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Correction of hypokyphosis in thoracic adolescent idiopathic
scoliosis using sublaminar bands: a 3D multicenter study

Brice Ilharreborde! - Sébastien Pesenti’ - Emmanuelle Ferrero! - Franck Accadbled® -

Jean-Luc Jouve? - Jérome Sales De Gauzy” - Keyvan Mazda'

Abstract

Introduction The comparison of implants and correction
methods remain controversial in AIS. Excellent frontal and
axial correction rates have been reported with all-screw
constructs, but at the expense of sagittal alignment, which
has a tendency to flatten postoperatively. Posteromedial
translation using hybrid constructs seems to preserve and
improve thoracic kyphosis (TK), but no series exist to date
with a significant number of hypokyphotic patients. In
addition, the measures of TK in 2D are often wrong in
severe AIS due to axial rotation. The goals of this study
were therefore to analyze the 3D radiological outcomes of
a group of hypokyphotic AIS patients operated with sub-
laminar bands.

Methods 35 consecutive AIS hypokyphotic patients
(T4T12 <15°) operated in three centers were included, with
a minimum 2-year follow-up. The surgical technique was
similar in all centers, associating lumbar pedicle screws
and thoracic sublaminar bands. Posteromedial translation
was the main correction technique, and no patient under-
went prior anterior release. 3D spinal reconstructions were
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performed preoperatively, postoperatively and at the latest
follow-up by an independent observer using SterEOS (EOS
imaging, Paris, France), and 2D and 3D measurements
were compared. In addition, a new 3D parameter [sagittal
shift of the apical vertebra (SSAV)], reflecting the trans-
lation of the apical vertebra of the main curve in the patient
sagittal plane, was described and reported.

Results The age of the cohort was 16 years and the number
of sublaminar bands used for correction averaged 6 (£1.5).
TI1T12 and T4T12 sagittal Cobb angles appeared to be
overestimated on 2D postoperatively (3°, p = 0.002 and
4°, p <0.001, respectively). Hence, only 3D measure-
ments were kept for the quantitative analysis of the post-
operative correction. T4T12 TK significantly increased
after surgery (average 8° £ 7°, p < 0.001), but 11 patients
(31.4%) remained hypokyphotic. Seven out of the eight
patients (87.5%) who presented a thoracic lordosis (i.e.,
T4T12 <0°) preoperatively were corrected after surgery
(mean gain 16° % 4°). A posterior shift (positive SSAV) of
the apical vertebra was reported in 24 patients (68.6%). In
this subgroup, the mean SSAV was +2 cm (£1). Good
correlation was found between the SSAV and the postop-
erative change in 3D T4T12 kyphosis (r = 0.62).
Conclusion Measures in 2D tend to overestimate sagittal
alignment and are not sufficient to evaluate postoperative
correction. SSAV is a new 3D parameter reflecting the TK
change that needs to be further investigated and used in the
future. This series confirms that sublaminar bands should
be considered in hypokyphotic patients, since thoracic
sagittal alignment was restored in 68.6% of the cases.

Keywords Adolescent idiopathic scoliosis -
Hypokyphosis - Sagittal alignment - Stereoradiography -
3D analysis



Introduction

The goal of adolescent idiopathic scoliosis (AIS) surgery
is to achieve a 3D correction of the deformity and prevent
curve progression of the unfused spine, while improving
the overall cosmetic aspect of the trunk and preserving
enough mobility for daily activities [1]. Correction has
been reported with numerous systems, but the most
popular technique currently relies on pedicle screws, with
a recent emphasis on the axial correction of the deformity
using direct vertebral derotation techniques [2]. How-
ever, all-screw constructs have been associated with
higher hospital charges (27.6% annually in the USA) and
with a tendency to flatten the thoracic spine, not observed
with hybrid constructs in matched patients [3 6]. Main-
taining or restoring thoracic sagittal balance is essential
not only to avoid future junctional degeneration (proxi-
mal or distal), but also theoretically to improve pul-
monary function, even if relevant clinical evidence is still
lacking [7 9].

Analysis of the current existing literature regarding the
consequences of AIS surgery on thoracic sagittal alignment
is difficult due to multiple biases. First, most of the series
include different Lenke-type curves, while the sagittal
flattening of the spine mostly occur in Lenke 1 and Lenke 2
curves (single structural thoracic and double structural
thoracic, respectively). Second, the analysis of postopera-
tive results, even in this subgroup of thoracic structural
curves (Lenke 1 and 2), is also biased by the distribution of
the three Lenke’s sagittal modifiers (—, N or +). As a
matter of fact, hyperkyphotic patients (sagittal modifier +)
tend to increase the mean postoperative thoracic kyphosis
of the series, therefore leading to an overestimation of the
surgical gain, while the number of the most challenging
patients (sagittal modifier —, i.e., sagittal T4T12 Cobb
<10°) is very often limited or not even reported. Last,
radiological outcomes are usually assessed in 2D, and the
value of such measurements in severe AIS is questionable
due to apical rotation [10].

While some authors advocate the use of larger diameter
rods, higher screw density on the concave side or multiple
facetectomies to optimize the correction of thoracic sagittal
misalignment, several studies have recently emphasized the
efficacy and safety of the posteromedial translation tech-
nique using sublaminar bands, even in stiff curves, with no
need for previous thoracoscopic anterior release [11 14].
Since the EOS low-dose system is now accessible in rou-
tine clinical use, the goal of this multicenter study was to
analyze the 3D radiological outcomes of a consecutive
subgroup of hypokyphotic thoracic AIS patients, operated
with sublaminar bands.

Materials and methods
Patients

Following institutional review board approval, a consecu-
tive series of 43 hypokyphotic patients, operated for pro-
gressive Lenke 1 or 2 AIS in three university hospitals
between June 2011 and May 2014 were retrospectively
analyzed. Thoracic hypokyphosis was defined by a preop-
erative sagittal T4T12 Cobb angle <15° in both 2D and 3D
measurements. A minimum 2-year follow-up was required.
All patients were evaluated preoperatively in the early
postoperative period (within 1 month) and at the latest
follow-up. None of the patients had prior spinal surgery.

Surgical procedure

Fusion levels, implants number and localization at thoracic
levels were selected according to the same criteria in all
three centers. The only difference between departments
regarding the operative strategy was the type of rod
material used for correction (CoCr in center 1 and Ti in
centers 2 and 3). All patients underwent posterior spinal
fusion using hybrid constructs, combining lumbar pedicle
screws [ISS (Implanet, Bordeaux, France) or Legacy
(Medtronic, Minneapolis, USA)], concave thoracic sub-
laminar bands [Jazz (Implanet, Bordeaux, France)] and
proximal hooks with 5.5 mm diameter rods (Fig. 1). No
patient underwent prior anterior release before posterior
fusion and no posterior osteotomy was performed during
correction. The same perioperative blood saving strategy
was used in all centers, associating intraoperative cell saver
and tranexamic acid. Posteromedial translation was the
main technique used for thoracic correction, using the
progressive tension transmitted by the polyester bands to
the laminae to bring the thoracic spine to the rods, manu-
ally precontoured in the sagittal plane. Spinal cord moni-
toring was systematically recorded.

Radiological measurements

All patients underwent low-dose stereoradiographs using the
EOS system (EOS imaging, Paris, France) preoperatively,
postoperatively (within 1 month), and at the latest follow-up,
as previously described [15]. Spinal measurements were first
performed in 2D (Kodak Carestream, Rochester, NY, USA)
by an experienced independent spinal surgeon, and then 3D
reconstructions were performed using SterEOS software
(EOS imaging, Paris, France) by an independent Imaging
reconstruction service (EOS 3DServices, Montreal,
Canada). Inter- and intraobserver reliabilities of both



Fig. 1 Preoperative and postoperative low dose radiographs of a Lenke 1 AIS patient treated by T3L3 posterior fusion using a hybrid construct

with seven sublaminar bands

methods have been previously reported [15, 16]. The fol-
lowing coronal radiographic parameters were recorded:
Cobb angles of the main curve and contra-curves and T1 tilt
(measured between the horizontal reference line and the
upper endplate of T1). Sagittal parameters included T1T12
and T4T12 thoracic kyphosis (TK), L1S1 lumbar lordosis
(LL), and pelvic parameters. 2D and 3D parameters were
compared, and only hypokyphotic patients (i.e., sagittal
T4T12 Cobb <15°) on preoperative 3D reconstructions were
kept for analysis.

In addition, a new parameter [sagittal shift of the apical
vertebra (SSAV)] was calculated from 3D reconstructions
to illustrate the posterior translation of the thoracic spine.
The SSAV corresponded to the projection in the axial plane
(3D top view in patient’s reference) of the sagittal trans-
lation of the anatomic center of the apical vertebra of the
main thoracic curve, in reference to the central hip vertical
axis (CHVA) (Fig. 2). A positive value was given in case
of posterior translation of the apex, while a negative value
produced an anterior shift of the apical vertebra.

Statistical analysis

Paired-samples Student’s ¢ tests were used to analyze dif-
ferences between 2D and 3D radiological measurements

and to evaluate surgical outcomes. Pearson correlation test
was used to compare the 3D postoperative gain in T4T12
kyphosis and the SSAV. All statistical tests were two-
tailed, and a p value <0.05 was considered significant. All
statistical analyses were conducted using SPSS version
12.0 (SPSS Inc, Chicago, IL, USA).

Results
Demographic and operative data

Among the 43 consecutive Lenke 1 and 2 hypokyphotic
AIS patients identified on 2D measurements, 8 were
excluded because the personalized 3D reconstructions were
not feasible. The reason was the existence of a lumbosacral
transitional anomaly (lumbarized S1 or sacralized L5)
altering vertebrae numbering on SterEOS software. The
mean age of the 35 patients, therefore, kept for analysis
was 16 years (+2). There were 11 boys and 24 girls, with a
mean follow-up of 34 months (+8). Lenke 1 curves were
the most frequent (30 cases, 85%), while Lenke 2 curves
were identified in five patients (15%). The number of fused
vertebrae averaged 12.5 (41), and all fusions extended to
L1 or below. The upper instrumented level (UIV) was T1
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Fig. 2 Preoperative and postoperative 3D reconstructions of a Lenke 1 AIS curve, showing the posterior shift of the apical vertebra [positive

SSAV (P2 P1) of T10]

Table 1 Preoperative
comparison between 2D and 3D
measurements (N 35)

2D measurements 3D measurements )4

Mean SD Mean SD
Main curve (°) 56 11 53 10 0.090
Proximal contra curve (°) 30 8 25 9 0.003
Distal contra curve (°) 33 12 33 9 0.469
T1 tilt (°) 3 5 2 7 0.288
L1S1 lordosis (°) 40 14 46 11 0.001
T4T12 kyphosis (°) 5 8 6 9 0.432
T1T12 kyphosis (°) 11 10 13 9 0.154
T1 slope (°) 8 6 8 8 0.077
Pelvic incidence (°) 51 14 50 10 0.610
Sacral slope (°) 41 41 8 0.961
Pelvic tilt (°) 11 10 7 0.051

Bold indicates significant p values



in 1 case (2.9%), T2 in 12 cases (34.2%), T3 in 20 patients
(57.1%) and T4 in 2 cases (5.8%). The mean number of
sublaminar bands used for correction at thoracic levels was
six (£1.5).

Radiological measurements

Preoperative radiological values are reported in Table 1.
The Cobb angle of the proximal thoracic curve appeared to
be overestimated in 2D (average 5°, p = 0.003). The only
significant difference between 2D and 3D measurements
regarding preoperative sagittal alignment was the L1S1
lordosis, which was underestimated in 2D (mean 6°,
p < 0.001). The same finding was reported after surgical
correction (Table 2). However, both T1T12 and T4T12
sagittal Cobb angles appeared to be overestimated in 2D
postoperatively (3°, p = 0.002 and 4°, p < 0.001, respec-
tively). Hence, only 3D measurements were kept for the
quantitative analysis of the postoperative correction
(Table 3). T4T12 thoracic kyphosis significantly increased
after the procedure (average 8° & 7°, p < 0.001), but 11
patients (31.4%) still remained hypokyphotic according to
Lenke’s classification (i.e., T4T12 <10°) (Fig. 3). How-
ever, seven out of the eight patients (87.5%) who presented
a preoperative thoracic lordosis (i.e., T4T12 <0°) were
corrected after surgery (mean gain 16° £ 4°). No signifi-
cant difference was found between CoCr and Ti rods.

A posterior shift (positive SSAV) of the apical vertebra
was reported in 24 patients (68.6%). In this subgroup, the
mean SSAV was +2 cm (£1). Good correlation was found
between the SSAV and the postoperative change in 3D
T4T12 kyphosis (r = 0.62, Fig. 4). Significant sponta-
neous increases in T4T12 and T1T12 sagittal Cobb angles
were observed during the follow-up (p = 0.002 and
p < 0.001, respectively), with a subsequent increase in the
lumbar lordosis (p = 0.006) (Table 3). Similarly, the apex

of the main thoracic curve significantly shifted posteriorly,
while a significant loss of correction was also observed in
the frontal plane (average 3° for the main curve and 4° for
the proximal thoracic curve).

Discussion

While many surgeons currently advocate the use of tho-
racic pedicle screws for optimal care in AIS, sometimes
associated with multiple Ponte osteotomies, sublaminar
bands should be considered in hypokyphotic patients to
reduce complication rates and in particular the risk of
intraoperative concave screw failure due to pull-out forces
[17, 18].

Thoracic sagittal alignment correction

Since modern implants have proved their efficacy to restore
the frontal alignment in AIS, the residual challenges are
axial and sagittal corrections. The axial component mostly
has a consequence on the cosmetic aspect, reducing the rib
hump, while correcting the thoracic hypokyphosis reduces
the risk of future proximal junctional kyphosis (PJK),
improves cervical balance and increases the overall tho-
racic volume [19 21].

Watanabe et al. have recently showed on 3D models that
derotation maneuvers alter sagittal alignment. As a matter
of fact, the anterior and convex overgrown vertebral walls
become anterior, increasing the length of the anterior col-
umn at the expense of kyphosis [22]. This might explain
why many studies have reported a lordosing effect of
pedicle screws at thoracic levels, which was not found
when screws were used with posteromedial translation
techniques [23, 24]. More than the implants, the correction
technique therefore appears to be the most important

Table 2 Postoperative
comparison between 2D and 3D
measurements (N 35)

2D measurements 3D measurements P

Mean SD Mean SD
Main curve (°) 17 6 16 7 0.021
Proximal contra curve (°) 18 6 15 7 0.195
Distal contra curve (°) 8 6 6 0.806
T1 tilt (°) 4 5 5 0.396
L1S1 lordosis (°) 41 13 44 11 0.003
T4T12 kyphosis (°) 17 7 13 8 0.001
T1T12 kyphosis (°) 24 7 21 8 0.002
T1 slope (°) 14 8 15 7 0.850
Pelvic incidence (°) 50 12 50 11 0.827
Sacral slope (°) 38 9 39 7 0.159
Pelvic tilt (°) 15 12 12 8 0.021

Bold indicates significant p values



Table 3 Comparison between preoperative, postoperative and final follow up 3D parameters (N 35)

Preoperative measurements

Postoperative measurements Follow up measurements

Mean SD Mean SD Mean SD
Main curve (°) 53 10 16* 7 19%* 7
Proximal contra curve (°) 25 9 15% 7 19%#* 8
Distal contra curve (°) 33 9 9* 6 9 7
T1 tilt (°) 2 7 5% 5 5 6
L1S1 lordosis (°) 46 11 44 11 S51#* 11
T4T12 kyphosis (°) 6 9 13%* 8 18%%* 8
T1T12 kyphosis (°) 13 9 21% 8 27%% 9
T1 slope (°) 8 8 15% 7 18%* 7
CHVA apex sag (mm) 1.4 2 1.8 3 Koo 2
CHVA apex coronal 5 2 0.8* 1 1.4%* 1
Pelvic incidence (°) 50 10 50 11 50 11
Sacral slope (°) 41 8 39%* 7 41 8
Pelvic tilt (°) 10 7 12% 8 9 8

* Significant difference between the pre and postoperative measurements

** Significant difference between the postoperative and final follow up measurements
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Fig. 3 Preoperative and postoperative lateral views of 3D recon
structions of a Lenke 1 AIS patient treated by T3L3 hybrid posterior
fusion, showing the restoration of the thoracic sagittal alignment and
the subsequent effect on the cervical spine

parameter to restore sagittal alignment. The results of this
study focused on severe hypokyphotic AIS and confirmed
that sublaminar bands used with posteromedial translation
were able to correct the thoracic hypokyphosis in 68.6% of
the cases, with a mean gain of 8°. In the 11 patients who
remained hypokyphotic, the lack of correction can be
explained by a lower tension applied on the bands, an
insufficient sagittal contouring of the rods, or a greater
stiffness of the spinal segments in the sagittal plane.
Another hypothesis could be a greater axial correction,
shifting the taller anterior and convex walls in the ventral
direction of the spine, thus increasing the length of the
anterior column; but this parameter was not evaluated in
this study.

3D measurements

The main advantage of the current study is that only 3D
measurements were kept for analysis. As a matter of fact,
Newton et al. have demonstrated that most of the 2D
sagittal Cobb measurements were biased and clearly
underestimated the real thoracic spine flattening [10]. The
comparison of postoperative 2D and 3D values also con-
firmed these findings in our cohort, with four extra degrees
on average in 2D. Standing position 3D measurements
should therefore become the gold standard for sagittal
balance assessment, while respecting the “as low as rea-
sonably achievable” (ALARA) concept to reduce radiation
exposure [25]. They are more reliable and accurate than the



Fig. 4 Comelation between
postoperative change (in
degrees) of 3D T4T12 sagittal
Cobb and sagittal shift of the
apical vertebra (SSAV),
measured in centimeters. A
positive value for postoperative
change in T4T12 Cobb
corresponded to an increase in
thoracic kyphosis

projection in a random sagittal plane of the 3D deformity.
The reference used in the current study was the so-called
“patient’s plane”, based on the position of the hips and
therefore consistent because of not being influenced by the
patient’s position in the cabin. Newton et al. have proposed
preferring an addition of segmental planes, in which the
local kyphosis is measured between each vertebra, but this
method seems to be less relevant for clinical decisions [10].

A new 3D parameter (SSAYV) was also reported here for
the first time. The 3D reconstructions allowed localizing
the position of the apical vertebra in the patient’s sagittal
reference plane, and the shift of this vertebra was calcu-
lated postoperatively. The SSAV helped clearly understand
the posterior translation of the thoracic spine, and therefore
reflected the clinical impact of the procedure on sagittal
balance. As a matter of fact, an increase of T1T12 sagittal
Cobb without positive SSAV might only represent a biased
measure or even a PJK in some cases, since the surgical
procedure would not have successfully pulled the spine
posteriorly.

Limitations

This study presents some limitations. Indeed, patients were
operated in three distinct centers by four different senior
surgeons, using different tools for clinical assessment of
the rib hump. Ti rods were used in two institutions, while
the third one chose to perform the posteromedial transla-
tion technique with CoCr rods. However, no significant
difference was found between the two types of rods in this
specific population, and this cohort represents one of the
largest series of hypokyphotic patients, who are very often
underrepresented in AIS literature. In addition, all

®

Postoperative change of 3D T4T12 sagittal Cobb |

I

measurements were performed in 3D using a reproducible
software, and the reference plane was given by the position
of the patient’s hips for optimal accuracy and reliability.
The spontaneous improvement of the thoracic sagittal
alignment in an instrumented zone also needs to be further
explored. Whether it is primitive or secondary to a physi-
ological adaptation of the uninstrumented lumbar spine
remains unclear. Longer follow-up remains necessary to
make sure that fusion will occur without further loss of
correction, but no rod breakage or implant loosening was
reported in this series. Finally, the correlation between the
new 3D parameter, apical axial corrections, the functional
outcomes, and in particular pulmonary function, as inves-
tigated by Yaszay et al., needs to be assessed in the future
[7].
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