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Abbreviations

Al — Artificial Intelligence

CA — Cobb Angle

CT — Computed Tomography

CVM - Congenital Vertebral Malformations
MRI — Magnetic Resonance Imaging

PSO — Pedicle Subtraction Osteotomy
RVAD — Rib-Vertebral Angle Difference
SCD — Spondylocostal Dysostosis

TIS — Thoracic Insufficiency Syndrome
VACTERL — Vertebral defects, anal atresia, cardiac defects, trachea-esophageal fistula, renal
anomalies, and limb abnormalities

VEPTR — Vertical Expandable Prosthetic Rib

3D — Three dimensional
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1. Summary

Congenital scoliosis is a complex spinal deformity caused by a malformation of the vertebral bodies
during embryonic development. It is often associated with other systemic anomalies. The prognosis
depends largely on the type, location and number of malformations, as well as any associated intra-,
or extraspinal pathologies. Early diagnosis is crucial, as the first years of life are considered to be a
critical period for the course of the disease and can be decisive for the success of treatment. The
therapeutic approach must be individually adapted to the individual child and be multidisciplinary in
nature, this is the only way to take account of both structural features and functional needs. Growth-
directed procedures such as convex instrumented hemiepiphyseodesis with concave distraction allow
correction of the deformity while preserving thoracic and spinal growth. In the case of a 13-month-
old child with multiple deformities and concomitant syringomyelia, the need for staged surgical
intervention, including shunt implantation, hemivertebrectomy and pedicle subtraction osteotomy
(PSO), was demonstrated to both secure neurological function and achieve structural correction.
Complications such as implant failure highlight the importance of continuous imaging and a dynamic
therapeutic approach. Forward-looking technologies such as Al-based image analysis, patient-
specific 3D models and epigenetic research promise to further improve treatment planning and
prognosis. Early detection and precise, personalised treatment are essential to avoid serious long-term
consequences such as thoracic insufficiency syndrome (TIS) and to ensure long-term quality of life

for affected children.

2. Keywords
Congenital scoliosis, vertebral malformations, hemivertebra, kyphoscoliosis, growth modulation,
thoracic insufficiency syndrome, convex hemiepiphysiodesis with concave distraction, imaging,

epigenetic, multimodal imaging, Al

3. Methodology

For the preparation of this paper, systemic literature research was conducted via PubMed, Google
Scholar, and specialist databases and focused on publications from 2015 to 2024 in order to reflect
the current state of scientific discussion, clinical diagnostics, and surgical treatment options. Systemic
reviews, guidelines, case series, as well as original papers related to etiology, classification, imaging,
and treatment of congenital scoliosis were considered. In addition, the Orthobullets platform was
used. The purpose of this review is to present a structured overview of current clinical guidelines and

treatment options for congenital scoliosis, incorporating a clinical case to contextualize the provided



theoretical information. Although the methodological focus was on current literature, the work of
Mehta (1972) was explicitly included in the analysis as it represents a significant historical milestone
in the diagnosis of infantile scoliosis. For practical illustration, a clinical case of a 13-month-old boy
with multiple congenital malformations was analyzed retrospectively. The clinical, radiological, and
surgical findings were reconstructed on the basis of existing documentation and compared with
findings from the literature. The selection and evaluation of surgical interventions were based on
recognized decision-making aids and individual anatomical conditions.

In addition, promising technological developments were critically reflected upon in the discussion to

highlight potential perspectives for improved care.

4. Introduction

Congenital scoliosis refers to a complex and heterogeneous group of spinal deformities that originate
in the incorrect embryonic segmentation or formation of the vertebral bodies between the 4" and 6
week of gestation (1,2). The prevalence is between 0,5 and 1 per 1000 live births, with many cases
only being diagnosed late by incidental findings, which indicates a high number of unreported cases
(2). Overall congenital scoliosis accounts for around 10% of all scoliosis cases, with the course of the
disease varying greatly from individual to individual: while a quarter of deformities are non-
progressive, around 50% are progressive, sometimes with a significant impact on body posture and
organ function (2). The pathogenesis is multifactorial with genetic factors, such as mutations in the
TBX6 or FBNI gene, and environmental factors, such as maternal diabetes or alcohol exposure (2).
In many cases, congenital scoliosis is not limited to the spine. Frequently, patients have additional
abnormalities of other organ systems, particularly the cardiovascular, urogenital, or central nervous
system (3).

Prognosis of congenital scoliosis is not only dependent on the type of vertebral malformation, but
also on its location, number and possible combinations (1,4). Early assessment of prognosis is
particularly important in the first few years of life, which is considered to be a critical period for
future outcomes (2)

Clinically, the care of these children requires a high degree of individualized treatment. The course
of the disease is often difficult to predict and is characterized by recurrent diagnostic and therapeutic
decisions which aim to prevent later complications (2).

In the context of these complex medical and surgical challenges, this work aims to provide a
structured review of current concepts on the pathogenesis, diagnosis, and treatment of congenital
scoliosis. The focus is on a clinical case of a 13-month-old boy with multiple spinal deformities who

underwent a growth-directing, multi-stage treatment with accompanying complications. The purpose
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of this particular case analysis is to illustrate the complex reality of the care of affected children and
underline the need for individualized treatment paths.

The conclusion will evaluate the selected operative method used in this case in comparison with other
possible options.

In addition, the concluding discussion will reflect promising future developments such as epigenetic
approaches, Al-supported image analyses, and the use of patient-specific 3D models to highlight

possible perspectives for improving patient care.

5. Literature review

5.1. Etiology
The exact etiology of congenital scoliosis is not entirely understood, but it is likely multifactorial,

including environmental and genetic factors (2).

5.1.1. Embryological development and pathogenesis

To truly understand congenital scoliosis, it is important to understand the embryonic development of
the human body. This is because it is at this stage that fundamental processes are started that are
crucial for the development, classification, and progression of the disease. Therefore, the following
section will take a closer look at the development of the spine during embryogenesis and its
significance for the pathogenesis of congenital scoliosis. The third week of embryonic development
is particularly important. During this phase, the bilaminar embryonic disc develops into the trilaminar
disc, consisting of ectoderm, mesoderm and endoderm.

This process is known as gastrulation. Among other things, the notochord develops from the
mesoderm and serves as an important signalling structure. It triggers the formation of the neural tube
from the ectoderm, which later becomes the central nervous system. At the same time, the paraxial
mesoderm differentiates into somites. These are the precursors of the vertebral bodies, ribs and
associated muscles. Disruptions in this developmental process can lead to malformations of the spine,
and thus to the development of congenital scoliosis. Segmentation of the somites occurs in a head-to-
tail sequence and is regulated by signaling pathways, including FGF, WNT, Notch, and retinoic acid
gradients. In the fifth week of gestation, the somites differentiate into dermatome, sclerotome, and
myotome, and the cells of paired sclerotomes migrate to surround the notochord and neural tube,
forming the precursors of the vertebrae. The intervertebral discs arise from a cell-free space between
the neighboring sclerotomes, while the vertebral bodies develop by fusion of the rostral and caudal
sclerotome domains. During the sixth week, the developing vertebrae begin the process of

chondrification, the transition from mesenchymal tissue to cartilage. A disruption in this mechanism



or in one of the tightly controlled pathways can result in vertebral malformations contributing to

congenital scoliosis (1,2,5).

5.1.2. Environmental factors

There are different environmental factors that are thought to have a positive relationship with
congenital vertebral malformations (CVM). One of the most significant environmental influences in
congenital scoliosis is fetal hypoxia, which can arise from maternal smoking, high altitude exposure,
or carbon monoxide exposure. It was shown in a mouse model that in an acute carbon monoxide
exposure at 9.5 days of gestation of mice, which correlates with the thoracolumbar spine development
in humans, there was a high degree of vertebral abnormalities. Another study demonstrated that
hypobaric hypoxia on day 10 of gestation in mice resulted in vertebral defects (6).

Short-term oxygen deprivation has been found to result in a secondary downstream effect on the
Notch pathway. As was mentioned earlier, it is a key regulator in somite formation and vertebral
segmentation. Interference with this signaling pathway can result in somite compartmentalization
errors and vertebral malformations (6). It has been shown that hypoxia promotes the development of
reactive oxygen species, leading to oxidative stress and cellular damage (5) . This imbalance promotes
the apoptotic process and decreases the expression of Pax3, a gene that plays a central role in somite
formation and neural tube closure (5,7). Additionally, early hypoxic conditions are shown to influence
the vascular development of intersegmental arteries, which are important for resegmentation and early
chondrification of the vertebral bodies (6).

Maternal diabetes is another factor contributing to the development of congenital scoliosis. It is shown
that hyperglycemia induces an increased production of reactive oxygen species, which causes
apoptosis in the developing somites (1,2,5). Other teratogenic factors include hyperthermia, whereby
proteins in the notch pathway are bound with heat shock proteins. Reactive oxygen species also
contribute to the teratogenic effects of maternal smoking and valproic acid exposure during
pregnancy. Maternal smoking is a source of carbon monoxide, which leads to reactive oxygen species
production (1,2,5).

There are no endocrine factors that have been considered as a possible cause of congenital scoliosis

2).

5.2. Genetic factors

Genetic factors in the development of congenital scoliosis remain largely unclear, exome sequencing
identified potentially associated genes. Studies indicate that a combination of a TBX6 null mutation
and a hypomorphic allele may account for approximately 11% of sporadic congenital scoliosis cases

(8). TBX6 is essential in the process of somitogenesis (9). The Notch signaling pathway genes,
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including DLL3, MESP2, LFNG, HES7, and RIPPLY?2, are also associated with somitogenesis, and
their mutations have been identified in spondylocostal dysostosis (SCD), but no definitive causative
link to congenital scoliosis has been established (10). Although mutations in the LFNG gene are
primarily associated with SCD, they also have been reported in isolated cases of patients with
congenital scoliosis (10). The FBN1 gene is coding for fibrillin-1, a glycoprotein which is essential
for the formation of microfibrils in connective tissue. Mutations in this gene are known for their
association with Marfan syndrome, but they have also been proposed as a possible monogenic cause
of congenital scoliosis (2). Marfan syndrome and other connective tissue disorders such as Beals,

congenital muscular dystrophies, and hypotonia are also associated with congenital scoliosis (2).

5.3. Physical examination and history taking

The diagnosis of congenital scoliosis is often made incidentally, for example during physical
examinations or imaging studies for other medical reasons (5). Malformations can usually be detected
prenatally by ultrasound between 20 and 28 weeks of pregnancy, and in some cases as early as 12
weeks. Despite this, 25% of affected infants receive a diagnosis within the first year, and nearly 50%
of cases are confirmed by the age of three (5). The diagnosis of congenital scoliosis is made through
clinical evaluation, imaging studies, and genetic testing. A comprehensive family medical history,
review of obstetric records and antenatal imaging are essential for the prenatal detection of possible
spinal malformations and the planning of an individualized treatment plan (2,11). A careful medical
history is vital to identify known risk factors such as smoking, diabetes, or substance use (2). During
the clinical examination, abnormalities in the coronal, sagittal, trunk and pelvic alignment should be
carefully documented (5,12). It is also important to note the child's age, height and weight, as these
parameters are important predictors of skeletal growth and the likelihood of progression of the
curvature (5). Thoracic insufficiency syndrome, which refers to the inability of the thorax to support
normal respiration and lung growth, can result from compression of the height and depth of the rib
cage as a consequence of congenital scoliosis (5,13). The thumb excursion test should be performed
to assess lung function, and the baby should be examined for deformities, asymmetry, and the
excursion and inspiratory/expiratory function of the chest wall. Furthermore, the neurological status
should be evaluated, and the body should be checked for skin and orthopedic anomalies (5).

The malformations of congenital scoliosis are not limited to vertebral malformations but are often
multisystemic, with skeletal and non-skeletal malformations beyond the vertebral malformations in
30 to 60% of cases. Congenital scoliosis is commonly associated with syndromes such as VACTERL,

Goldenhar syndrome, Klippel-Feil syndrome, and Jarcho-Levin syndrome (1-3,5).



The reported percentages of anomalies in congenital scoliosis vary significantly across different
studies. Cardiac anomalies have been reported in 4.9% to 54% of congenital scoliosis patients, with
ventricular septal defect being one of the most common cardiac anomalies (4,5,11). Moreover,
urogenital anomalies range from 4.9% to 40%, and intraspinal anomalies vary from 10% to 58%,
both among the most common anomalies in patients with congenital scoliosis (1,3,5). When one
nonskeletal abnormality is discovered, it predicts the presence of other abnormalities, and the location

of the curve may indicate the associated abnormality (5).

5.4. Imaging

A combination of imaging studies is essential for the accurate diagnosis and treatment plan of
congenital scoliosis. They are used to assess vertebral anomalies, curve progression as well as
associated anomalies. Anteroposterior and lateral plain X-ray imaging is the first-line diagnostic tool
(2). Measurement of the Cobb angle (CA) is a useful method for quantitative assessment of spinal
curvature (14). It can also be used to determine the extent of segmentation and formation defects and
to monitor disease progression over time, making it a central component of routine follow-up in
scoliosis (3,5). Computed Tomography (CT) scans provide a more detailed visualization of the
vertebral anomalies, allowing a better understanding of the bony structures and deformities. This
makes them in particular useful in pre-operative planning and complex cases (11). Since the radiation
exposure is increased compared to other imaging modalities, it should be limited to cases where you
need additional anatomical details especially in preoperative planning(5). It can furthermore be used
to detect if thoracic insufficiency syndrome is present (2). Magnetic resonance imaging (MRI) is
indicated in all patients with congenital scoliosis, particularly before surgery, to detect spinal cord
malformations such as tethered cord, syringomyelia, diastematomyelia, or cysts (1-3,5,15).
Ultrasonography can detect vertebral anomalies as early as the second trimester, making it a valuable
imaging tool for diagnosis (11). It is effective in identifying structural abnormalities but has limited
sensitivity in detecting minor vertebral defects, often necessitating follow- up postnatal imaging (5).
Since it is radiation- free and non- invasive, ultrasonography can assess related organ system
anomalies. Given that urogenital anomalies occur in 4. 9% to 40% of patients with congenital
scoliosis, a renal ultrasound plays a crucial role and should be performed during postnatal assessment
(3). Furthermore, echocardiography should be conducted, considering the frequent association
between congenital scoliosis and congenital heart defects (3,16). In summary, each imaging modality
contributes to a comprehensive evaluation of patients with congenital scoliosis. X- rays are essential

for initial assessment and monitoring progression; MRI is important for detecting intraspinal
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anomalies; CT scans provide critical visualization of bony structures, especially before surgery; and

ultrasound aids in the detection and assessment of associated anomalies.

5.5. Classification

Accurate classification is essential for understanding the nature of the deformity, predicting its
progression, and selecting appropriate treatment approaches (17). Over time, classification systems
have evolved from simple radiographic observations to advanced three-dimensional image-based
models.

The classification method proposed by Winter and collaborators in 1968, shown in figure 1, was the
earliest and was based on radiographic findings (17).

This classification organizes congenital scoliosis into three primary categories: failures of formation,
failures of segmentation, and mixed anomalies. Failures of formation occur when a vertebra does not
fully develop, leading to asymmetrical spinal growth and scoliosis (18). They can be subdivided into
semisegmented hemivertebrae, fully segmented hemivertebrae, and wedge vertebrae. A fully
segmented hemivertebra has normal intervertebral discs above and below, allowing for independent
growth (18). It has a higher potential for progression, particularly if it is unilateral, as it promotes
asymmetrical growth (18). The partially segmented hemivertebra (semisegmented in Figure 1) is
fused to an adjacent vertebra on one side while maintaining an open disc space on the other side,
which limits its growth potential compared to the fully segmented hemivertebra (18). Another
hemivertebra that forms as a result of a failure of formation is the wedge vertebra. This type represents
a partial failure of vertebral body formation, where one side of the vertebra is underdeveloped, leading
to an angular deformity (18). Failure of segmentation occurs if two or more vertebrae fail to separate
properly, which leads to rigid spinal segments that restrict normal growth. They can be subdivided
into block vertebrae and unsegmented vertebrae. Block vertebrae, which are the least likely to cause
any significant deformity, result from bilateral segmentation defects where adjacent vertebrae are
completely fused, eliminating normal disc spaces and preventing movement at the affected part (18).
A unilateral unsegmented bar is a bony bar on one side of the spine, often on the concave side of the
scoliosis curve, which fuses both the disc spaces and/or the facets and does not grow (18). Mixed
failures involve a combination of formation and segmentation defects. The hemivertebra with a
contralateral unsegmented bar has the highest potential for progression and represents a condition
where a hemivertebra on one side causes asymmetric growth, while an unsegmented bar on the

opposite side restricts movement, leading to a severe curve (18).
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Figure 1: Reference: 1

With the advancement in medical imaging, new classification models emerged. In 2004, Imagama
and colleagues introduced a system that used three-dimensional imaging to analyze vertebral
anomalies more precisely. In addition to the formation errors, they included the structural components
of the anterior and posterior vertebrae (17).

In 2009, Kawakami expanded upon previous models by incorporating three-dimensional computed
tomography imaging. This classification, shown in figure 2, differentiates between solitary simple

malformations, multiple simple anomalies, complex anomalies, and pure segmentation failures (17).

Type 1 Solitary simple (unison) type
Hemivertebra
Wedge vertebra
Butterfly vertebra
Defect
Others
Type 2 Multiple simple (unison) type
Combination of hemivertebra, wedge
vertebra, or butterfly vertebra
Discrete, adjacent, or others
Type 3 Complex (discordant) type
Mismatched complex type
Mixed complex type
Type 4 No abnormal formation type
Pure segmentation failure

Figure 2: Reference 50

In 2015, Burnei and Gavriliu proposed a more recent classification, shown in figure 3. They consider
not only vertebral formation and segmentation defects but also the role of longitudinal and rotational
imbalances in the progression of scoliosis. In this classification, a distinction is made between

scoliosis due to longitudinal imbalance, which is caused by vertebral malformations that primarily
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affect the coronal plane, and scoliosis due to rotational imbalance, which is affected by asymmetric
vertebral growth and unequal distribution of forces along the spine (17). Approximately 80% of
congenital scoliosis cases are due to abnormalities in vertebral formation or segmentation, with the
remaining 20% being a combination of both abnormalities (18).

Classification of congenital scoliosis has evolved considerably over time. Whereas early systems,
such as the Winter classification, were primarily based on radiographic criteria, modern approaches,
such as the Burnei-Gavriliu classification, offer a more sophisticated and predictive model for
diagnosis and treatment planning of spinal deformities (17).

Treatment of congenital scoliosis is based on several factors, including the number of affected
vertebral segments, the degree of curvature, the presence of fused ribs, and the skeletal maturity of
the patient.(17). Approximately 80% of congenital scoliosis cases are either formation or
segmentation failures, while the remaining 20% consist of mixed anomalies (18). The classification
of congenital scoliosis has evolved significantly. While early systems, such as Winter’s, relied
primarily on radiographic assessments, contemporary methods, including the Burnei-Gavriliu
classification, offer a more detailed and predictive framework for the diagnosis and management of

spinal deformities (17).
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Figure 3: Reference 13

5.6. Treatment

The management of congenital scoliosis depends on several factors, including the number of affected
vertebral segments, the severity of the curve, the presence of fused ribs, and the patient's skeletal
maturity. Since congenital scoliosis arises from structural vertebral anomalies, non-surgical
approaches have limited effectiveness; thus, surgical intervention is often necessary to prevent curve
progression. A structured treatment approach can be visualized using the guide to surgical decision-

making proposed by Agnivesh Tikoo and colleagues, illustrated in figure 4.
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Figure 4: Reference 16

5.6.1. Non-surgical treatment

Non-surgical treatment approaches include the use of bracing and close monitoring (1). Bracing is
commonly used in idiopathic scoliosis to arrest the curve progression during growth (19). However,
its effectiveness in congenital scoliosis is reduced due to the structural rigidity of the vertebral
anomalies (1,2,18). Observation is favored in patients with mild, non-progressive congenital spinal
deformities, like incarcerated hemivertebrae, nonsegmental hemivertebrae, and some partially
segmented hemivertebrae. This includes regular radiographic and clinical monitoring without

immediate intervention (1,20).

5.6.2. Surgical treatment

In situ fusion involves stabilizing the vertebrae in their current alignment without significant
deformity correction. It primarily addresses progressive, minimal deformities associated with
unilateral unsegmented bars (1). Typically, an improvement in curvature of about 10° to 15° can be
achieved with instrumental correction (2). Possible complications include pseudarthrosis, loss of
correction and the crankshaft phenomenon, which can occur particularly in younger patients (2).
Anterior diskectomy has been shown to enhance stability and prevent the crankshaft phenomenon
(2). Since a multi-level arthrodesis is known to decrease the vital capacity, it is recommended to
extend along a short segment (2). It is recommended for younger patients with progressive non-

deforming curves not exceeding 40° angles (2).

Hemivertebrectomy is a surgical procedure where the malformed vertebra, along with the neighboring
disks, laminae, and pedicles, is excised to rectify severe spinal imbalance (1,2). With reported
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corrections up to 40°, it provides better curve correction outcomes compared to in-situ fusion and
hemiepiphysiodesis (2). This technique is recommended in the case of patients under six years with
hemivertebrae, especially in the thoracolumbar and lumbar spinal regions, which are less vulnerable
to neurological damage during manipulation, with a curve exceeding 40° (1,2). Hemiepiphysiodesis
is a surgical procedure that deliberately stops the growth of the vertebral bodies on the convex side
of the curve. At the same time, the concave side is allowed to continue growing, gradually correcting
the curvature over time (2). This method is suited for patients younger than five years, presenting
with fully segmented hemivertebrae and a moderate curvature of less than 70° without significant

kyphosis and a short segment of vertebrae (2).

Growing rods is a technique used for long-segment progressive deformities in young patients with
the goal of controlling the spinal curvature but still allowing progressive spinal elongation to maintain
pulmonary function and avoid early fusion (2,5,21). The rods are anchored above and below the curve
and undergo lengthening every four to six months until final fusion is performed (2,5). The dual-rod
technique, which has shown a Cobb angle improvement of 29-50%, is superior in terms of stability
and correction compared to the single-rod approach (2,5). Disadvantages are the frequent procedures,
the increased radiation due to repeated imaging, and the chance of autofusion due to the repeated
lengthening procedures (2,5). Complications, including implant-related issues such as rod breakage

and anchor failure, occur in approximately 50% of cases with growing rods (5,22).

Expansile thoracoplasty is a surgical approach aimed at enlarging the thoracic cavity and improving
respiratory function (5). It is indicated in congenital scoliosis patients with multiple rib fusion or
absence, whereby thoracic insufficiency syndrome can develop (2). The Vertical Expandable
Prothetic Titanium Rib (VEPTR) is a primary device used in the expansile thoracoplasty which is
hooked around the ribs, spine, or pelvis, depending on the severity of the deformity and is the only
effective solution in the surgical treatment of TIS (2,23). Its lengthening occurs every five to six

months on the concave side of the curve (2,5).

Vertebral Column Resection (VCR) is a surgical procedure used in cases with ridgid residual curves,
neurological deficits or failure of previous treatments. It involves the complete removal of vertebral
segments, including the vertebral body, lamina, transverse processes and, if necessary, parts of the
ribs. The spine is then stabilized to ensure correction and restore stability (2). The primary objective
of this reconstructive osteotomy is to restore spinal balance and remove fusion masses, but it is

associated with neurological complications in 8% of cases and spinal injury in 2% of patients (2,24).
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Figure 5 presents a treatment algorithm proposed by Armer Sebaaly and colleagues, whose main

criteria for determining an optimal treatment plan include age, the magnitude of the Cobb angle, and

the type of formation (2).
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Figure 5: Reference 2

5.7. Impact of congenital scoliosis on the Quality of life

The occurrence of non-spinal anomalies, particularly cardiac and renal malformations, is very
common in patients with congenital scoliosis (CS). These comorbidities can lead to increased health
burden, limited physical activity, and reduced quality of life, highlighting the need for a
multidisciplinary approach to the management of these patients.

Children with congenital scoliosis who received a Vertical Expandable Prosthetic Titanium Rib had
better functional outcomes and body image satisfaction compared with patients who received
conservative treatment or spinal fusion (18). These results suggest that early treatment with
expandable implants preserves growth potential, improves lung function and contributes to a better
quality of life in the long term. In particular, children with TIS have a lower quality of life compared
to patients with chronic heart disease or malignancy, highlighting the importance of prevention and
early intervention (13).

In addition to physical limitations, congenital scoliosis can be psychologically distressing. The visible
deformity and associated functional limitations can lead to psychological distress, low self-esteem
and a significantly reduced overall quality of life (25). In addition, studies show that affected children

have an increased risk of anxiety and depression (26).
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6. Case presentation

Congenital scoliosis is a challenging deformity resulting from vertebral anomalies that occur during
embryonic development. In this chapter, we will discuss a complex case of a 13-month-old boy with
multiple congenital spinal anomalies, progressive kyphoscoliosis, and intraspinal pathology. This
case illustrates the challenges a spine surgeon has to face and also the surgical management of
congenital scoliosis. Furthermore, it emphasizes the possible complications like rod breakage,
implant dislocation, and emerging vertebral anomalies at different levels. Moreover, it highlights key
principles, which include an early diagnosis, the need for repeated interventions, and the need for a
detailed investigation.

Our patient is a 13-month-old boy who presented with a noticeable spinal deformity. No records
regarding prenatal complications, family history, or maternal risk factors were available. On initial
evaluation, his neurological exam showed no motor or sensory deficit. His physical appearance was
remarkable for significant kyphoscoliosis. No information about cutaneous markers or limb
deformities were available.

Figure 6 shows a 3D CT reconstruction of the patient's thoracic and lumbar spine. A thoracic scoliosis
with a curvature to the left and a lumbar curvature to the right are visible. Vertebral anomalies such

as a hemivertebra, block vertebra, and wedge vertebra are present. Asymmetric rib arches indicate

rotational deformity.

Figure 6: 3D — reconstructed CT scan of the thoracic and lumbar spine showing a left -sided thoracic scoliosis and right sided lumbar
curve. Multiple vertebral anomalies are visible, including hemivertebreae, block vertebrae, and wedge deformities.
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One of the key metrics for evaluating the severity of congenital scoliosis and estimating the potential
for curve progression is the Cobb angle, which remains the gold standard when measured on
radiographic films (2,27). To determine the Cobb angle, the Cobb- Lippmann technique is used. Lines
are drawn along the upper endplate of the uppermost vertebrae and the lower endplate of the lowest
vertebra. The angle of interest is the one formed by the intersection of these lines (2). Scoliosis is a
Cobb angle > 10°, and a Cobb angle < 10° is called spinal asymmetry (28). The concept of the rib-
vertebral angle difference, or RVAD, was originally introduced in the early 1970s by Dr. Mehta to
differentiate progressive from resolving infantile scoliosis. The rib-vertebral angle is calculated by
examining both the concave and convex sides of the apical thoracic vertebra, where each side’s angle
is formed by the vertebra and its corresponding rib. The R-V angle difference is the disparity between
the angles on these two sides (29). Mehta observed that 20 degrees serves as a critical cutoff. In cases
infantile scoliosis cases that later resolved spontaneously, the initial R-V angle difference was
typically under 20°. Conversely, curves that eventually progressed often began with an R-V angle
difference of at least 20° (29). In our case, the X-ray of the 13-month-old boy, presented in figure 7,
showed a Cobb angle of 52.7° and an RVAD of 41°, which makes a progression very likely.

STOVINT

Figure 7: Upright AP radiograph of the patients spine showing a primary thoracic scoliosis with a Cobb angle of 52.7°.

The lateral radiograph of our patient, shown in figure 8, revealed a pronounced thoracic kyphosis of
73.2°, surpassing the 20° cutoff typically used to define a pathologic curve in young children with
spinal deformities (30).
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Congenital kyphosis, particularly cases measuring well above 45°, typically necessitates surgical
rather than conservative treatment to restore sagittal balance and reduce the risk of neurological

compromise (31).

STOVINT

Figure 8: Lateral radiohgraph showing a severe kyphotic deformity with a measured kyphosis angle of 73.2°.

As mentioned, MRI imaging should be done to exclude spinal abnormalities prior to surgery. In this
case, an MRI revealed a syrinx from Th2-Th3 to Th12-L1 disc level.

Syringomyelia is with 5 to 20.2% quite common in patients with congenital scoliosis (2,32). The
presence of a syrinx can exacerbate a spinal deformity, triggering or worsening scoliosis or kyphosis
in pediatric patients (33). An early detection via MRI is essential because its identification and
treatment can reverse the deformity (33). Furthermore, the MRI of our patient showed a significant
kyphoscoliosis of the thoracic spine to the left and lumbar to the right.

Moreover, it revealed signs of spinal canal stenosis at Th8 and L4 levels.

In this patient, the preoperative MRI confirmed a large syrinx extending from T2-T3 down to T12-
L1, which posed a risk of neurological complications (Figure 9,10). As a result, the surgical team
decided to perform a syringo-subarachnoid-peritoneal shunt to decompress the intramedullary cavity
before addressing the spinal anomaly. The aim was to stabilize the intramedullary pressure to
minimize the risk of acute spinal cord injury during subsequent surgery. In this case, the team utilized
a syringo-subarachnoid-peritoneal route to divert syrinx fluid into the peritoneal cavity alleviating
cord expansion. This measure offered the best immediate safeguard against neurological deficits. It

decreases the risk of neurological compromise during correction surgeries (34).
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Figure 9: Sagittal T2-weighted MRI of the cervical and thoracic spine showing a large intramedullary syrinx.

Figure 10: Coronal T2- weighted MRI revealing a syrinx extending across multiple segments.

Despite the progression, the child was not yet demonstrating accelerated progression or neurological
compromise. Therefore, the initial plan was to observe. Regular follow-up X-rays were arranged to
monitor the angles. The decision for the surgery with the best outcome is very complex in most cases

of congenital scoliosis. (Figure 12).
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Figure 11: Serial lateral and AP radiographs during observation.

Without treatment, congenital scoliosis frequently leads to poor outcomes (20). Only a small minority
of 10% of untreated patients will have a mild curve (<20°), while the majority with 64% progress to
severe deformities exceeding 40° (20). Figure 4 provides a guide to surgical decision-making in
congenital scoliosis. In this guide, the treatment strategy depends on the number of malformed
vertebral segments and whether additional thoracic abnormalities, like fused ribs, are present. In
children with three or fewer malformed vertebral segments, a preventive approach or a corrective
approach can be used. The preventive approach consists of in-situ fusion. This method is usually done
in cases where the curvature is stable and not progressing rapidly. In situ fusion aims to halt further
progression without attempting significant progression. Another method is the corrective approach
which includes the hemivertebra resection or hemiepiphysiodesis. Hemivertebrectomy can
immediately improve alignment and is labeled acute because correction occurs at the time of surgery.
Alternatively, hemiepiphysiodesis is a gradual correction method.

When more than three segments are involved, the strategy shifts toward growth-friendly procedures
like growth rods.

Some children with congenital scoliosis also have fused ribs, which can significantly impact thoracic
growth and pulmonary function. If a patient presents with fused ribs, expansive thoracoplasty with a
VEPTR device is indicated.

In our case, the surgical team selected a strategy called convex instrumented hemiepiphysiodesis with
concave distraction. This decision was driven by the patient’s young age, the presence of a long,
multi-segmental thoracic curve, and the need to maintain spinal and thoracic growth.

Convex instrumented hemiepiphysiodesis with concave distraction applies growth-arresting pedicle

screw instrumentation and simultaneously distracts the concave side over a growing rod construct
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(35). An advantage of this technique is that it offers immediate improvement in coronal alignment
and rotational control without the need for anterior fusion (35). Since it is a guided growth measure
it also allows thoracic and spinal growth.

Compared to the other options, the convex instrumented hemiepiphysiodesis with concave distraction

was deemed safer and more acceptable due to its anatomical complexity. Figures 12 and 13 display

radiographic images before and after surgery.

Figure 12: Comparison of AP radiographs before (left) and after (right) convex instrumented hemiepiphysiodesis with concave
distraction.

Figure 13: Comparison of lateral radiographs before (left) and after (right) convex instrumented hemiepiphysiodesis with concave
distraction.

After the initial operation of a convex instrumented hemiepiphysiodesis with concave distraction, the
patient entered a critical phase of follow-up, which lasted several years. Postoperative radiographs
initially showed promising correction in both the coronal and sagittal planes, consistent with the

expected outcome of this technique. (Image 14)
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Figure 14: Serial AP and lateral radiographs during the postoperative follow-up.

Rod breakage, which occurred in our patient, is a well-documented complication of growth-friendly
spinal instrumentation (Figure 15). It can significantly impact clinical outcomes and often necessitates
unplanned revision surgeries. These fractures typically result from bending fatigue, especially under
repeated flexion stress over time (36). Breakage tends to occur at biomechanically vulnerable
locations, such as the apex of the deformity or the distraction junctions, where repetitive loading is
mostly concentrated due to dynamic spinal motion and corrective distraction cycles (36). Additional
insights into the clinical course of rod breakage are provided by Mehta et al., who evaluated
mechanical failure in traditional growing rod constructs and found a mechanical failure rate of 26%,
most often happening at the end of treatment (37). The study also noted that dual-rod constructs are
more resilient than single-rod setups (37). In contrast, our case employed a convex instrumented
hemiepiphysiodesis with concave distraction, a technique that avoids repeated lengthening. This
approach offers a biomechanical advantage in long, stiff congenital curves by guiding asymmetric

growth without the need for distraction-induced stress (35).
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Figure 15: Serial AP and lateral radiographs showing rod breakage during follow-up.

During the patient’s postoperative course, radiographs showed a dislocation of the upper implants
(Figure 16). This complication is consistent with the known challenges of growth-friendly spinal
instrumentation, particularly in constructs involving distraction and fusionless techniques.

Upper implant dislocation is a recognized complication in convex instrumented hemiepiphysiodesis
with concave distraction, especially when single screws are used for fixation. Demirkiran et al.
observed this issue in four out of 11 patients who were treated by this technique and in whom the
proximal, distal, or both pedicle screws were partially pulled out (35). The use of single-level pedicle
screws was identified as a risk factor, and the authors recommend extending fixation across two levels

proximally and distally to reduce the risk of mechanical failure (35).
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Figure 16: serial AP and lateral radiographs following revision surgery showing upper implant dislocation.
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Following the previously documented implant dislocation, further imaging shows the patient after
surgical revision (Figure 17). The placement of additional proximal pedicle screws can be seen,
suggesting that the surgical team was proactive in addressing previous implant issues. This is
consistent with the already mentioned recommendation described in the literature, which emphasizes
the importance of extending fixation beyond a single level to reduce mechanical failure (35).

Furthermore, it shows that the hemiepiphysiodesis instrumentation has been revised in the following.
Instead, a bilateral dual rod construct has been implemented, suggesting a transition in the treatment
strategy. The implant revision with bilateral rods improves construct rigidity and reduces the risk of
further rod fatigue. As mentioned dual rod systems are biomechanically more stable and associated
with fewer mechanical complications compared to single rod constructs (37). There is no further

evidence of screw loosening or rod fracture at this stage.
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Figure 17: Final AP and lateral radiographs following definitive surgical correction with additional pedicle screws and the
implementation of a bilateral rod construct.

In the following, a CT scan was done. It showed a hemivertebra at L5-S1, with apparent impingement
of the spinal canal (Figurel8). Despite this radiological finding, the patient remained neurologically
intact at this stage. Nevertheless, such a finding is clinically significant, as vertebral malformations
such as hemivertebrae can narrow the spinal canal and compromise the spinal cord or nerve roots
over time. Although our patient did not exhibit neurological deterioration, the presence of
impingement raises concern for potential tethering, nerve root irritation, or future compromise of
motor and sensory function in the lower extremities. This scenario is reminiscent of the
pathomechanics described in the case report by Hubbard et al., where a hemivertebra at T11 caused
spinal cord compression, although in that case, the source was an arachnoid web (38). Although no

arachnoid pathology was identified in our case, the mechanical narrowing from the L5-S1 vertebral
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malformation may result in similar compressive effects, especially if left untreated or if the
progression continues. Hubbard's case underscores that even stable or long-standing deformities can
later result in neural compromise, especially if structural anomalies narrow the canal (38). This
reinforces the clinical decision in our case to proceed with surgical resection of the L5-S1
hemivertebra, even in the absence of immediate neurological deficits, as a preventive measure to

avoid sudden or progressive neurological deterioration.

Figure 18: Sagittal T2-weighted MRI of the lumbar spine obtained during follow-up. The image shows impingement of the spinal canal
at the L5-51 level.

Following the identification of the hemivertebra at the L5-S1 level and the associated narrowing of
the spinal canal, the decision was made to surgically resect the malformed vertebra. Although the
patient had no neurological deficits at the time, the anatomical compression posed a clear risk of
future complications. Given the lumbosacral location and the canal impingement, surgical resection
was chosen to be the most effective preventive measure to protect long-term neurological and
functional outcomes.

An important consideration in this case was the anatomical positioning of the malformation. The L5-
S1 segment is positioned below the conus medullaris, meaning that the spinal cord has already
transitioned into the cauda equina in this area; this makes it less risky for spinal cord injury (28).
Before the definitive operation, the patient underwent a period of halo-gravity traction, lasting 3,5
weeks, with a force corresponding to approximately 50% of body weight. Halo traction is known to

improve the flexibility of ridged curves and reduce spinal cord tension prior to major corrections. As
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highlighted by Koller et al., this approach helps decrease neurological risk and optimize conditions
for surgery by gradually stretching the spinal column (39). It also improves preoperative pulmonary
function (39). In the context of this case, with an underlying impingement and prior syrinx formation,
preoperative traction likely played a protective role in decompressing the spinal canal while allowing
the surgical team to assess spinal cord tolerance in a controlled, low-risk manner.

Once traction achieved satisfactory correction, hemivertebra resection was performed. This approach
involved the removal of the malformed vertebral body, along with its pedicles and adjacent discs.
Gradual compression was applied using a posterior screw-rod system to close the osteotomy and
stabilize the spine (40).

Following the hemivertebra resection, the patient developed radicular pain in the right leg consistent
with L5 nerve root irritation. This likely resulted from mechanical stress or transient neural traction
during posterior compression and instrumentation.

Given the complexity of the deformity and the child’s ongoing skeletal growth, the surgical team
opted for a bilateral dual-rod construct spanning from Th1-S1. This arrangement, as stated before,
provides improved stability, and better protection against mechanical fatigue compared to single-rod
systems (37). The L5-S1 hemivertebra resection served both therapeutically and preventive. It
decompressed structural impingement, addressed pelvic tilt, and corrected spinal alignment, all while

minimizing neurologic risk. Most importantly, it was performed before the onset of irreversible

deficits.

Figure 19: AP and lateral radiograph following revision surgery showing a newly implemented posterior srew-rod system.
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Figure 20: AP and lateral radiographs showing bilateral posterior screw-rod instrumentation.

Despite the successful resection of the L5-S1 hemivertebra, follow-up imaging of the sagittal profile
revealed an insufficient restoration of global sagittal alignment. The patient continued to have a flat
lumbar profile with insufficient lumbar lordosis. Considering the importance of the lumbar curvature
in maintaining an upright posture and minimizing compensatory pelvic retroversion, correction of
this sagittal imbalance was the next step in surgical management.

To achieve this, a pedicle subtraction osteotomy (PSO) was performed at the L3 level. This technique
allows angular correction at a single vertebral level by removing a wedge-shaped segment of the
vertebral body, including the pedicles and posterior elements, and is most commonly used in the
lumbar region (41). PSO is particularly effective in rigid deformities, where intervertebral disc
flexibility is limited, and was well-suited for this case due to the patient’s persistent hypolordosis and
previous long-segment instrumentation (41). The L3 vertebra was chosen as the osteotomy site due
to its central position in the lumbar spine and its frequent use in sagittal plane correction. According
to Eskilsson et al., L3 and L2 are the most frequently selected levels for PSO, offering effective
angular correction without requiring anterior release (42).

The rationale behind performing PSO was not only structural but also functional. If uncorrected,
persistent sagittal imbalance is known to cause compensatory mechanisms such as pelvic
retroversion, pain, increased energy expenditure during walking, and ultimately, functional disability
and poor quality of life (41). It has been shown that when the sagittal alignment of the spine is restored
within physiological parameters, long-term outcomes are significantly improved (41).

In this case, not only was the spinal profile permanently corrected and the spinopelvic harmony
achieved with the combination of the L3 PSO and iliac screw fixation, but the long-term mechanical
stability of the implant is further enhanced. The postoperative radiographs demonstrated restitution
of the lumbar curvature and a well-balanced sagittal profile, indicative of the success of this global

surgical strategy.
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Figure 21: Detailed lateral view of the lumbosacral instrumentation (left) and overall sagittal alignment after final correction (right).

7. Discussion

The literature provides numerous recommendations and decision-making algorithms in the treatment
of CS, but this case also shows that standard protocols often reach their limits and require
customization. Its treatment is a major challenge for the surgeon due to the complexity and
individuality of each case. A very thorough examination of the patient is necessary, as well as close
follow-up monitoring, as the complication rate is very high at about 50%.

The findings presented in this work are in line with scientific understanding, which is becoming
increasingly interdisciplinary and differentiated.

The 13-month-old boy with thoracic kyphoscoliosis, syrinx, and an additional lumbar hemivertebra
which was described in this case, is an example of how multidisciplinary thinking, precise pre-, intra-
, and postoperative imaging and an individualized surgical concept must be combined.

Armer Seebaly and colleagues proposed a very detailed and structured approach for the appropriate
treatment of congenital scoliosis, which is shown in Figure 5.

The decision tree is divided into two major categories which are children younger than six years and
children ages six years until puberty. In infants and young children under six years, early detection
and monitoring are essential since congenital scoliosis may progress rapidly. The treatment depends
primarily on the Cobb angle and whether the child shows signs of TIS. For cases where the CA does
not exceed 40°, the recommended approach is regular radiographic follow-up to monitor the curve
progression. X-rays are performed every three months, and if the curve progresses by less than 5°,
the interval increases to all six and all twelve months. If the curve progresses by more than 5°, X-rays
are performed every three months. A surgical intervention is required if the CA is equal to or exceeds

40°. If the patient is older than six months and there is a type II rib deformity, VEPTR is indicated. It
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is also indicated if the patient is older than three years and thoracic insufficiency syndrome is present.
If the CA is between 40° and 50° and the patient has no lordosis in the region, a posterior in situ
fusion is indicated. With a CA> 50° and a hemivertebra at the apex, a hemivertebrectomy is indicated.
In the case of a fully segmented vertebra and a CA under 70° and a sagittal angle between 10° and
50°, a hemiepiphysiodesis with or without a posterior concavity distraction or Growing Rods are
indicated. Since our patient is 13 months old, we will not discuss the approach for patients older than
SIX.

Following this treatment algorithm, two different surgery options are available and could be used.
The first one is the hemivertebra resection since our patient has a CA over 50° and a hemivertebra at
the apex. The second one is the hemiepiphysiodesis with or without posterior concavity distraction
or growing rods because the patient has a fully segmented hemivertebra and a CA under 70° but the
patient has a kyphosis over 50° which speaks against it.

Compared to the other options, the convex instrumented hemiepiphysiodesis with concave distraction
was deemed safer and more acceptable due to its anatomical complexity.

Hemivertebra resection was ruled out due to several clinical factors. First, the patient presented with
a multilevel thoracic deformity, including a hemivertebra at T8, thoracic kyphosis exceeding 70°, and
the presence of a spinal cord syrinx extending from T2 to L1. Although hemivertebra resection is an
established procedure for the correction of isolated congenital deformities, it is mainly indicated for
patients with single and two-level vertebral defects, particularly in the thoracolumbar and lumbar
spine (2,20). In addition, hemivertebral excision often requires adjacent-level fusion to stabilize the
spine, which may compromise future thoracic and spinal growth. This limitation is even more
pronounced in the thoracic spine, where extensive fusion may compromise lung development (35).
In addition, resection in the presence of a syrinx increases the risk of neurological injury. The
literature on scoliosis with syringomyelia emphasizes the need for caution in instrumentation and
resection in such cases, as the spinal cord is vulnerable (34). The presence of a large syrinx can,
therefore, be a factor in excluding hemivertebra resection, as this requires precise manipulation near
the cord.

Growing rods can also be considered but were excluded since the ridged, malformed curve makes it
unlikely that growing rods alone would control the deformity at the apex (35).

In-situ fusion was ruled out due to its known effect on halting spinal and thoracic development if used
in a multi-level segment (2). The patient’s curve measured 53°, exceeding the limit typically
considered acceptable in in-situ fusion (2).

Finally, VEPTR can be excluded in this case as the patient does not have fused ribs or TIS.

In conclusion, convex instrumented hemiepiphysiodesis with concave distraction offered the best

compromise between correction and growth preservation. It is particularly effective in treating long,
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ridged curves in very young children while avoiding the risks associated with more aggressive

resection or fusion techniques (35).

Another important point in the diagnosis and treatment of congenital scoliosis that was highlighted
in this case is the importance of imaging. Firstly, preoperatively, a syrinx was detected, with 5-20,2%
quite common in patients with congenital scoliosis, illustrating the importance of preoperative
imaging (2). Its discovery was important for planning the surgical strategy and indicated the need for
a shunt.

Follow-up imaging revealed complications, in our case, a rod breakage and an upper implant
dislocation, which happens in approximately 50% of all patients with growing rods (5). Due to this
discovery, a later revision was necessary.

During the course of the disease, magnetic resonance imaging revealed a new stenosis at the L5-S1
level, although the patient initially had no neurological abnormalities. Hemivertebrectomy was
subsequently required. In addition, further sagittal radiographs revealed inadequate lumbar lordosis,
necessitating pedicle subtraction osteotomy (PSO). These developments highlight the importance of
continuous multimodal imaging as a key tool in the long-term management of complex congenital
scoliosis.

A promising approach to optimising these imaging-based processes is the integration of artificial
intelligence (AI). Modern Al-based systems are already able to automatically and accurately analyse
parameters such as the Cobb angle, which can be particularly helpful in the context of follow-up care
(43). In addition, machine learning algorithms allow for early detection of complex deformities based
on image data and can thus contribute to risk stratification and treatment planning (43,44). Although
these technologies have mainly been evaluated in idiopathic scoliosis, their future use in congenital
scoliosis seems particularly useful due to the complexity of the imaging.

The use of patient-specific 3D-printed spinal models is another technological enhancement that can
be particularly beneficial in anatomically challenging conditions, as in the case described here
involving multiple malformations.

These offer the surgical team a real, haptic reference structure that permits even more precise planning
and intraoperative guidance (45). A case study showed that such 3D models enable better visualization
of the pathoanatomical conditions than conventional CT or MRI data alone (45).

This technique is particularly suitable for complex pathologies and morphologies (45).

An individualized 3D model could also have potentially helped to minimize the risk in our patient,
for example, through more precise planning of screw positioning or segment selection during

stabilization surgery.
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In addition to traditional imaging, innovative technologies such as Al-based image analysis and 3D-
printed anatomical models are becoming increasingly important. Their targeted use in complex cases
such as the one described here could lead to more precise decisions, better functional results, and

possibly lower revision rates in the future.

Besides further technological development, a deeper understanding of molecular biological principles
is also important to better predict and treat complex courses such as the case presented here. Even
though no genetic or epigenetic diagnostics were carried out on our patient, current research results
indicate that epigenetic regulatory processes, such as DNA methylation, histone modifications, and
non-coding RNAs, play a significant role in the development of forms of scoliosis, including
congenital scoliosis (46).

Given the pronounced deformity with multiple hemivertebrae and an initial Cobb angle of over 50°,
it is a possibility that epigenetic dysregulation also contributed to the pathogenesis in this case. A
study by Wu et al. showed that the degree of methylation level of the KAT6B gene was positively
correlated with the Cobb angle (47). However, according to the current literature, there is still a
considerable need for research, particularly in the area of chromatin remodeling and histone
modification, as these mechanisms have not been insufficiently investigated in the context of
congenital scoliosis (46).

At the same time, the authors point out that epigenetic changes are, in principle, reversible, which

could open up new approaches to future diagnostic or therapeutic strategies (46).

Alongside the surgical complexity and careful imaging-based planning, the quality of life of the
affected children and their families is an equally central aspect in the treatment of congenital scoliosis.
Functional limitations and visible deformity can have a negative impact on both the child’s physical
performance and self-image. A study by Hsu et al. shows that in particular the subjective sense of
health is impaired in patients with congenital scoliosis, while other areas such as physical function,
social interaction and emotional well-being remain comparatively stable (48). The family
environment is also under considerable stress, particularly in the early post-diagnosis period. A
systematic review by Motyer et al. shows that parents are often confronted with a flood of
information, unclear prognoses and significant emotional stress, which can have an immediate
negative impact on their mental health (49).

It is likely that the multi-step nature of the patient's illness, with repeated interventions, regular
imaging and revision surgery, has also placed a heavy emotional burden on the family. At the same
time, it can be assumed that the structured surgical planning and the visible improvements in the

postoperative course contributed to psychological relief. Modern technological aids such as the
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patient’s specific 3D model can also indirectly have a positive impact on quality of life, for example,
through improved preoperative visualization, which supports the medical team in decision-making

and also contributes to a better understanding among parents (45).

8. Conclusion

Congenital scoliosis is a complex and clinically significant malformation of the spinal column that
arises from complex malformation mechanisms in early embryogenesis and is often accompanied by
systemic malformations. The diagnostic and therapeutic care of affected children requires a high
degree of interdisciplinary cooperation as well as an individual and dynamic treatment strategy, as
the course and prognosis are strongly influenced by the type, number, and localization of the vertebral
body anomalies as well as the possible comorbidities. A central aim of modern pediatric spinal surgery
is not only to correct the deformity but also to prevent long-term complications, such as thoracic
insufficiency syndrome.

The combination of different surgical approaches, ranging from shunt implantation to treat the syrinx
to hemivertebral resection and pedicle substraction osteotomy to restore sagittal balance, shows that
the success of treatment is largely dependent on continuous re-evaluation and adaptation of surgical
planning. Repeated imaging was crucial not only for the identification of acute complications but also
for the early detection of clinically relevant secondary pathologies.

This case also illustrates the enormous psychological and logistical burden of long-term therapy for
both the affected child and the family. It emphasizes the need to incorporate psychosocial aspects into
care at an early stage alongside medical and surgical standards. The potential contribution of new
technologies, such as Al-based image analysis or patient-specific three-dimensional print models, to
optimize planning and information and reduce complications offers forward-looking opportunities
here.

Even though genetic or epigenetic diagnostics were not performed in the case presented, current
research findings emphasize the relevance of epigenetic regulatory mechanisms in the pathogenesis
of congenital scoliosis. Their potential reversibility opens up long-term prospects for new diagnostic
and therapeutic approaches. In addition to technical precision, this also requires foresighted action,
individual consideration, and the willingness to integrate new technologies and findings into the

therapeutic concept in a targeted manner.
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