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Abstract
Purpose  Adolescent idiopathic scoliosis (AIS) is a three-dimensional deformity of the spine which exhibits morphological 
changes during growth. The goal of this study was to identify morphological patterns that could be explained by different 
loading patterns for AIS.
Methods  Computed tomography data of 21 patients with diagnosed AIS and 48 patients without any visual spinal abnor-
malities were collected prospectively. The bony structures were reconstructed, and landmarks were placed on characteristic 
morphological points on the spine. Multiple morphological parameters were calculated based on the distances between the 
landmarks. The intra- and inter-observer variability for each parameter was estimated. Differences between healthy and 
scoliotic spines were statistically analysed using the t test for unpaired data, with a significance level of α = 0.01.
Results  Within the healthy group, an out-of-plane rotation of the vertebrae in the transverse plane was measured (2.6° ± 4.1° 
at T2). Relating the length of the spinal curvature to the T1–S1 height of the spine revealed that scoliotic spines were sig-
nificantly longer. However, the endplate area in the AIS group was significantly smaller once compared to the curvature 
length. The relation between the left and right pedicle areas varied between 2.5 ± 0.79 and 0.4 ± 0.19, while the ratio of the 
facet articular surfaces varied within 2.3 ± 0.5 and 0.5 ± 0.2.
Conclusions  This study identified a certain morphological pattern along the spine, which reveals a distinct load path preva-
lent within AIS. The data suggested that the spine adapts to the asymmetric load conditions and the spine is not deformed 
by asymmetric growth disturbance.

Graphical abstract  These slides can be retrieved under Electronic Supplementary Material. 

Key points 

1. Adolescent idiopathic scoliosis (AIS) is a three-dimensional deformity of 
the spine which exhibits morphological changes during growth

2. Goal of this study was to identify morphological patterns that could be 
explained by different loading patterns for AIS

3. Morphology parameters of the spine from T1-L5 were obtained by 
evaluating computed tomography (CT) images of 21 patients diagnosed with 
AIS and 48 patients without any visible spinal abnormalities  
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Take Home Messages

1. Morphological patterns along the spine reveal a distinct load path prevalent 
within AIS

2. Spines, initially classified as non-scoliotic, exhibited an inherent deformation 
and rotation of the spine, which qualitatively matched those found in scoliotic 
spines.

3. Data suggested that the scoliotic spine adapts to asymmetric load conditions

4. The presented morphology data can further provide an important basis for 
the development of scoliotic spine models
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Introduction

Adolescent idiopathic scoliosis (AIS) is a three-dimen-
sional deformity of the spine, which could exhibit distinct 
morphological characteristics compared to the symmetric 
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spine during growth. In 85% of the cases, the cause of 
adolescent scoliosis is unknown (idiopathic). According 
to Wolff’s law, the morphological changes of bone should 
be influenced by the mechanical stimuli to which the bone 
is locally exposed to [1–3]. The morphology, therefore, 
might tell a story how intrinsic forces deform the spine and 
thereby gradually cause the formation of scoliotic deformi-
ties. Understanding the morphological characteristics of 
scoliotic spines might help to identify the pathology of 
AIS. Furthermore, knowledge concerning the shape of the 
bone is necessary for the development of in vitro [4] and 
numerical models of scoliotic spines [5], as well as for the 
classification of scoliotic curvatures [6].

The existing literature relating to the morphological 
characteristics of scoliotic spines focuses on the wedg-
ing and rotation of the vertebral bodies and discs, as well 
as the pedicle size. The spinal segment at the apex of a 
curve exhibits the strongest wedging, in which the verte-
bral body height on the concave side is smaller compared 
to the opposite side [7, 8]. Within the thoracic region, the 
wedging of the vertebral body is most profound, whereas 
in the lumbar region the disc is more wedged [9]. This 
deformation of the vertebrae and discs generally increases 
with the cobb angle [10] and depends on the axial load it 
is exposed to [11].

In conjunction with a lateral displacement of the spine 
in the coronal plane, the vertebrae often rotate out of the 
sagittal plane towards the convexity of a curve [12].

A further characteristic of scoliotic vertebrae is the 
asymmetrical orientation and the size of the pedicles 
around the apex. The pedicle size on the concave side is 
smaller compared to the convex side [13–15]. Parent et al. 
[16] also investigated differences in the size of the facet 
joints, though no correlation could be found between the 
convexity and concavity. Even abnormalities in the can-
cellous bone structure of scoliotic spines were reported 
[17, 18].

Further studies measured the length differences between 
the anterior and posterior spinal columns [19–22]. Their 
findings lead to the hypothesis of an “anterior over-
growth”, which refers to a longer anterior spinal column 
compared to the posterior column and spinal canal.

While the literature data indicate that scoliotic spines 
exhibit common morphological characteristics, it is not yet 
fully understood how these overall patterns are associated 
with the scoliotic shape and type.

The goal of this study was to quantify and identify mor-
phological patterns within AIS patients in comparison 
with healthy spines, which might reveal a certain loading 
condition along the spine. Furthermore, these data provide 
an important basis for the generation of realistic scoliotic 
spine models.

Methods

Morphology parameters of the spine were obtained by 
evaluating computed tomography (CT) images of 21 
patients diagnosed with AIS (“AIS” group) and 48 patients 
without any visible spinal abnormalities (“healthy” group) 
(ethical votes: 418/15-Zo/Sta and B-F-2016-053). The CT 
data were collected from the radiology departments retro-
spectively, whereby no CT scan was performed specifically 
for this study. Inclusion criteria for the CT data were a 
slice thickness of ≤ 1 mm and visibility of the spinal levels 
T1 to S1, including the whole chest. The mean age was 
15 ± 2 years for the AIS group and 23 ± 12 years for the 
healthy group. To reduce variability in the data, the AIS 
cases were subdivided into the three groups lumbar (n = 5), 
thoracic (n = 12) and thoracolumbar (n = 4), depending on 
the location of the main curvature.

Morphology analysis

The skeletal structure was reconstructed from the CT data 
using the software tool AVIZO (release: 8.0; FEI Visuali-
zation Sciences Group, Hillsboro, Oregon, USA). Land-
marks were placed manually on predefined characteristic 
morphological points on the spine and chest (Fig. 1). Mor-
phological parameters were then derived from the coordi-
nates of those landmarks.

In this study, we focused the analysis on the overall 
dimensions of the spine, the shape of the vertebrae and 
discs, as well as the cross-sectional area of pedicles and 
the articular facet joint surface area. An average endplate 
size for each spine was calculated as by summarizing the 
endplate area at each vertebral level i for all levels m (sup: 
superior, inf: inferior).

The endplate area was assumed to have an elliptical 
shape.

To investigate potential length differences between the 
anterior and posterior spinal columns, the length of the 
spinal canal was quantified by connecting the centre of the 
spinal canal at each vertebral level. The centre of the spi-
nal canal was positioned in midline: between the posterior 
tip of the canal on the lamina and the point on the posterior 
edge of the superior endplate (see Fig. 1).

In addition, the individual length of the spinal cur-
vature and height of the spine was calculated (Fig. 2a). 
To reduce parameter variations between the patients, a 
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m
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patient-specific coordinate system was created using three 
landmarks (Fig. 2b).

Spinal parameters, such as the displacement in the coro-
nal plane and rotation of the vertebrae, were measured rela-
tive to the superior endplate of S1.

Statistical analysis

The intra- and inter-observer variability for the placement of 
the landmarks was analysed by two observers who repeated 
the placement of the landmarks six times on a healthy and a 
scoliotic spine. This allowed the determination of measure-
ment accuracy for each parameter.

The results of the healthy group were statistically ana-
lysed using a two-sided one-sample t test, by comparing the 
values to an expected true mean.

To identify significant differences between the healthy 
and scoliotic spines, the mean values at each level were 
compared using the t test for unpaired data. A significance 
level of 0.01 was considered. The statistical analysis was 
performed using the SciPy package (version 0.16.0) [23] 
with Python (version 3.4.3).

Results

The absolute inter- and intra-observer variability of the 
parameters decreased with an increase in the distance 
between landmarks. Therefore, the highest deviation was 
observed for small parameters such as the disc height, with a 
variability of 3%, and the facet parameters, with a variability 
of about 6% of their total value (Fig. 1).

Healthy spine data

The lateral displacement, relative to the mid-sagittal plane 
of each individual coordinate system of the healthy patients, 
varied in the range of − 1.3 ± 5.0 mm at T7 and 0.8 ± 3.4 mm 
at L4 (Fig. 3). Interestingly, the vertebrae of the healthy 
group exhibited an inherent rotation of the vertebrae which 
deviated significantly from zero at level T2 (2.6° ± 4.3°, 
p = 0.009) . It should be noted that the reduction in the lat-
eral displacement to 0 at T1 is due to the reference coordi-
nate system in which S1 and T1 are used as reference points.

The pedicle area ratio between the left and right sides was 
within the expected mean value of 1.0: between 0.9 ± 0.1 at 
T6 and 1.1 ± 0.2 at T1. The facet area ratio between the left 
and right sides varied between 0.9 ± 0.2 at T5 and 1.1 ± 0.3 
at T12.

General length of the spine

Within the healthy group, the height of the spine from T1 
to S1 correlated with the length along the spinal curvature 

Fig. 1   Left: position of the 
landmarks on a vertebral seg-
ment and morphologic param-
eters which were calculated 
from these landmarks. Right: 
table of parameters including 
their averaged inter and intra-
rater variability of 12 (n = 2 × 6) 
measurements

Fig. 2   a Sketch of the specified “spinal height” and “spinal curva-
ture”. Each length was calculated in three-dimensional space: “spinal 
height” between mid of the superior endplates of T1 and S1, and the 
“spinal curvature” by connecting the mid-point of the superior end-
plate of each vertebra. b Orientation of the global coordinate system 
of each patient. The z-axis points from the middle of the posterior 
edge of the superior endplate of S1 to T1, while the sagittal plane was 
defined by the vector between T1 and the centre of the suprasternal 
notch. Ref.: Reference 
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( r2 = 0.99 ). All scoliotic spines deviated from the almost 
perfectly linear relation present in the healthy group towards 
a disproportionally longer spinal curvature compared to their 
T1–S1 height (Fig. 4a).

A similar trend could be identified by comparing the 
length along the anterior edge of the spine with the length 
of the spinal canal, whereby a linear relation was present in 
the healthy group ( r2 = 0.96 ) (Fig. 4b). The average rela-
tion between the length along the anterior column and the 
spinal canal length was 1.10 ± 0.02 for healthy spines and 
1.18 ± 0.08 for scoliotic spines. Within the thoracic and 

thoracolumbar AIS group, it was found that this relation 
correlated significantly with the cobb angle (p < 0.01, Pear-
son’s r = 0.88) (Fig. 4c).

Endplate

The averaged endplate area ( A ) was compared to the height 
of the spine and the length of the spinal curvature (Fig. 5). 
No differences of the averaged endplate area in relation to 
the spinal height could be identified between the healthy and 
AIS groups. Yet, the endplate area was significantly smaller 

Fig. 3   Mean variation at each spinal level of the lateral displacement (a) and axial rotation (b) of the vertebral body (VB), as well as the ratio 
between left and right pedicles (c) and facet (d) areas for the healthy spine group

Fig. 4   a Relation between the length of the curvature and the spinal 
height for each spine. Linear regression was performed using the data 
of the healthy group. b Relation between the length along the anterior 
column and the spinal canal length. c. Relation between the length 

of the anterior column and the length of the spinal canal compared 
with the cobb angle in the mid-thoracic region (only for thoracic and 
thoracolumbar scoliotic curvatures)
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within the AIS group, once the endplate area was compared 
with the length of the curvature.

Spinal displacement

The lateral displacement of the scoliotic spine was signifi-
cantly different in relation to the healthy spines depending 
on the position of the main scoliotic curvature (Fig. 6a). In 
the lumbar AIS group, lateral offset was significantly differ-
ent within the lumbar levels and at T2, whereas the thoracic 
group exhibited significant differences in all levels between 
T4 and L5, except for T12.

Axial rotation

Our analyses revealed that axial rotation increased towards 
the apex vertebra of the scoliotic curvature (Fig.  6b), 
whereas the rotational peak depends on the type of sco-
liotic curvature. For lumbar AIS, the values ranged from 
− 8.9° ± 8.1° at T7 and 32.7° ± 5.3° at L1; for thoracic 
AIS, the values ranged between − 20.7° ± 14.1° at T9 and 

Fig. 5   Relation between average endplate area and the spinal height, 
respectively, the length of the curvature, for healthy and scoliotic 
spines

Fig. 6   Nine morphology parameters (a–i) and their development 
along the spinal levels for healthy spines (black) and scoliotic spines 
(green). Scoliotic spines were grouped depending on the position of 

the main scoliotic curvature: top row lumber AIS, middle row tho-
racic AIS and bottom row thoracolumbar AIS
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25.9° ± 10.5° at L2. At the thoracolumbar AIS, a main peak 
at T9 with − 58.5° ± 11.0° was measured.

Dorsal–ventral displacement

Scoliotic spines generally revealed a reduced kyphosis 
within the thoracic region, whereas in the lumbar area, the 
spinal shape in the sagittal plane depended on the type of 
scoliosis (Fig. 6c): Lordosis was decreased significantly at 
the levels L1 to L3 in lumber scoliosis types, while lordosis 
was increased in thoracolumbar scoliosis.

Shape of the vertebral body

Wedging of vertebral body was significantly pronounced in 
all three scoliotic types in the thoracic region between T7 
and T10, with a lower vertebral body height on the left (con-
cave) side compared to the right (convex) side of the cur-
vature and a minimal ratio of 0.67 ± 0.1 at T8 in the thora-
columbar AIS group (Fig. 6d). This relation was reversed in 
the lumbar region for lumbar and thoracic AIS cases, with 
maximal values of 1.25 ± 0.16.

The relation between the anterior and posterior vertebral 
body heights was generally higher in scoliotic spines than in 
healthy spines (Fig. 6e). Compared to the posterior height, 
the anterior height in scoliotic spines was lower in the upper 
thoracic region (min. 0.91 ± 0.05). In the lumbar region, the 
heights were equal or in an opposite relation to the thoracic 
region, with a maximum of about 1.25 ± 0.07.

Shape of the intervertebral disc

Lateral wedging of the disc was significant in the lumbar 
region with a maximal value of 2.06 ± 0.37 in thoracolumbar 
AIS group (Fig. 6f). The relation between the anterior and 
posterior disc heights was overall reduced within the tho-
racic levels T1 to T9 in the AIS groups in comparison with 
healthy spines (Fig. 6g).

Articular facet joint area

The superior facet joint areas exhibited differences espe-
cially in the lower thoracic region between T8 and T12, with 
a relation of 2.3 ± 0.5 (Fig. 6h). This relation was reversed 
above and below this spinal region, which resulted in a 
smaller facet area on the left side compared to the right facet 
(min. 0.5 ± 0.2 at T4 for thoracolumbar AIS).

Pedicle cross‑sectional area

Differences within the cross-sectional area of the pedicles 
between left and right sides are especially pronounced in the 
thoracic region, independent of the scoliotic type (Fig. 6i). 

High peaks were measured around T3 (2.5 ± 0.79 for tho-
racic AIS), T7 (0.4 ± 0.19 at thoracolumbar AIS) and T12 
(1.8 ± 0.3 at lumbar AIS).

Discussion

The presented results suggest that the development of mor-
phological parameters along the spine depicts a characteris-
tic pattern which reveals a distinct load path prevalent within 
scoliotic spines. The deformation of the spine relative to the 
sagittal plane of symmetry seems to go hand in hand with 
multiple changes within the bone morphology.

First it should be noted that even spines of the healthy 
group, classified as non-scoliotic, exhibited an inherent 
deformation and rotation of the spine, which qualitatively 
matched those found in scoliotic spines. These findings cor-
respond to data measured by Kouwenhoven et al. [24], who 
also identified significant rotation of up to 2.7° of the verte-
brae within the thoracic region of healthy patients.

The measurement of an increased length of the anterior 
column of scoliotic spines compared to healthy spines agrees 
with previous studies: the comparison of the anterior spinal 
length with the length of the spinal canal [19, 22], as well 
as the increased anterior compared to the posterior vertebral 
body height [25]. However, these results show no evidence 
that scoliosis is primarily caused by an asymmetric growth 
or tethering of the spinal canal. The morphological data sug-
gest that an increase in height is more likely to be result 
of a natural adaption process. In contrast to the findings of 
Brink et al. [26], our data suggests that the anterior spinal 
overgrowth is primarily located in the vertebral body, rather 
than in the disc.

The observed increased spinal length and, concomitant, 
the reduced endplate area in scoliotic spines in comparison 
with the healthy control group might be explained by the 
Hueter–Volkmann principle [27, 28] and Wolff’s law [1]. 
The later states that in a straight healthy spine the size of an 
endplate area would correlate with the axial load the verte-
bra is subjected to. A straight spine which is deformed from 
the symmetry plane would theoretically decrease in height, 
in case no bone adaptation process occurred. Nonetheless, 
the deformation alters load transmission, causing a reduc-
tion in the axial load component which acts vertically on 
the endplate surface. According to the Hueter–Volkmann 
principle [29, 30], a decrease in the axial compression load 
would result in an increase in the height. This agrees with 
the finding of an increased vertebral body height in scoliotic 
spines. The overall length of spinal curvature increases in 
scoliotic spines and is, therefore, longer than healthy non-
deformed spines.

The observed wedging of the vertebral body, as well as 
the size differences between the right and left facet areas 
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and pedicle sizes in AIS, suggests an uneven load sharing 
between and within the anterior and posterior columns. The 
pedicle size between the left and right sides deviates mainly 
at the apex of the scoliotic curvature, while the facet size 
varies especially in the region of the inflection point of the 
curvature (Fig. 7).

These findings suggest that the concave site of the ver-
tebral body around the apex is subjected to higher loads. 
The site of loading on the articular facets changes above 
and below the apex. The observed deformation patterns of 
the spine might be a result of stresses originating from the 
rib cage [31].

Limitations

This study was mainly limited by the rather small patient 
number. Due to ethical concerns, CT images in high quality 
which cover the entire thoracic and lumber spine including 
the chest are rarely taken. This makes the analysed images 
within this study an exceptional database.

Sources of error include the placement of the landmarks 
in particular on the scoliotic vertebrae, since the selection 
of the right, left and anterior vertebral edges on strongly 
distorted vertebrae proved to be challenging. These errors, 
however, should be captured by the quantified inter- and 
intra-rater variability.

Regarding the pathogenesis of scoliosis, the deforma-
tion of bony structures may very well be secondary, due to 
the distinct correlation between deformation and multiple 

morphological changes. A systemic asymmetrical load dis-
tribution may deform the spine and trigger the characteristic 
morphology pattern observed in scoliotic spines.

The presented morphology data can further provide 
an important basis for the development of scoliotic spine 
models.
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