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Abstract

Study Design: Cross-sectional.

Objectives: To quantify the asymmetry of the vertebral bodies and pedicles in the true transverse plane in adolescent idiopathic scoliosis
(AIS) and to compare this with normal anatomy.

Summary of background data: There is an ongoing debate about the existence and magnitude of the vertebral body and pedicle
asymmetry in AIS and whether this is an expression of a primary growth disturbance, or secondary to asymmetrical loading.

Methods: Vertebral body asymmetry, defined as left-right overlap of the vertebral endplates (ie, 100%: perfect symmetry, 0%: complete
asymmetry) was evaluated in the true transverse plane on CT scans of 77 AIS patients and 32 non-scoliotic controls. Additionally, the
pedicle width, length, and angle and the length of the ideal screw trajectory were calculated.

Results: Scoliotic vertebrae were on average more asymmetric than controls (thoracic: AIS 96.0% vs. controls 96.4%; p = .005, lumbar:
95.8% vs. 97.2%; p < .001) and more pronounced around the thoracic apex (95.8%) than at the end vertebrae (96.3%; p = .031). In the
thoracic apex; the concave pedicle was thinner (4.5 vs. 5.4 mm; p < .001) and longer (20.9 vs. 17.9 mm; p < .001), the length of the ideal
screw trajectory was longer (43.0 vs. 37.3 mm; p < .001), and the transverse pedicle angle was greater (12.3° vs. 5.7°; p < .001) than the
convex one. The axial rotation showed no clear correlation with the asymmetry.

Conclusions: Even in non-scoliotic controls is a degree of vertebral body and pedicle asymmetry, but scoliotic vertebrae showed slightly
more asymmetry, mostly around the thoracic apex. In contrast to the existing literature, there is no major asymmetry in the true transverse
plane in AIS and no uniform relation between the axial rotation and vertebral asymmetry could be observed in these moderate to severe
patients, suggesting that asymmetrical vertebral growth does not initiate rotation, but rather follows it as a secondary phenomenon.
Level of Evidence: Level 4.
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Introduction

Transverse plane asymmetry is a well-known part of the
three-dimensional (3-D) deformity in scoliosis and has
been described in a number of older as well as more recent
anatomic and radiographic imaging studies [1-8]. Unfor-
tunately, these data are sometimes inconsistent and con-
flicting, describing scoliosis of different origin and age at
onset of deformity. The exact transverse plane morphology
in adolescent idiopathic scoliosis (AIS) is important,
because it may further our understanding of the true nature
of the disorder and its etio-pathogenesis. It is known that all
growth cartilage of the pedicles, the neurocentral junctions
(NClJs), close before the age of eight; therefore, pronounced
pedicle asymmetry suggests a disturbance of symmetrical
development that has started already before that age [9].
Furthermore, for surgical strategy, the exact morphology of
both vertebral body and pedicles is important as a reference
for pedicle screw orientation, length, and width [8,10-15].
In addition to the existing literature on pedicle asymmetry
in AIS, this study aims to determine the existence and
magnitude of vertebral body and pedicle morphology
asymmetry in the true transverse plane in patients with
moderate to severe AIS.

Materials and Methods
Study population

All AIS patients who had received preoperative high-
resolution computed tomographic (CT) images (64 Slice
Multi-detector CT scanner; GE Healthcare, Chalfont, St.
Giles, United Kingdom; slice thickness 0.625 mm)—ac-
quired for navigation-guided pedicle screw insertion in one
of the participating centers—between June 2011 and May

2013 were included. All patients had undergone routine
upright posterior-anterior and bending radiography and
supine magnetic resonance imaging of the full spine for
detection of spinal cord abnormalities. Children with other
spinal pathology, spinal trauma, previous spinal surgery,
neurological symptoms or neural axis abnormalities, syn-
dromes associated with disorders of growth, or atypical left
convex thoracic curves or right convex (thoraco) lumbar
curves were excluded to obtain an as homogeneous popu-
lation as possible. Hence, the right pedicle is always the
convex pedicle and the left pedicle the concave pedicle in
this study. The control group consisted of 32 sex-matched
nonscoliotic subjects who had undergone CT imaging of
the thorax and abdomen for indications other than spi-
nal pathology.

Computed tomographic measurement method

Vertebral body and pedicle asymmetry were measured
for each individual vertebra by two trained observers (R.B.
and T.S.), using in-house—developed software for semi-
automatic analysis (ScoliosisAnalysis, Image Sciences
Institute, Utrecht, The Netherlands), based on MeVisLab
(MeVis Medical Solutions AG, Bremen, Germany) [16].
For intra- and interobserver reliability, two observers (R.B.
twice, T.S. once) analyzed a random subset of 10 CT scans
of AIS patients on separate sittings.

First, the observer selected the upper and lower end-
plates of the vertebral body, by using the software that was
developed for this purpose [16]. Then, the observer used the
sagittal and coronal orientation of the endplates to correct
for coronal and sagittal tilt to position each vertebral level
in the true transverse plane. Subsequently, for each end-
plate, its longitudinal axis was calculated automatically

Fig. 1. The orientation of the upper and lower endplate of each individual vertebra of the computed tomography scans was determined by using the semi-
automatic software, correcting for coronal (I) and sagittal (II) tilt, to reconstruct true transverse sections. The observer drew a contour around the vertebral
body (yellow line in III) and spinal canal (blue line in III). The semiautomatic software calculated a center of gravity of the vertebral body (yellow dot in III)
and spinal canal (blue dot in IIT). For each endplate, its longitudinal axis was calculated as the line between those two points (purple line in III).
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Fig. 2. Computed tomographic images showing the true transverse reconstructions of a vertebra. After manual segmentation of the vertebral body and spinal
canal, the software flipped the right side of the endplate across the longitudinal vertebral axis. The Dice similarity coefficient was used to calculate the per-
centage of overlap between the left (in green) and right (in red) side of the vertebral body.

Fig. 3. Pedicle width was defined as the narrowest length between the
medial outer cortex and lateral outer cortex on the right—left axis (point
3—4); pedicle length as the length between the posterior outer cortex of
the lamina and the anterior side of the spinal canal on the longitudinal axis
(2—5); length of the ideal pedicle screw trajectory as the length between
the posterior outer cortex and the anterior outer cortex of the vertebral
body on the longitudinal axis (1—2; mimicking the length of the ideal
pedicle screw trajectory in the transverse plane) and the transverse pedicle
angle as the angle between the pedicle axis and the vertebral axis (a).

after manual segmentation (Fig. 1) [16]. Axial rotation of
each vertebra was calculated, using the 3-D orientation of
the longitudinal axis of the endplates as relative to the
sacrum, since this normally is not rotated in AIS [16]. For
measuring the vertebral body asymmetry, the right side of
the endplate of the vertebral body was flipped across the
longitudinal axis on top of the left side to calculate the
overlap between them using the Dice similarity coefficient;
that is, 100% indicates perfect symmetry, 0% complete
asymmetry (Fig. 2).

Pedicle asymmetry was also analyzed in the ideal
reconstructed transverse sections, parallel to the upper
endplate, on which both pedicles were best visible, as
previously used by other research groups for pedicle
asymmetry analyses [11,17]. A longitudinal line was placed
straight through each pedicle, the pedicle axis, and
perpendicular to this axis, a right—left axis was recon-
structed. The pedicle width and length, length of the ideal
screw trajectory and the pedicle angle were measured by
using these axes, specified in Fig. 3. Pedicle asymmetry
was defined as the difference between the convex and
concave pedicle.

For better comparison with previous studies on pedicle
asymmetry, pedicles were also classified as proposed by
Watanabe et al. and Sarwahi et al. [13,18]. This classifi-
cation describes four pedicle types; type A, a cancellous
channel >4 mm; type B, a cancellous channel between 2
and 4 mm; type C, a cortical channel >2 mm; and type D,
a cancellous or cortical channel <2 mm.

Statistical analysis

Statistical analyses were performed using SPSS 20.0 for
Windows (SPSS Inc., Chicago, IL). Descriptive statistics
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were computed and chi-square was used to analyze the
differences in pedicle classification. Potential outliers were
identified. Differences in vertebral body and pedicle pa-
rameters between AIS patients and controls were analyzed,
using multiple analysis of variances (MANOVA). In addi-
tion, paired t-tests were used to analyze the parameters
between the concave and convex side, and between the
apices and Cobb end vertebrae in the AIS group. Pearson’s
correlation coefficient (r) was used to define the relation-
ship between the asymmetry and axial rotation, and the
intraclass correlation coefficient (ICC) was used to define
the intra- and interobserver reliability. The statistical sig-
nificance level was set at 0.05.

Results
Population

Seventy-seven AIS patients were included, only the
vertebrae of the primary structural thoracic (Lenke 1, 2,
3, and 4) and lumbar (Lenke 5 and 6) curves in AIS
were included (see Table 1 for exclusion criteria
and demographics). To assess potential confounding of

Table 1
Demographics for all included subjects and exclusion criteria are shown.
Included AIS Controls
(m=177) (n = 32)
Age (y)
Range 11-26 10—18
Mean + SD 17.1 £29 154 +£1.8
Girls, n (%) 60 (78%) 25 (78.1%)

Thoracic curve convexity, n (%)
Right convex
Lenke curve type

77 (100%)

1 37 (48%)

I 16 (21%)

111 7 (9%)

v 2 (3%)

v 6 (8%)

VI 9 (12%)
Primary thoracic curves 62 (81%)
Cobb angle primary thoracic curve (°)

Range 51-105
Mean + SD 69 £ 12
Primary lumbar curves 15 (19%)

Cobb angle (thoraco) lumbar curve (°)
Range 41-88
Mean + SD 41 £ 16
Excluded, n
Total 11
Associated congenital of
neuromuscular pathologies
Atypical left convex thoracic curve 3
Scoliosis surgery prior to CT scan 1
Incomplete radiological chart 1

AIS, adolescent idiopathic scoliosis; CT, computed tomography; SD,
standard deviation.

Curve characteristics (curve type according to the Lenke classification,
level of the apex, and Cobb angles) were determined on the conventional
posterior-anterior and bending radiographs [19-21].

the different age of the groups, the effect of age on
outcome was analyzed, which showed no difference
(p = .147).

Overall asymmetry between AIS and controls

Primary thoracic and lumbar AIS curves had on
average, considering the mean of all the vertebrae in
the curve, more transverse plane asymmetry than
controls in terms of vertebral body asymmetry (thoracic,
96.0% =+ 0.6% in AIS vs. 96.4% =+ 0.5% in controls,
p = .005; lumbar, 95.8% + 1.2% vs. 97.2% + 0.4%,
p < .001; Fig. 4).

Pedicle width: the AIS concave pedicle was thinner than
the convex pedicle (thoracic, —0.4 + 0.6 mm left—right
difference in AIS vs. 0.1 £ 0.3 mm left—right difference in
controls, p < .001; lumbar, 0.5 + 0.7 mm vs. 0.2 &+ 0.3
mm, p = .036; Fig. 5). All the included curves were right
convex; therefore, the right pedicle is the convex pedicle
and the left pedicle is the concave pedicle.

The concave pedicle was longer in the thoracic spine as
compared to the convex pedicle (1.8 = 1.7 mm left—right
difference in AIS vs. 0.7 = 0.8 mm in controls; p < .001;
lumbar, —0.9 £ 1.2 mm vs. —0.3 £ 1.2 mm; p = .09; Fig. 5).

Length of the ideal screw trajectory in the thoracic
spine: the AIS concave pedicle was longer (4.1 & 2.3 mm
left—right difference in AIS vs. 1.2 & 1.0 mm in controls;
p < .001). In the lumbar spine the length of the ideal
pedicle screw trajectory showed, somewhat surprisingly,
more asymmetry in the controls (0.9 &+ 1.5 mm) than in AIS
patients (—0.2 £ 1.3 mm; p = .015; Fig. 5).

The AIS concave pedicle was more angled inward
(throacic, 4.6° £ 3.2° left—right difference in AIS vs. 1.8°

100

TR LT

= AIS

a4 Control

Vertebral body asymmetry (%)
=]

IS5 L4 13 12 11 Ti2 T1i1 Ti0 79 78 717 T6 T5 T4
Vertebral level

Fig. 4. The vertebral asymmetry is shown for each individual vertebral
level in the primary thoracic and primary lumbar curve in adolescent idio-
pathic scoliosis (AIS) and the thoracic and lumbar vertebrae in controls.
100% indicates perfect symmetry, 0% complete asymmetry. *Significant
difference between AIS and controls.
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Fig. 5. Pedicle asymmetry is shown for each individual pedicle in adoles-
cent idiopathic scoliosis (AIS) patients and controls, representing pedicle

4 2.1° in controls, p < .001; lumbar, —4.7° + 4.0° vs. 2.2°
+ 3.3°, p < .001; Fig. 5).

Overall asymmetry between concave and convex
pedicle in AIS

On average, throughout the thoracic primary curves, the
concave pedicle was thinner (concave 5.2 + 1.0 mm vs.
convex 5.6 & 0.9 mm; p < .001) and longer (concave 20.6
4+ 2.0 mm, convex 18.8 = 1.8 mm; p < .001), the ideal
screw trajectory was also longer (concave 41.7 + 3.6 mm
vs. convex 37.6 & 3.6 mm; p < .001) and the transverse
pedicle angle was greater (concave 10.6° &= 3.6° vs. convex
6.0° = 3.0°; p < .001). In the primary lumbar curves, the
concave pedicle was thinner (concave 6.9 £ 1.1 mm vs.
convex 7.4 + 1.2 mm; p = .018), but slightly shorter
(concave 21.6 £ 1.6 mm vs. convex 22.5 + 1.4 mm; p =
.009) and the transverse pedicle angle was also greater
(concave 18.0° £ 4.7° vs. convex 13.3° & 3.9°; p < .001).
There was on average no significant difference between
concave (46.5 + 3.4 mm) and convex (46.3 + 3.2 mm)
regarding length of the ideal screw trajectory in the primary
lumbar curves. The pedicles in the controls showed no
asymmetry between the left and right pedicle for all the
parameters (p = .051).

Pedicle type asymmetry

In the primary thoracic AIS curves, 20.3% of the pedi-
cles were abnormal—type B, C, or D—compared to
only 7.8% in the corresponding vertebrae in the controls
(p < .001; Table 2). In the primary lumbar curves, 7.7% of
the pedicles were abnormal, versus 0.0% in the controls
(p < .001). The concave pedicle in the thoracic AIS curve
was more often type B (concave 18% vs. convex 12%; p =
.016) or type C (concave 8% vs. convex 2%; p < .001;
Table 2) than the convex pedicle. In the lumbar AIS curve,
there was no difference between the concave and
convex pedicle.

Vertebral body and pedicle asymmetry in different
regions of the spine

The thoracic apical vertebrae of the primary curves showed
more asymmetry than the end vertebrae (often also the neutral

width, pedicle length, the length of the ideal pedicle screw trajectory,
and the transverse pedicle angle. The right pedicle is the convex pedicle
in the primary thoracic AIS curves and the concave in the primary lumbar,
the left pedicle is the concave in the primary thoracic curves and the
convex in primary lumbar curves. *Significant difference between concave
and convex pedicle in AIS patients; {Significant difference in asymmetry
(difference between right and left pedicle) between AIS patients and
controls.
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Table 2
The pedicle classification is shown for the thoracic and lumbar primary curves in AIS patients and compared to the corresponding vertebrae in the controls.
Pedicle type ~ Thoracic Lumbar
Convex, n (%)  Concave, n (%) p Controls, n (%)  Convex, n (%)  Concave, n (%) p Controls, n (%)
A 353 (86) 304 (74) <.001 649 (92)* 74 (95) 70 (90) 184 448 (100)"
B 51(12) 74 (18) .016 36 (5)" 203 4 (5 341 0 (0)*
C 8(2) 33 (8) <.001 19 3)* 2(3) 4(5) 341 0 (0)*
D 0 (0) 1(0) .500 0 (0) 0 (0) 0 (0) — 0 (0)

AIS, adolescent idiopathic scoliosis.

Type A = cancellous channel >4 mm; type B = cancellous channel between 2 and 4 mm; type C = cortical channel >2 mm; type D = cancellous or

cortical channel <2 mm.
# Significant difference between AIS and controls.

vertebrae) in left—right overlap (apex, 95.8 = 1.5% vs. end
vertebra, 96.3 + 1.0%; p = .031), the difference between
convex and concave pedicle width (0.9 £ 1.1 mm vs. —0.2 +
1.1 mm; p < .001), pedicle length (—3.0 £ 3.8 mm vs. —0.5
4+ 2.7 mm; p < .001), length of the ideal screw trajectory
(—=5.7£52mmvs. —2.0 £4.1 mm, p < .001) and transverse
pedicle angle (—6.6° = 6.8° vs. —1.7° & 7.4°; p < .001;
Fig. 6). In the lumbar spine, no significant difference in
asymmetry was found between the apical and end vertebrae.

Relation with curve severity

No significant, linear correlation could be found be-
tween vertebral body or pedicle asymmetry and the Cobb
angle or apical vertebral rotation (p > .05; Table 3).

Thoracic apax

Reliability

In absolute values, the mean intra- and interobserver
measurement errors for vertebral body asymmetry mea-
surement were 0.5% and 1.1%, respectively. Since the
range of vertebral body asymmetry was relatively small,
ICC for intra- and interobserver reliability were relatively
low: 0.54 (95% confidence interval: 0.39—0.66) and 0.54
(0.39—0.66), respectively. ICCs for intra- and interobserver
reliabilities for pedicle width were 0.98 (0.97—0.98) and
0.97 (0.96—0.97), for pedicle length 0.83 (0.78—0.86) and
0.60 (0.50—0.68), for ideal screw trajectory length 0.91
(0.89—0.93) and 0.82 (0.77—0.85) and for transverse
pedicle angle 0.88 (0.85—0.90) and 0.70 (0.63—0.76),
respectively.

Vertebral body asymmetry (%) * 95.8£1.5

Concave Convex P
Pedicle width (mm) * 45812 5.4:1.2 <0.001
Pedicle length (mm] * 20.9:3.5 17.9:2.3  <0.001
Pedicle screw trajectory length (mm) *  43.085.2  37.324.3 <0.001
Transverse pedicle angle (*) * 12.346.4 5.7+3.8 <0.001
Cobb end vertebra Thoracic Lumbar
Vertebral body asymmetry (%) 96.3+1.0 95.4+1.2

Concave Convex P Concave Convex P
Pedicle width {(mm) 6.9+1.5 6.7+1.3 0.207 6.2¢1.3 6.9+1.6 0.040
Pedicle length (mm) 21.4£3.6  209£3.8 0126 20,0£2.9  22.3£3.7 0.003
Pedicle screw trajectory length (mm) 42.2:6.3  40.2:6.9 <0001 | 40.3:59 42,3152 0.125
Transverse pedicle angle (%) 9.3:6.1 7.6:6.7 0.070 11.6:8.2 6.124.2 0.014
Lumbar apex
Vertebral body asymmetry (%) 95.5¢1.9
Concave Convex P

Pedicle width {mm) 5.1+1.4 5.6+2.0 0.212
Pedicle length (mm) 21.9£1.3  24.5:19 <0.001
Pedicle screw trajectory length {(mm) 45.5¢4.3  46.724.1 0.182
Transverse pedicle angle (%) 16.5+8.1 9.5+4.6 0.015

Fig. 6. The vertebral asymmetry and pedicle asymmetry are shown for the thoracic apex, Cobb end vertebra and lumbar apex of the primary curves in

adolescent idiopathic scoliosis (AIS). *Significant difference between the thoracic or lumbar apex and the Cobb end vertebra for vertebral asymmetry
and pedicle asymmetry (difference between convex and concave).
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Table 3

The Pearson correlation coefficient (r) between the asymmetry parameters
in the apical vertebra of the primary curves in the transverse plane versus
axial rotation in the corresponding vertebra and the Cobb angle of the
curvature.

Thoracic Lumbar

Apical Cobb Apical  Cobb
vertebral angle vertebral angle
rotation rotation

Correlation

r p r p r p r p
0.16 .21 —0.23 .07 —0.34 .21 —0.41 .14
Pedicle width asymmetry —0.08 .56 0.03 .80 0.54 .04 0.16 .57
Pedicle length asymmetry 0.06 .65 —0.11 .41 0.44 .10 0.40 .14
Ideal pedicle screw trajectory —0.01 .92 —0.41 .75 0.40 .14 —0.4 .88
length asymmetry
Transverse pedicle angle

Vertebral body asymmetry

—0.94 47 —0.13 .31 0.15.59 —0.31 .26

Discussion

Accurate descriptions of the 3-D deformity in scoliosis
were already given by 19th-century anatomists in cadaveric
specimen [1-3]. More recently, with modern imaging
techniques, asymmetry in pedicle dimensions between the
convex and concave sides of the curve were demonstrated
in several studies [8,10-13,22]. The role of this asymmetry,
and whether it represents an active asymmetrical growth
pattern, or a passive adaptation due to asymmetrical
biomechanical loading as explained by Hueter-Volkmann’s
and Wolff’s law, remains undetermined so far
[14,15,23,24]. Experimental studies have shown that
asymmetrical growth of the NClJs of the vertebrae can lead
to vertebral rotation; unilateral lag screw epiphysiodesis of
the NCJ in a growing pig was shown to lead to a rotational,
3-D deformity, similar to AIS [25-27]. If, however, asym-
metrical growth of the NCJs (either active or passive) leads
to asymmetrical pedicle development in AIS, it implicates
that the deformity must already begin to develop before
closure of these growth plates, in other words, well before
the adolescent growth spurt, when all NCJs have been re-
ported to be closed [9,27,28]. Accurate descriptions of
vertebral morphology in scoliosis are therefore important,
both theoretically, for better understanding its mechanism,
and practically, for surgical strategy and safe
implant placement.

Our study is, to our knowledge, the first to report
asymmetry of both the vertebral bodies and the pedicles, in
a population of moderate to severe adolescent idiopathic
scoliosis patients, in the true transverse plane, using 3-D
multiplanar reconstruction of high-resolution CT scans for
each individual vertebra. We used in-house—developed
software that has been validated in previous studies, to
minimize subjectivity in the measurements [16]. In total,
the morphology of 1876 pedicles and 1876 vertebral upper
and lower endplates has been accurately assessed for this
study in AIS and compared to the same levels in controls.
We observed that even in nonscoliotic controls a certain

degree of vertebral asymmetry exists. The concave pedicles
of the thoracic primary curves were on average 0.4 mm
thinner, 1.8 mm longer, the ideal screw trajectory was also
on average 4.1 mm longer than for the convex pedicle, and
the transverse pedicle angle was 4.6° greater on the concave
side. The asymmetry was found to increase toward the
apex, the concave pedicle becoming thinner and longer, up
to a difference of 0.9 mm thinner and 3.0 mm longer than
the convex pedicle. The lumbar concave pedicles were on
average 0.5 mm thinner than convex throughout the curve.
Although more asymmetry was found in the more rotated
apical segments, no direct correlation was found between
the amount of asymmetry, the magnitude of the Cobb angle,
or the amount of rotation of the apex in these moderate to
severe AIS curves. As mentioned in previous studies, the
bone drift of the vertebral body toward the concavity and
the greater pedicle angle on the concave side explains the
longer ideal pedicle screw trajectory on the concave side
(Fig. 7) [8].

Our measurements of the pedicle width asymmetry were
consistently smaller than the measurements of pedicle
width asymmetry that have been reported in previous
studies, with a mean difference of 1.0 to 2.4 mm between
the convex and concave pedicle [8,22,29-31]. The average
asymmetry of the pedicle lengths that have been reported
varied between 0.9 and 2.7 mm, the screw trajectory

Fig. 7. A thoracic apical vertebral body is shown of a severe curve (Cobb
angle 69°). The vertebral body axis (black line) and both the pedicle axes
(black dashed lines) are illustrated. The bone drift toward the concavity
and the increased transverse pedicle angle causes a longer ideal pedicle
screw trajectory.
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15 mm

3

Fig. 8. The measurement method and CT scans should be very accurate; slight deviation from the ideal transverse plane of the rotated, translated, and tilted

vertebrae automatically induces apparent, but not necessarily true, asymmetry.

asymmetry between 1.3 and 5.6 mm, and the pedicle angle
between 1.3° and 9.0° [8,29-31]. Although CT measure-
ments can be considered the gold standard method for
assessment of morphology of in vivo bony structures, it
completely depends on voxel size in relation to the size of
the structure to be measured. On our high-resolution scan
(0.625-mm), we observed that even slight deviations from
the ideal transverse plane of the rotated, translated, and
tilted vertebrae automatically induces apparent, but not
necessarily true, asymmetry (Fig. 8). On the other hand, a
major disadvantage of high-resolution CT scans are the
radiation dose concerns (the average radiation dose
received in this study was 10 mSv), especially for appli-
cability in longitudinal studies.

Unfortunately, this study was conducted in a cross-
sectional design. For further understanding of the true
nature of the disorder and its etiopathogenesis, future
studies need a longitudinal design and modern low-dose or
non-ionizing imaging technologies and should focus on
mild scoliosis. Nevertheless, this study is a first attempt,
because subjects with several curve magnitudes were
included and compared to the normal anatomy. Further
studies could include a longitudinal design and mild
scoliotic patients.

An important issue is how the vertebral body is deter-
mined; it depends on where the dividing line between left
and right is drawn in these rather irregular structures. Other
studies have used varying, sometimes subjective, methods,
often based on manually drawing a line by using manually
placed points [32]. Our choice of the axis through the
vertebral body may be criticized as well. It relies on a

manual segmentation of the bony outline of the vertebra,
after which the computer determines the center of mass of
both the spinal canal and the vertebral body. This creates an
objective, very reliable, and reproducible line that divides
the vertebra in half, allowing the right half of the vertebra to
be “mirrored” to the left half [32]. It also creates some
degrees of symmetry, however, because by definition the
amount of mass on the left side of this line is identical to
the amount of mass on the right side. Although our method
will not demonstrate asymmetry in left—right mass distri-
bution, its objectivity and reproducibility, as well as its
ability to demonstrate differences in shape between the left
and right side of the vertebral body, make it attractive to
use [32].

In conclusion, transverse plane vertebral asymmetry
exists to a certain extent in normal vertebral bodies and
pedicles, but bony asymmetry is more pronounced in AIS,
although less than that reported earlier. The less asymmetry
as described before is relevant for the pedicle screw size
and orientation during the surgical treatment. Vertebral
bodies were more asymmetrical in primary lumbar AIS
than in primary thoracic curves. Pedicles, however, were
more asymmetrical in the apical region of the thoracic
curve, the concave pedicle being smaller and longer and the
transverse pedicle angle greater than on the convex side.
Although curves with greater Cobb angles and more rota-
tion show most vertebral asymmetry, there was no linear
correlation between the asymmetry and the amount of
rotation in these moderate to severe AIS patients. This
suggests to us that asymmetrical vertebral growth does not
drive rotation, but rather follows it to a variable extent.
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Key points

e This is the first quantitative study on adolescent
idiopathic scoliosis describing vertebral body asym-
metry as well as pedicle asymmetry in the true
transverse plane of each vertebra.

e Vertebral bodies and pedicles were significantly more
asymmetrical in AIS than in normal controls. This
asymmetry was most pronounced at the thoracic api-
cal vertebrae.

e Although the rotated apical vertebrae showed more
asymmetry than the neutral and end vertebrae as well
as the same levels in controls, there was no linear
relation between the true transverse plane asymmetry
and the amount of axial rotation in these moderate to
severe AIS patients.
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