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Introduction

Posterior spinal distraction techniques
were developed to treat pediatric patients
with scoliosis and to correct spinal defor-
mity without bone fusion or jeopardizing
trunk growth. The first report was pub-
lished in 1984 by Moe etal. [1] using Har-
rington’s instrumentation [2]. This pro-
cedure was unfortunately doomed with
many implant failures, flattening of the
sagittal profile and the lack of true three-
dimensional correction [3]. Over the last
decades the technological developments
in the sphere of spinal instrumentation
permitted the advent of novel techniques
which revolutionized the treatment of
scoliosis. One of the most recent de-
velopments is the utilization of dual rod
systems which comprise the implantation
of four rods through cranial and caudal
midline incisions. Each set of two rods is
coupled with a connector. Consequently,
cranial and caudal connectors are surgi-
cally distracted at predetermined inter-
vals.

Until 2003, the mean intervals of
distraction ranged between 10 and
20 months, but the tendency now is to
confine distraction to 6-month intervals
[4] in order to follow the growth in height.
Performing distraction is a short, albeit
an invasive procedure which is laden
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with postdistraction complications. The
longitudinal follow-up of the study pop-
ulation of Bess et al. revealed an overall
complication rate of 55% [5] and 58%
of these complications occurred during
distraction [5]. Interestingly, thoracic
hyperkyphosis, which is found in ap-
proximately 30% of scoliosis patients,
is a major risk factor which triples the
incidence of complications and increases
the likelihood of mechanical failure [6].
An additional problem which under-
lies traditional treatment with growing
rods is the ensuing stiffness of the spine
which is found in 80% of treated patients
after an average of 5 distractions before
patients undergo final spinal fusion [7].

To avoid these complications a mag-
netically controlled growingrod (MCGR)
system was introduced. This method
enables magnetic distraction at shorter
intervals without the use of analgesia or
anesthesia; however, there is a lack of
long-term results due to complication
rates using MCGR systems [8, 9] but
there are first reports which describe
MCGR to be mechanically reliable [7,
10-12]. An interesting aspect of using
MCGR as well as conventional growing
rods is the changes of coronal, axial and
sagittal profiles of the spine. Despite
recent attempts to highlight the influ-
ence of growing rods on the sagittal and
coronal profiles, the findings of these
investigations did not include detailed
parameters to elucidate the changes that
occur in the sagittal, coronal and axial

profiles via MCGR implantation. Aside
from a possible correction of the coro-
nal and axial planes, it was hypothesized
that MCGR implantation causes relevant
changes of regional alignment (thoracic
spine) and causes reciprocal changes in
the lumbar and cervical spine.

Abbreviations
(C2-C7CL Cervical lordosis from C2 to C7

cSVA Cervical sagittal vertical axis

DICOM  Digital imaging and communica-
tions in medicine

L1L4 Angle measured from L1 to L4

L4L5 Angle measured from L4 to L5

LL(L1-S1) Lumbar lordosis measured from
L1toS1

PACS Picture archiving and communica-
tion system

Pl Pelvic incidence

PI-LL Mismatch PI-LL

PT Pelvic tilt

ss Sacral slope

SVA Sagittal vertical axis
T1-CL Mismatch T1-CL

T1SPi T1 spinopelvic inclination

TIT3 Angle measured from T1to T3

TiT4 Angle measured from T1 to T4

T9SPi T9 spinopelvicinclination

TK Thoracic kyphosis measured from
T4toT12
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Table 1  Types of scoliosis and extent of

instrumentation in the 21 patients included
in the study

Patient  Type of scoliosis uilv LIv
number

1 Thoracic Th3 Th12
2 Double Th3 L4
3 Double Th3 L4
4 Thoracolumbar Th2 L1
5 Thoracic Th2 L2
6 Double Th2 L2
7 Thoracolumbar Th3 L3
8 Double Th3 L3
9 Double Th2 L4
10 Thoracic Th2 L2
11 Double Th3 L4
12 Double Th3 L3
13 Double Th2 L3
14 Double Th3 L3
15 Double Th3 L4
16 Thoracolumbar Th3 L3
17 Double Th2 L3
18 Thoracolumbar Th3 L3
19 Thoracolumbar Th2 Th12
20 Double Th2 L4
21 Thoracic Th2 L3

UIV upper instrumented vertebra, LIV lower
instrumented vertebra, Th thoracic vertebra,
L lumbar vertebra

The purpose of this study was twofold:
firstly, to estimate the correction of coro-
nal, axial and sagittal planes in early on-
set scoliosis (EOS) patients treated with
MCGR. Secondly, to analyze the influ-
ence of sagittal thoracic alignment on the
cervical and lumbar spine.

Material and methods

Patient population

This was a retrospective single center
study of idiopathic EOS patients with a
Cobb angle greater than 40° and Risser’s
sign 0 (Sanders classification 0-3) who
were treated surgically with a fusionless
MCGR system between 2012 and 2018
[13,14]. All patients were diagnosed with
scoliosis before the age of 10 years and
were initially conservatively managed via
bracing until the scoliotic curve reached
the threshold for surgery of >40°. Exclu-
sion criteria were previous spinal surgery

and patients with congenital, syndromic
or neuromuscular scoliosis. Patients who
fulfilled these criteria (n=21) were in-
cluded.

Radiographic acquisition

Patients underwent anteroposterior (AP)
and lateral full-length X-rays of the spine
before surgery, immediately after surgery
and at 1-year follow-up. The X-rays were
taken with the patient in the standing po-
sition and in order to reduce any inaccu-
racies with patients barefoot and hold-
ing the arms crossed over the chest. All
X-rays in this study population fulfilled
these requirements. Therefore, no pa-
tients were excluded. All data was saved
as a digital imaging and communications
in medicine (DICOM) file and exported
fromapicturearchivingand communica-
tion system (PACS) to validated software
to be analyzed. Surgimap® software [15]
(version 2.2.13.1) was utilized to assess
the different parameters included in this
study. Allmeasurements were performed
by a spinal surgeon and first author (WP).
The ethics committee of the medi-
cal faculty of Heidelberg University ap-
proved this study (vote no. S-378/2016).
Radiographs of the study cohort were
conducted routinely, i.e. no additional
radiographs were performed in the con-
text of this study. These radiographs were
retrospectively analyzed. Hence, no in-
formed consent of the participants was
required to perform this study.

Surgical technique

The MCGR is a spinal distractible rod
with an enlarged portion in the middle
of the rod containing a magnetically con-
trolled lengthening system. In all cases
a dual rod construct was used. The size
of the rods and anchoring screws was
customized according to patient’s height
and pedicle thickness. The vertebral lev-
els for anchoring of MCGRs were defined
on the basis of preoperative X-rays of the
patient in a standing position (8 Table 1).

A senior author (MA) performed the
surgery with the patient under general
anesthesia with neurological monitoring
using a triggered electromyogram device
and two small posterior midline incisions

were performed cranially and caudally to
the structural scoliotic curve. The two
vertebrallevelsin both incisions were dis-
sected and four pedicle screws as fixation
anchors for MCGR were implanted. All
screws were placed using the freehand
technique based on specific anatomical
landmarks [16]. Subsequently, MCGRs
(standard MCGR on concave and offset
MCGR on convex sites of scoliotic curve)
were inserted subfascially through the
cranial to distal incision and connected
with the implanted pedicle screws. In
the offset rods, the internal lengthening
system is positioned at the opposite end
of the thickened portion of the MCGR
compared with the standard rod to en-
sure that the magnetic components do
not interact during individual distrac-
tion procedures. All subjects remained
free from any postoperative neurological
impairment.

Data collection and radiographic
analysis

Demographic and clinical characteristics
of patients were obtained from medical
records. Evaluation of radiographs in-
cluded analysis of coronal, sagittal and
axial parameters preoperatively and post-
operatively. Further evaluation of radio-
graphs at 1-year follow-up was also per-
formed (n=19).

Coronal parameters
Cobb angle (Cobb), apex deviation and
coronal plumbline (CorC7PL) (B Fig. 1).

Sagittal parameters
Spinopelvic parameters [17]: pelvic inci-
dence (PI), pelvic tilt (PT), sacral slope
(SS), sagittal vertical axis (SVA, C7S1),
T1 spinopelvic inclination (T1SPi), T9
spinopelvic inclination (T9SPi) and PI-
LL mismatch (PI-LL) (B Fig. 1).
Regional alignment: lumbar lordosis
measured from L1 to S1 (LL), L1-L4
angle (L1L4), L4S1 angle (L4S1), tho-
racic kyphosis measured from T4 to T12
(TK), T1-T3 angle (T1T3), T1-T4 an-
gle (T1T4), C1-C2 angle, C2-C7 angle
(C2C7CL), C2-C7 sagittal vertical axis
(cSVA, C2C7), C2slope, T1slope, T1-CL
mismatch (8 Fig. 1). In terms of CL, TK
and LL, negative values denote lordosis.
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Abstract

Background. Several studies have emphasized
that the magnetically controlled growing rod
(MCGR) technique decreases complications
and costs and could be considered a safe
procedure for treating patients with early
onset scoliosis (EOS). To the best of our
knowledge, the sagittal profile of patients with
an implanted MCGR has not been sufficiently
studied before.

Objective. The objectives of this study were
twofold: firstly, to evaluate the influence of
MCGR on the coronal, sagittal and axial planes.
Secondly, to analyze changes of cervical
alignment post-MCGR implantation.

Material and methods. This was a retrospecti-
ve study of patients with EOS who underwent
MCGR from 2012 to 2018. Patients were
included if they presented with a thoracic

or lumbar curvature greater than 40° (Cobb
angle) and Risser’s sign 0. Global analysis of all
patients was reported. Patients were stratified
preoperatively by thoracic alignment into a
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hypokyphotic or kyphotic group. Furthermore,
the study population was divided into an
anteriorly aligned group and a posteriorly
aligned group. Sagittal alignment parameters
and parameters of coronal and axial plane
were measured and the preoperative to
postoperative change was compared then
analyzed 1 year after surgery. No external
funding was procured for this research and the
authors’ conflicts of interest are not pertinent
to the present work.

Results. A total of 21 patients were included
in the study. There was a significant coronal
correction of the structural and compensatory
curves (p< 0.01). Before and after surgery,
the coronal C7 plumbline was unchanged
and remained within the normal range.
Postoperatively, a significant derotation of the
apical vertebra in thoracic and lumbar curves
was observed (p < 0.05). Global analysis of the
sagittal profile revealed a significant decrease
of TK (p < 0.001) and T9SPi (p=0.002)

Correction of the spine with magnetically controlled growing rods in early onset scoliosis. A pre-to-
post analysis of 21 patients with 1-year follow-up

with a simultaneous significant increase

of T1T3 angle (p=0.015) and T1T4 angle
(p=0.015). No significant changes of the
sagittal parameters of cervical, lumbar and
spinopelvic parameters were noted. Among
all groups, cervical parameters did not reveal
any statistically significant changes. At 1-year
follow up the T1T3 angle (p=0.01) and T1T4
angle (p=0.03) were significantly increased.
All other measured parameters of sagittal,
coronal and axial profile were unchanged.
Conclusion. The implantation of MCGR had
a significant impact on the sagittal profile.
Notwithstanding, no further compensatory
mechanisms of the cervical spine and pelvis
had to be recruited to safeguard sagittal
alignment.

Keywords
Cervical alignment - Cervical spine - Early onset
scoliosis - Deformity - Motorized growing rod

Zusammenfassung

Hintergrund. Einige Studien konnten bereits
zeigen, dass die Anwendung von magnetisch
kontrollierten mitwachsenden Staben (MCGR)
bei Patienten mit einer Early-onset-Skoliose
(EOS) sicher und weniger kostspielig fiir das
Gesundheitssystem ist. Allerdings wurde
bislang die Auswirkung des implantierten
MCGR auf das sagittale Profil und die axiale
Rotation noch nicht umfanglich untersucht.
Ziel der Arbeit. Ziel dieser Studie war die
Evaluation der Auswirkung von MCGR auf das
sagittale Alignement und die Ermittlung der
koronaren und axialen Korrektur nach der
Implantation der magnetisch kontrollierten
mitwachsenden Stabe.

Material und Methoden. In der retrospektiven
Studie wurden 21 Patienten mit einer EOS
idiopathischer Genese und operativer Behand-
lung mit MCGR eingeschlossen. Alle Patienten
hatten einen Cobb-Winkel >40° und Risser-
Zeichen 0 (Sanders <3). Die spinopelvinen
Parameter wurden fiir alle Patienten erhoben.
Es erfolgte eine Stratifizierung der Patienten
beziiglich des thorakalen Alignments in die

hypokyphotische und normokyphotische
Gruppe. Ferner erfolgte die Einteilung dieser
Patienten in die Gruppe mit einem anterioren
Alignment (SVA >0 mm) und in die Gruppe mit
einem posterioren Alignment (SVA <0 mm).
Die Parameter des sagittalen Alignments, der
koronaren und der axialen Ebene wurden
gemessen und die pra- und postoperativen
Daten miteinander verglichen.

Ergebnisse. Es konnte eine signifikante
Korrektur der strukturellen und der kompen-
satorischen Kurven ermittelt werden (Cobb-
Winkel; p < 0,01). Vor und nach der Operation
war die koronare C7-Senkrechte unverandert
und innerhalb der normalen Variationsbreite.
Postoperativ zeigte sich eine signifikante
Derotation der apikalen Wirbelkdrper in den
thorakalen und lumbalen Kurven (p < 0,05).
In der Auswertung der gesamten Gruppe
zeigte sich postoperativ eine signifikante
Abflachung der TK (p < 0,001) und T9SPi
(p=10,002) mit gleichzeitig signifikanten
Zunahme der hochthorakalen T1T3-Winkel
(p=0,015) und T1T4-Winkel (p=0,015). Die

Korrektur der Wirbelsdule mit magnetisch kontrollierten mitwachsenden Stdaben bei Patienten mit
Early-onset-Skoliose. Pra-Post-Analyse von 21 Patienten mit 1-Jahres-Follow-up

lumbalen, zervikalen und die spinopelvinen
Parameter blieben unverandert. Auch in
den stratifizierten Gruppen waren die
Parameter des seitlichen zervikalen Profils
postoperativ unverandert. In der einjéhrigen
Verlaufskontrolle konnte eine weitere
signifikante Zunahme vom hochthorakalen
T1T3-Winkel (p=0,01) und T1T4-Winkel
(p=0,03) beobachtet werden, jedoch ohne
Einfluss auf alle anderen Parameter des
sagittalen Profils, der koronaren und der
axialen Parameter.

Diskussion. Nach Implantation des MCGR
kam es nachweislich zur Veranderungen
des regionalen (thorakalen und lumbalen)
seitlichen Profils, jedoch ohne Rekrutierung
weiterer Kompensationsmechanismen der
Halswirbelsaule und des Beckens.

Schliisselworter

Zervikales Alignment - Halswirbelsdule - Early-
onset-Skoliose - Deformitat - Motorisierte
mitwachsende Stabe
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Table 2 Baseline and postoperative sagittal alignment parameters of the 21 patients included in the study

All patients Normokyphoticgroup  Hypokyphotic group Posterior aligned Anterior aligned
Mean SD pvalue Mean SD pvalue Mean SD pvalue Mean SD pvalue Mean SD p value
c1c2 () -272 86 0981 305 74 0273 242 87 0702 -30.1 9.2 0359 -241 69 0.762
C1C2post (°) -273 154 -336 7.3 -215 188 -324 87 -21.7 196
C2C7CL(°) 1.5 91 0444 18 91 0642 46 8.2 0560 0.6 9.5 0565 24 8.9 0.625
C2C7CLpost (°) 34 12.2 0.02 13.2 6.5 10.7 24 103 4.6 14.4
T1Slope (°) 167 78 089 225 5.4 0975 114 56 0858 182 9. 0613 151 6.2 0.816
T1Slopepost (°) 164  10.9 224 121 11.0 6.1 169 113 159 111
T1-CL(°) 182 73 0387 206 6.2 0573  16.1 7.8 0536 188 6.9 0.841 176 8.1 0.394
T1-CLpost (°) 199 7.1 224 57 176 7.7 192 56 206 88
cSVAC2C7 227 65 0099 256 48 0513 200 638 0103 238 6.8 0349 216 63 0.163
(mm)
cSVAC2C7post 266  10.1 28.1 11.6 252 89 273 118 259 85
(mm)
SVAC7S1 (mm) -92 266 0749 -13 85 0211 -19 284 0112 -104 55 0149 25 56 0.055
SVAC7S1post -11.3 318 23 12.9 -16.5 41.0 -141 57 -11.5 9.1
(mm)

C2C7CL cervical lordosis from C2 to C7, T1-CL mismatch T1-cervical lordosis, cSVAC2C7 cervical sagittal vertical axis from C2 to C7, SVAC7S1 sagittal

vertical axis from C7 to S1, post postoperative

Axial rotation: apical vertebral rota-
tion in thoracic spine (Raimondi 1 rota-
tion angle), apical vertebral rotation in
lumbar spine (Raimondi 2 rotation an-
gle). Raimondi rotation angle is a reliable
method for estimating vertebral rotation
as projected on standard X-rays of the
spine in standing position ([18]; @ Fig.1).

Patient stratification

Sagittal alignment was evaluated and
compared with normative values of chil-
dren and the adolescent population as
published by Mac-Thiong etal. [19]. Ac-
cording to this normative data, patients
were stratified by the thoracic align-
ment into a hypokyphotic (<33.1°) or
kyphotic (33.1°-54.9°) group. Thoracic
hyperkyphosis was defined as >54.9°. In
this study population none of patients
had thoracic hyperkyphosis. Secondly,
the study population was divided in
an anteriorly aligned group if SVA was
>0mm and a posteriorly aligned group
when SVA <O0mm [20]. Coronal and
sagittal alignments were compared in
TK and SVA groups preoperatively to
postoperatively. Sagittal alignment was
compared between baseline and postop-
erative status.

Statistical analysis

Shapiro-Wilk test indicated normal dis-
tribution in all stratified groups. De-
scriptive statistics were reported as means
and standard deviations. Preoperative
to postoperative comparisons were con-
ducted using Students ¢-test. The thresh-
old of statistical significance was set at
p<0.05. The statistical software package
SPSS 20.00 (IBM, Armonk, NY, USA)
was used for statistical analysis.

Results

A total of 21 patients with a mean age
at initial surgery of 9.2+ 2.5 years (range
4-13 years) and 81% female were in-
cluded in the study. Characteristics of
the scoliotic curves with the respective
upper and lower instrumented vertebrae
are illustrated in @ Table 1.

Baseline and postoperative sagittal
alignment parameters are reported in
O Table 2.

Coronal parameters

There was a significant correction of the
primary, secondary and tertiary curves:
primary curve Cobb angle 64.5°+19.9
vs. 36.1°+9.7; p< 0.001, secondarycurve
Cobb angle 44.9°+ 14.9 vs. 27.3°+ 12.6;

p<0.001 and tertiary curve Cobb an-
gle 31.3°+9.4 vs. 22.7°+5.9; p<0.001
(BFig. 2). Furthermore, in all groups
a significant correction of apex deviation
of the main curve (main curve apex devi-
ation: 49.0mm=+ 16 vs. 28.5mm+10.9;
p<0.001) was measured (BFig. 2). Be-
fore surgery, the coronal C7 plumbline
was within the normal range and was not
changed throughout the surgical proce-
dure (11.1mm+8.5 vs. 10.5mm= 8.9;
p=0.821).

Axial parameters

Postoperatively, a significant derotation
of apical vertebra in thoracic and lum-
bar curves was observed (Raimondi 1
thoracic rotation angle: 28.5°+9.4 vs.
16.1°+9.6; p<0.001), (Raimondi 2
lumbar rotation angle: 14.3°+12.2 vs.
9.1°+7.1; p=0.012) (B Fig. 2).

Sagittal parameters

Preoperatively to postoperatively, there
was a significant decrease of TK and
T9SPi (TK: 29.6°+11.3 vs. 19.9°+9.3;
p<0.001, TOSPi: -8.8°£5.3vs. -5.2°+4.1;
p=0.002) with a simultaneous increase
of T1T3 angle and T1T4 angle (T1T3
angle: 3.75°+ 3.8 vs. 6.9°+ 4.7; p=0.015,
T1T4 angle: 6.5°+6.7 vs. 12.8°%7.5;
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Fig. 2 A Cobb angle (upper left), apex deviation (lower left), cSVA and SVA (upper right) and apical vertebral rotation (lower
right) for all patients before and after surgery. Values measured in all stratified groups; p =statistical significance, p < 0.05.
Vertebral rotation was estimated with Raimondi method. Raimondi 1 angle: apical vertebral rotation of thoracic curves, Rai-
mondi 2 angle: apical vertebral rotation of lumbar curves
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Fig. 4 A Sagittal parametersofthoracic (left), lumbarspineaswellas pelvic (right) before and after surgeryin the normokyphotic

group; p = statistical significance, p < 0.05

p=0.015) (@Fig.3). Cervical, lumbar
and global spinopelvic parameters were
not significantly changed (B Figs. 2and 3;
O Table 2).

Thoracic normokyphotic group (TK =
33.1°, n=10): postoperatively, TK, LL
and also T9SPi were significantly de-
creased (TK: 39.5°+5.2 vs. 25.3°+9.2;
p<0.001, LL: -54.0°+11.3 vs. -46.6°%
12.0; p=0.038, TOSPi: -12.6°+£4.0 vs.
-6.1°+4.0; p=0.001) (B Fig.4). The seg-
mental kyphosis of the upper thoracic

part (T1T3 and T1T4) was not changed
postoperatively (T1T3: 3.8°+5.3 vs.
7.4°+£6.4; p=0.298, T1T4: 8.4°£6.9 vs.
14.5°+9.3; p=0.195) (B Fig.4). All other
measured sagittal parameters of the tho-
racic and lumbar spine as well as pelvic
parameters did not change after surgery
(BFig. 4). There were also no signifi-
cant changes of global balance (SVA) or
sagittal parameters of the cervical spine
(B Table 2).

Thoracic hypokyphotic group (TK<
33.1°, n=11): surgical procedure re-
sulted in a decrease of TK, albeit with-
out reaching level of significance (TK:
20.6°+6.6 vs. 14.9°t6.2; p=0.075)
(BFig. 5). Nevertheless, the segmen-
tal kyphosis of the upper thoracic part
(T1T3 and T1T4) significantly increased
(T1T3: 2.3°+£3.7 vs. 6.2°+3.5; p=0.037,
T1T4: 4.9°+6.4vs. 11.4°+5.7; p=0.035)
(B Fig.5). All other lumbar, thoracic and
pelvic parameters did not change post-
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Fig. 6 A Sagittal parameters of thoracic (left), lumbar spine and pelvis (right) before and after surgery in the posteriorly aligned

group; p = statistical significance, p < 0.05

operatively (BFig. 5). Also, cervical
parameters, cSVA and SVA were not
changed after the surgical procedure
(B Table 2).

Posteriorly aligned group (SVA <
O0mm) (n=11): also this group had
a significant flattening of TK, LL and
changed T9SPi (TK: 34.3°+9.3 wvs.
22.4°+10.8; p<0.001, LL: -57.1°+9.0
vs.  -50.6°t11.7; p=0.046, TOSPi:
-11.6°+4.8 vs. -7.4°+3.0; p=0.004)
postoperatively (BFig. 6). The TIT3
and TIT4 angles were not signifi-
cantly changed (T1T3: 5.7°+3.1 vs.
7.4°+£3.4; p=0.278, T1T4: 10.4°t54
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vs. 14.1°%57; p=0.149) (BFig. 6).
Corresponding to significant loss of
LL, segmental lordosis L1L4 was sig-
nificantly reduced (LL: -57.2°+9.0
vs. -50.6°+11.7; p=0.046, L1L4:
-26.6°+8.8 vs. -21.7°+10.5; p=0.064)
(B Fig.6). All other lumbar, thoracic and
pelvic parameters were not changed pre-
operatively to postoperatively (@ Fig. 6).
Also, cervical parameters cSVA and SVA
did not change significantly through
surgery (@ Table 2).

The anteriorly aligned group (SVA
>0mm) (n=10) had postoperatively
a tendency of decrease of TK without

reaching the level of significance (TK:
245°+11.5 vs. 17.1°+6.6; p=0.062)
(BFig. 7). Interestingly, the baseline
TK was notably lower than TK in the
posteriorly aligned group (TK in SVA
>0: 24.5°+11.5 vs. TK in SVA <Omm:
34.3°+9.3). Furthermore, segmental
angles T1T3 and T1T4 increased, but
without reaching the level of statisti-
cal significance (T1T3: 0.3°+3.9 vs.
6.1°£6.2; p=0.076, T1T4: 2.5°£5.6 vs.
11.5°+9.1; p=0.055) (B Fig. 7). All other
estimated thoracic, lumbar and pelvic
parameters did not reveal significant
changes (BFig.7). Cervical parameters,
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Fig. 7 A Sagittal parameters of thoracic (left)and lumbar spine as well as pelvis (right) before and after surgery in the anteriorly

aligned group; p = statistical significance, p <0.05

cSVA and SVA did not reveal any sta-
tistical changes pre- to postoperatively
(B Table 2).

Follow up evaluation

Among the 21 patients, 2 patients were
excluded, 1 patient had to be excluded
due to detachment of the upper tho-
racic screws and the other 1 because
the follow-up was less than 1 year.
Henceforth, 19 patients were included
in this analysis. The X-rays at 1-year
post-MCGR implantation could be eval-
uated and compared to X-rays taken
immediately after surgery. This analysis
revealed that there was a significant in-
crease of T1T3 angle (T1T3: 6.9°+4.7
vs. 10.5°+4.1; p=0.001) and T1T4 an-
gle (T1T4: 12.8°+7.5 vs. 17.2°%+5.9;
p=0.003). In all stratified subgroups
and for all other measured parameters
of coronal, sagittal and axial planes there
were no significant changes.

Discussion

The MCGR technique seems to be a po-
tential therapeutic tool for severe scolio-
sis in pediatric and adolescent popula-
tions [8, 10, 11, 21-27]. In the literature
there were some sporadic reports about
complications rates post-MCGR implan-
tation [5, 9, 28, 29] and long-term results
[8, 24]; however, these reports lacked
a well-founded assessment of spinal cor-
rection, especially in the sagittal and ax-
ial planes. Thus, this study attempted

to address this gap to gain a deeper un-
derstanding of the impact of the MCGR
procedure on spinal correction in the
coronal, sagittal and axial planes.

The data show that implantation of
MCGR leads to significant correction of
the Cobbangle of structural and compen-
satorycurves. Inthe preoperative topost-
operative analysis a significant reduction
of the structural curve by 45% (reduc-
tion of Cobb angle from 64.5°+ 14.9 to
36.1°+9.7) was observed by using the in-
dex surgery. These data are in line with
the results of Dannawi et al. [30], Ak-
barnia et al. [21] and Cheung et al. [11]
who also reported a significant Cobb an-
gle correction in a range from 32% to
57%. A significant diminishing of apex
deviation was noticed at least for primary
curves which is in line with the coronal
Cobb angle correction. Interestingly, ax-
ial vertebral rotation of apical vertebrae
in the thoracic and lumbar spine was
significantly reduced. Notably, this rele-
vant correction in the coronal and axial
planes could be achieved, although the
implant system used is only composed of
proximal and distal anchors (four pedi-
cle screws proximally and four pedicle
screws distally) and two MCGRs with-
out any utilization of anchors at the apex
of the scoliosis. This potential correction
in the coronal and axial planes could be
explained by the well-preserved flexibil-
ity of the spine in this young population.
Furthermore, in all stratified groups no
significant deviations from the coronal
C7 plumbline were observed postopera-

tively. In terms of coronal correction, it
can be concluded that scoliotic curves in
this cohort can be well-controlled using
MCGR implantation.

Previous studies of growing rod treat-
ment for idiopathic scoliosis mainly fo-
cused on the coronal curves and only
included few parameters relating to the
sagittal profile, such as TK and LL [22,
31, 32]. Recently, Akbarnia et al. re-
ported a significant flattening of TK (de-
crease from 50° to 35°) after growing
rod implantation and first lengthening
[22]; however, patients in that study were
not stratified by the magnitude of TK,
and hence the authors could not eluci-
date whether a difference existed in the
evolutionary tendency of TK between
patients with preoperative hypokypho-
sis or normokyphosis. In the present
cohort, preoperative sagittal alignment
was evaluated and compared with nor-
mative values of children and adolescents
[19]. Therefore, the performed stratifica-
tion sheds light on changes of the sagit-
tal profile through surgery in respect to
the preoperative status of TK and SVA
(thoracic normokyphosisvs. thoracic hy-
pokyphosis and anteriorly aligned SVA
vs. posteriorly-aligned SVA).

Globally, the results of this study
present a significant influence of MCGR
implantation on the sagittal profile in
terms of flattening of TK (p < 0.001) and
decrease of T1SPi (p=0.002). Further-
more, segmental compensatory mecha-
nisms in the upper thoracic part above
implanted MCGR could be observed (in-
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crease of T1T3 angle, p=0.015 and T1T4
angle, p=0.015). Interestingly, there was
no need for compensation in the cervical
spine, lumbar spine or pelvis. Secondly,
the data show that MCGR implanta-
tion in normokyphotic patients causes
a significant flattening of TK (p < 0.001)
and a significant decrease of T9SPi
(p=10.001) and a tendency to decrease of
T1SPi albeit without reaching statistical
significance (p=0.069). The change of
TK has a direct influence on LL which is
also decreased (p=0.038). Furthermore,
these patients are preoperatively and
postoperatively still well-compensated
regarding sagittal global alignment (SVA
without significant changes and in nor-
mal range). In this group, the changes
of regional profile of the thoracic spine
would be compensated by the lumbar
spine without taking any compensatory
mechanisms of the pelvis (PT without
significant changes and in normal range;
p=0.981). On the other hand, the tho-
racic hypokyphotic group revealed a
postoperative tendency of further flat-
tening but without reaching the level of
significance. Similarly, no other regional
parameters for the thoracic and lumbar
spine were significantly changed. These
patients were postoperatively slightly
posteriorly aligned (SVA) but without
reaching the level of significance. Hence,
the pelvis in these patients was not re-
cruited for compensation of the sagittal
profile (PT without significant changes
and in normal range).

To elucidate whether MCGR implan-
tation has an impact on global sagittal
alignment, the patients were stratified ac-
cording to the SVA. For both groups (SVA
<0mm vs. SVA >0mm) there was no
significant change of SVA preoperatively
to postoperatively. In other words, global
alignment was not affected in this cohort;
however, in the SVA <0mm group a sig-
nificant flattening of TK (p=0.001), a
significant decrease of TISPi (p=0.004)
and consequently significant flattening
of LL (p=0.046) were noticed. In the
SVA >0mm group, TK was postopera-
tively flattened without reaching a level
of significance (p=0.062). All other
regional parameter for the thoracic and
lumbar spine were not changed. In
both groups, no pelvic compensatory
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mechanisms were recruited as these
parameters did not change postoper-
atively. 'These findings could suggest
that there is a potential interdependence
between regional thoracic and lumbar
spine following MCGR implantation.
Furthermore, surgery-induced changes
of the thoracic spine (TK flattening,
TISPi decrease) are neutralized by com-
pensatory flattening of the lumbar spine.
Finally, SVA remained within the nor-
mal range without recruitment of pelvic
compensatory mechanisms.

In addition, significant segmental
compensation mechanisms of the upper
thoracic part were observed in the tho-
racic hypokyphotic group. The MCGR
implantation led to further flattening
of the TK. Simultaneously, the subse-
quent upper thoracic segments reacted
with a significant increase of segmental
kyphosis angle (T1T3 and T1T4 angles).
This phenomenon can be explained by
the malleability of the spine and greater
segmental range of motion in this young
population.

Henceforth, it could be concluded
that MCGR-induced changes of TK and
global T9SPi inclination can be well-
compensated by few spinal segments in
the upper and lower segments. Through
the sufficient compensation mechanisms
in segments located in the vicinity to
implanted MCGR (upper thoracic spine
and lumbar spine (T1-T3, T1-T4, LL)),
there was no need for recruitment of
cervical or pelvic compensatory mecha-
nisms to safeguard sagittal balance.

Coronal correction, system lengthen-
ing and complication rates post-MCGR
treatment were preliminarily evaluated
[8, 10, 11, 21, 28, 29, 33-35] without
considering the sagittal profile. To our
best knowledge, this is the first study that
analyzed potential changes of regional
and global sagittal profile of the spine in
young patients in the context of MCGR.
The present data revealed that MCGRim-
plantation induces flattening of TK and
may trigger a chain of reactions which
influences upper and lower spinal seg-
ments (upper thoracic part and lumbar
part). Consequently, it is believed that
surgeons should contemplate potential
sagittal profile changes during preoper-
ative planning of MCGR implantation.

Previously, the problem of TK and
LL flattening using Harrington’s instru-
mentation for scoliosis treatment was re-
ported [36, 37]. In a meta-analysis by
Lykissas et al. they evaluated 27 studies
and 1613 patients with adolescent idio-
pathic scoliosis (AIS) who were treated
with Harrington’s instrumentation [36].
They confirmed the negative effect of this
system on sagittal alignment. Thoracic
spine flattening post-MCGR treatment
remains a challenge to using Haring-
tons instrumentation. This phenomenon
might be caused by the structural condi-
tion of scoliosis and by the proximal an-
choring screws which are predominantly
implanted in the upper thoracic vertebra,
and distally in the lower thoracic or up-
per lumbar vertebrae. Consequently, the
rod’s internal lengthening mechanism is
mostly implanted in the lower thoracic
part. Internal lengthening mechanism is
an intrinsic part of MCGR that cannot be
bent. Normally, thelower thoracic part of
the spineiskyphotic. Theimplantation of
MCGR with distraction mechanism that
isapplied inlower thoracic spine part may
automatically lead to loss of TK. Physio-
logically, the thoracolumbar junction is
a part of spine that has almost no kypho-
sis. The implantation of MCGR with the
rod lengthening mechanism in the tho-
racolumbar region might have less effect
on the sagittal profile. Hence, it is sug-
gested that the implantation of MCGR
distraction mechanism should be per-
formed in the thoracolumbar region to
counteract flattening of TK. Secondly, the
anchoring part of the implanted pedicle
screws is located in the vicinity of the
vertebral facet joints and transverse pro-
cesses. To reduce autofusion rate, the
rods of MCGR should be directly sub-
fascially inserted. This condition may be
surgically challenging while bending the
rods. In cases of insufficiently bent rods,
the subfascially inserted internal distrac-
tion mechanism may act as an additional
fulcrum that consequently leads to loss
of TK.

The analysis at 1-year follow-up re-
vealed a significant cranial increase in
thoracic segmental kyphosis (T1T3 and
T1T4) compared to immediate postop-
erative status. This phenomenon could
be explained by the distraction of the



MCGR, the flattening effect of the rod on
the thoracic profile, the malleability of the
spine and greater segmental range of mo-
tion in this young population; however,
future studies are warranted to analyze
the effect of MCGR distraction and its
influence on the sagittal profile. Sagit-
tal, coronal and axial parameters were
unchanged. This could be explained by
the fact that magnetic distraction was
performed in concert with physiological
growth.

One of the limitations of this study is
the absence of a control group; however,
ethical considerations about unnecessary
X-radiation in normal young volunteers
(controls) were prohibitive. The retro-
spective design isacknowledge asanother
limitation. Furthermore, the follow-up
analysis was performed only after 1 year,
which could be considered a short ex-
amination period for substantiated con-
clusions. Hence, reporting the clinical
and radiological follow-up of more than
1 year after MCGR implantation is still
warranted. Finally, it is conceded that
our study population could not be strat-
ified based on the Lenke classification
which would result in very small sub-
groups. Thus, the preoperative to post-
operative TK and SVA are considered to
be more appropriate for the study co-
hort. These limitations notwithstanding,
the retrospective preoperative to postop-
erative analysis revealed important ob-
servations and enabled the complex re-
lationships between different parts of the
spine to be disentangled in the context
of MCGR treatment.

Conclusion

This exploratory study revealed MCGR
implantation to be effective in the man-
agement of EOS. Although implant-re-
lated changes of the regional thoracic and
lumbar profiles could be noted, no further
compensatory mechanisms of the cervi-
cal spine or pelvis had to be recruited
to safeguard sagittal balance. Further
longitudinal investigations with a mini-
mum of 2 years follow-up are required
to determine the influence of MCGR im-
plantation on the sagittal profile whilst
monitoring spinal growth.

Key points

== MCGR is a potential therapeutic tool
for severe scoliosis in patients with
EOS.

= MCGR has a significant influence
on the sagittal profile in terms of
flattening of TK and decrease of
TISPi.

== At 1-year follow-up, there was an
increase of segmental kyphosis cra-
nially (T1T3 and T1T4). All other
sagittal, coronal and axial param-
eters did not exhibit a statistically
significant change.

= Segmental compensatory mecha-
nisms in the vicinity of implanted
MCGR excluded the need for re-
cruitment of cervical or pelvic com-
pensatory mechanisms to safeguard
sagittal balance.

== The implantation of the MCGR
distraction mechanism should be
performed in the thoracolumbar
region to counteract flattening of TK.
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