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~—ABSTRACT ~

Background: Adolescent idiopathic scoliosis (AIS) is a complex spinal deformity often requiring surgical
correction in progressive cases. While posterior spinal fusion (PSF) is the standard treatment, long-term
outcomes beyond 10 years and the impact of Lenke classification and fusion length on patients” quality of life
remain underexplored. This study aims to evaluate the 10-year postoperative outcomes of AIS patients treated
with PSE, comparing results across different Lenke curve types and fusion lengths.

Methods: This retrospective study with a minimum follow-up of 10 years analyzed a cohort of 98 AIS
patients who underwent PSF. Those with neuromuscular, congenital, or syndromic scoliosis were excluded.
Outcomes included radiographic parameters and patient-reported metrics: SRS-22, SF-36 and Oswestry
disability index (ODI). Subgroup analyses were performed based on Lenke classification and number of
vertebrae fused.

Results: Patients showed excellent long-term outcomes, with a mean SRS-22 total score of 4.5, SF-36
physical and mental scores above population norms and a mean ODI of 5.6%, indicating minimal disability.
Lenke 1 patients (single thoracic curves) had superior outcomes in pain, satisfaction and total SRS-22 scores
compared to those with more complex curves. Shorter fusions (<nine levels) were associated with better
function, self-image and lower disability, without compromising satisfaction or pain relief.

Conclusion: Posterior spinal fusion in AlS yields durable improvements in function, pain and quality of

J@‘e after 10 years. Shorter fusion constructs and simpler curve patterns are linked to slightly better outcomes,
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(supporting selective fusion strategies when appropriate. These findings underscore the value of individualized |
surgical planning based on curve characteristics and motion preservation, while integrating modern
technologies and Al models to further improve inter-reliability, decision making and patients’ quality of life.

Keywords: scoliosis, long-term outcomes, surgical outcomes, quality of life,

Lenke classification and fused levels.
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INTRODUCTION

dolescent idiopathic scoliosis (AlS) is

a three-dimensional spinal deformity

characterized by lateral curvature

and vertebral rotation occurring in

otherwise healthy adolescents, typi-
cally between 10 and 18 years of age (1). It af-
fects approximately 2-4% of the adolescent
population, with a higher prevalence in females,
especially for curves that progress and require
intervention (2). The natural history of untreated
AlS varies — while mild curves often remain sta-
ble, moderate to severe deformities can progress
during growth and may result in pain, cosmetic
deformity and compromised pulmonary func-
tion. Surgical correction is indicated primarily for
patients with progressive curves exceeding
45-50 degrees or for those with significant de-
formity and imbalance, where conservative
treatments such as bracing are ineffective. Poste-
rior spinal fusion (PSF) with segmental instru-
mentation has become the gold standard surgi-
cal treatment, aiming to halt curve progression,
restore spinal balance and improve patients’
health-related quality of life (3). Determining op-
timal fusion levels is critical to maximize defor-
mity correction while preserving as much spinal
mobility as possible, particularly in the lumbar
spine where motion preservation is essential for
long-term function (1, 4).

Long-term follow-up after AIS surgery is es-
sential to evaluate the durability of correction,
the development of potential complications such
as adjacent segment degeneration, implant-re-
lated issues and overall functional outcomes (5).
Despite advances in surgical techniques and in-
strumentation, there remains a relative paucity
of studies reporting outcomes beyond 10 years
postoperatively, which are necessary to under-
stand the full impact of surgery across a patient’s

lifespan. The Lenke classification system, widely
adopted in clinical practice, assists surgeons in
curve assessment and guides fusion strategy by
categorizing scoliosis based on curve type, lum-
bar modifier and sagittal thoracic profile (6). The
system helps to tailor fusion length according to
curve complexity, aiming to balance sufficient
deformity correction and motion preservation.
However, there is ongoing debate about the
extent of fusion necessary for different curve
types, particularly for double or triple curve pat-
terns where longer fusions may affect quality of
life (3, 7).

The current literature shows variability in sur-
gical planning and outcomes based on Lenke
classification and fusion length, with some stud-
ies highlighting inconsistencies in practice and a
need for more robust long-term data (7, 8).
Moreover, few studies have evaluated large co-
horts with long-term follow-up exceeding
10 years to establish the relationship between
initial curve characteristics, surgical strategy and
sustained clinical outcomes. Therefore, this study
aims to retrospectively analyze a cohort of AlS
patients treated with PSF, focusing on the impact
of curve patterns classified by Lenke, fusion
lengths and long-term surgical outcomes with a
minimum follow-up of 10 years. We hypothesize
that shorter fusion lengths, when appropriately
selected based on Lenke classification and curve
flexibility, will be associated with favorable
long-term radiographic and clinical outcomes,
including preserved spinal balance and quality of
life. O

MATERIALS AND METHODS

his retrospective study evaluated a cohort of
98 consecutive patients who underwent PSF
for AIS in a single tertiary referral center. The in-
clusion criteria consisted of a diagnosis of AlS, an
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TABLE 1.
Study data

age between 10 and 18 years at the time of sur-
gery and a minimum postoperative follow-up
duration of 10 years. Additionally, all patients
underwent posterior spinal instrumentation and
fusion using pedicle screw constructs. A consent
form was signed by all patients and ethical ap-
proval was obtained by KAT General Hospital
(358/30-5-2025). The exclusion criteria included
all patients with neuromuscular, congenital, or
syndromic scoliosis, patients who underwent
combined anterior—posterior or isolated anterior
scoliosis correction, those with a history of previ-
ous infection and patients who underwent re-
moval of instrumentation. Institutional review
board approval was obtained prior to data col-
lection and analysis. Demographic and surgical
data were collected from medical records and
operative reports, while the functional outcomes
were collected by re-examination or by phone
call. Radiographic parameters were obtained
from preoperative and long-term follow-up ima-
ging. Curve classification was performed using
the Lenke system based on standard preopera-
tive standing anteroposterior, bending and lateral
radiographs. Fusion length was determined
based on curve flexibility, structural characteris-
tics and the need to achieve stable balanced cor-
rection. Postoperative follow-up was conducted
at regular intervals and included clinical evalua-
tions and standardized radiographic assessments.
All statistical analyses were performed with the
statistical software SPSS, version 17.00 (SPSS Inc.).
All data were entered into a secure database and
further analyzed using descriptive and compara-
tive statistics where appropriate. Continuous
variables were expressed as mean = standard
deviation (SD) and categorical variables were
summarized as frequencies and percentages.
Further subgroup analyses were performed to
examine outcomes by Lenke curve type and fu-

sion length. Because the primary objective of this
study was to evaluate the effect of surgical treat-
ment, a priori power analysis based on a paired
t-test was conducted to ensure that the recruited
sample size provided at least 80% statistical
power to detect clinically meaningful differen-
ces. A p-value of <0.05 was considered to indi-
cate statistical significance. U

RESULTS

emographics and baseline characteristics
(10-year follow-up)

The cohort consisted of 98 adolescents who un-
derwent PSF for AIS, with a mean age at surgery
of 14.8 years. Consistent with the epidemiology
of AIS, the majority of subjects (83.7%) were fe-
males. The average preoperative major curve
magnitude was 54.2°, indicating that most pa-
tients presented with moderate to severe defor-
mities requiring surgical correction. The most
common curve pattern, as classified by the Lenke
system, was Type 1 (thoracic curves), which ac-
counted for 56.1% of cases, followed by less fre-
quent double and triple curve types (Types 2—6).
The average number of fused vertebrae was
10.2, reflecting the surgical need to address both
structural curves and adjacent segments to en-
sure long-term stability and alignment (Table 1).

At a minimum of 10 years postoperatively,
the average follow-up duration was 127.4
months, demonstrating a robust long-term sur-
veillance of outcomes. This extended follow-up
period is essential for evaluating the durability of
surgical correction, the development of any late
complications such as adjacent segment dege-
neration and overall functional recovery. The de-
mographic and surgical characteristics observed
in this cohort are consistent with established
trends in AlS treatment, providing a representa-

Variable Mean + SD Range Additional information
Age at surgery (years) 148+ 1.6 11-18 | Peak incidence: early adolescence
Sex 82 females (83.7%) - Retlects AIS epidemiology
16 males (16.3%)
Major curve magnitude (°) 542+ 10.1 40 - 80 Preoperative Cobb angle
Lenke classification Type 1: 55 (56.1%) - Type 1 most prevalent
Type 2: 14 (14.3%)
Type 3: 10 (10.2%)
Type 4-6: 19 (19.4%)
Fusion length (vertebrae) 10.2+2.1 6— 14 Longer fusions in double/triple curves
Follow-up duration (months) |127.4 + 8.2 120 — 144 | Mean: 10.6 years

SD: standard deviation
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TABLE 2.
Long-term
functional

outcomes

tive baseline for further analysis of clinical and
radiographic outcomes.

Patient-reported outcome measures at
10 years
At a minimum 10-year follow-up, patients who
underwent PSF for adolescent idiopathic scolio-
sis demonstrated excellent long-term functional
and health-related quality of life outcomes
(Table 2). The mean SRS-22 total score was 4.5,
indicating a high level of overall satisfaction with
surgical treatment. All subdomains of the SRS-22
showed favorable results, with the highest scores
observed in satisfaction with management (4.7)
and pain (4.6), suggesting sustained relief from
scoliosis-related discomfort and strong approval
of the surgical intervention. Function and
self-image scores were also notably high, reflec-
ting the ability of patients to return to normal
physical activity and the positive cosmetic out-
comes achieved through deformity correction.
Mental health scores further supported a favo-
rable psychosocial adjustment following surgery.
Additional outcome measures reinforced the
positive impact of long-term surgical correction.
The SF-36 scores for both physical (54.3) and
mental (52.5) health components were slightly
above the population norm (mean ~50), indi-
cating that these patients not only recovered well
but maintained a quality of life on par with or
better than their peers. The Oswestry disability
index (ODI) score averaged 5.6%, placing the
majority of patients in the “minimal disability”
category. These findings collectively suggest that
PSF in AlS provides durable correction, excellent
physical and mental function, minimal pain and
disability and high satisfaction into early adult-
hood, supporting its continued role as a defini-

tive treatment for progressive spinal deformity in
adolescents.

Comparison by Lenke classification

At 10-year follow-up, patients with Lenke 1
curves — representing single thoracic deformities
— demonstrated the most favorable long-term
outcomes across multiple domains (Table 3).
Their mean SRS-22 total score was the highest
(4.6), significantly better than those with more
complex curves (Lenke 3-6), who averaged 4.3
(p = 0.03). Notably, Lenke 1 patients reported
lower levels of pain (4.7 vs. 4.4, p = 0.04) and
greater satisfaction with surgical management
(4.8 vs. 4.5, p = 0.05). Functional scores were
also higher in Lenke 1 patients, although the dif-
ference was not statistically significant. These
findings suggest that single-curve deformities,
which generally require shorter fusion lengths
and have more predictable correction, result in
slightly better long-term physical and psychoso-
cial outcomes.

Patients with more complex curve patterns
(Lenke 2 and 3-6), while still showing good out-
comes overall, tended to report slightly lower
scores in domains related to self-image and satis-
faction. These groups often require longer fu-
sions and correction of multiple structural curves,
which may influence both the perceived and
actual postoperative outcomes. However, even
among these more complex subtypes, the
SRS-22 scores remained above 4.0 in all do-
mains, and SF-36 physical and mental health
scores remained within or above normal popu-
lation ranges. Oswestry disability index scores
remained low across all groups (mean < 7%),
indicating minimal long-term disability regar-
dless of curve type. Collectively, the data support

Outcome measure Mean + Range [ Interpretation
SD
SRS-22 total score 45+0.3 4.0-5.0 | Excellent overall satisfaction
SRS-22 subdomains
— Function/activity 44%04 3.5-5.0 | High activity level with minimal
limitations
— Pain 4604 4.0-5.0 | Minimal to no pain at long-term follow-up
— Self-image 43+0.5 3.0-5.0 | Positive perception of body image
— Mental health 45+04 3.5-5.0 | Strong emotional well-being
— Satisfaction with management 4703 4.0-5.0 | Very high satisfaction with surgical
outcome
SF-36 (PCS — Physical component summary) | 54.3 £4.9 [44-62 | Slightly above population norms
SF-36 (MCS — Mental component summary) | 52.54+5.2 | 42-65 | Reflects excellent mental health
Oswestry disability index (ODI) 5.6+4.3 0—18 | Minimal disability

774 Maedica | Adournal of Clinical Medicine, Volume 20, No. 4, 2025



LoNGTERM OUTCOMES OF ScoLiosis CORRECTION SURGERY

TABLE 3. Comparison of
long-term outcomes by

TABLE 4. Influence of
fusion length on long-term
functional outcomes and

Outcome Lenke 1 Lenke 2 (n | Lenke 3—6 |p-value |Interpretation
measure (n = 55) =14) (n=29)
Lenke classification
SRS-22 total 46+03 4.4+0.3 4.3+04 0.03* Lenke 1 reports highest overall satisfaction
— Function 45+04 |43+04 [42+05 0.06 Slight trend toward better function in Lenke
1
— Pain 47+03 (45+04 44+05 0.04* Lower long-term pain in Lenke 1 curves
— Self-image 44+£05 [42+£05 |[4.1+£06 0.12 Cosmetic satisfaction slightly lower in
complex curves
—Mental health (4.6+04 |45+04 [44+04 0.18 Stable across all types
— Satisfaction [4.8+03 [|46+03 [45+£04 0.05* Higher satisfaction in single-curve
deformities
SF-36 PCS 55.1+4.7 |53.6+48 [524+5.1 10.07 Physical scores slightly better in Lenke 1
SF-36 MCS 528+50 (523451 |51.7+5.6 |032 No significant differences
ODI (%) 49+37 [62+4.1 6.8+5.0 0.08 Disability remains low across all groups
Outcome measure | Shorter fusions Longer fusions p-value |Interpretation
(<nine levels, n = 44) | (=10 levels, n = 54)
SRS-22 total 46+0.3 44403 0.04* Better outcomes in shorter fusions
— Function/activity |4.6+ 0.3 43+0.4 0.02*  |Higher function with preserved quality of life
mobility
— Pain 46+04 45+04 0.21 Comparable pain relief
— Self-image 44+0.5 42405 0.08 Trend toward better self-image in
shorter fusions
— Mental health 45+04 45+04 0.88 No difference in emotional
well-being
— Satisfaction with |4.7 + 0.3 46+03 0.38 High satisfaction across groups
management
SF-36 PCS 55.6+4.6 532+5.0 0.07 Physical health slightly better in
shorter fusions
SF-36 MCS 529+5.1 52.1£5.2 0.42 No difference in mental health
Oswestry disability |4.3 3.8 6.7+4.5 0.05* Less disability in shorter fusion
index (ODI, %) group

the effectiveness of PSF in treating AlS across the
Lenke spectrum, while highlighting slightly better
outcomes in patients with simpler single-curve
deformities.

Comparison by fused levels

To evaluate the influence of fusion length on
long-term functional outcomes and quality of
life, the cohort was stratified into two groups
based on the number of vertebrae fused: shorter
fusions (<nine levels, n = 44) and longer fusions
(=10 levels, n = 54). These cutoffs were selected
to reflect typical surgical decision-making bound-
aries between selective and more extensive fu-
sion constructs in AlS (Table 4).

At a mean follow-up of 127.4 months, both
groups demonstrated excellent patient-reported
outcomes, but subtle differences emerged. Pa-
tients with shorter fusions reported slightly higher
SRS-22 total scores (4.6 vs. 4.4, p = 0.04), pri-

marily driven by better function and self-image
subdomains. These patients also had marginally
lower ODI scores (4.3% vs. 6.7%, p = 0.05), in-
dicating less perceived disability in the long term.
Notably, the function/activity score was signifi-
cantly higher in the shorter fusion group (4.6 vs.
4.3, p = 0.02), suggesting a possible benefit of
preserving more mobile spinal segments.

In contrast, patients with longer fusions, while
still achieving high satisfaction and minimal pain,
showed a modest reduction in physical and
self-image domains, potentially reflecting the
biomechanical limitations of extensive instru-
mentation and fusion. SF-36 scores for both
physical (53.2 vs. 55.6, p = 0.07) and mental
(52.1vs.52.9, p = 0.42) components were com-
parable between groups, and satisfaction with
management remained uniformly high across
both groups (4.7 vs. 4.6, p = 0.38).
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These findings suggest that, while both shor-
ter and longer fusions lead to excellent long-term
outcomes, shorter fusions may offer a slight ad-
vantage in preserving physical function and
self-perception, reinforcing the principle of se-
lective fusion where appropriate (Figure 1). 4

DISCUSSION

his study demonstrates excellent long-term

outcomes in adolescents undergoing PSF for
idiopathic scoliosis, with a mean 10.6-year fol-
low-up. The average SRS-22 total score of 4.5
and SF-36 physical and mental component
scores (54.3 and 52.5, respectively) indicate sus-
tained functional, psychosocial and health-rela-
ted quality of life benefits after surgery. Stratifica-
tion by Lenke classification revealed that patients
with Type 1 curves — typically simpler single tho-
racic deformities — achieved superior outcomes
compared to those with more complex curves
(Types 3-6). Specifically, Lenke 1 patients had
significantly higher SRS-22 total scores (4.6 vs.
4.3, p = 0.03), better pain scores (4.7 vs. 4.4,
p = 0.04) and greater satisfaction with manage-
ment (4.8 vs. 4.5, p = 0.05). These results align
with prior studies reporting more favorable out-
comes in less extensive deformities due to pre-
dictable correction and fewer surgical demands
(3, 8-10).

Influence of fusion length

Fusion length also played a role in shaping
long-term outcomes. Patients with shorter fu-
sions (<nine levels) reported higher SRS-22 total
(4.6 vs. 4.4, p = 0.04), function (4.6 vs. 4.3,
p = 0.02) and lower ODI scores (4.3% vs. 6.7%,

p = 0.05) compared to those with longer fusions
(=10 levels). This supports the principle of mo-
tion segment preservation where feasible, as
maintaining unfused lumbar segments may con-
tribute to improved physical function and re-
duced mechanical stress on adjacent levels.
While both groups achieved high satisfaction
and minimal disability, the observed trends sug-
gest that selective fusion may optimize outcomes
in appropriately selected cases without compro-
mising deformity correction or patient satisfac-
tion (11, 12).

Shoulder/neck balance and biomechanics

A study by Chan et al (2021) examined 111 AIS
patients with Lenke 1 curves and stratified them
into flexible and stiff subtypes based on the pro-
ximal thoracic side-bending Cobb angle (8).
Their findings demonstrated that patients with
stiff proximal thoracic curves were significantly
more likely to exhibit postoperative shoulder
and neck imbalance. Specifically, the stiff group
had greater preoperative T1 tilt and cervical axis
deviation and postoperatively they exhibited a
much higher incidence of positive T1 tilt (41.0%
vs. 2.0%), radiographic shoulder height discre-
pancy (26.2% vs. 12.0%) and clavicle angle
asymmetry (24.6% vs. 10.0%) compared to those
in the flexible group (8). These results emphasize
the need for nuanced preoperative assessments
to identify patients at risk of residual imbalance,
which may have implications for both functional
and cosmetic outcomes (13, 14).

The challenging decision of selective fusion
In cases involving more complex double curve
patterns such as Lenke type 6C, surgical deci-
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sions regarding selective fusion remain challen-
ging. Chang et al (2021) reported encouraging
results in a preliminary study of patients under-
going selective thoracolumbar-lumbar fusion.
Among 13 patients with Lenke 6C curves, they
observed spontaneous correction of the unfused
thoracic curve from an average of 46.1° preo-
peratively to 34.2° at the final follow-up. Impor-
tantly, no significant differences in patient-re-
ported outcomes, including SRS-22 scores, were
noted when comparing Lenke 6C patients with
those having Lenke 5C curves (9). These findings
suggest that, with appropriate curve flexibility
and sagittal balance, selective fusion can be a
safe and effective option for managing even
more complex deformities, reducing the need
for longer fusion constructs (15, 16).

The extent of lumbar fusion has emerged as a
key determinant of postoperative health-related
quality of life. Frantzén et al (2023) examined
outcomes across various Lenke curve types and
found that patients undergoing more extensive
lumbar fusion, particularly those with Lenke 5
and 6 patterns, reported lower scores on
quality-of-life metrics. This reinforces the princi-
ple that preserving as many mobile segments in
the lumbar spine as possible may contribute to
better long-term functional outcomes. These
findings support a trend toward shorter fusion
strategies when biomechanically and radio-
graphically appropriate, balancing deformity cor-
rection with motion preservation. Despite ad-
vancements in classification and surgical
technique, significant variability remains in the
application of treatment strategies across differ-
ent institutions and surgeons. A multicenter sur-
vey conducted by Schlager et al (2023) revealed
considerable discrepancies in the surgical plan-
ning for AIS, particularly in Lenke types 1 and 5,
which had lower interrater agreement (x = 0.39
and k = 0.32, respectively). This variability was
most pronounced in the choice of fusion levels
and highlights the influence of individual sur-
geon experience and interpretation on treatment
planning. While the Lenke system provides a
structured framework, its interpretation and im-
plementation continue to vary, especially in
more ambiguous curve types (3, 7, 17).

Role of emerging technologies (Al)
Puno et al (2003) previously demonstrated the
value of adhering to classification-based recom-

mendations, showing that patients whose surge-
ries followed Lenke-guided strategies experi-
enced superior outcomes in T1 tilt correction
and proximal thoracic curve management. This
underscores the utility of structured classification
in achieving predictable surgical outcomes, al-
though it also suggests that such frameworks
must be applied flexibly and in conjunction with
clinical judgment (2, 18, 19). The integration of
emerging technologies offers new opportunities
to improve the precision of preoperative plan-
ning. Dong et al (2024) introduced an artificial
intelligence-based tool using multiple-view se-
mantic segmentation to enhance the accuracy
and consistency of radiographic measurements
in AlS. Such tools may reduce interobserver vari-
ability in classification and assist in identifying
optimal surgical strategies based on a more stan-
dardized assessment of curve characteristics
(20-22). 1

CONCLUSION

n summary, posterior spinal fusion for adoles-

cent idiopathic scoliosis provides excellent
long-term outcomes, with sustained improve-
ments in function, pain relief and health-related
quality of life at a mean follow-up of over
10 years. Patients with simpler single thoracic de-
formities (Lenke 1) achieve the best results, dem-
onstrating higher satisfaction, lower pain and
better overall function compared to those with
more complex curves. Shorter fusion constructs,
when anatomically and biomechanically feasi-
ble, are associated with improved physical func-
tion, lower disability and preservation of motion,
supporting the principle of selective fusion. Care-
ful preoperative assessment of curve flexibility
and thoracic/shoulder biomechanics is essential
to minimize the risk of postoperative shoulder or
neck imbalance and optimize cosmetic and
functional outcomes. Despite the structured
guidance of classification systems, variability in
surgical planning persists, highlighting the impor-
tance of individualized clinical judgment. O
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