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‘Sooner or later, everything old is new again’
Stephen King, The Colorado Kid

Abstract
Scoliosis is a complex three-dimensional deformity of the spine. Even though it has been known
for centuries, treatment of the deformity has focused on correcting only in the frontal plane. In
the last decades, the need for three-dimensional assessment regarding scoliosis has been
highlighted to better understand the cause and the principles of treating scoliosis. The overall
aim of this dissertation is to provide knowledge to assess scoliosis as a three-dimensional
problem.
The severity of scoliosis is measured with the Cobb angle from standing radiographs. Computed
tomography (CT) examinations are used throughout this thesis. The first paper investigates the
difference in Cobb angle measured from standing radiographs and supine CT examinations.
The standing radiographs had larger Cobb angles with a mean difference of 11° and a linear
correlation between the two examinations from 128 consecutive patients with adolescent
idiopathic scoliosis (AIS) planned for surgery.
The second paper compares the axial shape of vertebrae in 20 patients with AIS with a reference
group. Clear asymmetry was observed in all vertebrae – superior and inferior end vertebrae as
well as the apical vertebra – compared with corresponding vertebrae among the reference group.
The asymmetry was most pronounced in the apical vertebra. A novel parameter, frontal
vertebral body rotation (FVBR), was introduced to describe the internal rotation of the vertebrae
in the axial plane.
Pelvic incidence (PI) is a measurement of the position of the sacrum in relation to the femoral
heads. This is relevant in scoliosis because PI determines the pelvic configuration acting as a
foundation to the spine. PI has traditionally been measured from standing radiographs. The third
study investigates PI three-dimensionally, based on low-dose CT examinations, in 37 patients
with Lenke type 1 or 5 curves compared with a reference group. A significantly higher PI was
observed in patients with Lenke type 5 curves compared with the reference group and patients
with Lenke type 1 curves.
Severe AIS is treated with corrective surgery. Two approaches are available: the predominant
posterior approach and the anterior approach. In the fourth paper, these two approaches are
evaluated with regard to three-dimensional correction, how well the correction is maintained
over a 2-year follow-up and patient-reported outcome measures. Twenty-seven patients treated
with the posterior approach and 26 patients treated with the anterior approach, all with Lenke
type 1 curves, were included. Fewer vertebrae were fused in the anterior group, but the posterior
group had a better correction of the deformity in the frontal plane. No difference was observed
regarding three-dimensional correction and patient-reported outcome measures.
AIS is truly a complex three-dimensional deformity. More research is needed to fully
comprehend the complexity of the scoliotic spine.

1

2

Populärvetenskaplig sammanfattning på svenska
Adolescent idiopatisk skolios – den tredimensionella deformiteten
Skolios är en deformitet som påverkar ryggen tredimensionellt, i frontal-, sido- och axialplanet.
Trots att detta beskrivits redan 1865 av William Adams har deformiteten i första hand utretts
och behandlats avseende storleken på kröken i frontalplanet. Sedan mitten av 80-talet har
behovet av tredimensionell bedömning påtalats allt mer.
Den vanligaste typen av skolios drabbar ungdomar över 10 års ålder och då oftare flickor.
Orsaken är okänd (idiopatisk), varför den benämns adolescent idiopatisk.
Traditionellt har skolios bedömts med hjälp av mätning av krökens storlek i frontalplanet
(Cobbvinkeln), baserat på stående slätröntgenundersökning. Denna undersökning avbildar
deformiteten tvådimensionellt. Tredimensionella rekonstruktioner går att skapa genom
datortomografiska (DT) undersökningar som utförs i liggande, enligt ett lågdosprotokoll vilket
minimerar strålningen. Stående och liggande undersökningar belastar ryggen olika och ger
därför olika storlek på kröken. Den första studien undersöker sambandet mellan krökens storlek
mätt enligt Cobb vid stående respektive liggande undersökning. Det föreligger ett linjärt
samband mellan de båda undersökningarna och Cobbvinkeln i liggande är 11° mindre än i
stående.
Den andra studien undersöker hur kotkropparna har deformerats hos patienter med
operationskrävande adolescent idiopatisk skolios. Kotorna hos skoliospatienter jämförs med
motsvarande kotor hos en ålders- och könsmatchad kontrollgrupp. Resultatet visar att kotorna
är deformerade vid skolios, med den tydligaste deformationen i krökens apex. En ny parameter,
”Frontal Vertebral Body Asymmetry” (FVBR), införs som mått på den interna rotation som ses
i kotorna i axialplanet vid idiopatisk skolios.
Bäckenet utgör basen för ryggraden. Pelvic incidence är ett mått på bäckenets konfiguration,
och mäts traditionellt med slätröntgen där såväl korsryggen som båda höftkulorna finns
avbildade. Den tredje studien undersöker pelvic incidence med hjälp av tredimensionella
rekonstruktioner från DT. Studien visar att krökar av Lenke typ 5 (primärt lumbala) har högre
pelvic incidence jämfört med referensgruppen och krökar av Lenke typ 1 (primärt thorakala).
Patienter med grav skolios, med Cobbvinkel över 45–50°, behandlas kirurgiskt. Det finns idag
huvudsakligen två alternativa operationsmetoder: en med bakre och en med främre teknik. Den
bakre metoden är den mest använda. Kunskapen om vilken korrektion som åstadkommes med
respektive metod är dock ofullständig. Detta undersöks i fjärde delarbetet. Fyrtio patienter
opererade med respektive metod jämförs avseende tredimensionell korrektion. Patienterna följs
upp under en tvåårsperiod för att undersöka hur väl korrektionen bibehålls. Livskvalitet samt
funktionsnivå bedöms med hjälp av två olika frågeformulär. Vi fann att antalet stelopererade
kotor är färre i den främre gruppen, medan graden av korrektion i frontalplanet är större i den
bakre gruppen. Ingen säker skillnad observerades mellan grupperna varken avseende
tredimensionell korrektion eller patientrapporterad livskvalitet.
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Introduction
Scoliosis is a deformity affecting the spine in all three planes. In the frontal plane, there are
lateral curves with vertebrae deviating from the midline. A relative anterior overgrowth of the
vertebral bodies changes the sagittal alignment of the spine, resulting in a hypokyphosis and/or
hyper-lordosis. Each vertebra within the deformity is not just laterally deviated and tilted, it is
also rotated in the axial plane. This means that the scoliotic spine is deformed in all three planes.
The three-dimensional (3D) nature of the deformity has been known for a long time. William
Adams described the complexity of the scoliotic spine in 1865 based on dissection of cadavers
with idiopathic scoliosis (1). The rotation of the vertebral bodies away from the midline toward
the convexity of the curvature in adolescent idiopathic scoliosis (AIS), was described by
Somerville (2) and Roaf (3).
Even though the spine is deformed in all three dimensions, the evaluation of scoliosis has,
historically, been based on two-dimensional (2D) frontal and lateral radiographic examinations.
The gold standard for describing scoliosis is the Cobb angle (4). Right lateral deviation and
axial vertebral rotation (AVR) are to some degree physiologic in the mid and lower part of the
thoracic spine in adolescence and beyond (5, 6). It has been hypothesized that this is due to the
location of the heart in the chest (7). A frontal Cobb angle of 10° or more is defined as scoliosis
according to the Scoliosis Research Society (8).
Because of the limited information regarding the complexity of the deformation as obtained by
2D images, the need for 3D assessment and diagnostics has been highlighted (9, 10). Threedimensional images and reconstructions have been made available through the development of
new technologies such as biplanar radiographs, computed tomography (CT) and magnetic
resonance imaging (MRI) (11, 12).
These new technologies increase the understanding of the complex scoliotic spine. However,
they also require that the methods and classifications developed for the 2D assessment of
scoliosis are changed and adapted into a 3D context.
The overall aim of this dissertation is to provide some answers for the adaptation of a more 3D
assessment of scoliosis.
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Scoliosis
Scoliosis is categorized regarding the underlying cause of the deformity. Scoliosis with a known
cause is categorized as non-idiopathic scoliosis, whereas curves of unknown cause is called
idiopathic scoliosis.

Non-idiopathic scoliosis
Congenital scoliosis is caused by distorted formation and segmentation of the vertebrae (13).
The deformity is the result of “normal loads acting upon an abnormal spine”.
Neuromuscular scoliosis is associated with neurologic deficits, muscular problems, or different
syndromes with dysfunctional nervous control (14). The deformity is the result of “abnormal
loads acting upon a normal spine”.
Adult degenerative scoliosis, is a consequence of altered biomechanics due to degeneration in
the adult spine with a previous idiopathic scoliosis or an asymmetric degeneration of the disc
and facet joint and a “de novo” deformity (15).
In all cases except idiopathic scoliosis, a basis for the development of the deformity is known.
Despite this, the mechanism for the progression of the deformity is still unknown, no matter the
underlying cause.

Idiopathic scoliosis
There are two predominant ways to classify idiopathic scoliosis based on the age when the
deformity is diagnosed. The first system differentiates between infantile (diagnosed from birth
to 3 years of age), juvenile (diagnosed after 4 years of age but before 10 years), and adolescent
(diagnosed after the age of 10 years) scoliosis (16). The second system distinguishes only
between early-onset and late-onset scoliosis, where early-onset is diagnosed before and lateonset diagnosed after the age of 10 years (17). This thesis focuses solely on adolescent
idiopathic scoliosis/late-onset idiopathic scoliosis, which are considered synonymous
throughout this thesis.
Idiopathic scoliosis is the most common form of scoliosis (18-20). The prevalence of idiopathic
scoliosis ranges from 0.5% to 5.2% in different populations (18, 21, 22). Both the prevalence
and the severity of the deformity are higher in females than males. Weinstein et al. found that
the female to male ratio was higher with increasing Cobb angle – approximately 2:1 in
deformities with a Cobb angle above 10° and 10:1 in curvatures with a Cobb angle above 30°
(19).
As the name implies, the cause of idiopathic scoliosis is unknown, but it is most certainly multifactorial, including genetics, heritage, biomechanical aspects, as well as hormonal factors (23).
For some reason, “abnormal” loads act upon an otherwise “normal” spine.

13

14

Anatomy and biomechanics
The normal spine
The normal spine consists of 7 cervical, 12 thoracic, and 5 lumbar vertebrae. Caudally, the
foundation of the spine consists of fused sacral vertebrae connecting the spine to the pelvis via
the sacro-iliac joints. In the frontal plane, the spine is almost straight, but a small right convexity
and vertebral rotation are usually seen in the thoracic spine at the level of the heart (5, 6).
There are three curvatures in the sagittal view: a lordosis in the cervical and the lumbar regions,
and a kyphosis in the thoracic spine. The sagittal alignment found in Homo sapiens enables the
upright position. However, this results in a relative instability in the spine, especially, in the
thoracolumbar region (24-26).
Intervertebral discs separate vertebrae bodies, providing damping and flexibility. A motion
segment in the spine includes two vertebrae separated by one intervertebral disc. Posteriorly,
two joints consisting of the inferior facet of the upper vertebra and the superior facet of the
lower vertebra link the segment like a chain. It is the constitution of the facet joints that limits
the mobility of the segment. High mobility is seen in the cervical and lumbar spine, whereas
the mobility in the thoracic spine is limited (27). This is mainly because the ribcage is connected
to the thoracic spine via costo-vertebral and costo-transversal joints. The ribcage is usually
symmetrical in humans without scoliosis.
Different ligaments connect the vertebrae, contributing to the stability of the vertebral column.
An anterior longitudinal ligament extends along the anterior part of the spine, and a posterior
longitudinal ligament connects the vertebral bodies posteriorly in the ventral aspect of the spinal
canal. Posterior to the spinal canal, the ligamentum flavum and interspinous and supraspinous
ligaments connect laminae and the spinous processes, respectively.

The scoliotic spine
In idiopathic scoliosis, the number and segmentation of the vertebrae are the same as in the
normal spine. However, the column is no longer straight in the frontal plane. Instead, there are
lateral curves, typically right convex in the thoracic region and left convex in the thoracolumbar
and lumbar region. The major curve, also called the primary curve, is the origin of the deformity
and is always considered structural by definition according to the Lenke classification (28).
Secondary curves arise as compensation for the imbalance caused by the primary curve. The
primary curve is always more rigid than the compensatory curve(s). The most lateral point of
the curve from a central line is called the curve’s apex and may either be a single vertebra or
the disc between two vertebrae.
The sagittal alignment is altered by a relative elongation of the anterior part of the spine
compared with the posterior part (29-31). This results in either hypokyphosis or even local
lordosis in the thoracic spine and hyper-lordosis in the lumbar spine. The role of sagittal
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alignment and the relative instability it causes in the human spine has been hypothesized in
several studies to be a decisive reason for the emergence of scoliosis (24, 32).
Both vertebrae and intervertebral discs are deformed in the scoliotic spine. Schlösser et al. (33)
and Little et al. (34) reported a higher degree of deformation in the intervertebral discs
compared with vertebrae. In the sagittal plane, the anterior aspects of the vertebrae are more
prominent than in the normal spine. In the axial plane, vertebrae are deformed and asymmetric.
The vertebrae are rotated as a whole, but there is also an internal rotation of the vertebral body.
Kotwicki et al. described that both the spinous process and the vertebra are rotated toward the
convexity (35).
On inspection, patients with scoliosis typically have an imbalance in the height of their
shoulders. When bending forward, a thoracic hump appears on the convex side of the thorax.
This is the result of ribcage deformation and rotation over time because of vertebral rotation.
Adams’ forward-bend test is used to evaluate the truncal rotation. A scoliometer is a tool for
measuring this rotation, and the method is used in many countries for screening schoolchildren
for scoliosis (36-38).
The deformity increases as the patient grows and the highest progression is seen during growth
spurt (19). The risk of deformity progression is greater the younger the patient is at onset. Curve
progression is most probable in young skeletally immature girls with large curves over 30° (19).
The effects of the deformity are most prominent in the apical region of the curvature. The lateral
deviation and rotation of the curve, as well as the asymmetry and deformity of each vertebra, is
most pronounced at this level.
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Radiology
Different methods are used in the evaluation of scoliosis. Among these are different types of
conventional radiographs, CT, MRI, and ultrasonography. A description of the advantages and
disadvantages of each method follows.

Radiation hazards
Patients with scoliosis will be examined multiple times with different types of radiologic
procedures. Simony et al. reported a mean of 16 radiologic examinations (range 834) for their
group of patients from the beginning of the treatment until 2 years after definitive treatment
(39). Several side effects of the increased accumulated radiation have been reported, including
infertility and increased risk for malignancies such as breast cancer and thyroid cancer (39-44).
It has been estimated that an increase of radiation by 1 Sv increases the overall risk coefficient
of developing a fatal cancer by 5% (45). Due to the increased levels of radiation, it is crucial to
minimize the number of examinations exposing the patients to radiation. One important method
to reduce the radiation level is to use posterior-anterior radiographs instead of anterior-posterior
views. This reduces the radiation exposure of the breast and thyroid, which reduces the risk of
developing malignancy (44, 46). Geijer et al. described several methods to optimize and reduce
the radiation from radiologic examinations in patients with scoliosis (47, 48). An overall
reduction in the number of examinations that include ionizing radiation, performing these only
when necessary as well as using alternative non-ionizing diagnostic methods, are other
important ways to reduce the risk of inducing malignancy. Further development of both
hardware and software will hopefully continue reduction of radiation exposure to patients with
scoliosis.

Radiographs
Traditionally, scoliosis has been evaluated using frontal and sagittal examinations from
standing radiographs (Figure 1). The images are 2D and provide a good overview of the
deformity as well as an opportunity to follow curve progression over time. The radiation dose
for a routine examination is approximately 0.1 mSv. To assess the flexibility of the deformity,
bending examinations – either standing and bending laterally or over a fulcrum – are performed
(49). Assessment of the curve’s flexibility is important in classification of the deformity. This
is further explained in the section on ‘Classification of idiopathic scoliosis’.
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Figure 1. Whole-spine images obtained by standing radiographs. Frontal plane
(left) and sagittal plane (right).
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EOS
EOS is a system consisting of biplanar radiographs (EOS Imaging, Paris). Examinations are
performed in a standing position (50). The two examinations are merged, providing a 3D
reconstruction of the spine. No true reconstruction is obtained, because the reconstruction
approximates a model. Advantages of the system are that it provides axially loaded images
(standing) with great possibilities for curve assessment and pelvic incidence (PI) measurements
at very low radiation doses (12, 51, 52). The main disadvantages are that the equipment is
expensive and that no true reconstructions are obtained. This reduces the possibility of
performing detailed assessments of the skeletal structures (e.g., in malformations).

Computed tomography
CT is ideal for a detailed assessment of skeletal structures (Figure 2). Standing CT examinations
have been available for several years but are not widely used in Sweden. The typical CT
examination is performed in supine position, which affects the spine because of the
reduced/altered gravitational load in the craniocaudal direction. This is the reason why CT
examinations are not directly comparable with those from standing radiographs. Another
disadvantage is the ionizing radiation associated with CT. Consequently, special low-dose
protocols for assessment of skeletal structures have been developed (11, 53). Using such a
protocol, whole-spine examinations with radiation doses as low as 0.3-0.4 mSv are achievable
(53). The low-dose CT protocol is part of pre- and postoperative follow-up at the orthopedic
departments in both Linköping and Malmö.

Figure 2. Images from a low-dose CT examination for detailed skeletal assessment. Frontal plane (left), 3D
reconstruction (middle left), axial plane (middle right) and sagittal plane (right).
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Magnetic resonance imaging
MRI is best suited for examination of soft tissue, such as nerve structures, discs and muscles
(Figure 3). MRI is also performed in the supine position. No ionizing radiation is used because
the method is based on magnetic resonance. Whole-spine MRI examinations are performed as
routine in the pre-operative care of patients with scoliosis at the orthopedic departments in both
Linköping and Malmö. The aim is to rule out anomalies in the nervous system and spinal canal
such as Chiari malformation, syrinx, tethered cord, or intra-spinal processes that could explain
the deformity (54-57). Time-consuming examinations and the need for patients to be motionless
during the examination, sometimes requiring general anesthesia, are disadvantages with this
method.

Figure 3. Whole-spine MRI examination for assessment of nerve structures.

Ultrasonography
Ultrasonography is a relatively new method to assess spinal deformity (58). It can be performed
in a standing position, and the patients are not exposed to any ionozing radiation. Angles are
calculated based either on measurements of spinal processes or transverse processes (58-60).
Brink et al. showed that the curve angles are smaller when measured with ultrasound compared
with the Cobb angle on radiographs, but there is excellent correlation between the
measurements (60). The technique is promising but still under evaluation and not yet commonly
used in everyday practice in Sweden.
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Diagnostic measurements
Cobb angle
The Cobb angle was first described by John Robert Cobb in 1948 (4). The measurement is
defined as the angle between the upper end plate of the most cephalic vertebra and the lower
end plate of the most caudal vertebra in the curvature in the frontal plane (Figure 4). The
standard measurements are performed on standing radiographs considered the gold standard for
evaluating the severity of a spinal deformity. Repeated measurements reveal up to 5°
measurement error, hence a clinically significant difference between two examinations is
considered if the difference is larger than 5° (61-63). The flexibility of the curves, as seen in
Figure 4, is evaluated with measurements of the Cobb angle in bending examinations (28).
Assessment of the Cobb angle is an easy way to follow the progress of the deformity. However,
despite being considered the gold standard for evaluation of scoliosis, the Cobb angle provides
very limited information regarding the 3D properties of the spinal curvatures.

Figure 4. The Cobb angle measurements on images from standing radiographs (left). Bending examinations
(middle and right) reveal the flexibility of the primary and compensatory secondary curve.

The Cobb angle is dependent on the axial loads acting on the spine. In a standing position,
gravity is affecting the deformity maximally, resulting in a large Cobb angle. Gravity affects
the magnitude of the deformity to a lesser degree and in a different direction in a supine position,
with a smaller Cobb angle as a consequence. This implies that the posture of the patient alters
the measurement of the Cobb angle, which needs to be considered when assessing examinations
performed in the supine position, such as CT and MRI. The relationship between measurements
of the Cobb angle from standing and supine examinations has been studied before (64-66).
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However, many of these studies lack information regarding both primary and secondary curves
in both thoracic and thoracolumbar/lumbar areas, in both males and females. All of these
aspects are covered in Paper I of this thesis.

Vertebral rotation
As mentioned in the section on Anatomy and biomechanics, the vertebral rotation is a
considerable part of the scoliotic deformity. A variety of methods have been described using
different modalities to evaluate vertebral rotation (67). Historically, vertebral rotation has been
assessed on 2D examinations from radiographs, assessing the visibility of the spinous process
(the Cobb method (4)) or the pedicles (the Nash-Moe method (68) or the Peridriolle method
(69)). The accuracy of these methods is questionable because they depend heavily on the quality
of the examinations. Aaro and Dahlborn and later Ho et al. introduced a method for
measurement of vertebral rotation based on CT examinations (70, 71). Methods for assessment
based on MRI have also been developed, as well as computerized methods for various degrees
of automated calculations (72, 73). A yet unsolved problem regarding vertebral rotation is the
reference point with which it is compared. So far, no ideal reference point has been found, either
internally in the body or externally.
There is a lack of knowledge regarding detailed analysis of vertebral rotation and asymmetry
in the axial plane. This gap was the reason for Paper II.

Pelvic incidence
Idiopathic scoliosis develops and progresses due to a multitude of factors. Several studies have
highlighted the crucial role of the sagittal shape of the spine and the biomechanics of the upright
human spine (30, 32, 74-78).
The pelvic sacral angle was described by During et al. in 1985. This definition was later
expanded by Duval-Beaupère et al. to the term pelvic incidence. This parameter was defined as
the relationship between the pelvic anatomy and spinal alignment (75, 76).
PI is assessed from standing radiographs, including the sacrum and both femoral heads. PI is
the angle between a line perpendicular to the sacral end plate and a line connecting the center
of the femoral head and the center of the sacral plateau. The sacral slope (i.e., the angle between
the upper end plate of the sacrum and a horizontal line) plus the pelvic tilt (the angle between
the vertical reference line and the line connecting the midpoint of the sacral plateau to the center
of the femoral heads) equals the PI (Figure 5). The development of the PI is continuous and
increasing until late adolescence. The PI then remains constant for the rest of the person’s life,
i.e., after the natural growth phase of the body is completed. Age and positioning do not affect
this development curve (77-79).
PI is regarded as essential in providing information for 3D assessment of the spine. However,
measurements have continued to be performed on 2D standing radiographs. This results in only
partial opportunities for true 3D reconstructions (80, 81). There have been innovative studies
22

of pelvic parameters using 3D reconstructed radiographs by Pasha et al. as well as by Vrtovec
et al., who used CT scans to measure the 3D PI in a population of non-scoliotic individuals, and
this method was shown to have higher accuracy than customary measurements on ordinary
sagittal X-rays (80, 82).
As far as can be ascertained, no study has been done using accurate 3D reconstruction to
evaluate the PI in patients with AIS. This was addressed in Paper III of this thesis.

Figure 5. A schematic picture of pelvic incidence. The sacral slope (blue
angle) + the pelvic tilt (red angle) = pelvic incidence (green angle).
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Classification of idiopathic scoliosis
Different classification schemes for idiopathic scoliosis exists. The classification used
throughout this thesis is the Lenke classification. However, the first classification used was the
King classification.

King classification
In 1983, King et al introduced a classification of idiopathic scoliosis (79). Curves were divided
into five categories based on localization and flexibility of the curve: main lumbar curves (type
I), main thoracic curves (types II-IV), and double thoracic curves (type V). The classification
not only described the deformities but also included recommendations for corrective surgery.
Several studies have evaluated the King classification raising concerns regarding inadequate
reliability and reproducibility (80, 81).

The Lenke classification
Due to relatively poor interobserver reliability of the King classification, the Lenke
classification was introduced in 2001. This classification is based on the localization of the
curves in the frontal plane as well as the degree of kyphosis in the thoracic region in the sagittal
plane (28).
The localization of the apical region determines the type of curve. It is defined as proximal
thoracic if the apex is above Th2, thoracic if the apex is between Th2 and the disc between
Th11–Th12, thoracolumbar between Th12 and L1, and lumbar below the disc L1–L2 to L4.
The classification consists of six types (Figure 6). Types 1 to 4 originate from the thoracic spine
and types 5 and 6 from the lumbar spine.
The biggest curve in the frontal plane is defined as the primary or major curve and is always
considered structural. If secondary (compensatory) curves grow large enough, they will
eventually become structural as well. They are defined as structural minor curves when their
Cobb angle is 25° or larger on bending examinations. In the sagittal plane, secondary curves
are considered structural if they have a local kyphosis of 20° or more (between Th2 and Th5
for proximal thoracic curves and between Th10 and L2 for main thoracic and
thoracolumbar/lumbar curves) (Table 1).
Idiopathic curves are classified with lumbar modifier grades A–C, depending on how lateral
the lumbar apical region is in relation to the center sacral vertical line (CSVL) in the frontal
plane; A (between pedicles), B (touches the apical pedicle), and C (apical vertebral bodies
completely lateral). CSVL also defines the stable vertebra, which is the first vertebra below the
major curve bisected by the CSVL.
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Finally, the sagittal alignment between Th5 and Th12 is assessed in the Lenke classification;
<10° (), 10–40° (N), and >40° (+).
Lenke type 1 (primary thoracic curve) is the most common (82, 83).
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Figure 6. A schematic overview of the Lenke classification. Image reprinted with permission from reference 28
and https://journals.lww.com/jbjsjournal/pages/default.aspx.
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Table 1. Idiopathic scoliotic curves are classified as structural or nonstructural based on their flexibility and appearance. Curves with 25° or more on bending examinations
in the frontal plane and a kyphosis of 20° or more (between Th2 and Th5 for proximal thoracic curves and between Th10 and L2 for main thoracic and thoracolumbar/lumbar
curves) are considered structural. Table reprinted with permission from reference 28 and https://journals.lww.com/jbjsjournal/pages/default.aspx.
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Corrective surgical approaches
The primary goal of corrective scoliosis surgery in adolescents is to halt curve progression and
to prevent pain and pulmonary dysfunction (20, 77). Secondary goals of surgical correction are
restoration of 3D spinal alignment as well as cosmesis.
As a patient with scoliosis grows, the spinal deformity worsens. Rapid curvature progression
with Cobb angles around 45° is considered an indication for surgery even for patients who are
still growing. If the curve is large enough, it will continue to increase under its own load, even
after the patient has stopped growing. The cut off level for this is approximately a Cobb angle
of 45°(84-86). Curves larger than 45°–50° that continue to increase after growth arrest are also
an indication for surgery (87, 88).
There are other treatments that can be considered for treating scoliosis before surgery becomes
an option, including different types of braces as well as physiotherapy (89-92). However, it is
not within the scope of this thesis to describe these options further.
There are two main approaches for corrective surgery: an anterior or a posterior approach (9399). It remains unclear what 3D surgical outcomes are obtained using either of these surgical
approaches. Theoretically, to restore physiologic thoracic kyphosis, the thoracic hypokyphosis
in AIS can be treated by either anterior shortening or posterior lengthening of the spine.

Posterior approach
In 1955, Paul Herrington introduced a rod construct for curve correction in patients with
scoliosis (93). The method was improved by Eduardo Luque with segmental fixation by
sublaminar wires, which improved stability and correction (100). A dual rod construct fixed to
the spine with hooks was introduced by Cotrel and Dubousset (95). Suk et al. introduced the
use of pedicle screw fixation in the thoracic spine, making the all-screw construct possible,
which is stronger and more stable than hybrid constructs with hooks and screws (101, 102).
Since the introduction of pedicle screws, posterior instrumentation has been the predominant
method for corrective scoliosis surgery (103-106).
The posterior approach can be used to treat all Lenke types of scoliosis (28). The patient is
placed in the prone position and the access to the spinal column is fast and easy. An all pedicle
screw construct is very strong and enables very powerful correction (Figure 7). Usually no
release of the vertebral column is performed, but depending on the diameter and material of the
instrumentation both, a frontal and a sagittal correction are possible (107). Correction can be
obtained by compression-distraction, rod-derotation maneuvers, in situ contouring, en bloc or
direct vertebral body derotation (108). These techniques can be applied individually or in
combination.
One disadvantage of the posterior approach is that longer fixations are required to correct the
same curvature, compared with the anterior method. This is because the fixation usually needs
to cover the first stable vertebra, which typically is one or two levels below the level of the
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curve end vertebra (83). This often results in less mobility and range of motion in the lumbar
spine of these patients. There are reports of higher infection rates using the posterior approach,
but the frequency has declined since the introduction of rods made of titanium instead of
stainless steel (109-111).

Figure 7. Images from standing radiographs of scoliosis treated with corrective surgery using a psoterior
approach.

Anterior approach
Different techniques have been described for anterior surgery. In 1969, Dwyer et al. introduced
a method of fixation of the vertebral bodies with screws connected with braided metal cable,
reducing the curve with a tension band on the convex side of the curve (112). The method was
later modified by Zielke who connected the screws with a solid metal rod instead (113). Since
then, systems with either single or dual rod fixation are available inserted either
thoracoscopically or with open surgery (98, 114, 115). The anterior approach is suited for
treating single structural curves either thoracic (Lenke 1) or thoracolumbar (Lenke 5).
Due to local tradition, the method used at our department in Linköping, Sweden, is the Aaro
Anterior Spine System (Tresona AB, Malmö, Sweden (116)). The patient is placed in a lateral
position and depending on the type of deformity (thoracic or thoracolumbar), a thoracotomy
with or without division of the diaphragm is performed. Partial disc excision leaving the
posterior part of the anulus and the longitudinal posterior ligament is performed within the
chosen segments. Plates are fixed to each vertebral body on the convex side of the curvature.
The plates are fixed to each vertebra with two screws through the vertebral body. Final
reduction of the curve in the frontal plane is achieved through compression over the plates using
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the principle of a lateral tension band (Figure 8). Thoracic kyphosis is restored by shortening
the anterior column. In Lenke 5 curves, the kyphogenic effect of the method is prevented with
disc cages used as anterior support to maintain lumbar lordosis.
Because the anterior approaches include discectomies, they are theoretically advantageous in
correcting thoracic hypokyphosis (117-119). Generally, fewer levels need to be included in the
fixation using anterior methods (120). One major disadvantage is a decline in lung function
postoperatively. It remains unclear if this decline is temporary or permanent (120-126).

Figure 8. Images from standing radiographs of scoliosis treated with corrctive surgery using an anterior
approach.

Selective fusion
As stated above, the main goals for corrective surgery are to halt curve progression and achieve
curve correction to prevent discomfort and pain. This result can be obtained with either anterior
or posterior surgery. Both methods result in reduced mobility because the affected segments
are fixed. Several studies have shown that long fixations reaching below the level of L3 increase
the risk for long-term problems of back pain and lumbar degeneration (127, 128). The concept
of selective fusion was introduced to prevent unnecessary long fixations to spare motion
segments from fixation.
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Moe first introduced this method in 1958, selecting fusion levels based on evaluation of curve
flexibility and vertebral rotation (129). According to the Lenke classification, only the structural
curves should be included in the fixation; the flexible compensatory curves would correct
themselves, making Lenke type 1 and Lenke type 5 appropriate for selective fusion.
Using the anterior approach, fusion from end vertebra to end vertebra is possible (117, 130).
There is no consensus regarding the level at which posterior instrumentation should end.
According to the Lenke classification, posterior fusion should end at the stable vertebra,
whereas other studies advocate that the neutral vertebra should be used as the end vertebra of
the fixation (83, 131, 132). The stable vertebra is often one or a few segments below the end
vertebra of the curvature. Short posterior instrumentation can lead to add-on phenomenon, i.e.,
progression of scoliotic deformation due to remaining imbalance of the spine (131, 133).
Regardless of whether the neutral or stable vertebra is included in the instrumentation, this
explains why posterior fixations are longer than anterior fixations even using selective fusion
(117, 126).
Three-dimensional assessment of the correction obtained by either posterior or anterior
approach is addressed in Paper IV.
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Questionnaires
Treating children with scoliosis is not only about “hard values”, such as correcting the
deformity and obtaining satisfying postoperative radiographs. “Soft values”, such as the
patient’s quality of life, are of the highest importance. There are many different questionnaires
for assessment of function and quality of life for spine and scoliosis patients. The two used in
this thesis are the Swedish versions of Scoliosis Research Society-22 Questionnaire (SRS-22)
and EuroQol 5 Dimensions 3 Level Questionnaire (EQ5D 3L) (134). Both questionnaires are
used in the National Swedish Spine Register, Swespine (135).

SRS-22
The SRS-22 consists of five domains covered by 22 questions (136, 137). Function, pain, selfimage and mental health all have five questions each. The last domain, overall satisfaction, has
only two questions. Each question can be answered with one of five alternatives, with
corresponding points ranging from 1 (worst score) to 5 (best score).

EQ5D 3L
This questionnaire consists of the five domains or dimensions: mobility, self-care, usual
activities, pain/discomfort, and anxiety/depression (138, 139). There are three options for each
domain: 1 (no problem), 2 (some/moderate problems), and 3 (very problematic/incapacitating).
The result is a five-digit number ranging from 11111 (best possible) to 33333 (worst possible),
which is translated into a country specific index. Values from the index range from 1 (maximum
quality of life) to –0.594. A value of zero equals death. This means that, in this questionnaire,
it is possible to have a quality of life worse than being dead. In addition, the questionnaire
contains a health state scale, “a thermometer”, ranging from 0 to 100 (worst to best imaginable
health state).
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Aims
The overall aim was to evaluate the 3D properties of the spine in patients with AIS. Specific
aims in respective papers were as follows.
Paper I

To compare the Cobb angle in standing and supine images.

Paper II

The primary aim of this study was to investigate changes in morphologic
parameters in scoliotic vertebrae compared with non-scoliotic vertebrae. The
secondary aim was to investigate correlations between these parameters and the
Cobb angle.

Paper III

To analyze the differences in 3D sagittal pelvic morphology between patients with
AIS and asymptomatic adolescents.

Paper IV

To describe surgical results in two and three dimensions, as well as patientreported outcomes of scoliosis treatment for Lenke type 1 idiopathic curves with
an anterior or posterior approach.
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Patients
Paper I

The population consisted of 128 consecutive patients, with the following
attributes:
•
•
•
•

A mean age of 15.5 years with a range of 11–26 years
97 females and 31 males
Late-onset idiopathic scoliosis
Planned for corrective surgery at Linköping University Hospital

The two latter attributes were the inclusion criteria. All Lenke types were
represented.
The exclusion criteria were
•
•
Paper II

Previous spinal surgery
Atypical curves

The population consisted of 20 consecutive patients who had corrective surgery
planned. The inclusion criteria were
•
•
•

Late-onset idiopathic scoliosis (LOIS)
Primary right convex thoracic curves
Corrective surgery planned

The exclusion criteria were
•
•

Previous spinal surgery
Atypical curves

A reference group with the following characteristics was included:
•
•
•

Age and sex matched
No obvious spine ailments
No known spine ailments

The mean age was 15.6 years (range, 11–20 years) and 15.7 years (range, 11–21
years) for the respective groups.
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Paper III

The population consisted of 37 patients from Linköping University Hospital or
Skåne University Hospital in Malmö. All patients were planned for corrective
surgery.
The inclusion criteria were
•
•

LOIS
Corrective surgery planned

The exclusion criteria were
•
•

Previous spinal surgery
Atypical curves

Data for a reference group (n = 44) had previously been collected from the
Netherlands. This group had no known spine pathologies or deformities.
The mean age in both groups was the same: 15.4 years (range, 12–21 years) and
15.4 years (range, 12–21 years), respectively.
Paper IV

The population consisted of 80 consecutive patients from Linköping University
Hospital and Skåne University Hospital in Malmö. All patients had LOIS and
required corrective surgery. Forty patients were operated on in Linköping using
anterior surgery and 40 patients were operated on in Malmö using posterior
surgery.
The exclusion criteria were
•
•

Previous spinal surgery
Atypical curves

The population was reduced by individuals. One exclusion was due to incomplete
low-dose CT examinations. The other was because the individual did not want to
participate.
The mean age at time of surgery was 16.1 years (range, 11–26 years) in the group
with anterior surgery and 16.4 years (range, 13–22 years) in the group with
posterior surgery.
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Methods
Paper I

This paper was a retrospective observational study. One hundred and twenty-eight
patients were identified and analyzed between May 2006 and December 2011.
The patients met the inclusion criteria as described previously and had undergone
corrective surgery at Linköping University Hospital.
All patients had been examined with
•
•

Low-dose CT in a supine position
Whole-spine radiographs in a standing position

These examinations are done within an hour as part of preoperative planning.
The following data were recorded for all patients:
•
•
•

Age at preoperative examination
Lenke classification
Cobb angles for
o Supine position
o Standing position

Calculations were made of the correlation between the Cobb angle measured from
standing and supine images. This was done for both primary and secondary
curves. The reliability of the observer was determined by repeating the
measurements twice in ten randomly selected patients.
Paper II

This paper describes a retrospective study. The population consisted of 20
consecutive patients who met the inclusion criteria. A reference group matching
the age and sex criteria was enrolled.
As part of the preoperative procedure, the patients with LOIS were examined with
low-dose CT and whole-spine radiographs. The emergency department had
examined the reference group with a trauma CT in regular health care.
The Lenke classification was determined from the radiographs.
Using software developed in house, the following were calculated:
•
•
•
•

The Cobb angle
AVR
Axial vertebral body asymmetry (AVBA)
Frontal vertebral body rotation (FVBR)

These parameters were also measured at corresponding levels in the control
group.
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The CT measurements were performed in the true mid plane of the upper and
lower end vertebrae. They were also done in the apex vertebra by multi-planar
reconstructions.
The measurements were done independently on different occasions by three
different observers.
Paper III

This paper describes a retrospective study. The population consisted of patients
from Linköping University Hospital and Skåne University Hospital in Malmö.
The population descriptors are as follows:
•
•
•
•
•

Female patients from August 2009 to April 2018
Diagnosed with LOIS
Planned for corrective surgery
Examined with pre-operative low-dose CT and whole-spine radiographs
Spine and both femoral heads visible on the CT scan

CT scans covering both femoral heads are typically not part of the protocol. As a
consequence, only 37 patients were identified.
A reference group was included. The population descriptors for the reference
group are as follows:
•
•
•

Non-scoliotic age-matched female patients
Selected from a pre-existing database
Had undergone CT imaging of the thorax and abdomen for indications
other than spinal pathology, e.g., trauma screening

Curve characteristics were determined on the conventional posterior-anterior and
lateral radiographs as well as on the digitally reconstructed lateral radiographs of
the supine CT scans. The measurements included
•
•
•

Cobb angle
Thoracic kyphosis
Lumbar lordosis

The true sagittal plane of the pelvis was identified. This was done using a
validated 3D method (140). Subsequently, the exact center of the sacral endplate
was determined in 3D. This was done by locating the sacral end plate and finding
the lines between the left and right edge of the end plate as well as the lines
between the anterior and posterior edge of the endplate.
The PI was measured in 3D images. It was defined as the angle between the line
connecting the center of the sacral end plate with the hip axis and the line
orthogonal to the inclination of the sacral end plate.
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Paper IV

This paper describes a retrospective study. The population consisted of patients
from Linköping University Hospital and Skåne University Hospital in Malmö.
The population descriptors are as follows:
•
•
•
•

40 consecutive patients from each hospital
Examined with low-dose CT pre- and postoperatively
MRI used pre-operatively to detect spinal cord anomalies
Had undergone plain standing posterior-anterior and lateral radiography
preoperatively, postoperatively and after 2 years

The surgeries were carried out at the two different hospitals, each using a different
surgical approach when performing corrective surgery. Linköping preferred the
anterior approach when treating Lenke 1 and 5 curves. Malmö preferred the
posterior approach and used it as standard treatment for the correction of all Lenke
types.
Conventional posterior-anterior and lateral radiographs were used to determine
•
•
•
•

Thoracic kyphosis
2D curve characteristics, including the thoracic and lumbar frontal Cobb
angle
Lumbar lordosis
Sagittal Cobb angle between the upper and lower instrumented segment

In order to acquire complete spinal reconstructions in a 3D coordinate system, a
semi-automatic image processing technique and software developed in Utrecht,
the Netherlands, was utilized (6, 33).
3D coordinates of individual structures were automatically calculated, taking
account of angulation and displacement of each individual level in the three
planes. This was done based on manual end plate and spinal canal segmentations;
3D parameters were measured on the pre- and postoperative low-dose CT scans
and included
•
•
•

Vertebral axial rotation
Anterior-posterior height ratio
The difference in height of the instrumented part before and after surgery

The vertebral rotation was measured between the apical vertebra and a reference
line. This line was defined as the line between the center of the spinal canal and
the center of the sternum at level T5.
All patients were asked to complete the SRS-22 and EQ5D 3L questionnaire
postoperatively.
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Results
Paper I

In this study, the mean Cobb angle was 59° (SD 12°) while standing and 48°
(standard deviation [SD] 12°) in the supine position, with a mean difference of
11° (SD 5°). This applied for all primary curves.
As depicted in Figure 9, the correlation showed an r value of 0.899 (95%
confidence interval [CI], 0.860–0.928) between primary (both thoracic and
lumbar) standing and supine images. The intraclass correlation coefficient was
0.969.
The r value was 0.340 (95 % CI, 0.177–0.484) for the correlation between primary
and secondary curves regarding the difference in standing and supine images.

Figure 9. The linear correlation between standing and supine Cobb angles measured for the 128
primary curves, both thoracic and lumbar. Figure reused from Paper I.
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Paper II

The results obtained in this study showed a difference between the scoliotic and
control groups. The average Cobb angle was 49.3° for the scoliotic group and 1.3°
for the control group.
There were significant differences in AVR for the patient and control groups. This
applied to
•
•
•

all three vertebrae levels (p < 0.01)
the AVBAs of the superior end and apical vertebrae (p < 0.008)
the FVBR of the apical vertebra (p = 0.011)

The AVBA and FVBR in the superior end vertebra (r = 0.728, p < 0.001) and in
the apical vertebra (r = 0.713, p < 0.001) were the only places where statistically
significant correlations were found.
The highest level of differences in AVR, AVBA, and FVBR were found at the
apical vertebrae. The FVBR provided valuable information for understanding the
internal rotation and deformation of vertebrae.
Paper III

This study gave the following results.
PI was on average 46.8° ± 12.4° among the patients with AIS. For the control
group, the PI was 41.3° ± 11.4° (p = 0.025).
The patients with Lenke type 5 showed a higher PI (50.6° ± 16.2°) than found in
the control group (p = 0.042). When comparing patients with Lenke type 1 curves
(45.9° ± 12.2°) with the control group, there was no significant difference (p =
0.141).
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Paper IV

The results in this study showed differences in surgical results using anterior and
posterior methods. The study group consisted of 53 Lenke type 1 patients; 26
patients were in the anterior cohort and 27 were in the posterior cohort.
Fewer vertebrae were instrumented in the anterior cohort. This resulted in a
smaller number of implanted screws (p < 0.001). The surgery time and
intraoperative blood loss were smaller (p < 0.001) in the anterior group compared
with the posterior group.
Directly after surgery, the Cobb angle correction of the primary thoracic curve
was 32.1° ± 10.3° (57% ± 12%) in the anterior cohort. The result for the posterior
cohort was 34.7° ± 7.2° (73% ± 12%) (p < 0.001).
At the 2-year follow-up, the corrections compared with preoperatively were 30.9°
± 10.3° (55% ± 13%) for the anterior cohort and 31.7° ± 7.2° (66% ± 12%) (p =
0.001) for the posterior cohort (Figure 10).
There were no significant differences between the cohorts at the 2-year follow-up
with regard to the following:
•
•
•
•
•

Lumbar curve correction
Thoracic kyphosis
Lumbar lordosis
Postoperative alignment restoration in 3D
Questionnaires

The mean follow-up time for the questionnaires was 50 months for the posterior
cohort and 43 months for the anterior cohort.

Figure 10. The thoracic and lumbar Cobb angles for Lenke type 1 curves treated with an
anterior or posterior approach. Error bars indicate SD. Figure reused from Paper IV.
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Strengths and limitations
Paper I

The material in this study is extensive compared with similar studies. The study
group consists of both males and females. The patients have thoracic as well as
lumbar deformities. Moderate to severe deformities are covered (Cobb angles
ranging from 40° to 116°), and the examinations are performed days before the
planned corrective surgery.
Standing and supine examinations appear to have a linear relationship within the
range of Cobb angles examined.
A limitation of the study is the absence of information on the relationship with
smaller curves that are not yet considered candidates for surgery. Another
limitation is that only one observer performed all the measurements.

Paper II

The results in this study provide methods for assessment of vertebral asymmetry
and for describing the 3D deformation of the vertebrae in the scoliotic spine. The
innovative FVBR measurement described in this study should be considered in
further studies of vertebral asymmetry as a new parameter of value. This applies
also to further study of the spinal longitudinal ligaments and their role when
viewed in relation to vertebral rotation as well as skeletal remodeling and
overgrowth. More automated software for both data gathering and initial analysis
would increase the reliability of the method and make the results more
reproduceable.

Paper III

The method used in this study enables an assessment of the PI from a 3D
perspective. The material in this study is, however, limited because both femoral
heads must be included in the examination. This is not part of the standard lowdose CT protocol.

Paper IV

This study shows to what degree 3D correction is achieved by corrective surgery.
The evaluation includes the radiologic outcome, the sustained level of correction
during the follow-up period, and the patient’s perceived quality of life. Pulmonary
evaluation was not performed in this study. Such information would have
contributed to a more comprehensive overview of the results from the different
approaches.
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Discussion
Positioning of the patient at radiologic evaluation
In recent years, the Scoliosis Research Society and various clinicians have suggested that 3D
reconstructions are needed to increase the quality of scoliosis treatment (10, 141, 142).
Presently, true 3D reconstructions can only be obtained from examinations using CT or MRI.
Both these methods are carried out in the supine position. It was therefore important to
investigate how the Cobb angle is affected by changing from a standing to a supine position.
In Paper I, the results showed that there was a strong correlation between Cobb angle
measurement in the standing and supine positions. The difference was constant irrespective of
the size of the curvature (standing Cobb angle ranging from 40° to 120°) or location in the
lumbar or thoracic spine. The difference found was absolute rather than proportional.
The findings are consistent with the findings of Torell et al. (64). However, Torell et al. did not
differentiate between lumbar and thoracic curves and did not include males in the study
population.
Compared with previous studies, the difference of 11.1° for primary curves was slightly larger
in our study (8.9, Torell et al. (64); 7.6°, Wessberg et al. (65), 10.0°, Lee et al. (66)). The current
study also expanded the scope compared with Torell et al. and Wessberg et al. The result of
7.8° for secondary curves was consistent with the findings of Lee et al.
In conclusion, using larger and more diversified material, our results support the findings of
previous studies. It was somewhat surprising that the difference between supine and standing
Cobb angles was of similar magnitude for the entire range of curves investigated.
A possible explanation for this finding is that once the deformity has become structural, this
difference is inherent. This could explain why gravity does not seem to affect larger curves
more than smaller ones.

Vertebral asymmetry in the axial plane
The pedicular asymmetry and deformation in scoliotic vertebrae has been the subject of
numerous studies to assess screw placement. The primary aim in Paper II was to provide a
description of the deformation in the axial plane of the vertebral bodies of upper and lower end
vertebrae as well as the apical vertebra in patients with AIS.
This study confirmed the results from numerous previous studies regarding vertebral rotation.
All vertebrae examined (i.e., upper and lower end vertebrae as well as the apical vertebra) had
a larger AVR compared with the corresponding vertebrae in the reference group (69, 70, 143).
AVBA and FVBR are innovative measures applied in our study. AVBA and FVBR provide
knowledge regarding vertebral deformation in the axial plane. Both measures showed that the
highest level of deformation and rotation is found in the apical vertebra. This confirms that this
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region in the scoliotic spine is the most affected. The AVBA was used to measure vertebral
asymmetry and showed a small absolute difference between the patient group and the reference
group. In our study, this was valid even for vertebrae with highly pronounced asymmetry. The
difference was only 0.030 at the apex (0.949 vs 0.979; p < 0.001), where the asymmetry was
most prominent.
FVBR is more sensitive and reveals vertebral asymmetry even with small differences in AVBA
by describing the internal rotation in the vertebral body (Figure 11). A significant internal
rotation toward the concavity of the curve in the frontal plane for the apical vertebra was shown
by the FVBR, in contrast to the overall rotated AVR toward the convexity of the curvature in
patients with scoliosis compared with the control group.

Figure 11. Comparison of AVBA measurements between scoliotic (top row) and control (bottom row) vertebrae.
The AVBA is the comparison between the right (red outline) and the left (yellow outline) halves of the vertebral
body. The panels show the superior end vertebra (left), the apical vertebra (middle) and the inferior end vertebra
(right) in the most deformed scoliotic vertebrae (a–c, AVBA 0.84, 0.88, and 0.90, respectively) and in a
representative of the control group (d–f, AVBA 0.99 for all). The angle between the blue line and the vertical red
line is the FVBR, which illustrates the internal vertebral deformation. Figure reused from Paper II.
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Schlösser et al. reported a strong correlation between the Cobb angle and the AVR (33). We
found only a poor correlation in our study. We could only find strong correlation between
AVBA-FVBR when comparing the Cobb angle, AVR, AVBA, and FVBR, for the superior end
vertebra and apical vertebra (R = 0.728 and –0.713, respectively).
Relying on the Cobb angle alone in the assessment of the severity of deformity thus appears
insufficient. The poor correlation between the Cobb angle and the other parameters describing
rotation and asymmetry indicates the need for additional parameters to fully describe the
scoliotic spine. We consider the FVBR to be a promising parameter, worth including in an
assessment. It not only detects vertebral asymmetry but could also reveal if the deformity is
primarily due to skeletal overgrowth (according to Heuter-Volkmann’s law) or due to vertebral
rotation. This could be possible through future studies on the relationship between the anterior
longitudinal ligament and the point where FVBR crosses the anterior cortex.

Pelvic incidence
We concluded that the PI was higher in patients with Lenke type 5 curves compared with
patients with Lenke type 1 curves as well as a reference group (Paper III).
When reviewing previous studies based on radiographs, we found a variation of the PI between
41° and 49° for non-scoliotic adolescents and between 42° and 57° for AIS patients (74, 140,
144-152).
Previous studies argue whether there is any difference in PI between patients with AIS
compared with non-scoliotic controls (74, 144-147, 149, 153). Some minor differences
regarding PI between studies could be explained by the inaccuracy of the 2D methods used but
also by the different age structures because the PI increases with age until the end of
adolescence (154, 155).
Vrtovec et al. described the 3D PI of a non-scoliotic population using CT examinations,
demonstrating improved accuracy compared with the traditional measurements on sagittal
radiographs (140).
In previous studies, the PI of patients with AIS was based only on 2D radiographs, whereas our
measurement of the PI utilized low-dose CT data and accurate image processing techniques as
described by Vrtovec et al. (140). We found a higher PI in Lenke type 5 curves than in Lenke
type 1 curves. This is contradictory to Mac-Thiong et al. and Farshad et al. who found that the
scoliotic curve type was not associated with a specific pattern of sagittal pelvic morphology and
balance (144, 145).
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Previous studies have shown that
•
•
•

An excess of posterior shear loads causes a decrease in the rotational stiffness of the
involved segments.
The only vertebrae that take part in the development of scoliotic curve patterns are the
vertebrae that are posteriorly inclined.
Vertebrae that are more posteriorly inclined are rotationally less stable and could lead to
initiation and progression of AIS (24, 32, 150, 152).

It is consistent with these assumptions that the PI in our study was higher among patients with
Lenke type 5 curves compared with patients with Lenke type 1 curves and controls. This
indicates that the PI is part of the etiopathogenesis of AIS as well as a determining factor for
the curve type. However, it was not possible to determine the exact role of the PI in our crosssectional study.
We avoided bias due to image acquisition or patient positioning by using the 3D CT
measurement method. Only moderate to severe AIS curves, and no mild AIS curves, were
included in this study because all scans were acquired preoperatively. The examinations were
made in the supine position. As shown by Philippot et al. the position (standing, supine, or
sitting) has no influence on the PI (156).

Corrective surgery
The outcomes of spinal fusion in patients with Lenke curve type 1 using posterior or anterior
instrumentation were described in Paper IV. Both approaches resulted in 3D reduction of the
deformity. Fewer vertebrae were instrumented in shorter surgery time and with less blood loss
using the anterior approach compared with the posterior approach. The posterior approach
achieved a better frontal curve correction based on radiographs.
The anterior cohort showed a larger main thoracic Cobb angle preoperatively. Naturally stiffer
curves could lead to less correction. The (un-instrumented) secondary lumbar curves were
reduced in both cohorts without any statistically significant difference. This indicates that a
correction of the primary curve is enough to reduce the lumbar secondary curves in Lenke 1
deformities.
There was no change in the frontal correction in the anterior cohort during the follow-up time.
There was a minor loss of correction in the posterior cohort, from 13° ± 6° to 16° ± 6° (p =
0.004). Apart from the shorter surgical time in the anterior cohort, the results from our study
were well in line with those reported by Newton et al. (126).
Previously, it has been stated that the posterior approach is not fully able to restore thoracic
kyphosis, and that anterior spinal instrumentation is most likely superior in restoring thoracic
kyphosis (118, 126, 157). In our study, the anterior approach showed an increase in kyphosis
of 8° ± 9° compared to 2° ± 9° in the posterior cohort. The difference between the groups was
not significant.
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Two-dimensional images of the spine do not provide sufficient presentation of the actual
sagittal alignment due to the rotation of scoliotic vertebrae. Consequently, sagittal alignment in
the true sagittal plane was studied using low-dose CT scans. Regarding sagittal plane
restoration, there were no significant differences identified between the approaches. After
surgery, a significant kyphogenic effect was observed. Sagittal alignment was not restored to
the physiologic thoracic kyphosis of the controls described by Brink et al. (29).
The negative effect on pulmonary function is an obvious concern regarding the anterior
approach. Previous studies have described that the anterior approach results in deterioration of
pulmonary function values (i.e., total lung capacity, vital capacity, forced expiratory volume,
and residual volume) postoperatively compared with the posterior approach (121-126).
However, Nohara et al. performed a 10-year follow-up with no significant differences in
pulmonary function (120). Pulmonary evaluation is not included in this study because it was
not part of the standard care postoperatively. This is a major limitation of our study.
A decrease in pulmonary function could affect the perceived quality of life with regard to
discomfort, function, health state, and overall life satisfaction. These aspects are included in the
questionnaires and may be used as a proxy for pulmonary function. The patient scores were
high on the SRS-22 and EQ-5D-3L questionnaires, without significant differences between the
anterior and posterior cohorts postoperatively.
Infection risk may be increased by posterior surgery as shown in a multitude of studies (109111). We could not confirm this in our study.
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Conclusions
The scoliotic spine is a complex deformity in three dimensions. This is shown repeatedly in this
thesis. The Cobb angle changes due to the force of gravity acting on the spine and affecting it
differently in different positions. It is not only the scoliotic spine that is deformed; the
deformation is also seen within every single vertebra in the deformity.
Different patterns of pelvic morphology and configuration seem to affect the very foundation
of the spine, predisposing it to different types of scoliotic curves. Corrective surgery, using the
posterior or anterior approach, changes the biomechanics and anatomy in the spine in different
ways.
Understanding the 3D properties of the deformity is essential for increasing our knowledge
regarding this type of spinal deformity, making it less idiopathic.
Further biomechanical analysis could reveal whether the deformity is primarily due to skeletal
overgrowth or due to vertebral rotation. This would provide valuable insights on the cause of
idiopathic scoliosis, making predictions of prognosis more precise and effective. Furthermore,
treatment, both surgical and non-surgical, could become more individualized and optimized to
meet the specific needs and demands of every patient with a scoliotic deformity.
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Future research
There is still a lot of research to be done on the 3D aspects of AIS. Further development of
hardware for imaging is probably a corner-stone to achieve a higher level of understanding.
CT provides opportunities for very detailed analysis of the skeletal structures, and so do 3Dreconstructions, but at the expense of exposure to ionized radiation. It is important to further
reduce the radiation dosage even for low-dose CT examinations to achieve safe and feasible
options in the everyday care of idiopathic scoliosis.
MRI is superior for assessing soft tissue and nervous structures without exposing the patient to
ionizing radiation. MRI could become the preferred method for diagnostics in scoliosis through
development of sequences and modalities suitable for investigating not only soft tissue but also
skeletal structures. Such sequences could also be used in investigations of the relationship
between the anterior longitudinal ligament and the position of FVBR (described in Paper II).
This would provide insight into whether the vertebral morphology is mainly changed due to
skeletal overgrowth or because of vertebral rotation caused by muscles and ligaments.
Axially loaded/standing CT and MRI would provide the possibility of detailed assessment of
the spine under conditions similar to those with standing radiographs.
More automated software in the work-up of radiology and imaging would allow more
standardized, precise, and reliable measurements, thus reducing the subjectivity of the observer.
The pulmonary effects pre- and postoperatively of corrective surgery should be investigated.
How is lung function affected? Is the decline seen in anterior surgery only temporary or
permanent? Is there any level of pulmonary dysfunction when anterior surgery is
contraindicated?
An interdisciplinary collaboration between medical and technical professions and the industry
is not only desirable but also a necessity to find solutions to many of the remaining challenges
associated with idiopathic scoliosis.
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