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Objective: Lower limb discrepancy (LLD) was frequently observed in patients with idiopathic scoliosis (IS), potentially
associated with etiopathogenesis. Although sole lifts had been proposed as a conservative treatment for IS, evidence
supporting their efficacy was limited. This study aimed to assess the effects of sole lift intervention on pediatric
patients with mild IS, specifically focusing on thoracolumbar/lumbar (TL/L) curvature.

Methods: Twenty patients, with an average age of 12.3 4+ 3.1 years and presenting mild TL/L curve (15.6° & 6.2°),
were selected from a pool of 267 pediatric IS patients in the outpatient of our spine center from February 2023 to
August 2023. Inclusion criteria comprised a main TL/L curve ranging between 10° and 40°, the lower limb positioned
at the convexity of the main curve, and LLD of less than 2 cm; individuals requiring bracing or surgical intervention
were excluded. Custom sole lifts were used to address the shorter lower limb with the objective of leveling the pelvis.
Radiographic evaluations were conducted both before and after intervention using standing full spine posteroanterior
radiographs and full leg length radiographs. Statistical analysis was undertaken to evaluate curve correction and its
associations with other influencing factors.

Results: The mean structural and functional LLD were 7.1 & 4.5 mm and 7.1 + 4.1 mm, respectively. Among the
20 patients, four exhibited structural LLD greater than 10 mm. The average follow-up duration was 6.4 + 1.9 months
(range: 3-8 months). Following sole lift intervention (7.0 4+ 3.0 mm), a significant reduction was observed in the TL/L
curve compared to the pre-sole lifting measurements (15.6° + 6.2° vs. 12.1° £+ 7.2°, p < 0.001), as well as a notable
decrease in the thoracic curve (12.2° + 4.0° vs. 8.6° + 6.3°, p = 0.064). Nine patients experienced a significant
curve reduction of >5°, while eight showed a reduction between 0° and 5°; however, two patients exhibited no change
in curve magnitude. Furthermore, the correction rate of the TL/L curve correlated significantly with functional LLD
(r=-0.484, p = 0.030) and pelvic obliquity (r = —0.556, p = 0.011), highlighting the active pelvic compensation in
maintaining balance between the spine and lower limbs. Conversely, no significant correlation was observed between
curve correction and structural LLD (p > 0.05). Additionally, even after adjusting for other influencing factors, the TL/L
Cobb angle remained significantly different between pre- and post-sole lifting (p = 0.037).

Conclusion: This study confirmed the effectiveness of sole lift intervention in correcting TL/L and thoracic curves
among the mild IS children with a main TL/L curve, providing a supplementary conservative treatment option for
patients with the lower limb at the convexity of the main curve. Moreover, our findings underscored the active compen-
sation of the lower limbs and the pelvis in the etiopathogenesis of IS, highlighting the importance of considering their
influence in treatment strategies.
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Introduction

diopathic scoliosis (IS) is a prevalent spinal deformity pri-

marily affecting children, with its etiology still not fully
understood but believed to be multifactorial and potentially
associated with asymmetries in various body parts."* Burwell
et al.’~ reported that idiopathic scoliosis associated with the
body asymmetries, such as the neck, shoulders, scapula,
breast, buttocks, pelvis, and lower extremities, indicating a
complex etiology involving deformities beyond the spine. IS
often progresses during childhood, leading to significant
complications. Although observation and rehabilitation exer-
cises are regularly prescribed for mild IS cases according to
guidelines from the Scoliosis Research Society (SRS), their
effectiveness remains uncertain."*°®

Leg length discrepancy (LLD) is another common
orthopaedic condition characterized by differences in lower
limb lengths,” which could result in standing imbalance and
biomechanical alterations. It affects individuals of all ages,
with a higher prevalence among pediatric populations; vari-
ous studies have reported a wide range of prevalence rates
from 40% to 70%.””'* Previous studies have demonstrated a
significant correlation between LLD and scoliosis. In 1982,
Papaionnou et al. demonstrated that LLD-induced scoliosis,
termed functional scoliosis, was non-structural and non-
progressive, implying that correcting LLD could potentially
reduce lumbar curvature.”” Similarly, Raczkowski et al.'
found that correcting LLD helped reduce the curve magni-
tude in 316 patients with scoliosis (83.7%). However, 92.7%
of the patients had LLD of greater than 1 cm, and the curve
magnitude of the key parameter was not described in the
study. Moreover, these corrections were just for functional
scoliosis, and the exact relationship between LLD and struc-
tural scoliosis remained incompletely understood.”"

Sole lifts were commonly used to address LLD by
equalizing leg lengths and relieving associated symptoms.
By elevating the shorter limb, sole lifts aimed to reduce pel-
vic obliquity and mitigate compensatory spinal curvature
observed in functional scoliosis.'”> However, the efficacy of
sole lifts in preventing scoliosis progression remained a sub-
ject of debate, with conflicting evidence in the
literature.'>'¢""

Based on our clinical observation, the sole lift seemed
effective for IS patients with the lower limb at the convexity
of the main thoracolumbar/lumbar (TL/L) curve. Therefore,
given the clinical significance of LLD and its potential impli-
cations for IS treatment, this study aimed (i) to investigate
the efficacy of sole lift intervention in treating pediatric
patients with mild IS and primary TL/L curvature and (ii) to
explore the complex relationship between LLD, the pelvis,
and scoliosis, with the objective of studying the compensa-
tory mechanisms among them.

Methods
Subjects

A total of 267 newly diagnosed IS children aged between
4 and 17 years were consecutively recruited at our center
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from February 2023 to August 2023. Diagnosis of IS was
confirmed clinically by a senior spine surgeon. Inclusion
criteria were: (i) untreated IS patients presenting for the first
time; (ii) age between 4 and 17 years; (iii) main TL/L curve
between 10° and 40°; and (iv) the lower limb at the convex-
ity of the main curve.”® Exclusion criteria included the
requirement for bracing or surgical intervention, structural
LLD =2 cm, medical conditions affecting bone metabolism
and history of operations affecting the growth of the spine,
pelvis, and/or lower limbs. Ethical approval was obtained
from the Clinical Research Ethics Committee (No. 2023-
0739), and written informed consent was obtained from all
subjects and their guardians.

Radiologic Assessments

All patients underwent standing full-spine and full leg length
posteroanterior (PA) X-ray radiographs. Patients were posi-
tioned naturally with their tiptoes symmetrically on the line
parallel to the X-ray cassette. Curve severity was graded
using the Cobb angle on the full-spine radiograph. Structural
LLD was measured from the center of the femoral head to
the center of the ankle joint on the full leg length radiograph,
while functional LLD was measured as the vertical distance
between the upper edge of the bilateral femoral heads.'>*"**
Pelvic obliquity was defined as the angle between the hori-
zontal reference line and the pelvic coronal reference
line.**** Trunk shift was defined as the distance between the
C7 plumb line and the center sacral vertical line, with a shift
to the concavity of the main TL/L curve denoted by a nega-
tive sign.”> Other clinical and radiographic parameters col-
lected included gender, age, Risser grade, the level of the
upper end vertebra (UEV) and lower end vertebra (LEV),
and the apex of the main curve.”*

Management of Sole Lift

Custom sole lifts (made of ethylene vinyl acetate copolymer
material, manufactured by China Jinhua Deren Rehabilita-
tion Aids) were applied to the shorter lower limb with the
aim of leveling the pelvis (Figure 1). Patients received
detailed personalized instructions, with initial daily wear pre-
scribed for at least 10 hours, and visited our clinic every 3-
4 months. Adjustments to the size of the orthosis were made
if the curve severity or pattern altered, if it did not meet the
patient’s growth, or if the patients complained of lower back
pain. Standing PA X-ray films were taken during follow-up.
Outcome assessment followed SRS criteria,”” considering a
decrease of 25° in the Cobb angle of the main curve at the
latest follow-up as effective management (and otherwise con-
sidered ineffective).

Statistical Analysis

The data was expressed as mean =+ standard deviation. For
data that was normally or approximately normally distrib-
uted, a two-tailed paired sample f-test was used to study the
difference between the pre- and post-sole lifting, and a two-
tailed Student f-test was used to study the difference between
the effective and ineffective patients. For skewed data or
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Figure 1 Custom orthosis for sole lift.

those with unconfirmed normality, the Mann-Whitney test
was used for group comparison. The y*-test was used to
compare the incidence of gender between two groups. Multi-
linear regression analysis was used to compare the difference
in the post-sole lifting TL/L Cobb angle (dependent variable)
between the effective and ineffective group (Groupeftective/inef-
fectivee independent variable) with controlling the other
influencing factors (independent variable). In the regression
model, the effective patient was assigned a value of “0” and
the ineffective was assigned a value of “1.” All statistical
analysis was performed with SPSS 19.0 software (SPSS, Chi-
cago, IL, USA). For all tests, p < 0.05 was considered statisti-
cally significant.

Results

Efficacy of Sole Lift Intervention on Curve Correction

The demographic and anthropometric characteristics of the
patients are summarized in Table 1. A total of 20 patients
were included, comprising 10 boys and 10 girls, with an
average age of 12.3 £ 3.1 years (range: 7-17 years). Of the
20 patients, 15 had structural LLD of <10 mm, and four
patients had structural LLD of >10 mm. Only one patient
had equal lower limb lengths. The average follow-up period
was 6.4 £ 1.9 months (range: 3-8 months).

Following sole lift intervention, there was a significant
decrease in the TL/L Cobb angle from pre-sole lifting mea-
surements  (15.6° £6.2°) to the post-sole lifting
(12.1° £ 7.2°, p < 0.001), corresponding to a correction rate
of 23.4% =+ 25.9%. Similarly, the thoracic Cobb angle showed
a notable decrease compared with post-sole lifting
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measurements (12.2° £ 4.0° vs. 8.6° & 6.3°, p = 0.064), with
a correction rate of 33.8% + 50.8% (Table 2).

According to the SRS criteria,”> 9 of 20 patients
showed significant curve reduction of >5°, demonstrating
effective treatment response to sole lift (Figure 2), and eight
patients showed a reduction between 0 and 5°. Two patients
showed no change in curve magnitude, likely due to
advanced skeletal maturity, characterized by a Risser sign of
4 and being 2 years post-menarche. Meanwhile, one 10-year-
old female patient exhibited curve progression from 10° to
15°, attributed to her significant growth potential. Pelvic
obliquity and functional LLD were also decreased signifi-
cantly from pre- to post-sole lifting (p < 0.05).

Relationship between Lower Limb Discrepancy, Pelvis

and Scoliosis

Further analysis comparing the effective and ineffective treat-
ment groups revealed a significant difference in structural
LLD, with the effective patients exhibiting smaller LLD
(4.8 £ 32 mm vs. 9.3 £ 4.6 mm, p = 0.020, Table 1). This
suggested that when there was a smaller LLD, more correc-
tive force generated by the sole lift intervention would be
transmitted to TL/L spine. Correlation analysis demonstrated
significant correlations between the correction rates of TL/L
and thoracic curves, functional LLD, and pelvic obliquity
(r =0.4-0.6, p < 0.05). However, no significant correlation
was found between the correction rate and structural LLD
(p > 0.05). Moreover, there were significant correlations
between structural and functional LLD as well as pelvic
obliquity (r =0.6-0.7, p <0.05), suggesting the pelvis
actively compensated to maintain balance between the spine
and lower limbs. Trunk shift exhibited negative correlations
with TL/L UEV (r = —0.505, p = 0.027), LEV (r = —0.521,
p =0.022), and apex (r= —0.554, p = 0.014), indicating
that a lower position of the TL/L curve corresponded to
decreased trunk shift. Additionally, trunk shift was negatively
correlated with pelvic obliquity (r = —0.469, p = 0.043),
suggesting that smaller pelvic obliquity was linked to more
significant trunk shift.

Multiple linear regression analysis with adjustment for
other influencing factors confirmed the significant difference
between pre- and post-sole lifting TL/L Cobb angles
(p = 0.037, Table 3), suggesting the effectiveness of sole lift
intervention in correcting the TL/L curve.

Discussion

his study investigated the effectiveness of sole lift inter-

ventions in pediatric patients with a main TL/L curva-
ture. The results suggested that sole lifts could effectively
manage and potentially correct mild TL/L curvature in pedi-
atric IS patients, emphasizing the significance of considering
biomechanical compensation of LLD and pelvic adjustments
in IS treatment strategies.
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Table 1 The demographic and anthropometric characteristics of all the pediatric mild IS patients

Parameters All (N = 20) Effective group (N = 9) Ineffective group (N = 11) p-value
Age (years) 123+ 3.1 12.1+ 3.4 124+ 2.8 >0.05°
Gender (female, male) 10, 10 6,3 4,7 >0.05
Risser grade 2.3+3.1 22+2.1 2.3+2.0 >0.05
TL/L Cobb angle (°) 15.6 + 6.2 15.6 + 5.7 156+ 7.1 >0.05%
Thoracic Cobb angle (°) 12.2 + 4.0 12.3+ 4.7 12.0 + 3.6 >0.05°
Structural LLD (mm) 7.1+45 4.8+ 3.2 9.3+4.6 0.020°
Functional LLD (mm) 71+41 6.4 + 3.9 7.7+34 >0.05°
Trunk shift (mm) 5.4 +£13.0 3.7 £13.2 7.3+13.3 >0.05%
Pelvic obliquity (°) 3.0+ 1.6 24+15 3.7+1.4 0.070°
TL/L UEV 12+ 1.4 12+1.3 11+1.5 >0.05°
TL/L LEV 16 + 0.9 16 + 0.9 16 + 0.8 >0.05
TL/L Apex 14 +1.3 15+1.3 14 +1.2 >0.05
Sole lift (mm) 7.0+ 3.0 6.1+2.6 79+31 >0.05°
Note: If the vertebra number is <12, it refers to thoracic vertebrae; and if the vertebra number is >12, it represents lumbar vertebrae (i.e., 11 means T11, 13
means L1, and 14 means L2). IS, idiopathic scoliosis; LEV, lower end vertebra; LLD, lower limb discrepancy; TL/L, thoracolumbar/lumbar; UEV, upper end verte-
bra; 2 Comparisons between the effective and ineffective patients using independent-sample t-tests; ® Using Wilcoxon rank-sum test; °Using y>test.

Table 2 Comparisons of the radiographic features between the pre- and post-sole lifting idiopathic scoliosis patients

Parameters Pre-sole lifting Post-sole lifting Correction rate p-value
TL/L Cobb angle (°) 15.6 + 6.2 121 +7.2 23.4% + 25.9% <0.001
Thoracic Cobb angle (°) 12.2 +4.0 8.6 +6.3 33.8% + 50.8% 0.064
Trunk shift (mm) 5.4 +13.0 2.6 +16.9 — 0.547
Pelvic obliquity (°) 3.0+16 1.8+1.6 — 0.002
Functional LLD (°) 7.1+441 3.1+3.9 — <0.001

Note: IS, idiopathic scoliosis; LLD, lower limb discrepancy; TL/L, thoracolumbar/lumbar. All comparisons were using paired-sample t-tests.

Efficacy of Sole Lift Intervention on Curve Correction

Leg length discrepancy is a common orthopaedic condition
and particularly prevalent among pediatric populations. Var-
ious studies have reported a wide range of prevalence rates
of 40% to 70%, highlighting the variability in defining
LLD.”"> A 2005 meta-analysis by Knutson'* found a high
prevalence of LLD in the general population, with only a
small percentage of individuals having equal leg lengths.
Including a total of 573 patients, 90% of patients had at least
a 1I-mm LLD and approximately 50% of the population had
a 4 mm discrepancy or less. The present study revealed a
high prevalence of LLD (95%) among IS patients, consistent
with previous findings,” "> suggesting that LLD might be
unrelated to the occurrence of IS.

The progression of IS has long been studied, with per-
ipubertal longitudinal growth potential and initial larger
curve magnitude being key determining factors.>®*® Several
studies have shown that the probability of curve progression
decreases with increasing age or advancing Risser grade.>®
Additionally, premenarchal status has been confirmed as a
high risk factor for curve progression.® Beyond these biologi-
cal factors, larger curve magnitude was identified as the
greatest risk factor for curve progression, irrespective of
growth status and curve pattern.”® It has also been reported

that greater progression occurs in patients with double-curve
or right thoracic pattern.”® The findings from these studies
implied that the risk of curve progression increased with
greater growth potential and curve magnitude and was asso-
ciated with specific curve patterns. In our study, age and
Risser grade were significantly positively correlated with
TL/L and thoracic curve severity, consistent with previous
research.”***?” However, our study found no significant cor-
relation between LLD, whether structural or functional, and
curve severity, aligning with previous research.”® These find-
ings indicated that LLD might not play a significant role in
IS progression.

Treatment approaches for juvenile and adolescent IS
varied widely, ranging from observation to rehabilitation
exercises and bracing.>*>**° Bracing was considered the
most effective non-surgical treatment for curves >20° or 25°.
However, patients with mild curves of <20° had limited
effective treatment options to slow or halt curve progression.
The use of sole lift intervention for controlling curve pro-
gression remains controversial. Some studies have reported
its ineffectiveness due to poor correlation with TL/L
scoliosis,”® while, other studies have shown promising
results.'®'*?! Park et al.'® demonstrated a significant reduc-
tion in the Cobb angle in scoliosis patients treated with
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Figure 2 A 15-year-old male adolescent idiopathic scoliosis. (A) Pre-sole lifting standing full-spine radiograph; thoracolumbar/lumbar (TL/L) curve
magnitude of 15°. (B) After 7 months of follow-up with sole lift management, the TL/L curve reduced to 7°. (C) Pre-sole lifting full leg length
radiograph, where “e” is the line from the center of the femoral head to the center of the ankle joint, representing the lower limb length.

(D) Measurement of pelvic obliquity (a), defined as the angle between the pelvic coronal reference line (line a) and the horizontal reference line (line
b); functional lower limb discrepancy (LLD) is the vertical distance between the upper edge of the bilateral femoral heads (lines ¢ and d).

Table 3 Comparisons between the effective and ineffective idiopathic scoliosis patients after adjustments of the other influencing factors

Parameters Constant GroUPefrective/ineffective TL/L Cobb angle p-value Adjusted R?
Post-sole lifting TL/L Cobb angle B -5.016 4.917 —0.991 <0.001 0.878
P 0.092 0.037 <0.001

assigned a value of “1.”

TL/L, thoracolumbar/lumbar.

Note: Multilinear regression analysis with a stepwise method was used; In the regression model, the dependent variable was the post-sole lifting TL/L Cobb angle,
and independent variables were the TL/L Cobb angle and groupesrective,inefrective in Which the effective subject was assigned a value of “0” and the ineffective was

custom-made foot orthoses. In this randomized controlled
study of 26 patients aged between 13 and 60 years, it was
found that the foot orthoses could significantly reduce the
scoliosis angle by approximately 7° with the follow-up of
4 weeks. D’Amico et al.”>' reached a similar conclusion. Nev-
ertheless, these studies lacked detailed information on scolio-
sis etiology, curve patterns, and differential diagnosis of
functional scoliosis, which are essential factors for assessing
treatment effectiveness. In a retrospective study by Lee
et al,'® foot orthosis was found to significantly reduce curve
magnitude from 22.03° & 4.39° initially to 18.86° & 7.53
after wearing foot orthoses in 52 juvenile IS patients. How-
ever, details regarding the curve pattern and the relationship
between the spine, pelvis, and lower limbs were not thor-
oughly described.”” Moreover, a substantial number of

patients with curves >25° did not receive bracing treatment
as recommended.'®

The present study focused on pediatric IS patients with
a main TL/L curve, using sole lift intervention for correction.
To ensure patient homogeneity, only those with the lower
limb at the convexity were included in the study. Our results
showed that most patients (17 of 20) experienced curve
reduction after sole lift intervention, suggesting its effective-
ness in this specific subgroup of patients. Therefore, it was
suggested that the sole lift on the convexity was an effective
treatment for the main TL/L IS patients with the lower limb
at the convexity, which was significantly more effective than
the observation and rehabilitation exercises.**>***° The
mechanism behind this effectiveness might involve the pro-
duction of an inverted correction force on the TL/L curve by
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the sole lift at the convexity, resolution of functional scoliosis
components, and interruption of the curve progression
cycle.'®

Furthermore, our study observed significant improve-
ments in thoracic and TL/L curvature in most patients
within 3-8 months after the sole lift intervention. This
suggested that sole lift management might lead to curvature
improvement within 6 months in pediatric IS patients with
mild TL/L curvature.

Relationship between Lower Limb Discrepancy, Pelvis

and Scoliosis

Correlation analysis revealed that the rate of curve correction
was negatively correlated with functional LLD and pelvic
obliquity but showed no correlation with structural LLD.
This demonstrated that the correction force from the lower
limbs after sole lift could not directly act with the spine with-
out the pelvic compensation. Therefore, functional LLD and
pelvic obliquity were believed to represent pelvic compensa-
tion capacity in the coronal plane, serving as crucial links
between sole lift intervention and spinal correction,’>?’
which indicated that smaller functional LLD and pelvic
obliquity meant the better correction effects of sole lift.
Hence, patients with structural LLD of >2 cm were excluded
from our study design to minimize interference from func-
tional scoliosis on the results.

Additionally, our findings demonstrated a negative
relationship between trunk shift and the position of the TL/L
curve, suggesting that smaller trunk shifts were associated
with a lower position of TL/L curvature. Meanwhile, trunk
shift was also negatively correlated with pelvic obliquity.
These findings revealed a complete spinal-pelvic compensa-
tion link involving trunk shift and pelvis. When the pelvis
compensated more, the spine would save more compensa-
tion by utilizing trunk shift; conversely, increased trunk shift
might occur to compensate when the pelvis compensated
less, maintaining balance in the spinal-pelvic link.”*

Limitations and Strengths

Our study exhibited two primary limitations that merit fur-
ther discussion. First, the modest number of participants and
the relatively brief follow-up period might compromise the
robustness of our findings. These constraints hindered a
comprehensive evaluation of all factors potentially influenc-
ing the efficacy of sole lift interventions. Consequently, larger
cohorts and extended study durations are essential to vali-
date the efficacy of sole lift interventions and to elucidate
their relationship with various influencing factors, as well as
other potential benefits for patients. Second, our research
was confined to pediatric IS patients with a main TL/L curve
and lower limb at the convexity. This specificity might
restrict the generalizability of our results to other IS patient
groups. Therefore, future studies are necessary to evaluate
the effectiveness of sole lift interventions across diverse
patient types and to establish the most suitable indications
for this novel treatment approach.”

SOLE LIFT IN THE IS TREATMENT

However, this study exhibited several strengths that
bolstered its significance and credibility within the field.
First, by specifically focusing on the main TL/L IS patients
with the lower limb at the convexity, the research enabled a
detailed exploration of sole lift efficacy within a well-defined
group. This targeted approach facilitated a deeper under-
standing of how sole lifts influence this subset of IS cases.
Second, with a follow-up period of up to 6 months, the study
provided valuable insights into the short-term effects of sole
lift intervention. This timeframe was sufficient to observe
potential changes in curvature and to assess the sustainability
of the intervention’s effects. Third, by collecting a compre-
hensive range of data, including spinal curve measurements,
pelvic obliquity, and LLD, the study presented a holistic view
of the biomechanical changes induced by sole lift interven-
tion, potentially informing a management strategy for IS.

Conclusion
In conclusion, our study was promising and offered valu-
able evidence supporting the effectiveness of sole lift inter-
ventions as a supplementary conservative management
strategy for pediatric IS patients with main TL/L curve and
lower limb at the convexity. Moreover, our results
highlighted the active compensation of the lower limbs and
pelvis in the etiopathogenesis of IS, emphasizing the impor-
tance of considering their influence in developing treatment
strategies.
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