considered factors
that may affect the values of neurodynamic tests, postural parameters, and range of motion.
It is worth conducting similar studies in different age categories among adolescents in
the future.
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For this study, three neurodynamic tests whose reliability had been previously con-
firmed in different groups of participants were selected: the ULNT1 [14–16], SLR [13,19,41],
and SLUMP test [17,18]. In addition, we also applied other tests that have been used to
assess patients with various dysfunctions, including scoliosis.

The results showed that MNS in adolescents with IS assessed using ULNT1 and
SLUMP was larger than in the control group. No differences were noted in the ranges
of SLR between the groups. These results indicate that adolescents with IS in puberty
experience increased nerve sensitivity, but only in certain parts of NS. The upper part
structures of the NS appeared to be more sensitive to stretching. The ULNT test used in
this study was applied, inter alia, to assess the tension of the median nerve, that is, one of
the nerves from the subclavicular part of the brachial plexus. During the SLUMP test, the
structures of the spinal canal and intervertebral foramen in all segments of the spine were
stretched. The SLR test assesses the extensibility of the nervous structures in the lower
peripheral NS [3]. The study was conducted with a group of participants with various
values of the Cobb angle. There was no correlation between the Cobb angle values and the
parameters tested. However, participants with deformation over 30◦ showed a significantly
lower range of motion in the SLUMPleft test than participants with less severe scoliosis,
which may indicate some relationship between spine deformation and MNS.

Statistical analysis of painless participants showed increased mechanosensitivity in
ULNT1 and SLUMP tests in adolescents with IS. At the same time, the increased range of
motion in the SLRright and SLUMPright tests was observed in participants with IS and
pain compared to their peers with IS, but without pain. These results indicate that both
spinal deformities and the presence of pain may influence the MNS in adolescents.

Unfortunately, these results cannot be correlated with those of other studies since
no similar studies have been conducted in adolescents with scoliosis to date. Further, no
norms for neurodynamic functions have been defined in healthy children and youth groups.
A few years ago, the reliability of the SLR test was assessed in a group of children with
cerebral palsy [20]. Other studies have shown a higher intensity of the sensory response
rate in the examination using the long sitting slump (LSS) test in children aged 6–12 years
with a migraine or cervicogenic headaches than their healthy peers [21].

In our study, the analysis of the frequency of occurrence of differences between the
ranges of motion on the left and right sides (equal to or larger than 5◦) revealed that
regardless of the type of neurodynamic test (ULNT1, SLR, SLUMP), such differences
occurred more often in the IS group. These results suggest that scoliosis can lead to
extensibility differences between the sides of the body.

In a study by Stalioraitis et al. [42] conducted on a group of asymptomatic individuals,
no significant differences were noted in the range of motion in the ULNT1 test on the left
and right sides of the body. Interestingly, our results revealed that differences between
the mean values of neurodynamic tests (ULNT1, SLR, and SLUMP) on both sides of the
body were not significant in either group, even though the frequency of asymmetry of
measurements was higher in the IS group. It has also been observed that reduced range of
motion in neurodynamic tests occurs in patients with IS at a similar frequency of 40–60%
on both sides of the body. However, due to many variables such as Cobb angle, number
and location of curvatures, the dominance of one of the curves in double-curve scoliosis,
value of ATR, alignment in the sagittal plane, pain incidence, gender, hypermobility, the
relationship between the left/right asymmetry and direction of the curvatures was not
analysed in detail in this study. This phenomenon requires further analysis in a larger and
more homogeneous group of adolescents with IS.

The limited range of motion in one neurodynamic test was accompanied by a signif-
icant decrease in other neurodynamic tests in both groups. This observation is valuable
from a practical point of view. The finding of increased neural tension in one part of the
nervous system may require therapy in other parts of the body, which is important because
of the risk of irritation of the nerves and pain provocation [3–5].
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The analysis of measurements in our study revealed decreased values of thoracic
kyphosis in the IS group. This finding supports findings obtained by other authors who
described changes in spinal curvature in the sagittal plane and suggested their influence on
the development of scoliosis [43,44]. Numerous correlations were noted between the neuro-
dynamic tests and the selected postural parameters. It appeared that the position of the C,
T1, and LS segments in the sagittal plane was a significant factor affecting the values of the
ULNT1 and SLR tests. This correlation could indicate that changes in the spine curvatures
in the sagittal plane observed in patients with scoliosis affect MNS changes [43,44].

Our results also confirmed the theory that adolescents with IS experience a signifi-
cantly higher JHM prevalence than their healthy peers [45]. In the study by Czaprowski
et al. [45], JHM was observed in 51.4% of participants with IS and 19% in the control group,
whereas in the present study, hypermobility was found in 33.3% of participants with IS and
14% of controls. No significant correlation was found between JHM and neurodynamic
measurements in our study.

No differences were observed between the range of motion values in participants
with IS and their control counterparts. The analysis showed that there are biomechan-
ical connections between neurodynamic tests and range of motion. These correlations
confirm that NS viscoelasticity is not only associated with the static position of the body,
as mentioned above (sagittal alignment), but also with the mobility of the body. The HF
test showed a significant relationship with all neurodynamic tests. The larger HF ranges
were accompanied by lower NS tension in both groups. These results indicate that the HF
test could be used to diagnose children in everyday clinical practice. However, this thesis
requires confirmation in a larger group of children and adolescents with IS and those who
are asymptomatic.

A comparison of the TPHA values achieved in both subgroups of girls showed that
participants with IS tended to limit the range of rotational movement of the lumbo-pelvic-
hip complex to the right (TPHAright). In a previous study by Stępień et al. [34] significant
difference was observed between the TPHAright values in girls with IS and healthy peers.
Further, a positive effect of rotational mobilisation on TPHA and ATR values was demon-
strated in girls with double-curve scoliosis [35]. Earlier studies have also shown limitations
in the range of rotation of the trunk and pelvis in adolescent girls with IS [46]. Rotational
movement disorder was also recognised by Burwell et al. [47] as one of the factors in the
development of scoliosis.

This study demonstrated a relationship between the TPHAright values and neurody-
namic measurements in the IS group. As the TPHAright range increased, the mechanosen-
sitivity increased in the ULNT1 and SLR tests. This relationship indicates a biomechanical
relationship between neural tissues extensibility and rotational movements of the spine in
individuals with scoliosis. Perhaps limiting the range of rotational movements of the spine
leads to compensatory impairments of the NS. This theory, however, requires confirmation
in future projects.

Increased NS irritation is often diagnosed in individuals experiencing pain. The
literature reveals that pain occurs in adolescents with IS [22–26]. Prevention and reduction
of pain are among the most important goals of conservative treatment for individuals with
IS, although not the most important [2,26,27]. It is assumed that if Cobb’s angle is above 30◦,
the risk of pain, health problems in adult life, and limitations in an everyday functioning
increase [2].

Our results indicate that pain was observed significantly more often in adolescents
with IS (37.7%) than in healthy controls (12.3%). A localised pain in different parts of the
body occurred more often in participants with curvature angles higher than 30◦ (50.0%)
than in patients with scoliosis below 30◦ (31.1%) or in healthy individuals (14%). This could
indicate a relationship between three-dimensional spinal deformity and back pain, but in
most studies, the pain has not shown a strong correlation with the Cobb angle [26]. The
prevalence of back pain in our participants (29.0%) was less than in the population assessed
by other authors. Teles et al. [25] showed that 90% of adolescents with IS reported back
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pain, mostly mild in intensity (37.5%). Sato et al. [22] conducted an epidemiological study
among students aged 9–15 years. The authors showed a 58.8% prevalence of back pain
in scoliotic patients, compared with 33% in non-scoliotic students. In a study by Théroux
et al. [23], 47.3% of patients with IS aged 10–17 years had back pain, with the most severe
pain in the lumbar region.

In studies by Wong et al. [24], depending on the analysed period (12 months, 30 days,
7 days), the prevalence of thoracic pain ranged from 6% (within 12 months) to 14% (within
7 days), whereas that in the lumbar region ranged from 6% to 29%. These results are similar
to ours, where 17.4% of the IS adolescents complained the thoracic segment pain, and 21.7%
had low back pain.

The frequency of occurrence of back pain in our project among children without
scoliosis seems to be lower than in other studies, in which over 20% of healthy adolescents
reported low back pain [48,49]. For example, studies conducted in Poland have shown that
12.2–61.5% of children aged 10–13 years and 14–65.7% aged 14–16 years report back pain,
depending on the frequency of occurrence, location, intensity, and situations [50]. However,
in our opinion, our results cannot be compared with others since our project did not consider
the location and severity of pain, nor did we use reliable pain assessment methods.

SOSORT recommends that physiotherapeutic scoliosis-specific exercises (PSSEs) should
be adapted to individual needs, including pain prevention or reduction in IS patients [2].
In our opinion, because pain occurred more often in adolescents with IS and the differences
between neurodynamic tests in IS and healthy participants, impaired MNS should be
treated as one of the factors predisposing to pain. Therefore, it is worth assessing neu-
rodynamic functions during examinations to implement appropriate physiotherapeutic
interventions and assess their effectiveness. Moreover, it provides valuable information in
terms of clinical practice and the prevention of pain because non-treated tensions in one
area of the body may, with time, generate broader dysfunctions of the nervous system.

The present study had certain limitations. Therapists were not blind to the existence
of scoliosis. Blinding the researchers was difficult due to the symptoms of scoliosis visible
during the body posture examination. A significant limitation was the lack of assessment of
the reliability of the ULNT1, SLR, and SLUMP tests in a group of adolescents with IS. Our
observations and conclusions in this study regarding the above-mentioned tests were based
on previous studies. In the future, the reliability of neurodynamic tests should be verified
in the population of children and youth with IS and healthy peers. Further, the age range of
the participants was wide. The intense changes occurring at the age of 10–15 years during
puberty and intensive growth could have impacted the values of the assessed parameters.

Incomplete analysis of pain among the participants was another limitation of the
study. The participants only confirmed or denied that they had experienced pain in the
last 3 months. However, the character and intensity of pain or provoking factors were
not analysed, and the validated tool (questionnaire or scale) for pain assessment was not
applied. In the future, the analysis should be carried out in a larger group, taking into
account various types of spine deformity.

5. Conclusions

Our findings revealed increased MNS in adolescents with IS. Values of neurodynamic
tests correlated with the sagittal profile of the spine and mobility of the spine and lower
limb joints. Therefore, the examination of adolescents with IS should include an assessment
of MNS. Future studies should extend the assessment of neurodynamic functions and
explore this issue to improve the understanding of the mechanisms of IS.
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34. Stępień, A.; Guzek, K.; Rekowski, W.; Radomska, I.; Stępowska, J. Assessment of the Lumbo-Pelvic-Hip Complex Mobility with
the Trunk-Pelvis-Hip Angle Test: Intraobserver Reliability and Differences in Ranges of Motion between Girls with Idiopathic
Scoliosis and Their Healthy Counterparts. Adv. Rehabil. 2020, 30, 27–39. [CrossRef]
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Abstract: The objective of this study is to examine the evolution of all the braced patients diagnosed
with early onset scoliosis in a private scoliosis center. All patients diagnosed with EOS and braced
before the age of ten were retrospectively reviewed. The results have been defined in accordance with
the Scoliosis Research Society (SRS) for bracing criteria, and with a minimum follow-up of one year.
Improvement and stabilization were considered successful treatments, while failure was considered
to be an unsuccessful treatment. Successful results were observed in 80% of patients (63% worst case).
In the success group, the Cobb angle was reduced from 36.3◦ (21–68) to 25◦ (10–43), with 36% of
patients being initially treated only with night-time bracing. Twenty percent of the patients failed,
seven had more than 45◦ at the last control and five had undergone surgery. This study suggests that
bracing, using a modern 3D-brace concept, could be an effective treatment option for early onset
scoliosis and advocates exploring its effectiveness as an alternative to casting throughout studies of
higher levels of evidence.

Keywords: early onset scoliosis; bracing; non-operative treatment

1. Introduction

Morphological scoliosis is a complex three-dimensional deformity of the trunk and
spine that has multiple causes, which can appear during any period of life. When scoliosis
has an unknown cause, it is called Idiopathic Scoliosis (IS). IS is the most common form
of morphological scoliosis and appears in apparently healthy children during any growth
period. The Scoliosis Research Society, in its revised glossary of terms [1], has established
the chronological presentations of IS as: (1) infantile scoliosis: presenting from birth through
age 2 + 11; (2) juvenile scoliosis: presenting from age 3 through age 9 + 11; (3) adolescent
scoliosis: presenting from age 10 through age 17 + 11; (4) adult scoliosis: presenting from
age 18 and beyond. Another common term is Early Onset Scoliosis (EOS). This term
was used by Ponseti and Friedman to confirm a worse prognosis in scoliosis beginning
before the age of 10 in comparison with scoliosis developing from aged 10 years and
beyond, known as Late Onset Scoliosis (LOS) [2]. The term EOS was also used by Dickson
as coinciding with infantile scoliosis [3], and later to define scoliosis present in children
younger than 5 years of age [4]. Following some years of debate, the term EOS is now used
globally and is defined by the SRS as a curvature of the spine ≥10 degrees in the frontal
plane with onset before 10 years of age, including congenital, neuromuscular, syndromic
and idiopathic. Thus, according to the SRS, EOS encompasses the two classical types:
infantile and juvenile. In this paper, we will use this most-recently defined term for EOS,
thus including infantile and juvenile.

EOS is a main priority for specialists due to its potential for early progression and,
mainly in thoracic scoliosis, for its high risk of respiratory impairment. Currently, there are
no treatment recommendations for these young patients. In 2007, Lenke [5] carried out a
literature review and proposed brace treatment for scoliosis between 25◦ and 60◦. The most
widely used braces were the Milwaukee Brace (MB) and Thoraco-Lumbo-Sacral Orthosis
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(TLSO) with eventual preliminary serial casting. Brace treatment should be abandoned
in favor of surgical treatment by spinal fusion or with growing-rods with or without
preliminary halo-gravity traction in curvatures of more than 60◦. Early surgery can risk
lessened spinal height, chest-wall and lung growth [6] and the crankshaft phenomenon [7].

Even if new surgery with growth-friendly instrumentation limits these complications,
they often suppose multiple surgeries with the associated risk of cerebral neurodevelop-
mental due to repeated anesthesia [8,9].

In 2011, the Pediatric Orthopaedic Society of North America (POSNA) published
a survey on EOS patients from 195 practitioners [10], showing that 89.1% braced their
patients (albeit with no mention being made of the type of brace used), 62% cast them,
64.1% operated on them employing growing-rods, and 39.1% used chest wall expansion.
In 2016, Yang et al. [11] conducted a review of patients exhibiting curves of more than 25◦
and with more than 10◦ documented progression. Yang et al. proposed bracing to maintain
correction obtained from serial casting in order to delay surgery. Otherwise, most surgeons
consider a scoliosis progression over 60◦ to indicate the need for distraction-based implants,
as well as spinal fusion at the end [12].

It is now well known that bracing is effective in preventing progression to surgery
in adolescent idiopathic scoliosis [13], but no consensus exists for infantile and juvenile
idiopathic scoliosis. The most typically recommended braces for these patients are still
the classic Milwaukee (MB) and TLSO braces. Harshavardhana and Lostein [14], in a
retrospective study from 1956 to 1999 in 125 patients treated by the MB or TLSO braces
before 10 years of age, showed an overall success rate of 45%. Khoshbin et al. [15] described
around 88 patients with JIS treated by the MB, TLSO or Charleston braces between 1982 and
2011 and showed that 28% of the curves were improved or stabilized, 72% were progressing,
and there was a 50% surgery rate. In comparison with these relatively poor results, in 2014
De Kleuver et al. [16] reported a 100% success rate with the Cobb angle decreasing in 42%
of patients following brace treatment. However, this was in a cohort of only seven patients,
three of whom had initially been treated by cast.

Although inspired by the old principles of correction from the ‘Casting Era’, some
new braces do appear to be more effective in treating juvenile or infantile scoliosis. In 2014,
Moreau et al. [17] studied the effect of a detorsion night-time brace pursuing Charleston
principles, in 33 patients with brace onset at a mean age of 4 years and 2 months. They found
a 67% success rate and a median Cobb angle reduction for success patients of 15◦ (3–27).
More recently, Thometz et al. [18] have proposed an elongation-bending-derotation brace
for infantile and juvenile scoliosis. This new brace system is made by using CAD/CAM in
a corrective position and has been shown to achieve correction or stabilization in 75% of
curves, with a progression incidence of only 25%.

The 3D brace used in this study is inspired by the so-called Chêneau brace and the
French Casting Technique EDF. More than a type of brace identifiable with a specific curve
pattern, it is a brace concept that can be recommended—using different techniques for
design and construction—to treat most curve patterns in AIS and EOS. The principles of
this brace have been described by its developer [19] and different authors have showed
good results in treating AIS, but no data have been published on EOS [20–22]. We began
using this brace concept for EOS in the late 1990s, introducing some modifications in the
construction technique.

The main objective of our study is to evaluate the effect that rigid bracing (3D TLSO)
has in EOS according to SRS criteria of success. The secondary aims are to study this effect
on an EOS sub-group of patients with a known graver prognosis (younger than 5 years)
and to evaluate factors that can influence treatment success.

2. Materials and Methods

Study design: This is a retrospective case series of all consecutive patients fulfilling
inclusion criteria from 2007 to 2019.
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Inclusion criteria were as follows: (1) Cobb angle of 25◦ or more; or Cobb angle of
20◦ to 24◦, with documented progression; (2) starting brace treatment before 10 years of
age; (3) minimum follow up of 1 year. We do not recommend bracing in all the cases with
a Cobb angle of 25◦ or more as a single criterion for treatment, but rather we combine
physical examination, Cobb angle degree, angle of vertebral rotation, costo-vertebral-angle
difference, and factors such as positive family history. However, although these factors are
taken into consideration when deciding on bracing or not, we did not collect these data for
all the patients in a systematic way, which could have been used to discuss prognosis factors
or report as outcomes. When considering the potential indications for bracing (25–60◦), we
try not to break the rules and, in most of the cases, we did not. Six patients with a Cobb
angle between 21◦ and 24◦ were braced, all of them with a documented progression after
an initial period of observation. Independent of the Cobb angle, they also presented some
sign or signs of poor prognosis (e.g., high axial rotation, CVAD > 25◦, high ATI value).
Three patients with a Cobb angle over 60◦ were recommended bracing. Taking the Cobb
angle as the only indication value is not always in accordance with the best clinical practice.
For instance, we have rejected bracing for patients with curvatures less than 60◦, or even
less than 50◦, due to the very high degree of rotation and rigidity, amount of lordotization
and angular rib shape, making them poor candidates for any type of TLSO. As such, they
were all referred to an orthopedic surgeon. The three cases with a Cobb angle over 60◦
who did undergo bracing still had curvatures flexible enough to accept a TLSO, although
they were also visited by the orthopedic surgeon. However, following an interdisciplinary
team approach, we decided by consensus to continue with bracing, for several reasons
in relation with individual characteristics to try and buy time. Some patients diagnosed
with EOS, however, were simply observed with no specific intervention other than regular
medical controls, and radiographic controls only when indicated from clinical observation
and exploration. Thus, not all the patients with a Cobb angle of 25 degrees or higher were
directly recommended for bracing. Nevertheless, the patients included in this present
study are those treated with a brace who fulfilled the inclusion criteria defined above.
Where possible (i.e., a better prognosis) and after discussing the case with the parents,
an initial recommendation for wearing time was ‘night-time’ (i.e., 6 to 12 H). In the cases
with poorer initial prognoses, these were prescribed ‘full time’ wearing (≥20 H) from the
very beginning. That said, some parents would only accept ‘partial time’ (13–19 H), not
full-time, for their children. We were not able to instigate in order to objectively report the
real wearing time.

Exclusion criteria were pre-treated patients (casting or brace).
At each visit, patients had their brace checked and underwent a physical examination.

Because we have a private practice and, in accordance with an evidence-based personalized
approach model [23], we do not have a fixed protocol for radiographic control, an Out Of
Brace (OOB) radiograph was ordered when (and only when) either a physical examination
gave us a clear suspicion of curve deterioration, or we had to change the brace due to
growth and development, or we suspected a change in the curve pattern necessitating a
new brace design.

Before 2007, we had initiated treatment with the 3D brace concept in only four EOS
cases without previous treatment (usually casting). Three of them were still under treatment
when we started the informatics clinical files and data collection and were considered for
inclusion in this study, albeit with initial data having to be added to the file retrospectively.
The four patients were included, but one had incomplete data, and another was lost. Thus,
this series includes all the EOS we have treated with a rigid TLS 3D brace, with no previous
treatment; consequently, it is a series of consecutive treated cases.

The brace: The 3D brace according to Rigo principles can be either hand-made or built
using CAD CAM. The basic idea is to design highly specific contact and expansion areas on
a positive mould of the patient’s trunk. The contact areas are designed into the brace’s shape,
orientation and level in order to produce the necessary combined detorsional forces. Thus,
the brace follows, in most of cases, the simple general principle of correction defined from
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Dubousset (1992) [24], ‘reaching the best possible frontal and sagittal alignment by using
detorsional forces’, and some well-described specific principles of correction: (1) regional
derotation plus cranial and caudal counter-rotation forces; (2) lateral as well as ventro-
dorsal contacts for frontal and sagittal plane alignment guidance; (3) a special mechanism
to fight against the structural lordotization of the thoracic region, which depends on the
level, the shape and the orientation of the contact areas of the brace. As a whole, the
objective is not the maximum correction in one single plane but rather reaching the best
possible frontal and sagittal alignment while preventing any worsening of compensatory
curvatures and/or imbalance (Figures 1 and 2). Thus, the level-orientation shape of
where the detorsional forces are applied is of equal importance to the standard of the
brace, as its implementation is in accordance with the clinical type and radiological curve
pattern. The level of the main derotational force is the apical region of the main curve
or curves, with counter-rotation forces acting at the proximal thoracic region and at the
lumbo-pelvic or pelvic region. The design of the contact areas can then be made using CAD
CAM or classical hand-made rectification of the pre-elongated mould. As a result, this
is not a standardized orthopedic product but rather a treatment concept needing specific
knowledge and experience from those prescribing, manufacturing and later controlling the
brace. Once again, the knowledge and experience of the treatment team, as noted by the
SOSORT guidelines for brace treatment [25], are essential areas of expertise.

Figure 1. The brace design when treating a double structural scoliosis (Rigo B Type). Two mech-
anisms for regional derotation are applied, one at the main thoracic region and another at the
lumbar/thoracolumbar region (red arrows). These two mechanisms for regional derotation work
in combination with two counter-rotation forces (yellow arrows). Contact areas are provided, later-
ally, ventrally and dorsally, to guide the frontal as well as the sagittal plane alignment and balance.
(The figures describe the brace design showing an adolescent. The brace design in EOS follows the
same principles).

Figure 2. The brace design in a single thoracic scoliosis (Left convex in this EOS patient). One single
mechanism of regional derotation (red arrows) works in combination with two counter-rotation
forces (yellow arrows). Lateral, dorsal and ventral contacts are provided to guide frontal and sagittal
plane alignment and balance.

Consistent with SRS criteria [26], we defined improvement to be a decrease of more
than 5◦ of the Cobb angle between brace initiation and the final control, stabilization a Cobb
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angle variation ±5◦, and failure an increase of more than 5◦, Cobb > 45◦ at last control or at
maturity, or a final need for surgery.

Improved and stabilized patients were all included in a simple success group. Thus,
treatment could be defined as success or failure and patients as responders or not responders.

Because of its higher potential of progression, we also separately analyzed patients
that could have originally been defined as EOS according to Dickson, i.e., those with a
relevant spinal deformity before 5 years old.

Statistical analysis was performed using PSPP and GNU Software.
For quantitative variables, we analyzed means, standard deviations and ranges.
To evaluate the correlation between Cobb angles before and after treatment, we used a

t-test for the paired sample, and to evaluate factors that could have influenced the success
of the treatment we used a one-factor ANOVA.

3. Results

From a list of 280 patients younger than 10 years old coming for a consultation because
of a suspicion of scoliosis and seen for at least a second time, we confirmed 84 EOS patients
according to the SRS definition. Sixty-six patients fulfilled the inclusion criteria. Nine out
of the sixty-six were excluded due to previous treatment (brace or cast). Twelve out of the
fifty-seven patients finally included had incomplete (10) or lost data (2). Forty-five patients
with complete data were fully analyzed and a worst-case analysis was then performed
in terms of ‘rate of success’ considering the 12 patients, with lost or incomplete data, as
failures (Figure 3).

Figure 3. Flow chart. Worst case analysis = 63.2% success (36 success/57 finally included, presuming
that cases lost to follow had failed).
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Thus, 45 patients were finally analyzed, with a female–male ratio of 2:1.
Most of the patients (77%) had idiopathic scoliosis. Ten patients had a known cause:

one congenital, five neurological, one Beals syndrome, one arthrogryposis, one Ehler Danlos
syndrome, and one neurofibromatosis syndrome.

It was not possible using the Lenke classification to describe the radiological curve
pattern of this present population. Using SRS terminology, however, 69% of the cases were
single thoracic without lumbar, with functional lumbar or with a compensatory structural
lumbar curve (Rigo clinical types A and C). Twenty-four percent of the cases were real
double thoracic and lumbar or thoracolumbar (Rigo clinical type B), while only 4% were
single lumbar or thoracolumbar (Rigo clinical type E). Figure 4 shows the distribution
according to the Rigo classification [27].

Figure 4. Distribution of clinical types according to Rigo Classification (A: Rigo type A; B: Rigo type
B; C: Rigo Type C; E: Rigo Type E; NC: Not Classifiable).

The mean Cobb angle at brace initiation was 36.1 ± 11.6◦ (21.0–68.0). Age at first visit
was 6.6 ± 2.0 years (2.5–9.8), age at last control was 13.2 ± 3.0 years (6.2–20.7). Mean years
of follow-up was 6.5 ± 3.0 (1.0–15.6).

3.1. Treatment Success and Failure

Eighty percent of the patients met the success criteria at the last control: 49% improved
and 31% stabilized their curves. Forty percent of all patients reached bone maturity (≥Risser
3 European Scale/≥4 American Scale) and 50% were still under a bracing regime at the
last control.

In the success group (improved or stabilized), we observed a significant Cobb angle
improvement from 36.3 ± 11.4◦ (21–68) to 25.0 ± 8.6◦ (10–43) when comparing initial values
at the beginning, before starting brace treatment, and values at the last control (p < 0.001
by t-test Student). In the group of patients showing improvement (22 patients), the Cobb
angle decreased by 17.1◦ ± 9.1 (7.0–37.0).

In the success group (improved or stabilized), 53% were treated initially using a full-
time brace, 36% with a night-time brace and the remaining 11% with a part-time brace
(Figure 5).

232



J. Clin. Med. 2022, 11, 1186

Figure 5. Example of success. Result of treatment in a girl braced at 5 years of age with a left lumbar
scoliosis of 27◦, completing treatment under night-time regimen until 15 years of age at Risser 4,
stopping treatment with a left lumbar curvature of 20◦.

Twenty percent (nine patients) failed, with a mean time of follow-up from the initiation
of treatment to failure of 7.1 years ± 1.9 (5.2–10.1) and a mean progression of the Cobb
angle of 22.7 ± 12.5◦ (10–46). Seven out of these nine patients had more than 45◦ at the last
control (Figure 6). All the patients had been instructed to wear the brace full-time; however,
we cannot report about the real compliance in these failed patients.

Figure 6. Girl treated with full-time brace, initiating the treatment at 7 years of age with a 68◦ thoracic
scoliosis. With a 48% in-brace correction in her first brace she showed a good response until 10 years
with a scoliosis of 30◦. She was followed until 12 years of age still with a scoliosis of 30◦. Next control
at 13 years, she was still stable with 30◦, but had developed a more relevant proximal curvature (after
closing this present study). Between 2020 and 2021 (not registered in this present study), she showed
a deterioration, with the development of a proximal curve of 43◦, forcing us to stop bracing and
recommending her to undergo surgery.
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Treatment strategies for six out of the nine patients was changed when failure was
detected: (1) increasing wearing time from night-time to full-time in four patients; and
(2) two patients were recommended to undergo surgery. Three more patients had surgery
sometime later, so, overall, five patients were finally operated on.

3.2. Prognosis Factors

When comparing the two groups showing success or failure, we did not find any
significant difference in age (6.5 vs. 5.4 p 0.175), Cobb angle (36.3◦ vs. 35.6◦ p 0.875) at the
initiation of brace treatment, and age at the last control (13.1 vs. 11.8 p 0.776) (Table 1).

Table 1. Cobb evolution in both successful and failure groups (significance p < 0.05).

Successful Group (N36) Failure Group (N9)

Mean Range Mean Range p

Age at brace onset (years) 6.5 ± 2.0 2.0–9.0 5.4 ± 2.5 1.0–8.0 0.175
Cobb angle at brace onset (◦) 33.3 ± 11.4 21.0–68.0 35.6 ± 13.1 24.0–65.0 0.875

Age at last control (years) 13.1 ± 3.2 6.2–20.7 12.8 ± 2.7 7.0–16.0 0.776
Cobb angle at last control (◦) 25.0 ± 8.9 10.0–43.0 58.2 ± 14.1 38.0–76.0 <0.001

3.3. Population under 5 Years of Age

Fifteen of the 47 patients were less than 5 years of age when they were diagnosed
with EOS. As they are expected to have a poorer prognosis, we decided to analyze them
separately. As expected, the female–male sex ratio was more balanced: 0.88:1 in this
sub-group (vs. 2.13:1 in our total cohort).

Etiology was idiopathic scoliosis (73%), while others were congenital (1), neurological
(2), and Beals syndrome (1).

Radiological curve patterns were mostly thoracic curves (67%) (A and C Rigo clinical
type). Real double was observed in 27% of the cases (B Rigo clinical type). There were no
single lumbar or thoracolumbar curves (Figure 2).

Follow-up time was not significantly different in this sub-group when compared with
the whole cohort (Table 2).

Table 2. Baseline characteristics of study population (significance p < 0.05).

All Patients Diagnosis < 5 y p

No. of patients 45 15

Age at diagnosis, Mean ± SD (y) 5.3 ± 2.3 2.7 ± 1.2 <0.001

Sex

Female 67% (30/45) 47% (7/15)

Male 33% (15/45) 53% (8/15)

Age at brace onset, Mean ± SD (y) 6.3 ± 2.1 4.6 ± 2.4 0.012

Age at last control, Mean ± SD (y) 13.1 ± 3.1 11.6 ± 2.9 0.106

Years of follow up, Mean ± SD (y) 6.5 ± 3.0 6.6 ± 2.3 0.865

Only six out of these 15 EOS patients started brace treatment before 5 years of age.
Mean age at brace onset was 4.6 ± 2.3 years old (1.0–9.0).

Sixty-seven percent of the EOS patients from this sub-group showed treatment suc-
cess. The 27.8◦ ± 7.4 (15–40) Cobb angle at the last brace control was significantly lower
compared with the Cobb angle at the initiation of brace treatment 35.8◦ ± 10.0◦ (29–63)
(p = 0.027, by t-test Student).

As in the total sample, age and Cobb angle at the initiation of brace treatment was not
different in both groups showing success or failure in this sub-group (Table 3).
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Table 3. Patients under 5 years at diagnosis. Cobb evolution in both successful and failure groups
(p < 0.05).

Successful Group (N10) Failure Group (N5)

Mean Range Mean Range p

Age at brace onset (years) 4.8 ± 2.6 2.0–9.0 4.2 ± 2.8 1.0–8.0 0.667
Cobb angle at brace onset (◦) 35.8 ± 10.0 29.0–63,0 40.4 ± 16.6 24.0–65.0 0.511

Age at last control (years) 11.1 ± 3.3 6.2–16.7 12.7 ± 1.6 10.9–14.8 0.378
Cobb angle at last control (◦) 27.8 ± 7.4 15.0–40.0 66.2 ± 13.2 43.0–76.0 <0.001

Cobb evolution (◦) 8.0 ± 9.6 −3.0–25.0 −25.8 ± 15.5 −46.0–−11.0 <0.001

4. Discussion

Comparison with previous studies. This is a cohort of 57 consecutive patients diag-
nosed with EOS (mostly Idiopathic) treated with a 3D-brace concept according to Rigo
principles before the age of 10. Twelve patients were lost or presented incomplete data and
were not included in the final analysis. We report an 80% success rate, defining success
according to the SRS criteria of improvement or stabilization. In a worst-case analysis, the
success rate was 63.2%. Our results are along the same lines as those reported by Moreau
et al. [18] and Thometz et al. [19], both using new-generation 3D braces. Moreau et al. [18]
had 67% of success with a mean Cobb angle reduction of 15◦, a little bit lower than ours,
but with all their patients receiving night-time bracing and being a little younger than ours.
Notwithstanding this, a relevant proportion of our patients were instructed to wear their
braces only at night, at least initially, and we did not find the age of the initiation of bracing
to be different in our successful and unsuccessful patients. Moreau et al. used a detorsional
night-time brace, only wearable at night due to its design. According to the description
of the authors, the design of this brace was inspired by the Charleston bending brace and
can be used only at night, but the horizontal plane action follows the Chêneau principles
like our 3D brace. However, our brace does not have a different design when it is to be
used only at night or to be worn full-time. We use a unique day/night design based on
detorsional forces, which can be worn indistinctly at night or full-time, thus allowing us,
when necessary and with greater flexibility, to increase the wearing time with no need to
change the brace, yet still working well. Our results must be taken with precaution because,
although 60% of our patients were scored Risser 3 (European), so able to be considered
mature enough to stop bracing, our follow-up (6.5 years) was lower than the one reported
by Moreau (10 y). Thometz et al. [19] reported around 75% of success (improvement or
stabilization) in treating IS and JS with an Elongation Bending Derotation Brace. However,
this report studies 38 patients followed only during their first year of treatment and must
be considered as preliminary results.

What is important to mention is that, with all the limitations discussed below, our
study, as well as the two previously discussed studies, suggests that new brace designs
are superior to the classic Milwaukee and TLSO braces, as reported by Harshavardhana
and Lonstein [15] and Khoshbin et al. [16], the two main papers about bracing in infantile
and juvenile scoliosis. Harshavardhana and Lonstein report an overall success rate of
45%, defining success as ‘not reaching a surgical value’. It is true that the sample size of
these authors is greater (N = 125 patients); however, this sample comes from a long-term
database and represents only 15% of the juvenile cases. From a database of 841 patients, 80%
were excluded for different reasons and, although some of these patients were observed,
many were undoubtedly treated with a brace. Our smaller series represents all the patients
we have treated with this type of brace (some are still under treatment). The pre-brace
age is, on the other hand, higher in the study from Harshavardhana and Lonstein [15]
(8 years) in comparison with ours (6.6), while the initial mean Cobb angle is lower (30◦
vs. 36◦). Moreover, 32 out of 125 patients in their study initiated brace treatment during
adolescence. According to Donzelli et al. [28], patients diagnosed during the juvenile
period but braced later, during adolescence, can be considered, in terms of prognosis, as
adolescent scoliosis. It is true that, like us, they did not find age differences in successful
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and unsuccessful patients, but rather a higher pre-brace Cobb angle was observed in those
failing. Thus, we can consider our population of having a poorer prognosis in comparison
to those from Harshavardhana and Lonstein [15], as we did not include any patient braced
at or after 10 years of age, and our patients also have a higher pre-brace Cobb angle. In
contraposition, follow-up is longer in their study and some of our patients are still under
treatment and have not yet reached their adolescent growth spurt. Patients needing surgery
in the study of Harshavardhana and Lonstein [15] were stable during the juvenile period
and did show progression during the adolescent growth spurt, so we could expect that
some of our patients will fail and might finally need surgery. Notwithstanding this, the
mean chronological age in our series, as well as the bone age (60% at Risser 3-European),
indicates that a relevant number of patients already passed the peak of growth and are
not far from becoming mature. On the other hand, reaching that period of growth with
a successful result is remarkable, as one of the objectives of non-operative treatment in
EOS is delaying early surgery, in other words, buying time. Thus, we must be prudent in
affirming that our results, in correlation with those from Moreau et al. and Thometz et al.,
suggest that a new-generation brace might be more effective in preventing progression in
EOS in comparison with the Milwaukee brace or the classic TLSO.

We cannot compare our study with the study from Khoshbin et al. [16]. In this last
study, in a cohort of 88 patients diagnosed with JIS, the authors showed a 50% incidence
of final surgery, with 28% of patients showing a minimal curve progression or improve-
ment. On the other hand, they reported a low compliance (49% wore the brace full-time).
Although this study is considered one of the main references in relationship with the
effect of bracing on juvenile idiopathic scoliosis, the mean age at diagnosis was 8.4 years
and the mean age at the initiation of bracing was 9.3 ± 1.5 years for the whole sample
and 9.9 ± 1.4 for those not needing surgery. This clearly indicates that a highly relevant
number of patients started wearing the brace at 10 years of age or older, coinciding with
the ascending phase of growth in the adolescent period. The Cobb angle at baseline was
31◦ (20–71). According to Donzelli et al. [28], the response to bracing in patients diagnosed
with JIS according to the SRS (from 3 years to 9 years and 11 months) but starting bracing
at 10 years of age or later is not different to those diagnosed with AIS. Thus, we could
expect a response similar to that of children with very early AIS in the Khoshbin et al.
study (initiation of bracing and pre-brace curve magnitude), and, knowing that bracing
is dose dependent in AIS [14], the high incidence of final surgery should be no surprise,
considering a compliance under 50%.

Prognosis factors. In relationship with prognosis factors, we did not find any factor
that could explain success or failure as a result of the treatment. Indeed, neither age at brace
initiation, pre-brace cobb angle, nor initial wearing time are significantly different between
those responding well and those failing. In the Moreau study [18], the unsuccessful group
was older (58 months vs. 42 months) and had a higher main Cobb angle (35◦ vs. 28◦) at
the initial examination, compared with the success group. Our results could indicate that
pre-brace age and Cobb angle are, contrary to the study from Moreau et al., not factors
for a poorer treatment response, while having the chance to change from nigh- time to
partial or full-time when necessary are. However, we must admit that with age and curve
magnitude both being factors for prognosis when looking at the natural history of EOS,
our results could be different with a bigger cohort and the exclusion of non-idiopathic
cases. On the other hand, we did not look at compliance and in-brace correction as possible
factors associated to brace response. We cannot report on real compliance as we did not
use sensors. In any case, we have the impression that, once having discussed the proper
wearing time with parents and accepting their final decision about this being full-time or
partial night-time, compliance in EOS patients is good, as it depends mainly on parental
care, at least before and during the ascending phase of growth in the adolescence or before
menarche. We had very few cases where compliance was good during the pre-menarche
period and failed afterwards. It looks to be easier for children wearing a brace before
puberty to continue using the brace with good compliance during the more difficult time of
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adolescence in comparison with those starting bracing when they are already adolescents;
this is, however, just a subjective impression. In-brace correction was not analyzed because,
in accordance with our clinical protocols, we only look at in-brace correction in those
patients that are recommended to wear the brace full-time, as in-brace correction as a
prognosis factor is highly dependent on the wearing time [14]. Consequently, in most of
our EOS patients, radiological controls are made out-of-brace.

The sub-group of patients younger than 5. Regarding the sub-group of EOS patients
younger than 5 years of age with a relevant structural curvature at presentation, the
15 patients had the same characteristics as the whole cohort. As is known in the literature,
we found a female–male ratio that tends to be towards boys (0.8:1) and a higher number
of thoracic curves [29,30], and this could be interpreted as these patients being part of the
real infantile scoliosis group, those going into progression during infantile and childhood
periods before the properly defined juvenile period [31]. As in the entire cohort, we did not
find any possible factors associated with success or unsuccessful results. It is noticeable
that only six of this sub-group of 15 EOS patients diagnosed before the age of 5 years,
were really braced at or before the age of 5 years. Two of these six patients failed and
four succeeded (p = 0.67 by chi-2). However, the type of study and the number of cases
analyzed in this particular sub-group do not allow us to draw any clear conclusion. The
proportion of failures in this sub-group (5/15) in comparison with the whole sample (9/45)
strongly suggest that this sub-group of patients has a poorer prognosis; consequently, we
still believe it would of interest to analyze this sub-group of patients and those diagnosed
at six years of age to 9 years and 11 months separately, as most probably there are two
different conditions.

Good responders and night-time bracing. Looking at this present study, it is impor-
tant to point out the apparently good response to night-time bracing. Early onset scoliosis
with a Cobb angle over 25◦ is generally considered as having a poor prognosis. However,
the Cobb angle by itself was found not to be the main factor associated with the risk of
progression in EOS, but rather in combination with other more important factors, such as
the amount of axial rotation [32] or the costovertebral angle difference [33]. Furthermore,
independent of the initial Cobb angle, flexibility and the shape and magnitude of the rib
hump could be determinant factors for a good response to treatment [34]. In our current
clinical practice, we do not use a closed protocol based on a particular Cobb angle to initiate
bracing, but we make a decision (in consensus with the family) based on a personalized
approach and by taking into consideration values such as axial rotation, costovertebral
angle difference, flexibility (tested only by clinical exploration) and the shape of the rib
hump. We consider these factors to be important not only in brace indication but also in the
prescribed wearing time. In AIS, there is consensus about recommending a wearing time
of ≥18 h in scoliosis involving a high risk of surgery [34]. It is true that EOS is a population
classically considered to be at high risk of needing surgery but, still, some patients with
the diagnosis of EOS according to the SRS definition do not go into progression before
the age of 10 but do so later during the adolescent period, showing the same behavior as
classical AIS [28], while others do not progress or even regress. Thus, there was some data
based on clinical experience and evidence supporting the expectation of good responders
that might be treated with night-time bracing, and these results support the prescription
of night-time bracing in some selected patients, i.e., basically those with relative degrees
of rotation (<10◦ Perdriolle), Cobb angles under 35◦, low costovertebral angle differences
(<20◦), with flexible curvatures and ‘round versus angular rib humps’.

Limitations. Our study has important limitations. First, it comes from a unique center,
showing results from a brace made by the main author of this article. Even if the main
outcome was evaluated from a universal and reproducible measurement like the Cobb
angle is, it would be necessary to investigate the effectiveness of this type of 3D brace
when used by others. Notwithstanding this, the fact that our results are akin to those using
similar brace principles minimizes this weak point. Second, a more important limitation
is that this is a retrospective study with no control group, so conclusions will need to be
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in accordance with this low level of evidence. However, considering the very few studies
of these characteristics and the general belief that casting is the main treatment option
in EOS, we felt there is a strong need to report our experience to increase the amount of
evidence in order to justify a prospective study with the highest possible methodology,
comparing casting and bracing in EOS. After looking at our results and some parts of
the previous discussion, we would suggest separately analyzing those EOS developing a
relevant structural scoliosis before the age of 5, defining well what means ‘relevant’, with
the need of bracing before the age of 5, rather than just taking the classic definitions of
IIS and JIS. Idiopathic scoliosis and non-idiopathic should also be analyzed separately.
Furthermore, it would be interesting to explore the possibility of ‘serial bracing’ in the
youngest patients (i.e., younger than 3 years). This is something that we have already tried
with a few patients when families rejected casting for various reasons, and after being
informed about current evidence. The CAD CAM technology makes this easier, with no
need to stress the child unnecessarily. Once the design has been made, the real cost of
fabricating the plastic itself is not so high and, while it is necessary just to enlarge and
elongate the brace for ‘serial bracing’, in general, it is not necessary to change the design
significantly.

In retrospective studies, patients lost for the final analysis are always a problem. We
had to exclude two lost patients and ten with incomplete data. Thus, we made a worst-case
analysis (see Figure 3) by adding to the forty-five analyzed patients the ten with incomplete
files and the two lost patients but, even so, we still obtained a final success percentage of
63.2% (36/57), with a percentage of unsuccessful cases of 36.2% (21/57). These numbers
are still interesting, as they are closer to everyday clinical practice.

A further limitation is the fact that this series includes non-idiopathic scoliosis. First of
all, we wanted to report on our experience in treating EOS with bracing, and the definition
of EOS includes types of scoliosis other than idiopathic. On the other hand, the incidence
of neurological anomalies in EOS was still a controversial issue at the time we started
bracing in EOS. We were not routinely ordering MRIs at that time, but just in case we
found some specific atypical features. In 2004, Morcuende et al. reported a relatively low
probability of neurogenic lesions in EOS with atypical features other than severe curves or
neurological abnormalities (3% probability) [35]. Thus, we ordered MRIs only in the cases
where we found a severe curve or neurologic changes. We found three patients with an
anomaly in the neuro axis (Chiari and Syrinx). Two of them had been operated on. One boy
who had had surgery before the age of 3 did not show a regression of the curvature and
he was consequently recommended to undergo bracing. The second patient was braced
at the end of 7 years after observing a progression from 44◦ to 55◦ after neurosurgical
decompression. The third patient was treated directly with bracing with no previous
neurosurgical intervention, and she showed a spontaneous resolution of the syrinx. The
latter two patients mentioned were presented in a double case report during the SOSORT
meeting of 2012 in Milano [36]. All three patients showed a good response to bracing and
did fall into the success group.

Other important outcomes that we were not able to report on in detail are breathing
function, trunk shape, sagittal radiological values and quality of life. The first two, breathing
function and trunk shape, especially the rib cage, are partially related. We believe that
allowing the correct development of the rib cage and re-shaping the rib cage would be
important factors for future breathing function and curve stability. It must be pointed out
that, historically, many scoliosis specialists have advised against using TLSO in EOS due to
the risk of worsening breath function and deforming the ribs. We must recognize that the
type of brace used in this study, due to its sophisticated design, has an iatrogenic potential
when used improperly and only looking at the Cobb angle correction. Sagittal radiological
values are, nowadays, considered to be highly important from both clinical and scientific
points of view. However, when these young patients started their treatment, the consensus
about using initial radiographs in the lateral projection was not so clear, and we tried to
use the fewest possible number of radiographs in this young population. Quality of life,
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from a biopsychosocial perspective, is another important aspect to consider. Although we
routinely assess quality of life in adolescents and adults using validated instruments, we
did not look at this data in this present study. We have the intention to look at all these
important aspects (breathing function, trunk shape, sagittal alignment and balance and
quality of life) in this same reported population once they have all finished their treatments
with a minimum follow-up of two years. That said, we felt this was a good time to report
on our experience with non-operative treatment in EOS.

5. Conclusions

This study suggests that bracing, using a modern 3D-brace concept, could be an
effective treatment option for EOS and advocates exploring the effectiveness of bracing in
EOS through studies of a higher level of evidence.
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Korbel, K.; Politarczyk, K.; Janusz, P.;

Kotwicki, T. Regular School Sport

versus Dedicated Physical Activities

for Body Posture—A Prospective

Controlled Study Assessing the

Sagittal Plane in 7–10-Year-Old

Children. J. Clin. Med. 2022, 11, 1255.

https://doi.org/10.3390/

jcm11051255

Academic Editor: Yasuhito Tanaka

Received: 17 September 2021

Accepted: 22 February 2022

Published: 25 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Regular School Sport versus Dedicated Physical Activities for
Body Posture—A Prospective Controlled Study Assessing the
Sagittal Plane in 7–10-Year-Old Children
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Abstract: Body posture develops during the growing period and can be documented using trunk
photography. The study aims to evaluate the body posture in children aged 7–10 years undergoing a
dedicated physical activities program versus regular school sport. A total of 400 children, randomly
chosen from a cohort of 9300 participating in a local scoliosis screening program, were evaluated twice
at a one-year interval. A total of 167 children were involved in regular school sport (control group),
while 233 received both school sport and a dedicated physical activities program (intervention group).
Standardized photographic habitual body posture examination was performed at enrollment (T0) and
one-year after (T1). Sacral slope (SS), lumbar lordosis (LL), thoracic kyphosis (TK), chest inclination
(CI), and head protraction (HP) were measured. At T0, the body posture parameters did not differ
between groups. At T1 in the controls, all five parameters tended to deteriorate (insignificant): SS
p = 0.758, LL p = 0.38, TK p = 0.328, CI p = 0.081, and HP p = 0.106. At T1 in the intervention group,
the SS decreased (p = 0.001), the LL tended to decrease (p = 0.0602), and the TK, CI, and HP remained
unaltered. At T1, the SS and LL parameter differed between groups statistically (p = 0.0002 and
p = 0.0064, respectively) and clinically (2.52◦ and 2.58◦, respectively). In 7–10-year-old children,
participation in dedicated physical activities tends to improve their body posture compared to regular
school sport.

Keywords: body posture; sports activity; corrective exercises; digital photography

1. Introduction

Harmonious arches characterize the shape of sagittal curvatures in a normal spine,
which provides both mobility and stability [1]. Body posture develops throughout child-
hood and adolescence [2]. Increased sagittal spine curvatures (thoracic kyphosis or lumbar
lordosis) combined with increased chest inclination and head protraction are observed in
children with weak postural muscles [3] and in adults with myofascial pattern back pain [4].
The standardized photographic assessment of lateral trunk view can reliably quantify body
posture and was validated for 7–10-year-old children [5]. The influence of physical activity
on a child’s body posture has not been extensively studied so far. The study aims to assess
the impact of dedicated physical activities versus regular school sports on a child’s body
posture in a cohort of 7–10-year-old children.

2. Materials and Methods

2.1. Study Population

An observational, prospective controlled study was undertaken within the frame
of a scoliosis screening program addressed to primary school children, inhabitants of a
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half million city. A total of 400 children, 200 girls and 200 boys, aged 7–10 years, were
randomly selected from a base consisting of 9300 children, including all primary schools’
pupils of the city, previously negatively screened for idiopathic scoliosis or Scheuermann
kyphosis. The technique of cluster randomization [6] was applied, assigning schools to
districts first, then using a computer-generated sequence to select the order of districts
randomly, and then the order of schools in individual districts. Inclusion criteria were
age 7–10 years old, no structural deformation of the spine (i.e., idiopathic scoliosis or
Scheuermann kyphosis), and availability of a full set of digital photographs. During school
screening, the body posture assessment consisted of an inspection of spinal curvatures and
position of the head. The assessments were performed by physiotherapists experienced
in body posture examination. The examination was carried out according to a structured
protocol. Physiotherapists received training before the procedure. Children were assigned
into two groups: (1) the control group without any posture misalignment, who performed
regular school sport and was considered natural history (N = 167), and (2) the intervention
group of children presenting any posture misalignment, who received both school sport
and dedicated physical activities (N = 233). The study was performed before the COVID-19
pandemic. The screening program was supported with a grant from the EEA Financial
Mechanism. The study was approved by the local Institutional Review Board of the Poznan
University of Medical Sciences, No. 283/16.

2.2. Intervention

The program for the prevention of postural misalignments (city of Poznan scoliosis
screening program) comprised the participation of children in a system of organized
dedicated physical activities. The group sessions, once per week, were organized and
supervised by a physiotherapist. Several physiotherapists were engaged in the intervention,
which could decrease the homogeneity of the intervention itself (study limitation). However,
all of them received training and the dosage stayed fixed.

Children with postural misalignments (N = 233) entered in a weekly, one hour long,
dedicated physical activities program, lasting ten months (September–June). Two major
groups of activities were applied: either movement games and dance or swimming. All
activities were supervised by a physiotherapist.

All children (N = 400) participated in regular 45 min long school sport activities (such
as running, athletics, volleyball, basketball, handball, and football) four times per week,
which is a standard frequency of school sport in primary schools in Poland.

2.3. Assessment

Each child underwent photographic registration of the body posture from the front
(A), back (B), right lateral (C), and left lateral (D). The posture images were captured with a
Canon® (Tokyo, Japan) Power shot A590 IS digital camera (matrix CCD 1/2.5, 8.3 M pixels,
focal length 35–140 mm). The camera was mounted on a tripod at the height of 90 cm and
paralleled to the floor, 300 cm from the examined person. The photographic technique was
standardized and consistent with the methodology published by Stolinski et al. [5].

The habitual standing posture of both groups was compared before (T0) and after one
year (T1), at the end of the postural school program.

Five postural parameters were measured on digital photographs using a dedicated
semiautomatic software SCODIAC v. 2.0 (Pavel Cerny, Prague, Czech Republic) [7]
(Figure 1): (1) sacral slope angle (SS), (2) lumbar lordosis angle (LL), (3) thoracic kyphosis
angle (TK), (4) chest inclination angle (CI), and (5) head protraction angle (HP). The increase
of postural angular parameter was interpreted as a posture worsening, while decrease of
postural angular parameter was interpreted as an improvement of body posture.
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Figure 1. SCODIAC software v 2.0: top left—values of parameters; bottom left—instruction for use;
right—measurement.

Clinically relevant differences were fixed as doubled SEM and revealed: SS 2.01◦, LL
2.45◦, TK 2.34◦, CI 1.8◦, and HP 0.89◦.

2.4. Intra- and Inter-Rater Reliability

To determine the repeatability (intra-observer reliability), 40 digital photographs were
evaluated three times in a one-week interval. Intraclass Correlation Coefficient (ICC),
Confidence Interval (C.I.), Standard Error of Measurement (SEM), and Standard Deviation
(SD) were calculated.

To determine reproducibility (inter-observer reliability), 30 digital photographs were
evaluated by three observers three times each.

2.5. Statistical Analysis

GraphPad, MEDCALC, and Microsoft Excel were used. ICC values 0.81–1.00 were
considered as excellent [8]. C.I. of 95% probability was taken. The normality of distribution
was assessed using the Kolmogorov–Smirnov test. To assess the significant differences in
average values, a t–Student test was used. The significance level was defined as p = 0.05.

3. Results

The repeatability (intra-observer reliability) for all five postural parameters was excel-
lent (ICC 0.975 to 0.995), with SEM from 0.447◦ for HP to 1.225◦ for LL (Table 1).

Table 1. Repeatability of photographic parameters measurements (Intra-observer).

Parameter ICC 95% C.I.
SEM

[◦]
SD
[◦]

Sacral slope 0.975 0.884–0.986 1.007 6.4
Lumbar lordosis 0.981 0.968–0.989 1.225 8.88

Thoracic kyphosis 0.987 0.977–0.992 1.170 10.14
Chest inclination 0.981 0.968–0.989 0.901 6.55
Head protraction 0.995 0.991–0.997 0.447 6.32

ICC—Intraclass correlation coefficient, C.I.—Confidence Interval, SEM—Standard Error of Measurement,
SD—standard deviation.
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The reproducibility (inter-observer reliability) was also excellent (ICC 0.885 to 0.975),
with SEM from 0.888◦ for LL to 0.949◦ for HP (Appendix A, Table A1).

At study enrolment (T0), the habitual posture parameters SS, LL, TK, CI, and HP were
not significantly different between both groups; the p level was 0.210, 0.366, 0.524, 0.757,
and 0.611, respectively (Table 2).

Table 2. Comparison of habitual posture between the control and the intervention group at T0 time.

Parameter

Posture Control
N = 167

Intervention
N = 233

p

Sacral slope [◦] 29.58 ± 7.23 28.63 ± 7.6 0.210
Lumbar lordosis [◦] 46.94 ± 8.96 46.08 ± 9.78 0.366

Thoracic kyphosis [◦] 41.63 ± 9.55 42.23 ± 9.11 0.523
Chest inclination [◦] 15.9 ± 7 16.1 ± 5.64 0.757
Head protraction [◦] 31.65 ± 5.16 31.96 ± 6.44 0.611

Mean value ± standard deviation is presented. N—group size, p—significance.

The habitual posture assessment at one-year (T1 vs. T0) revealed differences in the
control versus the intervention group. In the control group, small (from 0.17◦ to 0.96◦),
and statistically nonsignificant differences were found for all parameters (SS p = 0.758,
LL p = 0.38, TK p = 0.328, CI p = 0.081, and HP p = 0.106, respectively). The values of all
parameters tended to increase (Table 3).

Table 3. Comparison of habitual posture between T0 and T1 in the control group (N = 167).

Parameter

Posture
H0 H1 p

Sacral slope [◦] 29.58 ± 7.23 29.75 ± 6.79 0.758
Lumbar lordosis [◦] 46.94 ± 8.96 47.50 ± 9.19 0.38

Thoracic kyphosis [◦] 41.63 ± 9.55 42.38 ± 9.39 0.328
Chest inclination [◦] 15.9 ± 7 16.86 ± 6.32 0.081
Head protraction [◦] 31.65 ± 5.16 32.45 ± 6.08 0.106

Mean value ± standard deviation is presented. H0—habitual posture at T0, H1—habitual posture at T1, N—group
size, p—significance.

In the intervention group, the SS significantly decreased (1.4◦, p = 0.001), LL tended
to decrease (1.59◦, p = 0.062), and no significant change for the TK, CI, and HP was found
(Table 4).

Table 4. Comparison of habitual posture between T0 and T1 time in the intervention group (N = 233).

Parameter

Posture
H0 H1 p

Sacral slope [◦] 28.63 ± 7.6 27.23 ± 6.68 0.001
Lumbar lordosis [◦] 46.08 ± 9.78 44.49 ± 9.34 0.062

Thoracic kyphosis [◦] 42.23 ± 9.11 42.79 ± 9.98 0.404
Chest inclination [◦] 16.1 ± 5.64 16.37 ± 5.95 0.547
Head protraction [◦] 31.96 ± 6.44 32.80 ± 6.07 0.058

Mean value ± standard deviation is presented. H0—habitual posture at T0, H1—habitual posture at T1, N—group
size, p—significance.

The habitual posture assessment at one-year (T1 intervention vs. T1 control) revealed
statistically and clinically significant lower values of the SS and LL parameter (p = 0.0002,
2.52◦; p = 0.0064, 2.58◦, respectively) in the intervention group. The three other parameters
did not differ between groups (Table 5).
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Table 5. Comparison of habitual posture between the control and the intervention group at T1 time.

Parameter

Posture Control
N = 167

Intervention
N = 233

p

Sacral slope [◦] 29.747 ± 6.79 27.23 ± 6.68 0.0002
Lumbar lordosis [◦] 47.50 ± 9.19 44.92 ± 9.34 0.0064

Thoracic kyphosis [◦] 42.38 ± 9.38 42.79 ± 9.98 0.674
Chest inclination [◦] 16.86 ± 6.32 16.37 ± 5.95 0.427
Head protraction [◦] 32.45 ± 6.08 32.80 ± 6.07 0.57

Mean value ± standard deviation is presented. N—group size, p—significance.

4. Discussion

4.1. Body Posture Evaluation Technique

The photographic technique of the body posture evaluation presents an advantage
to be non-invasive, objective, and easy to use (does not require the use of external skin
markers). The terms of thoracic kyphosis, lumbar lordosis, or sacral slope denote the surface
shape of the trunk but not the radiographic imaging. The methodology of photographic
posture evaluation has been published [5,9–11], and the repeatability and reproducibility
have been verified [5,9,12–15]. The previous study confirms excellent intra- and inter-
reliability [5,9–15] and reflects the results by Stolinski et al. [5,15]. The ICC coefficient
varied from 0.885 for the HP, up to 0.975 for the LL.

Archiving digital photography provides easy storage and reproduction of images,
while respecting the patient’s anonymity. Canales et al. [16] used photographs of patients
with mental disorders (depression) to document their postures. The technique allows for
a combined photographic and clinical analysis of body posture, thus enhancing a child’s
understanding of posture defect, which improves their cooperation during exercising.

4.2. Sample Selection

According to studies by McEvoy (U.S. population) and Shumway-Cook (Australian
population) [13,17], the peri-pubertal growth spurt occurs at the age of 9–12 years (sooner
for girls, later for boys). The study by Kułaga (Polish population) [18] in 2007–2012
on 22,000 children, aged 3–18 years, confirmed that the growth acceleration began at
9 years and 6 months for girls, and at 10 years and 3 months for boys. The Peak Height
Velocity [19]—the most significant 12-month body height increase—equals 6.8 cm in girls
and falls between 10 years and 8 months and 11 years and 8 months, while it equals 7.5 cm
for boys and falls between 12 years and 6 months and 13 years and 6 months [18]. The
rapid growth period corresponds to a period of deterioration of both structural spine
deformities (idiopathic scoliosis) and non-structural ones (postural spine misalignments).
Concerning the sample studied, the children presenting relevant trunk rotation during
scoliometer examination had been previously identified and adequately managed. The
remaining children were examined by physiotherapists and postural defects were noticed
with inspection in about 40% of them. These children entered the dedicated program of
physical activity in order to prevent further posture deterioration, improve motor skills,
and enhance postural muscles force.

In this study, we examined the posture immediately before the critical period of the
pubertal growth spurt. Comparing the values of the five postural photographic parameters
between the two groups, no significant difference in the habitual posture at T0 was revealed.

4.3. Impact of Physical Activities on the Body Posture

In the control group (Table 3), no significant differences were noticed between the
initial examination (T0) and the one-year examination (T1) for all parameters. All the values
presented tendency to slightly increase. It can be supposed that in natural history (without
the intervention of additional physical activities), postural parameters slightly deteriorate
during the growing phase. Still, this change did not reach neither statistical nor clinically
relevant values.
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Among children from the intervention group (Table 4), examined in the habitual
posture, between the initial examination (T0) and the one-year examination (T1), a signifi-
cant (p = 0.001, Type II risk error 0.188) SS decrease of 1.40◦ was found, which should be
interpreted as improved posture. The LL and HP parameter change was at the limit of
significance (p = 0.062, Type II risk error 0.648; p = 0.058, Type II risk error 0.64, respectively).
Other parameters did not change significantly, which can be interpreted as stabilization of
postural photographic parameters in children from the intervention group.

Comparison of the habitual posture between both groups after one year (T1) has
shown lower values of SS (p = 0.0002) and LL (p = 0.0064) in the intervention group, which
signifies posture improvement. What is more, both differences were clinically significant
(for SS: 2.52◦ (doubled SEM = 2.01◦) and for LL: 2.58◦ (doubled SEM = 2.45◦)) (Table 5).

The overall results indicate a positive effect of additional physical activities on a child’s
body posture. The hypothetic cause could be a higher unconscious tension and activity of
the abdominal muscles while standing.

4.4. Impact of Corrective Activities on Body Posture in the Literature

Dutkiewicz [20] examined the impact of 10-month corrective exercises among 370 children
(190 study, 180 control) aged 6–17 years. The surface topography and Kasperczyk scoring
method were used. Both groups at T0 did not differ. The highest reduction of posture
defects was noted for the head position in the age group 6–9 years (from 23.6% to 13.9%)
and 10–14 years (from 33.4% to 23.6% of prevalence). For children 6–9 years, the reduction
of excessive thoracic kyphosis occurrence was significant (from 24.1% to 15.7%), as well as
the reduction of excessive lumbar lordosis (from 23.8% to 18.8%).

The results of our study, similar to Dutkiewicz’s results, indicate an improvement in
the thoracic kyphosis, however, we do not confirm the positive change in the head position
and in lumbar lordosis angle.

Cosma et al. [21] reported on the influence of corrective exercises (static, dynamic,
breathing, correcting, and hyper-correcting specific misalignments) on the body posture of
20 children aged 6–9 years. Body posture was assessed using the “PostureScreen Mobile”
mobile application. The measurements were taken at the beginning of the study and
after six months of physical exercises. The position of the head (protraction) and hip in
the sagittal plane were assessed. A significant improvement of all measured postural
parameters was noted. The study limitation, apart from a small study group, may be
the fact that children were photographed in clothes, which makes it difficult to identify
reference points on the body (such as sternum incision, acromions, waist, anterior superior
iliac spines, greater trochanters, or external malleolus).

Torlaković et al. [22] published a study on the impact of physical exercises at the
pool (swimming in combination with aquaerobics and corrective exercises) on the posture
of 50 boys aged 5.2 ± 0.6 years in Sarajevo (Bosnia and Herzegovina). The posture was
assessed by the Wolański visual method, assessing the position of the head, shoulders,
shoulder blades, chest shape, spine, abdomen shape, knees, feet, and overall body posture.
The program consisted of two weekly meetings of 60 min each for 16 weeks. Significant
improvement in all parameters was noted, except for the chest shape and the head position.
The limitation of the study is the use of a subjective method of assessing the children’s
body posture.

4.5. Impact of Physical Activities on the General Health of the Child

The positive impact on body posture is not the only benefit coming from regular
physical activities performed by children. The U.S. Department of Health and Human
Services, in their Physical Activity Guidelines Advisory Committee Report, 2008 [23], stated
that children and adolescents who maintain regular physical activity demonstrate a higher
level of physical fitness (cardiorespiratory endurance and muscle strength), reduced body
fat, favorable cardiovascular and metabolic disease risk profiles, enhanced bone health,
and reduced psychological symptoms such as depression or anxiety. The positive impact
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of physical activities on bone mass was confirmed by Sundberg et al. [24], Welten et al. [25],
and Bielemann et al. in the systematic review [26].

4.6. Practical Implications

We observe that regular school sport, even if extremely beneficial for physical de-
velopment of children, may be insufficient to ensure a normal posture development due
to the modern model of sedentary life. There is an important practical issue whether it
could be enriched by out-of-school sport activities. Numerous initiatives of supporting
children’s physical development are observed at the local, municipal, or regional level.
Additionally, while strongly supporting children’s additional physical activities, we would
like to emphasize the advantage of using objective tools (such as photographic posture
assessment) for evaluating various programs raised throughout the country, especially
while based on public funding.

5. Conclusions

(1) Participation in additional physical activities performed as a part of a dedicated
program tended to improve body posture in 7–10-year-old children.

(2) Regular school sport activity may be insufficient as a compensation of the con-
temporary model of sedentary lifestyle in children and could be enriched by after-school
sports activities.
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Appendix A

Table A1. Reliability of photographic parameters measurements (Inter-observer).

Parameter ICC 95% C.I.
SEM

[◦]
SD
[◦]

Sacral slope 0.940 0.892–0.969 0.910 6.5
Lumbar lordosis 0.975 0.954–0.987 0.888 9.82

Thoracic kyphosis 0.920 0.856–0.959 0.913 7.10
Chest inclination 0.916 0.842–0.958 0.913 5.76
Head protraction 0.885 0.802–0.939 0.949 4.59

ICC—Intraclass correlation coefficient, C.I.—Confidence Interval, SEM—Standard Error of Measurement,
SD—standard deviation.
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22. Torlaković, A.; Muftić, M.; Avdić, D.; Kebata, R. Effects of the combined swimming, corrective and aqua gymnastics programme
on body posture of preschool age children. J. Health Sci. 2013, 3, 103–108.

23. US Department of Health and Human Services. Physical Activity Guidelines Advisory Committee Report. 2008. Available online:
https://health.gov/sites/default/files/2019-10/CommitteeReport_7.pdf (accessed on 11 November 2021).

24. Sundberg, M.; Gärdsell, P.; Johnell, O.; Karlsson, M.K.; Ornstein, E.; Sandstedt, B.; Sernbo, I. Physical Activity Increases Bone Size
in Prepubertal Boys and Bone Mass in Prepubertal Girls: A Combined Cross-Sectional and 3-Year Longitudinal Study. Calcif.
Tissue Int. 2002, 71, 406–415. [CrossRef]

25. Welten, D.C.; Kemper, H.C.; Post, G.B.; Van Mechelen, W.; Twisk, J.; Lips, P.; Teule, G.J. Weight-bearing activity during youth is a
more important factor for peak bone mass than calcium intake. J. Bone Min. Res. 1994, 9, 1089–1096. [CrossRef] [PubMed]

26. Bielemann, R.M.; Martinez-Mesa, J.; Gigante, D.P. Physical activity during life course and bone mass: A systematic review of
methods and findings from cohort studies with young adults. BMC Musculoskelet. Disord. 2013, 14, 77. [CrossRef] [PubMed]

250



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Journal of Clinical Medicine Editorial Office
E-mail: jcm@mdpi.com

www.mdpi.com/journal/jcm





ISBN 978-3-0365-6006-9 

MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34

www.mdpi.com


	A9Rh7m12o_60oj8v_4d8.pdf
	Advances on Scoliogeny, Diagnosis and Management of Scoliosis and Spinal Disorders.pdf
	A9Rh7m12o_60oj8v_4d8

