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Abstract
Study Design: Retrospective cross-sectional study.

Objectives: It is generally believed that the apical vertebra has the largest axial rotation in adolescent idiopathic scoliosis.
We investigated the relationship between apical axial vertebral rotation (apicalAVR) and maximal axial vertebral rotation
(maxAVR) in both major and minor curves using biplanar stereo-imaging.

Methods: EOS 2D/3D biplanar radiograph images were collected from 332 patients with adolescent idiopathic scoliosis (Cobb
angle range 10°-122°, mean age 14.7 years). Based on the X-ray images, with the help of 3D full spine reconstructions Cobb angle,
curvature level, apicalAVR and maxAVR were determined. These parameters were also determined for minor curves in Lenke 2,
3, 4, 6 type patients. Maximal thoracic rotation and maximal thoracolumbar/lumbar rotation were calculated. Statistical analysis
was performed with descriptive statistics, Shapiro-Wilk test, and Wilcoxon signed-rank test.

Results: The apical vertebrae were the most rotated vertebra in only 40.4% of the major curves, and 31.7% in minor curves.
MaxAVR significantly exceeded apicalAVR values in the major curves (P < .001) as well as in minor curves (P < .001). The 2
parameters differed significantly in each severity group and Lenke type.

Conclusions: The apical vertebrae were not the most rotated vertebra in more than half of cases investigated indicating that
apicalAVR and maxAVR should be considered as 2 distinct parameters, of which maxAVR fully describes the axial dimension of
scoliosis. Furthermore, the substitution of maxAVR for the apicalAVR should be especially avoided in double and triple curves, as
the apical vertebra was even less commonly the most rotated in minor curves.
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Introduction important components for radiographic evaluation of the axial
dimension of scoliosis and over time the apical vertebra has
come to be regarded as the de facto vertebra with the highest
rotation.® Indeed, in the majority of studies only the apical AVR
parameter is measured and conclusions are drawn from it with
regard to the efficacy of vertebral rotations of surgical

Adolescent idiopathic scoliosis is a 3-dimensional (3D) defor-
mity." In addition to the deformity in the frontal and sagittal
planes, axial rotation of the vertebrae is also present and is
increasingly being addressed during evaluation.’

At the end of the 1980s, Stokes® found the highest axial
rotation to lie “close to” the apex of the curve, that is, at the
apical vertebrae or within 2 vertebral levels of it. Later com-
puted tomography—based investigations, however, found the ' University of Pécs Medical School, Pécs, Hungary
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treatments.”® As a result of such studies, apical AVR has been
shown to be correlated with cosmetic and satisfaction
outcomes.®

However, there are few reports describing the degree of
rotation of the maximally rotated vertebra or “maximal axial
vertebral rotation” (maxAVR). Kotwicki et al’ found maxAVR
was between 10° and 24° close to the T9 vertebra in Lenke 1
patients. Charles et al'® found the maximal thoracic vertebral
rotation between T6 and T10 vertebrae, with an average of
22.7° in standing position and the maximal lumbar vertebral
rotation was measured at an average of 25.8° and was found at
L1 and L3 vertebrae in Lenke 3 patients.

The introduction of EOS 2D/3D imaging technology
to many clinics in recent years has allowed a greater ability
to make well-reproducible measurements of vertebral rotation
in a standing position."' Furthermore, full spine 3D reconstruc-
tions can be performed at ultra-low radiation doses, an impor-
tant advantage in adolescent imaging.'? The results of one
recent EOS-based study of 158 patients are consistent with the
early findings of Stokes® that while the apical vertebra is most
commonly the maximally rotated vertebra, there can be a dif-
ference of 1 or 2 segments in 9.5% of cases.'

The purpose of this study was to determine AVRs in the
major and minor curves of adolescent idiopathic scoliosis using
EOS 2D/3D imaging in a larger population, and to determine if
the apical vertebra was the maximally rotated. According to our
hypothesis, the apical vertebrae do not always have the largest
axial rotation in adolescent idiopathic scoliosis.

Patients and Methods

Patients

Following approval by institutional ethics committee, we
reviewed 9872 EOS 2D/3D stereo images (EOS Imaging, Paris,
France) made during the routine work of our department
between 2007 and 2018 and cases were selected in which ado-
lescent idiopathic scoliosis was the indicating diagnosis. Exclu-
sion criteria were early onset, secondary scoliosis, prior spine
surgery, or any associated musculoskeletal disease. All patients
not in the required position during image capture (described
below) were excluded, as this could influence rotation mea-
surements, leaving 332 individuals.

The mean age of the population was 14.7 years (range 10-17
years) and there were 267 girls and 65 boys due to the gender-
associated incidence of the disease.'* Mean Cobb angle was
37.7° (range 10°-122°). Distribution of patients by age and sco-
liosis severity as per SOSORT Consensus is shown in Table 1."°

Imaging Protocol and 3D Modeling

Image-pairs were captured using the EOS 2D/3D scanner,
with patients in the special “knuckles on clavicles™ position,
which has been shown to allow more accurate 3D spine
reconstructions.'®

Table I. Distribution of Studied Population by Age and Scoliosis
Severity.

Age (years)

Cobbangle 10 Il 12 13 14 15 16 17
<20° 5 5 8 5 16 15 12 10
21°-35° 7 3 9 16 29 24 15 15
36°-40° o o 2 3 3 3 6 2
41°-50° I 2 2 7 13 5 6 7
51°-55° o o 1 3 4 | I 0
>56° 0 5 7 13 17 1l 7 6
Sum 13 15 29 47 82 59 47 40

Full spine 3D reconstructions were made using sterEOS
software V1.4.4.5297, which is aligned by the user to the
contours of each thoracic and lumbar vertebra.'” The soft-
ware automatically calculates the Cobb angle, curvature
level in addition to the serial AVR values for Thl-L5
vertebrae (Figure 1). AVR was calculated based on the
axial displacement of the vertebrae relative to the pelvis,
with left hand rotation defined as positive. The Cobb angle
and AVR values were calculated by the software in both
positive and negative ranges, so the absolute values of the
parameters were used for following calculations. The api-
cal vertebra is automatically identified by the sterEOS
software in major curves and was manually determined
in minor curves.

The maxAVR and the distance from the apical vertebra were
determined from the serial data on axial rotation of the verteb-
rae. These same parameters were also determined for minor
curves in double and triple curves (Lenke 2, 3, 4, 6). Maximal
thoracic rotation was determined in Lenke 1, 2, 3, and 4
patients and maximal thoracolumbar/lumbar rotation calcu-
lated in the Lenke 4, 5, and 6 groups.

Statistical Analysis

Normality of the data was ensured with Shapiro-Wilk test and
the Wilcoxon signed-rank test used to assess the relationship
between apical AVR and maxAVR. Results were considered
significant at P < .05. Statistical analysis was performed using
SPSS v.23 (IBM Corp) software.

Results

In 198 of 332 (59.6%) cases, the maximally rotated vertebra
was not the apical vertebra in the major curves, and in 56 of 82
(68.3%) minor curves. The difference between apicalAVR and
maxAVR values is detailed in Table 2.

Major Curves: The Relationship of Apical Vertebral
Rotation to Maximal Rotation in Major Curves
The mean apical AVR value in major curves was 12.53° +

9.15° versus mean maxAVR of 14.33° + 9.68° (P < .001).
Vertebral level differed up to 2 levels between the apical
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Figure 1. (a) EOS full spine image of a patient with adolescent idiopathic scoliosis. (b) Three-dimensional (3D) reconstruction of the spine from
Thl to L5 vertebra. (c) diagrammatic representation of axial rotation of each vertebra from T| to L5 (yellow: apical vertebra; blue: end

vertebra). Images based on data from the same Lenke 5 patient.

Table 2. Differences in Degrees Between apicalAVR and maxAVR in
Major and Minor Curves.

Table 4. Relationship Between apicalAVR and maxAVR in Different
Severity Groups (Mean + SD).

maxAVR-apical AVR

difference Overlap 0°-3° 3°-5° 5°-10° >10° Total
Major curve 134 124 39 30 5 332
Minor curve 34 43 16 8 | 102

Abbreviation: AVR, axial vertebral rotation.

Table 3. Major Curves: Distance Between Maximally Rotated
Vertebra and Apical Vertebrae in Major Curves (Mean + SD).

Distance

from apical  No. of

vertebrae cases apicalAVR maxAVR P
Overlap 134 14.94° + 10.17° 14.94° + 10.17° —

| 182 10.89° + 8.16° 13.91° + 9.59° <.001*
2 16 10.87° + 6.24° 1423° + 6.16° <.001*
Total 332 12.53° + 9.15° 14.33° + 9.68° <.001*

Abbreviation: AVR, axial vertebral rotation.
2P value is the result of Wilcoxon signed-rank test, P < .05 (*) was accepted as
significant.

vertebra and maximally rotating vertebra (see Table 3). Max-
imal thoracic rotation (in the case of Lenke 1, 2, 3, and 4
curves) was located between the Th4 and Th11 vertebrae with
an average rotation of 14.75° + 11.12°. The maximal thor-
acolumbar/lumbar rotation (in Lenke 4, 5, and 6 curves) was
found between the Th12 and L4 vertebrae with a mean value
of 13.72° + 7.16°.

Data on apical AVR and maxAVR in patient groups of vary-
ing severity is shown in Table 4. The relationship between the 2
examined parameters based on Lenke classification is detailed
in Table 5.

Cobb angle No. of cases  apicalAVR maxAVR P

<20° 76 6.70 + 4.55° 827 + 446° <.00I*
21°-35° 18 9.34 £ 5.14° 1081 + 490° <.00I*
36°-40° 19 16.36 + 7.30° 17.80 + 6.95° .008*
41°-50° 43 15.67 + 5.07° 1727 + 5.07° <.001*
51°-55° 10 1584 + 577° 19.10 + 6.63° 018*
>56° 66 21.27 £+ 13.05° 23.97 + 14.07° <.001*
Total 332 1253 + 9.15° 14.33 + 9.68° <.00I*

Abbreviation: AVR, axial vertebral rotation.
P value is the result of Wilcoxon signed-rank test, P < .05 (*) was accepted as
significant.

Table 5. Apical AVR and maxAVR Values Based on Lenke
Classification (Mean + SD).

Lenke type No. of cases  apicalAVR maxAVR P

| 112 11.29° + 889° 13.39° + 10.11° <.001*
2 27 16.75° + 4.49° 17.94° + 3.58° <.001*
3 54 16.01° + 13.6° 17.5° + 13.55° <.001*
4 3 20.33° + 6.16° 22.98° + 5.32°  .109
5 120 11.02° + 6.4° 12.63° + 6.43° <.001*
6 16 18.32° + 5.9° 20.93° + 7.55°  .005*%
Total 332 12.53° + 9.15° 14.33° + 9.68° <.001*

Abbreviation: AVR, axial vertebral rotation.
2P value is the result of Wilcoxon signed-rank test, P < .05 (*) was accepted as
significant.

Minor Curves: The Relationship of Apical Vertebral
Rotation to Maximal Rotation in Minor Curves

For structural minor curves, apical AVR was 9.29° + 6.95°,
while maxAVR was found to be 11.21° + 7.44° (P < .001).
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Table 6. Minor Curves: Distance between maximally rotated
vertebra and apical vertebrae in minor curves (mean + standard
deviation). P-value is the result of Wilcoxon signed-rank test,
p<0.05 was accepted as significant.

Distance from  No. of

apical vertebrae  cases apicalAVR maxAVR P

0 34 8.92° + 5.59° 892° + 559° —

I 59  10.06° + 7.80° 12.35° + 8.07° <.001*
2 9 5.87° + 4.46° 11.76° + 7.87° <.001*
Total 102 9.29° + 6.95° 11.21° + 7.44° <.001*

Abbreviation: AVR, axial vertebral rotation.
?P value is the result of Wilcoxon signed-rank test, P < .05 (*) was accepted as
significant.

The relationship between the identified apical vertebrae to
maximal rotation in minor curves is shown in Table 6.

The maximal thoracic rotation was 6.93° 4+ 7.62° in the
minor curves of Lenke 2, 4, and 6 patients. Thoracolumbar/
lumbar maximal rotation was found to be 13.18° + 6.51° in the
case of Lenke 3 and 4 minor curves.

Discussion

Rotational parameters can be a useful feature in monitoring
scoliosis progression and assessing treatment outcomes.'®!?
Several authors have developed scoliosis classifications that
incorporate vertebral rotation in an attempt to describe all 3
dimensions of the curves; however, the apical AVR parameter
is commonly the only feature used to describe the axial dimen-
sion of the scoliosis.?’!

In this study, we found that the apical vertebra was not the
most rotated in the majority of cases (59.6% of cases, 134 of
332 cases, see Table 1). Almost 54% of individuals (182 of
332) had maximal rotation in the vertebra adjacent to the apical
vertebrum, and at a distance of 2 levels vertebra in 4.8%
(16 of 332) of main curves and 8.8% (9/102) of minor curves.
A similar range was reported by Stokes® in 1989 and more
recently by Labaki et al.'?

Furthermore, significant differences in the magnitude of
rotation between the apical AVR and the maxAVR values were
seen in both major and minor curves. This, alongside a similar
finding by Labaki et al,'® suggests that in a significant number
of cases the apical vertebra should not considered to be the
most rotated, in contrast to the general belief since the early
1990s.*

A significant difference between apicalAVR and maxAVR
was seen across all severity groups and most Lenke classifica-
tion groups. While a minor difference between the rotational
parameters may not be of clinical significance, a difference of
more than 5° could be detected in 10.5% (35 of 332) of curves.
Although data describing a threshold for clinical importance is
not available in the literature, Pankowski et al>? recommended
the use of direct vertebral rotation over the single concave rod
rotation method due to an average 3.1° improvement in

rotation, considerably less than the 5° margin for clinical effect
theorized in our analysis.*>

The AVR of the minor curvature is not commonly measured
in practice; however, with the sterEOS software it can easily be
estimated. Minor curves exhibited an even larger qualitative
difference than major curves with a maximally rotated apical
vertebra in 30.0% (34 of 102) of cases, and a similar rate of
8.8% of minor curves exhibiting a >5° difference (9 cases).
However, the definition of the apical vertebra as the vertebra
most laterally displaced from the central sacral vertical line
appears not to be a useful one as it is much less commonly the
maximally rotated segment, as it does not have the same influ-
ence as the major curve. This was seen in our data, with the
high number of cases in which the level of the maximal and
apical vertebrae differed. As a result, apical AVR appears to be
even less suitable for describing rotation in minor curves.

Group mean values for maximal thoracic, thoracolumbar
and lumbar rotation were lower than those found in the litera-
ture”'’; however, this may be due to the fact that scoliosis
patients not reaching the indication for surgery were also
included. A wider range for maximal rotation was seen than
that described in previous studies, with Th4-Th5, Th11-12, and
L4 vertebrae also observed.”'® This would indicate to us that a
maximally rotated vertebra can occur anywhere from Th4 to L4
in adolescent idiopathic scoliosis.

The retrospective nature of the study is a limitation, but
we believe that as the radiological examinations was per-
formed in a standardised position, similar results would be
produced in prospective study. The possibility of measure-
ment error may also exist, which we aimed to reduce by
examining a high number of patients. It was felt that the
sterEOS software could be improved further, as at present
the apical point is always defined as a vertebra, although an
intervertebral disc may often lie in the apical position.
While it is still routine to always refer to a vertebra as the
most rotated structure, we feel this is a point that could be
refined in future updates of the software. Our values in the
less common Lenke 4 group were not statistically evaluable
due to the low number of elements.

Our results aim to provide a basis for a more accurate under-
standing of the axial dimension of adolescent scoliosis and
emphasise that the maxAVR parameter may characterise axial
deformation more accurately than the apicalAVR. We believe
that due to a statistically significant difference and possible
clinical difference reported here and in one other recent
study,'® this justifies the consideration of maxAVR in 3D sco-
liosis classifications in place of apical AVR, especially in the
case of minor curves. Moreover, our results also indicate the
need for a discussion and possible reevaluation of the many
studies where only apical AVR was used to describe the rotation
component.
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