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Abstract

Purpose Residual shoulder imbalance is associated with suboptimal outcomes following the surgical correction of adoles-
cent idiopathic scoliosis (AIS) including poor patient satisfaction. In this retrospective study, we evaluate the radiographic
parameters and the relationship between the global and local indices of spinal alignment with shoulder balance pre- and
postoperatively utilizing EOS imaging and 3D reconstruction.

Methods A retrospective radiographic analysis was performed on patients with AIS, treated with posterior spinal fusion.
Postoperative radiographs were obtained immediately following surgery, at 6 months and final follow-up over 2 years post-
operatively. 3D Radiographic measurements included in the coronal plane radiographic shoulder height difference (RSHD),
proximal thoracic Cobb angle (PT) and main thoracic Cobb (MT), in the sagittal plane T4-T12 kyphosis, T12-L5 lordosis,
in the axial plane proximal thoracic (PT AVR) and main thoracic apical vertebral rotation (MT AVR).

Results Sixty-six patients were included (63 females) with an average main thoracic curvature of 76 degrees. RSHD averaged
14 mm + 14 preoperatively, —15 mm = 12 postoperatively, —8.5 mm + 11 at 6 months, and —8.3 mm =+ 8.7 at final follow-up,
respectively. Statistical analysis revealed a significant correlation between RSHD and proximal thoracic Cobb angle, between
RSHD and proximal thoracic apical vertebral rotation (PTAVR) (r>0.20, p <0.05).

Conclusion The significant correlation presented in this study suggests that PT Cobb angle and PT AVR are involved in
postoperative shoulder imbalance.

The level of evidence Level 4.

Keywords Radiographic shoulder height difference - Apical vertebral rotation - Adolescent idiopathic scoliosis - Correction
loss - Shoulder balance

Introduction

Scoliosis is a three-dimensional (3D) deformity of the spinal
column, consisting of coronal, sagittal, and axial rotation
[1, 2]. As a result, the shoulders often become unbalanced,
which influences the patient’s perception of the severity of
their deformity. The primary goal of corrective surgery is an
improvement in each dimension of the deformity. Despite
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long experience of correcting these deformities, there is a
new appreciation that improving the apical vertebral rotation
(AVR) as part of addressing shoulder imbalance is impor-
tant for successful correction [3-8]. It is, therefore, useful
to understand the relationship between AVR and shoulder
balance.

The two-dimensional (2D) indices of spinal alignment,
such as the Cobb angle, are the usual radiological meas-
urement used when recommending and evaluating the suc-
cess of surgical treatment. However, 2D imaging fails to
completely represent the deformity. With the increasing
availability and use of 3D imaging, it has become evident
that persisting AVR is associated with postoperative decom-
pensation and reduced patient-perceived cosmetic outcomes
[9, 10]. Previous investigations have measured AVR using
computed tomography (CT); however, a CT scan is usually

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s43390-022-00510-y&domain=pdf

1150

Spine Deformity (2022) 10:1149-1156

carried out with the patient supine which causes the magni-
tude of rotational deformity to be decreased which in turn
leads to a failure to represent the erect spine [11-15]. The
3D reconstructions of the spine acquired with the sterEOS
imaging system (EOS imaging SA, Paris, France), where
patients are imaged while standing, overcome this and
permits accurate measurement of every dimension of the
deformity [16].

The immediate and long-term effect of posterior spi-
nal fusion (PSF) on postoperative shoulder balance is

not understood in sufficient detail to predict its impact on
patient-perceived cosmetic outcomes. It is not known if or
how a reduction in AVR correlates with shoulder balance
over the long term. To establish the nature of this relation-
ship, this study aims to quantify the effect of PSF on AVR
and shoulder balance to 2-year follow-up using 3D sterEOS
imaging. The secondary aim is to determine the relationship
between the global and local indices of spinal alignment
with shoulder balance both pre- and postoperatively.

Fig. 1 sterEOS three-dimensional (3D) images of a representative clinical case of adolescent idiopathic scoliosis. EOS 3D reconstruction anter-
oposterior (AP) and lateral (LAT) X-ray images (A, B). C shows each vertebral rotation based on 3D reconstruction (Case 1)
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Table 1 The patients demographics

Parameters Mean+SD
orn (%)
N=66
Age (years) 148+1.5
Sex
Female 63 (95%)
Male 3(5%)
Risser sign
Risser 0 4(6.1%)
Risser 1 4(6.1%)
Risser 2 7 (10.6%)
Risser 3 7 (10.6%)
Risser 4 21 (31.8%)
Risser 5 23 (34.8%)
Unfused tri-radiate cartilage 1 (1.5%)
Final follow-up (years) 28+1.1
Type of curve
Lenke type 1 31 (47.0%)
Lenke type 2 10 (15.2%)
Lenke type 3 11 (16.7%)
Lenke type 4 3 (4.5%)
Lenke type 5 9 (13.6%)
Lenke type 6 2 (3.0%)

SD standard deviation

Methods

Local research ethics board approval was obtained. A retro-
spective radiographic analysis of consecutive patients diag-
nosed with adolescent idiopathic scoliosis (AIS) treated with
PSF (incorporating direct rod translation and rod rotation)
by a single surgeon at a single institution was carried out.
The inclusion criteria comprised age less than 18 years at
the time of surgery, a minimum of 2-years follow-up and
sterEOS images at 1 week, 6 months, and final follow-up
with shoulder assessment landmarks that were consistently

identifiable. The exclusion criteria were loss to follow-up
before 2 years and any incidence of revision or anterior sur-
gery prior to the PSF or in the subsequent 2 postoperative
years. Alongside radiographic measurements, the patients’
demographic data including sex, age, Risser sign and
unfused tri-radiate cartilage were recorded.

The radiographs were then assessed by a board-certified
spine surgeon independent of the treating surgical team on
two occasions separated by 3 months using the sterEOS 3D
method [17], and the measurements were averaged. The
patient was standing with shoulders flexed forward in a
relaxed position. The proximal thoracic (PT) and main tho-
racic (MT) coronal angular deformities, thoracic kyphosis
(TK) from the superior endplate of T1 and T4 to the lower
endplate of T12, and lumbar lordosis (LL) from the superior
endplate of L1 to the endplate of L5 and S1 were measured
using the Cobb method. AVR was defined as the rotational
angle made between the longitudinal axis of the apical ver-
tebra and the sagittal plane from the cranial perspective. A
positive value indicated a counterclockwise rotation and a
negative value a clockwise rotation. Radiographic shoulder
height difference (RSHD) was defined as the difference of
soft tissue shadows directly superior to the acromioclavicu-
lar joints between the right and left side [12, 18]. A positive
RSHD indicated that the right shoulder side was higher, and
a negative value indicated that the left was higher.

sterEOS software uses a semi-automated technique that
integrates user input and a statistical model to generate a 3D
representation of the spine [19]. In order to obtain a consist-
ent reference plane independent from the positioning of the
patient inside the EOS cage, the patient plane (PP) was cho-
sen referenced to the manually identified femoral heads, thus
defining a consistent reproducible reference plane for each
patient. This patient plane passes through the bi-femoral
head axis and is perpendicular to the axial plane. The 3D
EOS software then automatically rotates the 3D model away
from the original radiographic plane towards the patient
plane. In doing so, the variations due to the positioning of
the patient inside of the radiographic cage are eliminated.

Table 2 Radiographical

. Preoperative Immediate postop- 6 months postop-  Final follow-up
summary of patient cohort erative erative
PT Cobb angle (°) 32+13 18+7.1 17+8.1 17+7.4
MT Cobb angle (°) 76+ 14 21+7.3 21+7.4 22+7.4
TK(T4/12) (°) 20+16 17+9.4 18+9.2 20+8.5
LL(L1/5) (°) 48+12 43+8.8 45+7.4 49+7.7
RSHD (mm) 14+14 -15+12 -8.5+11 -8.3+8.7
PT AVR (°) 13+3.7 82+25 8.8+2.4 8.8+2.1
MT AVR (°) —-14+13 —6.8+7.3 =7.7+7.0 —-6.8+6.9

PT proximal thoracic, MT main thoracic, 7K thoracic kyphosis, LL lumber lordosis, RSHD radiographic
shoulder height difference, AVR apical vertebral rotation, Value: mean + standard deviation
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Next, after defining the position of the sacroiliac (SI) joints
and the S1 endplate, the positions of the T1 superior end-
plate and L5 inferior endplate were identified. The software
then uses these data to generate a spline that is then adjusted
manually for both the shape of the deformity and the width
of the individual vertebrae [19, 20]. The system then uses
28 points, manually digitized on each vertebra, to determine
the vertebral contour. Finally, these inputs are assembled to
create a 3D model of the spine which was used to calculate
T4-T12 Kyphosis and L1-L5 lordosis. The AVR was cal-
culated as the angle between the planes, using the centroids
of the end vertebrae of the curve and the apex of the curve
defined by the orientation of the plane of maximum curva-
ture of the thoracic and lumbar curves [21].

The data were analyzed using R (version 3.6.1, The R
Foundation for Statistical Computing, Vienna, Austria). Dis-
tributions of variables are given as means, standard devia-
tion (SD) and ranges. Pearson product-moment correlation
coefficient was used to determine the relationship between

Fig.2 A The patient has under-
gone posterior spinal fusion
(T2-L3). Preoperative radio-
graphic shoulder height differ-
ence (RSHD) was —19.8 mm
Postoperatively, the residual
shoulder height difference was
—21.4 mm which deteriorated
by final follow-up at 2 years (B)
(Case 2)
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RSHD at final follow-up and other radiological parameters
at each period. p-values of less than 0.05 and correlation
coefficient of more than 0.20 were considered to indicate
statically significant correlation (Figs. 1).

Result

Sixty-six patients were included (63 females, 3 males)
(Table 1). The mean age at surgery was 14.8 + 1.5 years
(range 11.5-17.4 years) and the mean follow-up was
2.8+ 1.1 years. Thirty-one patients showed a Lenke type 1
deformity, 10 patients a Lenke type 2, 11 patients type 3, 3
patients type 4, 9 patients type 5 and 2 patients type 6.

The mean preoperative PT Cobb angle was 32°, 18° imme-
diately postoperatively, 17° at 6 months postoperative, and
17¢ at final follow-up (Table 2). The mean preoperative MT
Cobb angle was 76°, 21° immediately postoperatively, 21°
at 6 months postoperatively, and 22° at final follow-up. The
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mean RSHD was 14 mm preoperatively, —15 mm at imme-
diate postoperatively, —8.5 mm at 6 months postoperatively,
and —8.3 mm at final follow-up. The mean PT AVR angle
was 13° preoperatively, 8.2° immediately postoperatively,
8.8° at 6 months postoperatively, and 8.8° at final follow-up.
The mean MT AVR angle was —14° at preoperative, —6.8°
at immediate postoperative, —7.7° at 6 months postoperative,
and —6.8° at final follow-up, respectively. The analysis showed
statistically significant correlations between PT Cobb angle
and RSHD, PT AVR and RSHD (> 0.20, p <0.05) (Figs. 2,
3; Table 3).

Discussion

This analysis shows that there is a correlation between the
postoperative RSHD and the residual PT AVR and coronal
angular deformity after posterior spinal fusion for severe
AIS, suggesting that addressing the AVR of the proximal
curve is an important element in addressing a patient’s
perception of their postoperative deformity.

Perfectly symmetrical shoulder balance is rare,
with Akel et al. finding a mean height difference of
7.5 +5.8 mm between shoulder in the normal popula-
tion [22]. Postoperative shoulder imbalance is difficult
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Fig.3 A shows a patient who underwent posterior spinal fusion (T4-L2). The immediate postoperative RSHD was —14.0 mm. B Balanced

shoulders (RSHD of 0 mm) at 3 years postoperatively (Case 3)
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Table 3 Correlation

: RSHD at preoperative RSHD at immediate ~ RSHD at 6 months RSHD at
coefficient between RSHD postoperative postoperative final follow-
at final follow-up and other

. . up
radiographic parameters at each
period PT Cobb r=-0.22 r=—0.27* r=—0.34* r=—0.37*
p=0.075 p=0.028 p=0.0048 p=0.0020
MT Cobb r=-0.16 r=-0.0083 r=-0.020 r=0.061
p=0.20 p=0.95 p=0.88 p=0.63
TK(T4/12) r=-0.12 r=0.074 r=0.010 r=0.0035
p=0.32 p=0.55 p=0.94 p=098
LL(L1/5) r=-0.043 r=0.16 r=-0.15 r=0.096
p=0.73 p=0.21 p=0.22 p=0.44
PT AVR r=-0.11 r=-0.26* r=-0.29% r=-0.28*%
p=0.36 p=0.037 p=0.017 p=0.022
MT AVR r=0.18 r=0.10 r=0.25% r=0.23
p=0.14 p=041 p=0.046 p=0.066

PT proximal thoracic, MT main thoracic, UIV upper instrumented vertebra, 7K thoracic kyphosis, LL lum-
ber lordosis, RSHD radiographic shoulder height difference, AVR apical vertebral rotation

*Signiﬁcant correlation (> 0.2 and p <0.05)

to manage because of the challenges in deciphering the
relationship between spinal alignment and shoulder bal-
ance [23]. Many different solutions have been proposed
to improve postoperative shoulder balance, ranging from
different strategies for selecting the upper instrumented
vertebra, to varying constructs (e.g., hooks versus screws)
[24-26]. While some of these solutions offer better spinal
alignment, their influence on shoulder balance remains
inconsistent. When evaluated with complex tools, such as
those recommended by Ilharreborde, including PT Cobb,
bending radiographs, T1 tilt and pre-surgical shoulder bal-
ance, the shoulder imbalance persists in 14.9% of patients
[27, 28].

The majority of clinicians rely on 2D radiography to
assess spinal alignment and postoperative shoulder balance.
To our knowledge, this is the first study that uses sterEOS
3D reconstruction to analyze the relationship of AVR to
postoperative shoulder imbalance after surgical treatment
of AIS. An important advantage of the analysis by EOS
reconstruction is the repeatability of vertebral rotation meas-
urements because the referential system is based on each
patient’s individual patient plane, which is not altered by the
surgical correction [3]. The reliability of this technique is
confirmed by Al-Aubaidi et al., who have reported that EOS
measurement of rotational deformity in scoliosis patients is
comparable with CT measurement [15]. However, the 3D
steEOS has the added benefit of assessing the upright spine
with less radiation exposure for the patient.

This study confirmed the influence of the residual proxi-
mal thoracic coronal deformity on shoulder balance. Further-
more, it demonstrates a statistically significant correlation
between the residual spinal rotation in the proximal thoracic
curve and final shoulder balance. Yagi et al. confirmed the
relationship between RSHD and MT AVR, which must be in
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the opposite direction to PT AVR [29]. It is possible to spec-
ulate that MT AVR could cause RSHD and that PT AVR in
the opposite direction could cause the same effect, and these
data might agree with the hypothesis that increased proximal
spinal rotation might generate shoulder imbalance through
increased rotation of the proximal rib cage. However, the
correlation found in our study is too weak to confirm this
hypothesis and that further studies are necessary.

There are several limitations in this study. One limiting
factor is the possibility of variation in patients’ posture
as the radiograph is taken. During image acquisition, the
EOS cage imposes a standard posture, though in some
cases, patients elevated their arms, which may cause pos-
tural variations disturbing RSHD measurements. One
might argue that the correlation factor of —0.28 for PT
AVR and -0.37 for PT Cobb angle demonstrates only a
moderate correlation between shoulder imbalance and
those parameters. This could be explained by the complex
nature of the underlying etiology of shoulder imbalance.
Lastly, the current version of the EOS software does not
allow to a reconstruction of the proximal rib cage to be
made. An extension of this software allowing for a precise
reconstruction of the chest wall might refine the analysis of
the factors generating postoperative shoulder imbalance.

Conclusion

A significant correlation between postoperative RSHD and
residual PT AVR and PT Cobb angle was found after pos-
terior spinal fusion for severe AIS. These findings suggest
that PT Cobb angle and PT AVR are significant elements
among factors susceptible to generate postoperative shoulder
imbalance in AIS.
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