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Abstract

Purpose There are distinct differences in strategy amongst experienced surgeons from different ‘scoliosis schools’ around
the world. This study aims to test the hypothesis that, due to the 3-D nature of AIS, different strategies can lead to different
coronal, axial and sagittal curve correction.

Methods Consecutive patients who underwent posterior scoliosis surgery for primary thoracic AIS were compared between
three major scoliosis centres (n=193). Patients were treated according to the local surgical expertise: Two centres perform
primarily an axial apical derotation manoeuvre (centre 1: high implant density, convex rod first, centre 2: low implant
density, concave rod first), whereas centre 3 performs posteromedial apical translation without active derotation. Pre- and
postoperative shape of the main thoracic curve was analyzed using coronal curve angle, apical rotation and sagittal alignment
parameters (pelvic incidence and tilt, T1-T12, T4-T12 and T10-L2 regional kyphosis angles, C7 slope and the level of the
inflection point). In addition, the proximal junctional angle at follow-up was compared.

Results Pre-operative coronal curve magnitudes were similar between the 3 cohorts and improved 75%, 70% and 59%, from
pre- to postoperative, respectively (P <0.001). The strategy of centres 1 and 2 leads to significantly more apical derotation.
Despite similar postoperative T4-T12 kyphosis, the strategy in centre 1 led to more thoracolumbar lordosis and in centre 2
to a higher inflection point as compared to centre 3. Proximal junctional angle was higher in centres 1 and 2 (P <0.001) at
final follow-up.

Conclusion Curve correction by derotation may lead to thoracolumbar lordosis and therefore higher risk for proximal junc-
tional kyphosis. Focus on sagittal plane by posteromedial translation, however, results in more residual coronal and axial
deformity.
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Introduction

The generally accepted goals of surgery for adolescent idi-
opathic scoliosis are: avoiding further progression through
solid fusion and correction of the deformity into a balanced
configuration to restore postural balance [1, 2]. There is
increasing evidence that successful restoration of a harmo-
nious, balanced spine may have a protective effect on the
unfused discs, as well as that a critical thoracic kyphosis
is required to prevent sagittal plane deterioration and add-
ing on, as well as proximal junctional kyphosis [3-6]. A
common problem in posterior thoracic fusion for primary
thoracic adolescent idiopathic scoliosis, however, is the flat-
tening effect on the thoracic sagittal profile when derotation
and coronal correction are performed [7, 8].

It is well known that AIS is a 3-D deformity of the spine,
characterized by rotation, coronal deviation and apical lor-
dosis (Fig. 1) [9-12]. Recently, Acaroglu et al. hypothesized
that, due to an intrinsic component of AIS, posterior surgery
cannot correct all three planes at the same time [13]. The
anterior aspect of the rotated apex is longer than the pos-
terior column in AIS. This length discrepancy is observed
in the vertebral bodies, but mostly located in the discs [14].
In an attempt to surgically correct the coronal deviation
and axial rotation, the additional anterior length, that has
‘escaped’ to the side, is rotated back to the midline, cre-
ating a thoracic hypokyphosis/lordosis at the level of the
apex. The hypothesis by Acaroglu et al. has recently been
confirmed by Hershkovitz et al.: They demonstrated that sig-
nificant correction in the coronal plane is associated with
postoperative hypokyphosis [13, 15]. Therefore, less signifi-
cant coronal or axial correction may be required to achieve
more kyphosis restoration.

There are distinct ‘schools’ for scoliosis surgery around
the world with very different surgical strategies. Some
surgeons perform primarily an apical axial derotation

Fig. 1 3-D reconstruction of classical thoracic adolescent idiopathic
scoliosis, a cranial and frontal view, demonstrating the combination
of lateroflexion, lordosis and rotation around the apex of the curvature
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manoeuvre by different techniques of incremental rod bend-
ing and (in)direct vertebral derotation [7, 8, 16]. In contrast,
others may focus primarily on the sagittal plane by transla-
tion techniques without apical concave instrumentation and
avoid active derotation manoeuvres (Figs. 2 and 3). Because
each strategy consists of correction manoeuvres that

Fig.2 Three examples of Lenke type 1 curves with a preoperative
hypokyphosis that were treated in three scoliosis centres. Postopera-
tive radiographs illustrate the differences in 3-D spinal morphology
of the instrumented spine
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Fig.3 An illustration of the
‘philosophy’ of the correction
manoeuvres performed at each
centre. In summary, the centre
3 mostly used a translation
manoeuvre for main thoracic
curve correction with some-
times concave laminar bands
around the apex, whereas centre
1 (high implant density) and
centre 2 (low implant density)
relied on segmental derotation
manoeuvres

primarily provide correction in one plane or the other, dif-
ferent ‘schools’ make use of different implants and implant
densities to achieve their goals. As far as the authors know,
to date, no study has directly compared the effect of different
strategies on the correction of the coronal, axial and sagittal
spinal deformation in AIS.

The aim of this multinational study was to test the
hypothesis that different strategies lead to different coronal
and sagittal curve correction, and that there is an interac-
tion between the correction of the deformity in the differ-
ent planes. We retrospectively collected three consecutive
cohorts in three major scoliosis centres that have different
surgical strategies and evaluated the differences in coronal,
axial and sagittal curve correction.

Materials and methods
Study population

Three consecutive series of patients who underwent poste-
rior scoliosis surgery for primary thoracic AIS curves were
retrospectively collected from three major scoliosis centres
in the USA (centre 1), the Netherlands (centre 2) and France
(centre 3). Centres were selected based on known differences
in the philosophy for correction of the curvatures. All three
centres perform more than 100 scoliosis surgeries annu-
ally. Patients were treated according to the local surgical
expertise by two experienced surgeons per centre and were
included if they had biplanar full-spine radiographs available
at less than 3 months preoperative (baseline), before hospital
discharge (postoperative) and at one or two year follow-up.
While in centres 1 and 3, it was standard protocol to radio-
graphically follow patients for at least 24 months postop-
erative, patients in centre 2 were radiographically followed
for 15 months. Gender, age at surgery and the radiographic
curve characteristics were recorded (Table 1). Patients with
non-idiopathic scoliosis, other spinal pathology, known neu-
ral axis abnormalities on MRI, primary lumbar AIS, radio-
graphs without the high thoracic levels visible or previous

spinal surgery were excluded. This retrospective study was
approved by the local institutional review boards.

Surgical cascade

The local surgeons described the different steps of their
strategy in detail according to predefined criteria: use of
pre-operative templating, patient positioning, implant type,
implant density and implant strategy, ligamentous releases,
rod contouring and order of insertion of the rods as well as
their surgical technique (Table 1). In summary, centres 1
and 2 focused primarily on correcting the coronal and axial
plane by different techniques of incremental rod bending
and direct vertebral derotation, with pedicle screws around
the apex. The difference in strategy between centres 1 and
2 is the implant density and rod insertion technique. Mean
implant density was 100% in centre 1, and 60% in centre 2.
Centre 1 started the correction on the convex side, centre 2
at the concave side. On the contrary, the surgeons in centre
3 focus primarily on the sagittal plane by a posteromedial
translation technique without apical concave instrumenta-
tion and do not use active derotation manoeuvres. Concave
laminar bands around the apex were added by one of the
surgeons in centre 3.

Radiographic outcomes

Similar protocols for radiographic acquisition of digital,
plain, full-length lateral radiographs (General Electric
ALOIF (General Electric, Schenectady, NY, USA); Philips
Digital Diagnost (Philips B.V., Best, The Netherlands); Sie-
mens VERTIX (Siemens, Erlangen, Germany); EOS (EOS
imaging, SA, Paris, France) were used in the three centres.
Acquisition was performed in an upright standing position
with the hips, anterior superior iliac spines and shoulders
perpendicular to the cassette, subjects were standing with
their shoulders in 45° anteflexion and with their hips and
knees straight, and they were instructed to stand in a com-
fortable manner and to look straight ahead with the hand on
the zygoma’s or on the clavicles. Conventional coronal, sag-
ittal and axial parameters of the instrumented main thoracic
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Table 1 Comparison of demographics, surgical details and pre- and postoperative sagittal alignment in cohorts of primary thoracic AIS patients

in three different countries

Centre 1 Centre 2 Centre 3 P
(n=44) (n=51) (n=98)
Demographics
Females, n (%) 33 (75) 41 (80) 93 (95) 0.002*
Age at surgery 144+1.7 15.5+2.2 145+1.7 0.005%*
Follow-up in months 20+7 15+7 22+13 0.002%*

Surgical details

Correction technique Primarily segmental vertebral

Primarily segmental vertebral

Primarily posteromedial transla-

derotation and posterior trans- derotation tion
lation

Pre-operative templating No No Yes

Positioning Prone on Jackson spine table Prone on carbon spine table with Prone on carbon spine table with
with hips and knees 20-30 hips and knees 20-30 degrees hips 45 degrees flexed and
degrees flexed and chest pads flexed with chest pads mid/high ~ knees 90 degrees flexed and
mid thoracic thoracic chest pads mid/low thoracic

UIV, mode T3 T3 T2

LIV, mode L3 L3 L2

Implant type Pedicle screws

Implant density High implant density (90-100%)
- Concave mono or uniaxial at

every level
- Convex uniaxial screws at at

Implant strategy

Hybrid: hooks and screws

Very low implant density (60%)

- Bilateral hooks at UIV,
- Bilateral polyaxial pedicle
screws at UI'V-1

Hybrid: Pedicle screws, hooks
and laminar bands

Low implant density (60-70%)

- Apical levels free or laminar
bands at concave side
- Other levels side loading pedi-

least 3—4 apical levels and both - Unilateral, uniaxial pedicle cle screws
anchors screws at all other levels UIV: screws
- UIV: screws

Posterior ligamentous releases For rigid curves > 70 degrees

Rod contouring Overcontoured (20°) concave
rod, undercontoured (+20°)

convex road
First, concave (cranial to caudal),

second, convex (cranial to
caudal)

Rod insertion

For rigid curves > 70 degrees

Overcontoured concave rod
(£20°), undercontoured
(£20°) convex road rod

First, convex (cranial to caudal),
second, concave (cranial to
caudal)

Standard treatment at apical
levels

Slightly overcontoured (£ 5°)
concave rod, normal convex

First, concave (caudal to cranial),
second, convex (cranial to
caudal)

curve were measured using dedicated software (Surgimap®,
Nemaris Inc.™, New York, NY, USA) by two observers
and compared between the three strategies. Differences in
pre- and first erect postoperative main thoracic spinal mor-
phology were determined by coronal Cobb angle, axial
rotation (Perdriolle method) and sagittal parameters (pelvic
incidence, sacral slope, pelvic tilt, Roussouly types for spin-
opelvic alignment, T1-T12 and T4-T12 kyphosis, T10-L2
sagittal angle, C7 slope, Abelin-Genevois sagittal pattern,
level of inflection point) [17]. For comparison of the effect
of the different strategies on potential sagittal deterioration,
proximal junctional angle (PJA, UIV — UIV +2) was meas-
ured pre-operative and at latest available follow-up.

Statistical analysis

The statistical analyses were performed using statistical soft-
ware SPSS 23 for Windows (SPSS Inc., Chicago, IL, USA).

@ Springer

Descriptive statistics were computed for the cohorts, pro-
viding means and standard deviations for continuous data,
modus for ordinal data, and frequencies and percentages for
binominal data. Comparison of demographic and outcome
parameters between the different strategies was performed
using one-way ANOVA for continuous data and Chi-square
for ordinal data. For one-way ANOVA analyses a Bonfer-
roni correction was applied for multiple testing. The level of
statistical significance was set at P <0.05.

Results

Demographics of the subjects in the three cohorts are shown
in Table 1. Pre- and postoperative radiographic parameters
are shown in Table 2. Pre-operative coronal curve mag-
nitudes did not differ between the cohorts. Range of the
coronal curve angles were 44-85°, 45-94° and 41-105°,
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I:biltiazl ai?gif;?gl‘i’e;;?;al’ Centre 1 Centre 2 Centre 3 P
in%:ohorts of primar§ thoracic (n=44 (n=51) (i =98)
AIS.pa.tients in three different Coronal parameters
scoliosis centres MT curve (%) 58412 61414 60+ 14 0.50
(43-85)
MT apex, mode T6 T7 T7 0.019*
Lenke type 1 or 2, % 80% 66% 86% 0.004*
Axial parameter
Apical rotation (°) 18+7 18+7 18+6 0.99
Sagittal parameters
Roussouly type 1, n (%) 0 (0%) 0 (0%) 0 (0%) 0.07
Roussouly type 2 8 (18%) 13 (25%) 21 (21%)
Roussouly type 2 AV 8 (18%) 10 (20%) 17 (17%)
Roussouly type 3 3 (7%) 11 (22%) 27 (28%)
Roussouly type 4 25 (57%) 17 (33%) 33 (34%)
PI (°) 51+13 50+9 51+11 0.88
PT 5+8 8+7 9+7 0.048*
SS 4610 42+7 43+8 0.06
L1-S1 lordosis 58+13 55+11 50+11 <0.001
T10-L2 kyphosis -6+11 1+7 -1+£9 0.002*
T4-T12 kyphosis 16+14 23+8 20+15 0.036*
T1-T12 kyphosis 24+14 29+6 25+14 0.16
Proximal junctional angle 3+6 2+5 1+5 0.18
C7 slope 9+9 23+11 17+10 <0.001%*
Abelin type 1, n (%) (normokyphosis) 16 (36%) 29 (57%) 36 (37%) 0.08
Inflection point, mode TI12-L1 T12-L1 T12-L1 0.19

MTmain thoracic, PI pelvic incidence, PT pelvic tilt, SSsacral slope

respectively. In centre 1, 28 were Lenke type 1, 10 type 2
and 6 type 3. In centre 2, 24 were type 1, 10 type 2, 11 type
3 and 6 type 4. In centre 3, 60 were type 1, 19 type 2 and
19 type 3. Radiographs for curve flexibility were obtained
in different positions in the participating centres and were
therefore not included for comparison.

The strategy of centre 1 (derotation, high implant den-
sity, concave rod first) resulted in 75% coronal curve angle
correction, compared to 70% in centre 2 (derotation, low
implant density, convex rod first) and 59% in centre 3 (pos-
terior translation) (Tables 2 and 3, P<0.001). Apical rota-
tion improved from 18° to 3°, 5° and 13° on average in the
three centres, respectively. Pre- and postoperative pelvic
incidence and Roussouly spinopelvic alignment types did
not significantly differ between the cohorts. Patients in cen-
tre 1 had significantly larger preoperative T10-L2 lordosis
and T4-T12 kyphosis as well as a larger number of hyperky-
photic patients, compared to centres 2 and 3. Despite simi-
lar postoperative T4-T12 kyphosis (22.4°, 21.7° vs. 20.6°,
respectively), the strategy of centre 3 showed the most har-
monious sagittal profile, because the strategy of centre 1
led to significantly more thoracolumbar lordosis (-7 +9°)
compared to centre 3 (-4+5). The strategy of centre 2 led

to a higher inflection point (T11-12) compared to centres
1 and 3 (thoracolumbar junction). At follow-up, PJA was
significantly higher and C7 slope lower in centres 1 and 2 as
compared to centre 3 (Tables 2 and 3, P <0.001).

Discussion

Comparison of the pre- and postoperative shape of the main
thoracic curve between three different ‘schools’ for scoliosis
surgery supports the hypothesis that significant coronal and
axial correction tends to go at the detriment of the sagit-
tal plane correction, and vice versa [13, 15]. From the AIS
pathoanatomy follows that with greater coronal correction
and axial derotation, there is relative anterior lengthening of
the spine because the apical lordosis is derotated to the mid-
sagittal plane. With limited kyphosis restoration, this could
be a contributing factor to sagittal deterioration at the proxi-
mal junction of the instrumented spine at late follow-up.
The primary goal of scoliosis surgery has always been
to prevent further progression and provide a balanced spine
in the coronal and sagittal plane while fusing as few verte-
brae as possible. There is evidence, however, that recreating
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Table 3 Postoperative coronal,

sagittal and axial alignment Centre 1 Centre 2 Centre 3 P

in cohorts of primary thoracic (n=49 (n=51) (n=9%)

AIS.pa.tients in three different Coronal parameters

scoliosis centres MT curve (°) 1447 1848 2549 <.0.001%
Axial parameter
Apical rotation (°) 3+3 5+5 13+6 <0.001*
Sagittal parameters
Roussouly type 1 1, % 0 (0%) 0 (0%) 0 (0%) 0.11
Roussouly type 2 13 (30%) 21 (41%) 27 28%)
Roussouly type 2 AV 10 23%) 6 (12%) 10 (10%)
Roussouly type 3 9 (20%) 16 (31%) 38 (39%)
Roussouly type 4 12 27%) 8 (16%) 23 (23%)
PI (%) 49+12 50+9 50+10 0.84
PT 9+10 11+8 10+7 0.47
SS 40+9 38+8 40+8 0.41
L1-S1 lordosis 55+13 50+13 50+10 0.02*
T10-L2 kyphosis -7+9 5+8 -4+5 0.047
T4-T12 kyphosis 22+6 21+8 22+7 0.40
T1-T12 kyphosis 3011 2748 28+8 0.19
C7 slope 15+8 14+5 18+8 0.002*
Abelin type 1 (normokyphosis) 23 (52%) 24 (47%) 55 (56%) 0.318
Inflection point, mode T12-L1 T11-T12 T12-L1 <0.001*
Follow-up parameters
Pelvic tilt 6+8 9+38 9+8 .06
C7 slope 117 14+7 16+7 <0.001%*
Proximal junctional angle 6+7 9+7 3+4 <0.001%*

a normal harmonious spine is beneficial to the remaining,
unfused areas of the spine [3—-6]. Even with modern day
surgical implants, it remains difficult to recreate the normal
shape of the adolescent spine and avoid problems like tho-
racic hypokyphosis and junctional decompensation [7, 8].
For corrective scoliosis surgery, thorough understanding of
the three-dimensional pathoanatomy of the deformity could
help to overcome the obstacles to reduction.

Lordotic deformation is together with rotation and lat-
eral deviation an integral part of the complex three-dimen-
sional deformity in AIS [9-12, 18]. Scoliosis surgery aims
to correct the spinal deformation by combinations of cor-
rections in the six degrees of freedom: translation, dero-
tation and kyphosis restoration [16]. To achieve kyphosis
recreation, different posterior releases are often used to
allow for lengthening the posterior aspect of the spine.
The strategies of centres 1 and 2 mostly relied on segmen-
tal derotation manoeuvres with pedicle screws around the
apex. Theoretically, derotation of the apical lordosis back
to the midline will lead to a compromise in the sagittal
plane since it rotates the longer anterior column back to
the midline and therefore induces a regional hypokyphosis
(Fig. 4) [7, 8]. On the contrary, centre 3 primarily uses a
translation manoeuvre, and no active derotation. Recently,
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concave sub-laminar bands around the apex were added
in some patients to aim for more posterior translation of
the apical area to recreate physiological global (T4-T12)
thoracic kyphosis. This can only be achieved by shorten-
ing of the anterior column by compression of the anterior
intervertebral discs and/or allowing the longer anterior
column to stay deviated laterally and rotated. This tech-
nique may lead to a more harmonious sagittal profile by
more kyphosis restoration, but leads to less coronal and
axial correction.

Factors such as the coronal curve magnitude and flexibil-
ity, the use of hooks and implant density have all been impli-
cated in the development of postoperative hypokyphosis. A
randomized controlled trial that takes these confounders into
account would be optimal to study the outcomes of specific
correction strategies. In this retrospective experience-based
cohort study, surgeons performed correction techniques in
which they have expertise, with their preferred implants and
implant strategy. An expertise-based RCT, where patients
are not randomized for different treatments by one surgeon,
but randomized to surgeons that only deliver the technique in
which they have expertise, has been proposed as an alterna-
tive for surgical RCT’s. Randomization of an AIS patient for
surgeons performing their own technique seems theoretically



European Spine Journal (2021) 30:645-652

651

Fig.4 In theory, apical derota-
tion of the intrinsic apical
lordosis of the curvature inevi-
tably leads to difficulties in re-
creating an adequate kyphosis,
inadequate inflection point, low
C7 angle and therefore higher
risk for PJK

possible, except for the fact that different surgical strategies
are often topographically bound.

The aim of this study was not to compare the differences
in clinical outcomes of different correction techniques, but
to better understand the interaction between the correction
of the triplanar deformity in AIS. Recently, Herzkovich
et al. demonstrated that focus on correction in the coronal
plane is associated with difficulties in restoring normal
alignment in the sagittal plane. In the present retrospective
study, patients were not matched based on their preopera-
tive sagittal parameters. Preoperatively, the fundamental
parameter pelvic incidence and Roussouly spino-pelvic
alignment types were comparable between the centres. In
centre 1, however, more patients were hypokyphotic and the
mean T10-L2 angle was smaller (more lordosis). The lack
of comparability of all preoperative sagittal parameters may
give risk of type-1-error and is a limitation of this retrospec-
tive study. Postoperatively, we observed that the two centres
that primarily use apical derotation experience difficulties in
re-creating neutral sagittal alignment of the thoracolumbar
junction or inflection point. Despite the preoperative differ-
ences, we assume that this could be explained by the effect
of derotation. The translation strategy in centre 3 was more
successful for the sagittal plane then in the coronal plane
correction compared to centres 1 and 2. Long-term radio-
graphic follow-up was not available for all patients, but we
observed that the proximal junctional kyphosis angles at
standard radiographic follow-up after surgery (15 months
to 2 years) were smaller and C7 slope larger in centre 3.
Pelvic tilt remained comparable. The effect of the different
strategies on the chest as well as whether the difference in
coronal and sagittal plane curve correction has an impact on
the clinical outcome for patients cannot be derived from this
comparative study and needs further investigation to provide
recommendations.

(Convex)
\

In conclusion, based on comparison of three different
‘scoliosis schools’, it seems that derotational strategies lead
to more coronal and axial correction as compared to a pos-
teromedial translation strategy. Apical derotation, however,
inevitably leads to difficulties in re-creating kyphosis in the
apical region and may be a risk factor for iatrogenic thora-
columbar lordosis, a non-physiological inflection point,
and therefore proximal junctional problems. A posterior
and medial translation manoeuvre, however, often results
in a sagittal harmonious spine, but significantly less coro-
nal and axial correction. Therefore, in scoliosis surgery, an
emphasis on obtaining the best possible result in whichever
plane, by the nature of the disorder, automatically leads to
a compromise in the other planes. Of course, awareness of
this coupling of the outcomes in all three planes has led to
modifications of each strategy, mostly sacrificing some cor-
rection in the other planes. The effect of extensive releases,
implant strategies (such as stronger and stiffer rods) and
more emphasis on recreating a patient specific harmonious
kyphosis needs to be investigates by modern 3-D imaging
techniques that allow for study of the correction of AIS in
more detail.
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