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Abstract
Introduction Magnetically controlled growing rods (MCGR) for the surgical treatment of early onset scoliosis (EOS) allow 
non-invasive outpatient based distractions during spinal growth. The purpose of this study is to present the results of a sin-
gle center case series of 22 patients, evaluate the effect of MCGR treatment on the development of spino-pelvic parameters 
during growth, and report initial outcomes after end of treatment.
Materials and methods Prospectively collected data of 22 EOS patients with MCGR treatment has been analyzed. The fol-
lowing radiological parameters were measured before index surgery, after index surgery, 1 year after index surgery, and at 
last follow-up: Cobb angle of the major curves, thoracic kyphosis (TK), lumbar lordosis (LL), sagittal vertical axis (SVA), 
pelvic incidence (PI), pelvic tilt (PT), and sacral slope (SS). Mean age at index surgery was 9.5 years (range: 4–14 years). 
Mean length of follow-up was 47.6 months (range: 25–121 months). Etiology of diagnosis was idiopathic in 14 patients, 
associated with neurofibromatosis in 2 patients, and neuromuscular or syndromic in 6 patients.
Results Mean Cobb angle of the major curve was 57° preoperatively and 29° at last follow-up (p < 0.0005). Mean TK was 
20.1° preoperatively and 20° at last follow-up (p > 0.05). Mean LL was 52.8° preoperatively and 53.2° at last follow-up 
(p > 0.05). Mean PI was 43.2° preoperatively and 46.3° at last follow-up (p > 0.05). Mean PT was 4.1° preoperatively and 
5.8° at last follow-up (p > 0.05). Mean SS was 39.2° preoperatively and 41.7° at last follow-up (p > 0.05). 14 patients finished 
treatment: nine received final fusion and five received rod removal without fusion. Twelve complications occurred: one deep 
wound infection, six patients developed proximal junctional kyphosis (PJK), one rod fracture, two rods failed to distract, 
one deformity progressed after rod removal and required spinal fusion, and one patient developed autofusion of the spine 
prior to end of treatment.
Conclusion MCGR treatment is able to control deformity progression. Complication rate was 54.5%. Sagittal balance was 
not altered and treatment does not seem to have a negative impact on the development of spino-pelvic parameters during 
growth. Optimal end of treatment for the individual patient still has to be defined.

Keywords Early onset scoliosis · Magnetically controlled growing rods · Spino-pelvic parameters · Sagittal alignment · 
Outcome · Complications

Introduction

Scoliosis that is present at less than 10 years of age is defined 
as early onset scoliosis (EOS). EOS has potential for poor 
outcomes with increased risk of curve progression, pulmo-
nary underdevelopment and loss of the normal proportion-
ality of trunk growth [1–3]. Therefore, adequate and early 
treatment of these patients is essential for a good long-term 
outcome. Optimal treatment preserves spinal growth and 
controls curve progression. Some patients may be treated 
with bracing or serial casting. However, if these treatment 
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modalities fail to prevent curve progression, surgical inter-
vention is mandatory.

Early fusion of the spine yields poor results with signifi-
cant growth inhibition, poor respiratory development, and 
potential development of crankshaft phenomenon [4]. There-
fore treatment strategies for EOS aim for growth-sparing 
techniques that allow spinal growth and pulmonary devel-
opment while preventing curve progression. Growing rods 
follow the concept of periodic distraction to preserve spinal 
growth. Traditional growing rods (TGRs) have previously 
been the gold-standard for management of EOS because 
they can prevent curve deterioration while allowing for 
physiological spinal growth [5, 6]. Magnetically controlled 
growing rods (MCGR) have been developed to avoid com-
plications associated with repeated surgeries under general 
anesthesia for open distraction of the TGR [7, 8]. MCGR 
allow non-invasive outpatient based distractions and their 
safety and effectiveness have been well evaluated [8–16].

Our aim is to provide a comprehensive evaluation of 
device performance in preventing EOS progression with 
an emphasis on its effect on spino-pelvic parameters dur-
ing growth, radiological results, complications, and end of 
treatment using a standardized distraction technique at a 
single center with a mean follow-up of 47.6 months (range: 
25–121 months) in a series of 22 patients.

Materials and methods

A single-center database with prospectively collected data 
was reviewed for patients with EOS that have been treated 
with dual MCGRs (MAGEC, NuVasive, San Diego, USA). 
Ethics approval and patient consent for collection and analy-
sis of the data was obtained. Inclusion criteria were patients 
with ability to walk, who had complete radiological follow-
up of at least 2 years, and had undergone primary surgery 
with dual rod MCGR for EOS. Patients that had traditional 
growing rod instrumentation before index surgery with 
MCGR, patients with less than 24 months of follow-up, and 
patients with congenital scoliosis were excluded. Twenty-
two patients met the inclusion criteria and were included in 
the final analysis. During the study period standard radio-
logical evaluation changed from conventional radiography 
to biplanar stereoradiography (EOS™, EOS Imaging, Paris, 
France). For standard conventional whole spine radiographs 
the femoral heads were not regularly captured. Therefore 
only 11 patients could be included into analysis of spino-
pelvic parameters.

The mean age at index surgery was 9.5 years (range: 
4–14 years) with a mean follow-up of 47.6 months (range: 
25–121  months). All patients were premenarchal, Ris-
ser stage 0, and the triradiate cartilage was open. Diag-
noses were idiopathic in 14 patients, associated with 

neurofibromatosis in two patients and neuromuscular or 
syndromic in six patients. Table 1 provides an overview of 
the baseline data of all patients.

All patients underwent standard implantation of the 
MCGR without any intraoperative rod distractions beyond 
squaring the instrumentation segments. Two pairs of foun-
dation anchors were used at both proximal and distal foun-
dations and were fused during the index surgery. All dual 
rods were 5.5 mm in diameter and placed in a standard and 
offset rod configuration. All distractions were performed by 
three experienced MCGR users. The first distraction was 
done 2 months postoperatively and followed thereafter on 
a monthly basis. A targeted 2 mm distraction length was 
applied to the external remote controller for each distraction 
episode. Distraction length was monitored by ultrasound at 
each visit and checked every 6 months by biplanar stereo-
radiography. When the rod reached full distraction or failed 
to distract the rod was changed. If the patient approached 
skeletal maturity treatment was ended either by final fusion 
or rod removal without spinal fusion.

The following radiological parameters were measured 
using biplanar whole spine standing radiographs (1) before 
index surgery, (2) after index surgery, (3) one year after 
index surgery, and (4) at last follow-up:

1. Cobb angle of the major curve.
2. Thoracic kyphosis (TK) measured from T5 to T12.
3. Lumbar lordosis (LL) measured from L1 to S1.
4. Sagittal vertical axis (SVA).
5. Pelvic incidence (PI).
6. Pelvic tilt (PT).
7. Sacral slope (SS).

Radiographs were routinely acquired with patients stand-
ing relaxed and arms forward flexed at the shoulders with 
the middle fingers touching the middle of the clavicles using 
conventional radiographs or EOS™ imaging. EOS™ has 
been shown to be reliable for diagnosis and monitoring of 
children with early onset scoliosis treated with MCGR [17]. 
Measurements were performed by an investigator blinded to 
the patient details.

Due to the sample size (n = 22) non parametric Fried-
man test was used to perform the statistical analysis with a 
significance level of α = 0.05.

Results

Coronal deformity correction

The mean Cobb angle of the major curve was 57° 
(± 11.3) preoperatively and 29° (± 12.8) at last follow-up 
(p < 0.0005). Table 2 provides an overview of all radiological 
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parameters under study. Figure 1 shows the mean major 
curve over time during MCGR treatment. The main correc-
tion was achieved during index surgery and was maintained 
without much deviation throughout follow-up.

Spino‑pelvic parameters

PI, PT, and SS did not change significantly throughout fol-
low-up as compared to preoperative measurements (Table 2). 

Mean PI was 43.2° (± 9.3) preoperatively and 46.3° (± 9.4) 
at last follow-up (p > 0.05). Mean PT was 4.1° (± 4.6) pre-
operatively and 5.8° (± 7.8) at last follow-up (p > 0.05). 
Mean SS was 39.2° (± 8.7) preoperatively and 41.7° (± 5.2) 
at last follow-up (p > 0.05). Comparing subgroups with an 
LIV above and below L3 and L4 did not show a significant 
difference either (p > 0.05). Figure 2 shows spino-pelvic 
parameters over time during MCGR treatment.

Table 1  Baseline data of all patients

Patient No. Gender Etiology Instru-
mented 
segments

Age at 
surgery 
[years]

Length 
of f/u 
[months]

End of treatment Complication

1 Female Neuromuscular T3–L4 5 121 Final fusion Autofusion of the spine
2 Female Idiopathic T5–L3 12 26 Final fusion
3 Female Syndromic T3–L1 10 79 Rod removal without fusion Infection
4 Male Neurofibromatosis T1–L1 14 26 Final fusion Rod failed to distract
5 Female Idiopathic T4–L1 9 28 Final fusion Rod failed to distract
6 Female Syndromic T2–T10 14 28 Final fusion PJK
7 Male Neurofibromatosis T3–L3 4 68 3rd rod exchange, continuing PJK
8 Female Idiopathic T4–L1 11 57 Final fusion
9 Female Syndromic T5–L4 4 48 1st rod exchange, continuing PJK
10 Female Idiopathic T5–L4 7 74 2nd rod exchange, continuing PJK
11 Female Idiopathic T4–L1 12 41 Continuing
12 Female Idiopathic T1–L1 13 37 Final fusion Progression after rod 

removal requiring spinal 
fusion

13 Female Idiopathic T4–T12 12 30 Rod removal without fusion
14 Female Idiopathic T3–L4 13 59 Rod removal without fusion
15 Female Idiopathic T3–T12 13 39 Final fusion
16 Female Idiopathic T4–L1 11 78 Rod removal without fusion
17 Female Idiopathic T5–L4 11 47 Rod removal without fusion Rod fracture
18 Female Idiopathic T4–L4 4 26 1st rod exchange, continuing
19 Female Idiopathic T4–L3 8 25 1st rod exchange, continuing
20 Male Idiopathic T5–L3 9 38 Final fusion PJK
21 Female Neuromuscular T3–L3 9 37 2nd rod exchange, continuing
22 Male Neuromuscular T3–L4 5 35 Continuing PJK

Table 2  Radiological 
parameters under study (preop, 
postop, 1-year postop, and at 
last follow-up)

SD standard deviation

Preop
Mean and SD

Postop
Mean and SD

1-year postop
Mean and SD

Final follow-up
Mean and SD

Cobb angle major curve [°] 57 ± 11.3 25.7 ± 7.8 31.3 ± 9.2 29 ± 12.8
Thoracic hyphosis [°] 24.3 ± 20.9 19.5 ± 12.0 21.6 ± 14.7 21.1 ± 18.1
Lumbar lordosis [°] 50.8 ± 11.8 46.9 ± 6.8 52.8 ± 9.2 55.3 ± 8.9
Sagittal vertical axis [mm] − 8.1 ± 32.5 1.0 ± 32.3 − 21.3 ± 33.3 − 5.7 ± 29.5
Pelvic incidence [°] 43.2 ± 9.3 43.7 ± 7.4 45.1 ± 11.1 46.3 ± 9.4
Pelvic tilt [°] 4.1 ± 4.6 7.8 ± 5.3 5.9 ± 6.5 5.8 ± 7.8
Sacral slope [°] 39.2 ± 8.7 36.1 ± 7.7 39.1 ± 7.3 41.7 ± 5.2
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Sagittal alignment

TK, LL, and SVA did not change significantly through-
out follow-up as compared to preoperative measurements 

(Table  2). Mean TK was 24.3° (± 20.9) preoperatively 
and 21.1° (± 18.1) at last follow-up. Mean LL was 50.8° 
(± 11.8) preoperatively and 55.3° (± 8.9) at last follow-up. 
SVA was − 8.1° (± 32.5) preoperatively and − 5.7° (± 29.5) 
at last follow-up. Figure 3 shows TK and LL over time dur-
ing MCGR treatment.

Complications

Complications necessitating surgery occurred in 12 patients, 
resulting in a complication rate of 54.5% (Table 1). One 
patient developed a deep wound infection. Six patients 
developed proximal junctional kyphosis (PJK). Of those six 
patients four (66.7%) were of non-idiopathic etiology (two 
associated with neurofibromatosis and two neuromuscular). 
One rod fracture occurred and two rods failed to distract. 
One patient developed deformity progression after rod 
removal as intended end of treatment and received spinal 
fusion. One patient developed auto fusion of the spine prior 
to end of treatment.

End of treatment

Fourteen patients of this case series finished treatment, so 
far. Nine received final fusion and five received rod removal 
without spinal fusion. Within this group the mean Cobb 
angle was 53.7° (± 7.9) preoperatively and 31° (± 12.9) at 
final follow-up. The average length of MCGR treatment was 
36 months (range: 16–78 months). In those patients who fin-
ished treatment the mean T1–T12 height increased 42.5 mm 
(± 24.3) and the mean T1–S1 height increased 61.1 mm 
(± 11.6). Due to maximum distraction of the implant one 
patient received two planned rod exchanges, six patients 
received one planned rod exchange, and seven patients 
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Fig. 1  Mean Cobb angle of the major curve over time during MCGR 
treatment
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Fig. 2  Mean spino-pelvic parameters over time during MCGR treat-
ment

Fig. 3  Thoracic kyphosis and 
lumbar lordosis over time dur-
ing MCGR treatment
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finished treatment with the first MCGR device. Average 
time of distraction with one MCGR device was 22.8 months 
(± 1.1). Figures 4 and 5 show two exemplary cases: one for 
final fusion (Fig. 4) and one for rod removal without spinal 
fusion (Fig. 5).

Discussion

Coronal deformity correction

Coronal deformity correction in our series is similar to cor-
rection reported in the literature [6, 18]. There was a signifi-
cant decrease of the mean Cobb angle of the major curve 
after index surgery and the curve remained stable during 
further treatment (Fig. 1) resulting in an improvement from 
57° (± 11.3) preoperatively to 29° (± 12.8) at last follow-up 
(p < 0.0005).

Spino‑pelvic parameters

Previous studies investigating TGRs have focused on coro-
nal plane deformity, spinal height, and pulmonary develop-
ment [5, 6, 8, 19]. However, there is a paucity of literature 
regarding the development of spino-pelvic parameters under 
treatment with growing rods, let alone MCGR. Sagittal pel-
vic morphology influences the standing balance in healthy 
adults and is relatively constant after end of growth [20, 21]. 
This is especially relevant to PI which greatly influences 
the overall sagittal balance and is strongly linked with LL 
[22]. PI has a direct bearing on the balance of the spine, 
which rests on the sacral plateau [23]. During childhood and 
adolescence, PI and other sagittal spino-pelvic parameters 
as well as thoracic kyphosis (TK) tend to increase before 
stabilizing at adulthood [24]. SS is stable after achieving 
a standing posture and is no more influenced by growth 
and age [25, 26]. It is known that deformity correction via 
distraction of the spine may decrease the thoracic kyphosis 
and lumbar lordosis [27]. This may as well influence the 
normal development of spino-pelvic parameters and there-
fore may have an effect on overall spinal balance. The sacral 
plateau forms the base of the spine and is the point of trans-
fer of load from the trunk to the pelvis. Mac-Thiong et al. 
described a direct linear correlation between PI, LL, SS, 
and PT [24, 25]. A non-physiological load bearing or spinal 
balance may therefore influence the development of pelvic 
anatomy and vice versa. Mac-Thiong et al. described spino-
pelvic parameters in healthy children during growth and 
tried to establish baseline values for measurement of these 
parameters [24]. Although these values cannot be transferred 
to EOS patients and corresponding baseline values for EOS 
patients do not exist, one may postulate that the growing 
spine of EOS patients is subject to similar changes during 

growth. Pathological changes of the sagittal balance may not 
only increase risk of complications of EOS patients under 
growing rod treatment but also affect long-term quality of 
life [28, 29].

The available literature on the development of spino-
pelvic parameters under treatment with growing rods is 
heterogeneous. Atici et al. were the first to analyze spino-
pelvic parameters in children under treatment with TGR 
instrumentation [30]. They did not find a statistically sig-
nificant difference in their study. In a multicenter study with 
37 patients Bekmez et al. found TGR treatment to have a 
negative impact on the development of spino-pelvic param-
eters [31]. Schlösser et al. calculated baseline data for the 
development of spino-pelvic parameters during growth using 
computed tomography scans of the abdomen of 189 children 
and 310 adults without spino-pelvic pathologies [32]. Using 
regression analysis they calculated a yearly increase in PI 
of 0.6° in their population. Bekmez et al. used this data to 
predict the PI in their study group as if the children would 
not have been instrumented. The use of this data is debat-
able since Schlösser et al. did not have repetitive scans of the 
same individuals. Also individuals without any spino-pelvic 
pathology were compared to EOS patients. Nevertheless, 
Bekmez et al. found a decrease of PI during treatment with 
traditional growing rods in their study population.

In our study cohort periodic distraction with MCGR did 
not affect the development of spino-pelvic parameters during 
growth. Figure 2 shows that PI is increasing almost linearly 
with time, whereas SS decreases after index surgery and 
increases again afterwards, correspondingly PT increases 
after index surgery and decreases again afterwards. How-
ever, these findings are not statistically significant (p > 0.05). 
Our data suggests that periodic distraction during MCGR 
treatment does not seem to have a negative impact on the 
development of spino-pelvic parameters.

Sagittal alignment

Previous studies have analyzed the effect of TGRs and 
MCGRs on TK and LL. Shah et al. found a significant 
decrease of TK and LL after index surgery and an increase 
until last follow-up [33]. Pepke et al. evaluated 21 children 
treated with MCGRs and also found a significant decrease of 
TK after surgery [34]. Due to the follow-up of only 1 year it 
is not clear if TK increases again during further follow-up. 
We also found a decrease of TK and LL after index sur-
gery and an increase during further follow-up but this was 
not significant (p > 0.05). The reason why we did not find 
a significant change in TK might be due to the fact that we 
tried to bend the rod as much as possible according to the 
individual sagittal anatomy of the patient to reduce stress, 
especially at the cranial anchor points. SVA did not change 
significantly during MCGR treatment and there is a great 
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Fig. 4  a A 9 year-old girl 
with a 57° thoracic idiopathic 
scoliosis. b The same patient 
after MCGR implantation. c 
Nine months after implantation 
the left rod failed to distract and 
thus the rods were exchanged. 
d After another 21 months of 
distraction final fusion was 
performed resulting in a 46° 
thoracic curve. The patient is 
stable at final follow-up
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Fig. 4  (continued)
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Fig. 5  a An 11 year-old girl 
with a 57° thoracolumbar curve 
and a 38° thoracic curve. b 
The same patient after MCGR 
implantation. c The patient 
before rod removal, showing 
the second MCGR in situ. The 
first MCGR was exchanged 
after 22 months of distrac-
tion (21.45 mm distraction 
achieved with the right rod 
and 25.05 mm with the left 
rod). The second MCGR was 
in situ for 23 months (22.35 mm 
distraction achieved with the 
right rod and 25.09 mm with the 
left rod) until the left rod broke. 
d After rod removal the patient 
has a 22° thoracolumbar and a 
23° thoracic curve, and is stable 
at final follow-up
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Fig. 5  (continued)
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variety within the individual patient at the different measur-
ing points, which is reflected by the large standard deviation 
(Table 2). This may be due to the compliance of the children 
during the examination, especially with EOS™ imaging.

Complications

In a systematic review of complications in MCGR treat-
ment Kwan et al. found a complication rate of 46.7% [35]. 
In our cohort the complication rate was 54.5%, whereas two 
complications might not be directly related to the device: 
one patient developed autofusion of the spine prior to end 
of treatment and one patient developed deformity progres-
sion after rod removal as intended end of treatment. If these 
complications are excluded, the complication rate of 45.6% 
would be consistent with the literature. Rod fracture or fail-
ure to distract the MCGR can have different reasons. An 
inappropriate bending of the rod near the expanded portion 
of the rod and incorrect rod insertion and/or configuration 
may lead to inability to distract along the long axis of the 
rod. Risk factors include increased body habitus such as 
older age and increased body mass index, as well as reduced 
distance between the two internal magnets [36]. Another 
reason might be the “law of diminishing returns” which 
is a phenomenon already known from TGRs and previous 
MCGR studies. Decreasing gains in spinal lengthening 

are observed with following lengthening of the rod [37]. 
Although there was a high variability for each patient, there 
was a clear trend towards less effective lengthening with 
every distraction in our cohort as well.

Six patients developed proximal junctional kyphosis 
(PJK) and implant loosening at the proximal foundations. 
The majority of them were of non-idiopathic etiology 
(66.7%) which is also consistent with the literature [38]. 
Five of the six PJK patients developed a hyperlordosis at the 
levels caudal to the instrumentation. Within this subgroup 
of patients the increase in LL was significant (p < 0.05). Fig-
ure 6 shows the lumbar lordosis (preop, postop and 1 year 
postop) of a patient that later developed PJK with failure. 
Initially the patient’s hyperlordosis in L4/5 and L5/S1 was 
able to compensate. But with time compensatory mecha-
nisms failed and the patient developed proximal junctional 
failure that necessitated revision surgery. One might care-
fully observe patients with an early hyperlordosis caudal 
to the lower instrumented vertebra, especially in case of a 
non-idiopathic etiology of the deformity. These patients may 
develop PJK. Due to the small number of patients this con-
clusion should be considered with caution. Although all PJK 
patients showed an increase of SVA during treatment, there 
were also some non-PJK patients, which showed an increase 
in SVA. Eight patients showed an increase or decrease of 
more than 20 mm after index surgery. This might be related 

Fig. 6  Radiography showing the lumbar spine of a patient that later developed PJK (preoperatively, postoperatively, and at 1 year follow-up). 
Please note the early compensatory hyperlordosis caudal to L4
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to the new spinal alignment or just due to pain, however 
due to the sample size and the high standard deviation it is 
difficult to tell.

End of treatment

The best way to end MCGR treatment remains unclear. 
Some surgeons may see MCGR as an internal brace which 
at the end of skeletal maturity and an acceptable curve may 
be removed without fusion. Others may regard it as rele-
vant mostly to preserve spinal growth and see final fusion 
as obligatory. There are no strict criteria to end MCGR 
treatment in either way. In our series, six patients received 
rod removal without spinal fusion as intended end of treat-
ment. One of them developed deformity progression after 
rod removal which necessitated instrumented fusion. Jain 
et al. came to a similar conclusion when they studied 30 
TGR patients after rod removal without final fusion [39]. 
In carefully selected patients with a balanced spine and an 
acceptable curve reaching skeletal maturity, rod removal 
without fusion is an option. However, the individual patient 
best suitable for rod removal should be evaluated in larger, 
preferably, randomized trials.

Limitations

The main limitation of this study is the small sample size. 
However, given the standardized surgical technique, long 
follow-up and relative homogeneity (63.6% idiopathic etiol-
ogy, only primary MCGR implantation) of the cohort, our 
study provides a useful insight into the outcome and compli-
cation profile after MCGR treatment in patients with EOS.

Conclusion

MCGR treatment effectively controls deformity progression 
while preserving spinal growth. The development of spino-
pelvic parameters does not seem to be affected by MCGR 
treatment. The complication rate remains relatively high. 
Ideal strategies to prevent PJK need to be explored, while 
non-idiopathic deformities are at higher risk to develop PJK. 
Compensatory changes caudal to the instrumentation may 
indicate later development of PJK. In carefully selected 
patients reaching skeletal maturity, rod removal after MCGR 
treatment is an option to avoid spinal fusion.
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