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The objective of the review is to provide multifaceted information on the treatment of young children with severe onset scoliosis using

magnetically-controlled growing rods (MCGR). This promising though controversial method is not yet well known in our country. The

review presents the history of the development of the method, surgical technique, the frequency of etiological forms of spinal deformities,

and describes in detail the results of scoliosis correction including the most severe cases. Quantitative and qualitative data describe compli-

cations that arise during the treatment including those characteristic only for this method (for example, slippage phenomena). The prob-

lem of repeated operations is separately discussed, and the capabilities of MCGR and other techniques based on the principle of distraction

are compared. The review presents features of the use of MCGR in adult patients, the dynamics of the primary curve in the postoperative

period (does the Sankar’s law work?), the possibilities of ultrasound when monitoring the effectiveness of magnetic rods, the use of MRI

simultaneously with MCGR, and the comparative cost of the method. Particular attention is paid to the problem of a uniform protocol of

staged extension of rods. It seems that the initial enthusiasm has somewhat decreased. It is commonly agreed that new research is needed.
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The term “early onset scoliosis” (EOS)
was introduced by Dickson in 1994 [1]
to refer to spinal deformities diagnosed
in patients younger than five years.
After SRS Growing Spine Committee
publication [2], this definition was
used to describe scoliosis identified at
the age of under 10 years. These are
complex, often very severe progressive
deformities of various etiologies
significantly affecting anatomy of the
spine and the thoracic cage and often
leading to complications (for instance,
thoracic insufficiency syndrome). The
main problem that arises when choosing
a method for treating early scoliosis is
the need to combine the correction
of progressive spinal deformity with
preservation of the spinal growth
potential. In such situation, achievement
of the goal is extremely difficult.
Observation without active intervention
in the pathological process is justified
in case of mild deformities and in the
absence of obvious signs of progression.
Conservative treatment, which is usually
aimed at restraining the progression
of deformity with the possibility to

delay surgery to a later date, includes
two main options. The first option is a
variety of corrective braces (Cheneau-
type brace or others), while the second
option includes multi-staged plaster
cast-bracing [3]. Both methods provide
a rather limited corrective effect, and
their use is accompanied with significant
difficulties (for instance, plaster cast
should be changed every 3—4 months
under general anesthesia). Surgical
technologies that allow preserving spinal
growth (growth-sparing technique)
originate from the 1960s. In his classic
work, Harrington [4] presented a method
of scoliosis correction in children under
the age of 10 using a distraction device
with hooks and without bone grafting.
Moe et al. [5] developed and popularized
the method by incorporating staged
distractions until the age when final
fusion can be performed. After that,
Akbarnia et al. [6] suggested using two
rods at the same time, which increased
the stability of the system, reduced the
number of complications, and made
the treatment result more predictable.
This technique, regardless of the type of
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implant, is called “growing rods”. Later,
the number of techniques aimed at EOS
correction has increased. Skaggs et al. [7]
classified these techniques based on the
type of their therapeutic effect on the
growing spine:

— distraction-based: GR, VEPTR, MCGR;

— tension-based: staples, tethering;

— guided-growth: Luque, Shilla.

The most widely used technique is
the technique of growing rods (GR). In
recent years, it is more usually defined
as “traditional growing rods” (TGR) thus
emphasizing that the method is quite
old and distinguishing it from others
based on the principle of distraction. The
advantages of TGR are well known: they
are relative simplicity and quite satisfac-
tory results. However, there are also a
number of serious drawbacks: surgical
interventions (staged distraction) every
6-9 months under general anesthesia,
frequent hospitalizations, negative effects
on the child’s mental health (8], difficul-
ties due to the need to break away from
work for parents and from school for
children. Apparently, the biggest problem
is numerous surgical complications. Bess
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et al. [9] reported a group of 140 patients,
81 (58 %) of which had at least one com-
plication. The same authors emphasized
a growing risk of complications with an
increase in the number of interventions:
each subsequent distraction increases the
risk by 24 %.

This situation requires the search
for new methods. The increasing use of
magnetically-controlled growing rods
(MCGR) was noted at the beginning of
the second decade of the 21st century.
[t is enough to say that, according to the
data presented at the conference on the
issues related to EOS treatment in 2018
(Lisbon), magnetic rods are used in 85 %
of EOS cases in the USA. The literature on
MCGR is extensive and multidimension-
al. However, it contains only one meta-
analysis [10], which includes data of six
articles. There are no publications in the
Russian-language literature, since the
method is not used in Russia. The reason
for this is the absence of a Russian license
from the manufacturer, who is probably
not much interested in the development
of the Russian market. For this reason,
we considered that it would be reason-
able and appropriate to present a review
of the current literature on the results of
the use of MCGR to our colleagues.

History of the method. The first
attempt to create an implantable mag-
netically-controlled correction device
was performed by the team of Jean
Dubousset in France. At his request, Arn-
aud Soubeiran, a talented engineer, devel-
oped an expandable prosthesis in the
early 1990s, which was used after resec-
tion of malignant tumors of the limbs. In
1996, Dubousset initiated the develop-
ment of a device for correcting spinal
deformity based on the same principle,
ie. using an external magnetic activator.
After a series of experiments on sheep in
1997, the first surgery was performed in
the clinic [11, 12]. In 2008, the results of
15 surgeries performed using Phenix M.
Rod (the name of the first implang; Fig. 1)
were demonstrated at the SRS congress
in Hong Kong [13, 14]. The device pres-
ents a rod connected to an expandable
segment containing a permanent neo-
dymium magnet. Each movement of the
outer magnet sets in motion the inner

magnet thus inducing rod lengthen-
ing, the maximum length of which can
reach 60 mm. The rod can be bent in
order to imitate the sagittal contour of
the spine. Patients were operated on over
the period of three years; the scoliotic
curve was reduced on average from 68°
to 40° (Fig. 2). There were only two com-
plications during this time: costal hook
pullout and development of neurological
symptoms, which were stabilized imme-
diately. The authors concluded that the
method is highly effective and promising.
Distractions were completely painless,
they were performed on an outpatient
basis or at home and allowed achiev-
ing a 1-mm increase in the rod length in
less than 2 min. Meanwhile, Dubousset
considered it necessary to continue the
development of the method in terms of
improving the corrective action on the
apical region in the horizontal plane for
elimination of the torsion component of
the deformity. Unfortunately, the death
of Soubeiran forced him to abandon this
idea. Medtronic Company showed no
interest in continuing the studies [15].
An article by Takaso et al. [16], who
developed a new type of instrumentation
based on the remote-controlled growing
rods with an integrated engine, is also
worth mentioning. The system consisted
of a distraction device, a remote control
receiver box (RCRB), and a controller.
The distraction device, in its turn, consist-
ed of an outer cylinder, a small gearhead
motor, an inner gear, and a growing rod.
Hooks are attached to the rod with coni-
cal sleeves. When the controller rotates, a
torque is generated in the motor, which
is converted to distraction force by the
inner gear, and the growing-rod stretch-
es without rotation. The authors first test-
ed the system on a scoliosis model and
received a smooth correction of defor-
mity, and then conducted animal stu-
dies (in dogs). The distraction rod was
placed subcutaneously, while RCRB was
implanted in the abdominal cavity. After
modelling of scoliotic deformity, correc-
tion was performed at a rate of 1 cm after
week 3, 6,9, and 12. Thus, stepwise cor-
rection of the initial 28° scoliotic curve
to 3° was achieved. The authors saw the
drawbacks of their system in the size of
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the distraction rod (the outer diameter
is 16 mm) and the site selected for RCRB
implantation. It is unknown whether the
device was used in the clinic, as we did
not manage to find any other publica-
tions of these authors.

Further development of the MCGR
method is ascribed to Akbarnia and his
colleagues from San Diego. In 2009, they
first reported the method of EOS treat-
ment using a new distraction system con-
sisting of two main elements: an implant-
able distraction device and an external
control device, which allows both non-
invasive lengthening and shortening of
the distraction rod [17]. The latter con-
sists of the two main elements. The main
element is the actuator with a diameter
of 9 mm. The permanent magnet locat-
ed in it can be non-invasively activated
by the external control device: both for
distraction and retraction. A flexible rod
with a diameter of 4.50, 5.50 or 6.35 mm
is attached to the actuator. The fixation
can be rigid or articulated in order to
reduce stress on the construct and at the
site of contact with the bone. The correc-
tion device is attached to the spine with
standard screws and hooks. The external
control device is a portable tool contain-
ing two permanent magnets for automat-
ic regulation of the implant length using
a switch (Fig. 3). The distraction rate is
displayed on the screen of the device.
Lengthening maximum is 48 mm, the
average distraction force is 222 N when
the outer magnet is 26.5 mm apart from
the inner magnet. Lengthening by 1 mm
is achieved within 7 s.

Fig. 1
Appearance of the Phenix M. Rod
(courtesy of Dubousset)
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Fig. 2

One of the first patients treated with Phenix M. Rod: an 8-year-old girl with neuromuscular scoliosis progression despite brace treatment:
a — axial traction radiography; b — radiography immediately after growing rod implantation; ¢ — radiography after 4 years and 6 sessions
of outpatient rod distraction demonstrates stability of the curve, a 25-mm increase in the rod length (courtesy of Dubousset)

Akbarnia et al. [18] presented the
results of an experimental study con-
ducted on nine Yucatan mini-pigs. Mag-
netic distraction rods were placed and
fixed with pedicle screws. Distractions
were performed on a weekly basis at
a rate of 7 mm per week, the implant
was removed after 7 weeks, and animals
were killed after additional 3 weeks. As a
result, 39-mm distraction was achieved,
which constituted 80 % of the intend-
ed distraction. A 10 % loss, according to
the authors, could be due to a change
in the rod contour and its rotation dur-
ing lengthening, while another reason
is a thick layer of subcutaneous fat. An
accelerated increase in vertebral unit
height was noted in the distraction area
after implant removal. The authors sug-
gested that pulsed stimulation activated
the growth plates after removal of the
distraction rod. No complications were
noted. The obtained results encouraged
optimism for the prospects of using the
method.

In 2013, Akbarnia et al. [19] published
the first results of the clinical use of
MCGR in 14 patients with spinal defor-
mities of various etiologies. The authors
found the results to be quite encourag-

ing, since the method seemed to be safe
and effective. As compared to TGR, the
number of surgical interventions was
sharply reduced, and the level of com-
plications was shown to be low. The fol-
low-up period for this group of patients
was only 10 months. The most common
complication was a partial loss of the
achieved correction: 11 cases out of 68
lengthenings. This loss was regained in
subsequent distractions. There were no
other complications except for one case
of superficial wound infection.

Next, the authors [20] performed a
comparative study of the effectiveness
of TGR and MCGR. The study of two
groups of patients (12 people each) shar-
ing similar basic parameters showed the
following results: major curve correc-
tion was equal for both systems; spinal
growth (T1-S1) was 8.1 mm/year in the
MCGR group and 9.7 mm/year in the
TGR group; lengthening of the thoracic
spine (T1-T12) was 1.5 and 2.3 mm/
year, respectively; TGR patients under-
went 73 surgeries, 56 of which were dis-
tractions, while MCGR patients under-
went 16 surgeries and 137 noninvasive
lengthenings; there were five and four
unplanned surgeries in the TGR and
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MCGR groups, respectively. After a two-
year follow-up period, a conclusion was
made that both methods have similar
effectiveness, despite the fact that the
number of planned surgeries was expect-
ed to be higher for the TGR group, while
the number of unplanned interventions
turned out to be surprisingly equal in
both groups.

Two years later, Akbarnia et al. [21]
presented results comparing the effec-
tiveness of MCGR placed primarily and
as a conversion from TGR. There were
a total of 40 patients. It was shown that
spinal deformity is equally controlled by
both types of rods. However, the spinal
growth is less pronounced in the TGR
group than after MCGR implantation.

Intervention technique [22]. The study
is performed under general anesthesia.
The patient is placed in prone position,
two linear cuts are made at the level of
the planned fixation. In case of a revi-
sion surgery, it is reasonable to perform
access along the entire length of the
postoperative scar in order to remove
TGR and place a magnetic rod. Posterior
vertebral regions are exposed subperios-
teally at the site of fixation. Fixations are
formed using various combinations of
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pedicle screws and hooks. The magnetic
rod is placed through an axillary access
and then fixed. If one rod is used, it is
placed on the concave side of the curve.
The length of the vertebral fixation area
does not depend on the construction
type (single- or dual-rod systems). If two
rods are used, they can be attached to
each other via a connector in order to
increase the construct strength. At sites
of subperiosteal exposure of the poste-
rior vertebrae, bone grafting with local
tissues is performed. For dual-rod system,
many surgeons use the offset technique,
which implies standard placement of one
rod (caudally placed actuator), while the
second rod is installed in the opposite
position (cranially placed actuator). This
allows preventing the mutual influence
of the two magnets during rod length-
ening. The level of fixation placement
depends on the type of curve, but typi-
cally, cranial fixation is formed at T2-T4,
while caudal fixation is formed at the
neutral vertebra (which is bisected by the
central sacral line; Fig. 4).

According to Hosseini et al, the use of
lateral rods [23] does not provide more
effectiveness. Lengthening procedures
are carried out by using a remote con-
troller containing two permanent mag-
nets that can be rotated by a gear mech-
anism. The controller is placed over the
patient’s back at the level of the actuator
of the corresponding rod. The magnetic
field of the latter is identified by using
an external magnet which is attracted
to the rod. Once activated, the external
controller activates rotation of the mag-

net in the rod actuator. This procedure
is performed at the outpatient clinic in
the absence of anesthesia. The estimated
lengthening value (mm) is displayed on
the external remote controller, which
can be used not only for distraction but
also for retraction of the rod in case a
patient experiences pain or discomfort.

Capabilities of the method. The results
of using MCGR are presented in a large
number of publications, which allows
one to perform an objective assess-
ment of the observed effect. We have
summarized all the information at our
disposal in a series of tables to make it
easier for readers and to compare the
results obtained by different authors.
Table 1 presents data on the etiology of
spinal deformities treated with MCGR
(20, 23-45]. It is noteworthy that the
number of cases of idiopathic scoliosis
does not prevail over other etiologies at
all. Even if not taking into consideration
the works by Harshavadhan et al. [33]
and Samdani et al. [44], which are devot-
ed to neuromuscular deformities only,
idiopathic scoliosis does not take the first
place in the number of cases. This is not
something fundamentally new, we just
note this fact in order to emphasize once
again the diversity of the early-onset spi-
nal deformities.

Analysis of Table 2 which contains
information from 34 publications, allows
one to draw some preliminary conclu-
sions. Number of patients in the con-
sidered groups varies widely: from 5 to
67 (mean, 25.3) patients, which is quite
significant, considering that the pathol-

L

Fig. 3

Appearance of the magnetically-controlled growing rod and the external remote
controller, the screen displays 5-mm distraction [38]
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ogy is relatively rare. The average age of
MCGR implantation and the first distrac-
tion is below 7 years only for the three
groups, while in some cases it reaches
9-10 years, which is the upper age lim-
it of EOS. It is unlikely to be the result
of late diagnosis but rather a desire to
postpone the start of treatment to a later
date when the progressive nature of the
pathology becomes evident. The average
follow-up period in the vast majority of
cases does not exceed three years. It is
enough to say that, of the 800 patients
presented in these works, final fusion is
mentioned in only four (!) cases [35, 52].
As for the remaining cases, the treatment
continues, and it is too early to draw con-
clusions about the final result of apply-
ing the method. Data on the outpatient
MCGR lengthening protocol present a
rather contradictory picture. The inter-
vals between the rod lengthening pro-
cedures vary in a very wide range: from
one week to six months. There are no
compelling reasons for preferring one
protocol to another in these works. Only
a few authors [31, 35, 38] noted that the
protocol they chose (1-1.5 mm growth
per month with mean interval between
lengthening procedures of 78 days) was
based on a study by Canavese and DiMeg-
lio [62], which presents data on normal
growth of vertebral bodies at different
periods of the child’s life. This technique,
which was named “tail gaiting”, provides
spinal growth of 2.2 cm/year in children
under the age of five years, 1.1 cm/year
at the age of 5-10 years, and 1.8 cm/
year in children older than 10 years of
age. Cheung et al. [34] believe that infre-
quent small distractions allow more con-
sistent length gain although not present-
ing any convincing evidence. Bow et al.
[63] suggest that the effect of one distrac-
tion per month is similar to that of one
distraction procedure per three months.
The authors emphasize that the maxi-
mum correction is achieved during the
first surgery and then maintained in the
future.

The mean Cobb angle of the major
curve is in the range of 50-75% in 25 stu-
dies and exceeds this value in only two
publications [43, 48]. As it can be seen
from the works, the correction achieved
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Fig. 4

Pre- and postoperative radiographs of the spine in an 8-year-old patient with idiopathic
scoliosis, the follow-up period is 23 months [38]

after the first surgery (MCGR implanta-
tion and distraction) rarely exceeds 40 %
of the initial value. According to a series
of publications [19, 26, 35, 36, 38, 44,
00], the Cobb angle is reduced by a few
more degrees at the end of the follow-up
period as compared to the first distrac-
tion, while a certain (up to 10°) loss of
the achieved correction is reported in
14 works (20, 23, 24, 31, 32, 39, 41, 43,
45,48, 51, 52, 55, 57]. Thoracic kyphosis
is mentioned in 16 works [19, 23, 24, 26,
32,35, 36, 38, 41, 43-45, 48, 50, 55, 57].
This information does not contain any
new insights: first, curve flattening due
to implantation of a straight rod, then
return of the sagittal contour (full or par-
tial) to the baseline are reported. Data on
lumbar lordosis before and at the time of
treatment are presented only in two Stu-
dies [45, 50], which probably indicates a
lack of great interest in them.

In six works [21, 23, 38, 53, 57, 60],
the authors included in the study groups
of patients who started treatment with
the so-called traditional growing rods
(TGR) and later, due to objective or sub-
jective reasons, underwent conversion
to MCGR. A change in the Cobb angle
in this group of patients (convention-

al group) sharply differed from that in
patients treated with magnetic rods only
(primary group). The angle was initially
reduced (less than 50° in five papers [21,
23, 53,57, 60] out of six), the first effect
of the magnetic rod was only 3-10° and
then remained almost unchanged. Tech-
nically, the only result was maintenance
of the effect achieved using TGR.

The distance between T1 and T12
determined on the spondylogram and its
change in the postoperative period were
noted in 13 studies [19, 20, 23, 24, 32, 35,
30, 39, 43, 45, 55, 57, 59]. The average
initial distance was 180 mm, it reached
200 mm immediately after the first sur-
gery and 211 mm at the end of the fol-
low-up period. Thus, multi-stage outpa-
tient distractions with magnetic growing
rods allowed lengthening of the thoracic
spine by only 11 mm, while the first dis-
traction allowed 20-mm growth. The dis-
tance between T1 and S1 was studied by
the authors of 16 publications [19, 20,
23, 24, 26, 32, 35, 306, 38, 43, 45, 52, 53,
55, 57, 59]; it was initially equal to 287
mm. As a result of the first surgery, it was
increased to 318 mm and then reached
338 mm by the end of the follow-up
period. Thus, the length of the thoracic
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and lumbar spine increased by 31 mm
immediately after MCGR implantation
and demonstrated a steady increase by
another 20 mm during the entire follow-
up period.

When discussing the capabilities of
MCGR, their use in special cases should
be also mentioned. One of them is the
so-called neglected deformity. There are
two approaches to treat it. Welborn et al.
[64, 65] claim (without providing any
reference) that the incidence of compli-
cations after MCGR implantation reaches
100 % (1), with the mean incidence of
44 %. Further, they note that, in severe
deformities, IRC (implant-related com-
plications) is the result of the rigidity of
scoliosis. Decreased rigidity caused by
halo traction results in reduced stress
on the implant and potentially reduces
the risk of complications. The authors
presented results of the treatment of
30 patients with more than 80° defor-
mities or less than 10 % mobility. Halo
traction was used as a preoperative
preparation prior to MCGR implanta-
tion, which allowed decreasing the fre-
quency of complications to 8 %. Anoth-
er application of MCGR in the most
severe deformities is daily lengthening
of the rods. To treat severe kyphosco-
liosis (102° scoliosis, 72° kyphosis) in
a 12-year-old child, Cheung et al. [60]
placed pedicle screws at the level of T2-
L3 (for future spinal fusion) and mag-
netic rods at the first stage. Distraction
was first carried out at a rate of 2 mm
per day and then at 1 mm/day due to the
pain and in order to prevent increasing
stiffness or autofusion. A total of 43 mm
of distraction length was obtained after
7 weeks. At postoperative 10 weeks, 47
mm total distraction length was obtained,
the Cobb angle of the major curve and
kyphosis were 66° and 62°, respectively.
Scoliosis was reduced to 28°, and thoracic
kyphosis reached 54° after final surgery
(MCGR removal, implantation of con-
ventional growing rods, posterior spinal
fusion). Koller et al. [67] and Di Silvestre
et al. [48] used the same approach in 16
patients with an average Cobb angle of
09°. The correction was 68°, while two-
year postoperative progression rate was
only 1.9°.
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Table 1

Etiological forms of spinal deformities in patients operated on using MCGR, n

Authors Patients
Cheung et al. [24] 5
Akbarnia et al. [25] 14
Dannavi et al. [26] 34
Akbarnia et al. [20] 12
Stokes et al. [27]

Yoon et al. [28]

Ridderbusch et al. [29] 24
Nordeen et al. [30] 6
Rolton et al. [31] 21
La Rosa et al. [32] 10
Harshavadhana et al. [33] 23
Cheung et al. [34] 8
Heydar et al. [35] 18
Ridderbusch et al. [36] 24
Teoh et al. [37] 10
Thompson et al. [38] 19
Hosseini et al. [23] 23
Ahmad et al. [39] 35
Cobanoglu et al. [40] 19
Kwan et al. [41] 30
Gilday et al. [42] 31
Dahl et al. [43] 19
Samdani et al. [44] 37
Lebon et al. [45] 30
Total: 464

Idiopathic Congenital spine Neurofibromatosis Neuromuscular Syndromic
scoliosis deformities scoliosis scoliosis
1 1 1 — 2
5 2 1 4 2
14 2 3 11 4
3 1 — 4 4
- 1 - 3

— 1 2 2 1
2 4 4 7 7
- — — 1 5
5] 1 — 3 14
5) — — 1 4
— — — 23 —
2 — 2 — 4
8 4 1 4 1
3 1 4 5 11
7 2 — — 1
5 - — 5
5 6 — 8
9 4 — 3 19
4 - - 1 14
8 6 — 8 8
6 1 - 11 13
8 3 - 5) 3
7 3 — 11 9

107 42 19 154 142

Another special case is the use of
MCGR in adult patients. Birkenmaier et
al. [68] were probably the first to report
such a case. A 19-year-old patient had
paralytic right-sided scoliosis of the lum-
bar spine (118°) and spastic parapare-
sis of the lower limbs. The main com-
plaints were pain and inability to sit
without additional support. A baclofen
pump was implanted at the first stage of
treatment followed by placement of two
magnetic rods on the concave side of the
curve with inferior support on the iliac
crest. The overall distraction period was
4 months. When the curve was reduced
to 55°, posterior fusion was performed.
No pain complains were obtained after
two years, and the patient regained the
ability to sit.

In 2011, Sankar et al. [69] conducted
a study of the effectiveness of TGR and
came to the conclusion that the main

curve correction is achieved during the
very first distraction, while each subse-
quent stage provides a gradually decreas-
ing corrective effect. This phenomenon
is called “the law of diminishing returns”
(Sankar’s law). According to the authors
of the study, this is the result of the for-
mation of spontaneously fused verte-
bral segments (autofusion) due to pro-
longed immobilization by the implanted
rods. In 2015, Cheung et al. [70] were the
first to make an attempt to understand
whether the Snakar’s law is applicable
to magnetic rods. The working hypoth-
esis was that frequent small distractions
would help avoiding the Sankar’s effect.
A total of 31 MCGR distractions with a 2
mm lengthening per month were per-
formed in 7 patients in the period of 3.8
years. The authors observed no gradual
loss of correction every 6 months. The
T1-S1 distance was changing but not

30

in accordance with the Sankar’s law. In
2017, Ahmad et al. [39] presented a dif-
ferent result. In 35 patients treated using
MCGR for the period 30 months, T/I
(true distraction/intended distraction)
ratio, which is a ratio of the achieved to
the planned distraction values, was cal-
culated for each lengthening. After the
first distraction, the T/I ratio was 0.93 on
the concave side and 0.81 on the convex
side of the curve; the values were 0.40
and 043, respectively, after 24 months
and 0.17 and 0.18, respectively, after 51
months; thus, the correction gain gradu-
ally decreased. The authors concluded
that the effect of MCGR complies with
the Sankar’s law. This has been con-
firmed by Ihnow et al. [71], who present-
ed the results of scoliosis correction in
34 patients for the overall period of 31.8
months. A total of 302 distractions were
performed (8.9 on average per patient),

SPINE DEFORMITIES



(1):25-41

/

HIRURGIA POZVONOCHNIKA 2020;1
M.V. MIKHAYLOVSKIY, AA. ALSHEVSKAYA. MAGNETICALLY CONTROLLED GROWING RODS IN EARLY SCOLIOSIS SURGERY

8¥£/60£/962

8€£/0/L8T

6¥£/€££/S6T
GGE/6¥£/062

8EC/TIE/TLT

11£/80£/592

09e/1£€/71E
08E/G££/€€€

262/882/25C
982/€LT/S1T
LSE/0£E/682
69£/6££/91€

L+

8VE/9£E/70E
6££/0/10€

LOE/S62/6LT
8E£/22£/76T

wul ‘dn
-MO[[0] 31} JO pud
a1 18 /A196ans 191je
A[9)RIpaUIUIL /310J0q
9OUBISIP [S—T.L

861/0/891

L1Z2/€02/281

0ZZ/812/%81

902/681/291

961/261/591

622/£02/661

SET/112/€0T

181/LLT/9ST

S1Z/L61/TLT

L0Z/0/981

681/981/991
80C/861/8L1
£ve/8cz/zee

urur
‘dn-mofjo} ay} jo pua
ay1 18 /A19b.ns a91je
A[d)RIpaUIUI /910J0q
OUBISIp ZLL—1L

LS/95/99
£v/Tv/SY

0v/9¢/L¥

Yr/sv/6v
Yo/ev/Sv

6£/0/LY

-bap ‘dn-mojjoy ay1
Jo pud ay) 18 /A1abans
19)Je A[2)eIpauIuil
/210J9( UOISIIAUOD
ADIOW O AD.L

8v/1%/8%

1v/22/6£

bap ‘dn
-MO[[0] 31} JO pud
91 18 /A196ans 191je
A[91RIpaUIUIL /310J9q
SISOPJO[ JequUIN

Sv/LE/9Y

zv/0/99

E/LT/SY
Tv/S5/6S

62/82/2v

22/22/9¢
0S/0/£S

be/91/5%

ve/L1/LT

85/62/S%

££/62/5%

17/6£/69

¥£/2£/66
z£/62/¢<
LE/28/TY

8v/1£/6S

bap ‘dn
-MO[[O] 31[} JO PUd
91 18 /A196ans 1915
A[P1BIpaUIU /210]9q

sisoydAy o1RIOY ], /310J9q 2AIND 10y

6£/0/69
ZE/LE/6S
8E/TV /YL
LE/0/YS
1€/LE/EL
SE/VE/VS
92/62/£9
¥v/0v/99
2£/0/%9
82/92/%9
£€/1£/5S
0%/SE/79

62/S2/L9
82/£2/9S

6£/7£/19
v/Tv /YL
b£/6£/89
S9/5%/69
¥v/6£/1L

2£/0/8S
¥£/25£/66
1%/L¥/69
28/Tv/9L

8E£/2£/6S
1£/%£/09
6S/L£/2S
6£/0/%9

bap
‘dn-mojjoy ay3 jo
pus a1 1B /A19b.uns
I9)Je A[9)RIpSWITIT

syjuour 9—¢

syjuour ¢—g

syjuoul ¢
sgjuour f
syjuour ¢
syjuoul g
syjuour ¢
SyjuouI g 03 M [
SYIUOUI € 03 MM [
syjuour ¢
syjuouI g 03 M [
sep 6y
skep 6y

Syjuoul g 10 ¢

S)2aM §—9

skep g/,

$AIIM ZT—9
shep g1
skep 18
skep ¢y
uoIsap s, uoabing

Jjuour

sAep ¢

j020104d
uondensIq

Gy Syl
6’1 1'6
(U4 '8
6'C L'L
ve L
(U4 8L
6’1 68
Sl 1'6
0c L'L
£ L
re e
0’1 &
6C e
(U4 -
1874 (A0S
8'C 8L
(U4 99
ve -
Sl g
S 06
(U4 £1—¢
- 88
8C L9
£l 08
0’1 L6
91 oy
sc 89
- 68
- L
sieak
‘porad saeak
dn-mojjog ‘obe ueapy

61
(028
1€
LE
1z
e
0g
@5
(028
0g
0S
91
0g

(44
ve
£C

81
£C
L9
11
44
ST
e
1z
VS
wn

4!
e

(008 =u)
u ‘sjuaned

[16] ‘1232 uoox

[19] “Ie 32 10Bpx

[8¢] ‘e 32 uosdwoyy,
[09] ‘T2 32 Yoo,

[65] ‘Ie 32 uetURUIRIGNG
[p] "2 30 wepueg
[1€] T 19 O[Oy

[9g] ‘e 12 yosnqappry
[c¥] 18 30 uogag

[86] 1232 2921

[z€] ‘I2 10 eSO BT
[1%] ‘T2 20 uemy[

[£6] ‘T2 32 udupysad
[o¥] e 32 nibourqon
[95] ‘e 32 Bunayy
[#2] ‘2 32 Bunayp
[s5) e 12 Bunayy
(5] ‘e 22 mouyy

[¢z] ‘Te 19 ruiessofy
[£5] T2 32 £o3drIEY
[s¢] ‘1 19 1epAo
[z5] ‘e 30 rueypIRARYSIRE]
[16] ‘222 3dnD

[05]) e 12 Auiyeg

[6¥] ‘1222 RO

[8%] T2 32 211S9AIIS I
[9z] “1e 30 maeuueq
[ep] ‘T2 20 [e@

[Lp] ‘212 104D

[oF] “Ie 12 mog

[0zZ] “Te 10 eruIRQ Y
[61] e 10 PrUIRQLY
[6£] T30 praiyy
(12] "Te 10 e1UIRQY

sioyiny

uonejuedwi YD JO SHNsai uLd)-buoj pue -110yg

C°1qeL

31
SPINE DEFORMITIES




HIRURGIA POZVONOCHNIKA 2020;17(1):25-41

M.V. MIKHAYLOVSKIY, AA. ALSHEVSKAYA. MAGNETICALLY CONTROLLED GROWING RODS IN EARLY SCOLIOSIS SURGERY

with the first distraction providing 88.5 %
of the planned increase in the rod length,
while the 13th distraction provided only
a 31 % increase. Based on their experi-
ence of treating 42 patients, Welborn
et al. [64, 65] concluded that the San-
kar’s law starts working 2 years after the
implantation procedure.

Complications and repeated inter-
ventions. Complications arising during
treatment with MCGR and reoperations
that surgeons had to perform are men-
tioned in 28 publications summarized in
Table 3. These works describe the results
of treatment of 706 patients with 325
(46 %) complications detected in total.
Five papers [23, 51, 54, 59, 73] mention
only the number of complications with-
out specifying the latter: a total of 167
patients and 144 complications. Thus,
in the remaining 539 patients, there are
181 complications: 53 rod breakages, 33
screw and hook pullouts, 4 subcutane-
ous implant protrusions, 39 cases of slip-
page phenomena, 22 cases of junctional
kyphosis, 21 cases of supetficial wound
infection, 1 adding-on phenomenon, and
4 others. In addition, one patient died
two years after the start of treatment.
Table 3 should be supplemented with a
description of MCGR-specific complica-
tions: slippage-phenomena and metallo-
sis. In 2015, Cheung et al. [77] for the first
time described the so-called clunking
effect which is defined as an audible and
palpable phenomenon that occurs dur-
ing magnetically-controlled distraction of
the rod. It occurs due to slippage of the
rod in the actuator when the rod fails to
complete its full internal rotation and
thus returns to its original position. The
authors noted that this phenomenon is
a result of the inability of the magnetic
rod to lengthen the spine because of the
latter’s stiffness. Another possible reason
is the cross-talk between the two mag-
nets located too close to the apex of the
major curve. This usually occurs in the
offset position of the rods (when one
magnet is located caudally and the sec-
ond one is located cranially) and within
the first year of rod implantation [78].

Jones et al. [79] described two cases
when patient experienced a popping
sensation in his back during distraction.

In both cases, examination revealed a
pin fracture, and metallosis was observed
during revision surgery. The authors
believe that clunking occurs when the
magnet’s strength is not enough to over-
come the resistance of the tissue around
the distractor and suggest that pin frac-
tures are a result of metal fatigue.

Cheung et al. [55, 80] distinguished
two forms of slippage phenomena: early
(occurring during the first six distrac-
tions) and late (corroding after the first
six distractions) rod slippage. Factors
determining the onset of complica-
tion are the following: the stage of body
maturation, age of MCGR implantation,
BMI, number of distractions, time after
implantation, curve angle and spine
mobility in this region, length of the
fixation area, as well as position of rods
relative to each other and to the apex of
the scoliotic curve. Of 22 patients, early
rod slippage was detected in 14 cases
(mean age 8.6 years), while late slippage
was diagnosed in 8 patients (mean age
4.8 years). The authors could not estab-
lish reliable risk factors responsible for
the phenomenon. Boom-Beng Tan et al.
[78] observed 25 % slippage cases out
of 168 distractions, with most of them
attributed to the offset rod placement.
The average period between implan-
tation and the first slippage was 11
months. Despite this, lengthening of
the rod and the spine was noted; there
were no pain complaints, patients
and their parents did not express any
dissatisfaction.

Severe metallosis was observed by
Teoh et al. [60] in four patients treated
with MCGR, which the authors define as
aseptic fibrosis, local necrosis or implant
destabilization due to metal corrosion.

A total of seven rods were implant-
ed in these patients; the mean period
before implant removal was 35 months,
the mean age of the revision surgery was
11 years. The surgery revealed fractures of
the two rods and pseudocapsule forma-
tion around the actuator. Abrasive chang-
es were noted for all growing rods. After
removal of the device, a large amount of
metal debris was found. According to the
electron microscopy data, the debris con-
sisted of metal titanium fragments with
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an average size of 3.36 microns. Histo-
logical examination revealed granulation
tissue, fibrosis, and chronic inflammatory
response.

Fracture of the locking pin was
detected in four magnetic rods, which
resulted in the formation of a piston
mechanism between the actuator ele-
ments. The locking pin connects mag-
net to a lead screw. When the magnet is
rotated by an external remote controller,
the lead screw moves the rod in the actu-
ator and ensures its lengthening. When
the pin is broken, the mechanism fails,
and the pistoning effect occurs resulting
in the deposition of metal debris inside
and outside the actuator. Soft tissue
metallosis manifests itself in the forma-
tion of a pseudocapsule.

As it can be seen from the Table 3,
a total of 200 reoperations were pet-
formed in a group of 706 patients.
Cheung et al. [75, 81, 82] published the
first studies on revision surgeries after
MCGR implantation. They reported that
repeated interventions were performed
on average 17 months after rod place-
ment. Their frequency accounted for 42.3
% of the number of operated patients.
The authors did not find any connection
between the Cobb angle of the major
curve, age, fixation length, number of
distractions and TGR to MCGR conver-
sion surgeries.

Teoh et al. [37, 60] stated that reop-
eration was required in all cases involv-
ing MCGR implantation. Seven patients
treated only with MCGR underwent
eight revision surgeries, and 21 patients
had 14 revisions after TGR to MCGR
conversion procedures. The authors
state that the results are somewhat
worse than expected. Kwan et al. [41]
reported 14 unplanned surgeries in 30
patients (46.7 %) conducted on aver-
age 22 months after the start of treat-
ment. The only reliable risk factor, in
their opinion, was the distraction proto-
col: a total of 71 % of reoperations were
performed in the period of up to two
months, and 25 % of revision surger-
ies were required in the period of 3-6
months after treatment. The reasons
for reoperation are bending of the rod
too close to the magnet and thickness
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Table 3

Complications and reoperations after MCGR, n

Authors Patients, n
(n = 706)

Ahmad et al. [39] 35
Akbarnia et al. [19] 14
Akbarnia et al. [20] 12
Choi et al. [47] 54
Chun Wai Hung et al. [73] 12
Dahl et al. [43] 21
Dannawi et al. [26] 34
Fahmy et al. [50] 11
Guptaetal. [51] 67
Harshavardhana et al. [52] 23
Hickey et al. [53] 8
Hosseini et al. [23] 23
Thnow et al. [54] 34
Cheung et al. [24] 5
Cheung et al. [56] 30
Keskinen et al. [57] 50
Kwan et al. [41] 30
La Rosa et al. [32] 10
Lebel et al. [58] &2
Lebon et al. [45] 30
Ridderbusch et al. [36] 33
Rolton et al. [31] 21
Samdani et al. [44] 37
Subramanian et al. [59] 31
Teoh et al. [60] 10
Thompson et al. [38] 19
Yilgor et al. [61] 14
Yoon etal. [91] 6

Complications Unplanned
reoperations
10 (4 broken actuator pins, 2 broken rods, 3 loosening of the cranial 10
fixation, and 1 deep infection)
13 (1 superficial infection, 1 subcutaneous implant protrusion, -
and 11 loss-of-correction cases)
12 (4 general surgical complications, 8 IRCs) —
21 (6 broken rods, 6 cases of lack or loss of distraction, 7 PJK cases, and 15
2 cases of infection)
14 15
6 (3 pedicle screw loosening, 1 broken rod, 1 hook fixation failure, 4
and 1 adding-on case)
7 (1 hook pullout, 2 broken rods, 1 subcutaneous implant protrusion, -
2 loss-of-correction cases, and 1 superficial wound infection)
8 (3 broken rods, 4 PJK cases, and 1 DJK case) -
61 45
10 (3 broken rods, 5 PJK cases, 1 case of DJK, -
and 2 surgical site infections)
5 (1 rod fracture, 1 screw pullout, 1 loss of distraction, 1 lack of distraction, -
and 1 PJK)
41 (14 IRCs) —
5 4
No complications -
11 (5 impaired distractions, 3 proximal fixation failure, 2 broken rods, 11
and 1 superficial wound infection)
10 (6 broken rods, 3 impaired distractions, and 1 surgical site infection) 15
No data available 14
3 (2 rod fractures, and 1 hook pullout) —
7 (3 proximal fixation loosening, 3 infection cases, and 1 broken rod), 7
1 death 2 years after the start of treatment
24 (7 hook pullouts, 3 rod breakages, 6 distractions failures, 1 PJK, 13
3 deep infections, and 4 others)
6 (1 loss of distraction, 2 screw pullouts, and 3 PJK cases) -
6 (3 hook pullouts, 2 broken rods, and 1 subcutaneous implant protrusion) 6
4 superficial wound infections; no other information was presented 10
23 22
9 (2 broken rods, 3 screw pullouts, 3 impaired distractions, 8
and 1 surgical site infection)
2 (1 fixation pullouts and 1 superficial wound infection) 1
5 (4 rod breakages and 1 hook dislodgment) -
2 (1 broken rod and 1 subcutaneous implant protrusion) -

of the soft tissues, which can reduce the
corrective effect. Gilday et al. [42] ma-
naged to demonstrate that the distrac-
tion achieved is inversely proportional
to the depth of rod placement. Risk fac-
tors do not include etiology of the defor-
mity, Cobb angles of the major cutve and
thoracic kyphosis, type of fixation, num-

ber of distractions, and previous history
of TGR placement at the site of MCGR
insertion.

Roye et al. [83] examined the issue
of unplanned surgeries by comparing
MCGR and VEPTR. A preliminary analy-
sis taking into consideration different
follow-up duration and deformity sever-
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ity showed that the rate of unplanned
revision after 2 years is maintained at the
same level (plateau) when using VEPTR
and increases after MCGR implantation.
In general, the risk of unplanned surgery
is approximately the same for the both
instrumentation techniques. The authors
note that the initial enthusiasm associ-
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ated with introduction of MCGR in prac-
tice was high.

MCGR versus TGR and VEPTR. Com-
parison of the effectiveness of the exist-
ing and new methods is quite logical and
reasonable. The first attempt of this kind
was made by Akbarnia et al. [20]. The
authors compared the results of surgical
treatment of two groups of patients of 12
people each with deformities of various
etiologies and comparable in age, fol-
low-up period (at least 2 years), and the
number of implanted rods. The authors
reported the absence of differences in
the rate of major curve correction and
changes in the distance between T1-T12
and T1-S1.

TGR patients underwent a total of
73 surgeries: 12 rod implantations, 56
staged distractions, and 5 unplanned
revisions. Complications were noted
in 11 patients: 13 IRCs and 8 cases not
associated with correction, including 4
cases of superficial wound infection. On
average, there were 1.5 complications per
each patient per year.

In the MCGR group, 16 surgeries were
performed, including 4 unplanned revi-
sions and 137 rod lengthening sessions.
Four patients had at least one complica-
tion (8 IRCs and 4 complications unre-
lated to the correction method).

Doani et al. [49] reported the results
of treatment of 44 patients (19 MCGR
cases and 25 TGR cases) with a slightly
greater deformity correction level and
the rate of satisfaction of the patients
and their parents with MCGR.

Bekmez et al. [84] compared the treat-
ment results of two groups consisting of
10 patients each. The corrective effect
of the multi-stage treatment and the
level of complications differed slightly
between the groups. The average number
of surgeries was significantly lower in the
MCGR group (1.3 versus 8.8); however,
the authors did not notice any signifi-
cant improvement in the quality of life
of these children.

Comparison of the effectiveness of
MCGR and TGR in patients with neu-
romuscular scoliosis was carried out by
Samdani et al. [44]. A total of 37 patients
underwent treatment with MCGR, while
155 patients had TGR implantation.

The analysis showed that magnet-
ic rods provide better correction and
more reliable preservation. Moreover,
MCGR has an advantage over TGR in the
rate of wound purulent complications
(10.8 % versus 25.2 %) and the number
of unplanned interventions (294 % ver-
sus 51.6 %). It is still unclear whether the
etiology of the deformity plays a crucial
role in such outcomes.

Varley et al. [85] analyzed the data of
19 USA clinics (25 TGR and 125 MCGR
cases) and concluded that conven-
tional growing rods are used as often
as magnetically-controlled ones. The
main choice in favor of TGR is dictated
by considerations to preserve the sagit-
tal profile of the spine and the patient’s
dimensions, which is impossible in case
of MCGR implantation. All researchers
agree that more studies are required in
order to make a final conclusion.

Hung et al. [73] compared MCGR
and VEPTR in terms of complications
and unplanned surgeries. In 22 patients
operated on using MCGR, 14 implant-
related complications were found, and
15 unplanned surgeries were performed.
As for the VEPTR patients (52 in total),
there were 31 complications and 44
unplanned surgeries.

Thus, the use of MCGR increases the
risk of IRC and the risk of unplanned
surgeries by 5.6 and 4.6 times, respec-
tively. The authors note that the early
enthusiasm caused by the development
and the first experience of using MCGR
should be replaced with a serious atti-
tude to patient selection. Li et al. [86]
found that patients treated with VEPTR
have a higher serum titanium levels than
MCGR patients. The titanium content
may be due to prolonged treatment and
also depend on the number of rods used
for implantation. The significance of this
is yet unclear.

Aslan et al. [87] investigated the psy-
chological state of two groups of patients
of 10 people each operated on using
MCGR and TGR. Age, etiology of defor-
mities, and the Cobb angle value were
the same among the groups. Psychologi-
cal health was shown to be decreased in
the MCGR group. The authors explain it
by the availability of more time for the
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TGR patients to accommodate to 2 new
style of living.

Safe control: ultrasound instead of
radiographic examination. In case of
using TGR, as well as in spinal surgery
in general, postoperative monitoring
is performed by conducting panoram-
ic spondylography of the thoracic and
lumbar spine in two standard projections
before and after each intervention. Since
staged distractions are performed every
6-9 months, each patient undergoes
up to 8§ radiograph imaging procedures
annually. Such a dose of ionizing radia-
tion is dangerous and can result in very
undesirable consequences [88]. Staged
MCGR distractions are performed more
frequently: typically with an interval of
2-4 months thus rapidly increasing the
number of required examinations. This
was realized very soon, and the search
for a safe substitute for X-ray examina-
tion began.

As early as 2014, Stokes et al. [27]
reported the use of the ultrasound
machine to assess the MCGR distraction
rate in 6 patients. Their study showed
that 2 mm distraction in the X-ray image
corresponds to 1.7 mm gain in the ultra-
sound scan. The overall duration of
examination was less than 1 min.

In 2015, Perez Cervera et al. [89]
described the use of ultrasound control
for estimating magnetic rod distraction
on an outpatient basis. They published
a case of ultrasound use in a 3-year-old
child with 60° scoliosis and multiple con-
comitant pathologies. Distraction was
achieved on both sides: 2 and 4 mm (due
to twisted pelvis). No radiographic exam-
ination was used in the study. In 2015,
Bow et al. [40] reported the use of ultra-
sound before and after monthly 2-mm
distractions according to their own pro-
tocol. Control X-ray examination is per-
formed every 6 months, and comparison
of the results obtained by the two differ-
ent methods showed almost complete
identity: 4.8 mm according to ultrasound
and 5.0 mm according to radiograph-
ic data. In the same year, Morris et al.
[90] reported that the use of ultrasound
allows them to perform only one X-ray
examination per year. They also noted
that the actual lengthening of the rod is
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1.7 mm less than that displayed on the
external magnetic controller.

In their works, Yoon et al. [91] and
Cheung et al. [92] once again confirmed
the high reliability of the data obtained
using ultrasound: the average discrep-
ancy with the X-ray data did not exceed
0.3 mm. Yoon et al. also mentioned addi-
tional advantages of ultrasound exami-
nation: the possibility to assess the sut-
rounding soft tissues (fluid collections,
soft tissue masses, vascular disorders, and
inflammatory processes). At the same
time, ultrasound has some drawbacks
as well: the need for an operator, lim-
ited study area and depth, which makes
obtaining information on the spinal
shape and balance impossible. Cobano-
glu et al. [40] presented the results of the
use of ultrasound in 16 patients with pri-
mary and conversion MCGR surgeries
(distraction protocol: 4 mm once in 3
months). A total of 100 measurements
were conducted. The authors assume
that, although ultrasound allows esti-
mating rod lengthening, this estimation
is not accurate enough as compared
to X-ray examination in primary cas-
es. After TGR to MCGR conversion, the
results become more accurate. Karlen
and Riemann [93], in turn, confirmed
the rationale to replace X-ray with ultra-
sound examination and announced the
establishment of a special unit at their
clinic, which allowed a 83 % reduction
in radiation exposure for patients and
04 % reduction in time interval between
examinations. The latest report is attrib-
uted to Srinivas et al. [94], who examined
19 patients and confirmed the identity of
ultrasound and X-ray data.

MCGR and MRI. The compatibility
of magnetic rods and MRI imaging was
studied by Budd et al. [95] and Woon
et al. [96]. These studies demonstrated
that MRI does not affect functioning of
the magnetic rods, while the magnetic
field does not interfere with scanning
of craniocervical sections. The conclu-
sion was made that magnetic rods are
not activated and not damaged during
MRI. Cervical spine and head are clearly
resolved in contrast to the two upper
thoracic rods. The magnetic lengthening
effect is also not affected by catastrophic

changes. On the contrary, MRI scanning
of the thoracic and thoracolumbar spine
may be limited due to artifacts. Woon
et al. conducted a survey among 118 sur-
geons who confirmed that no loss of fix-
ation, implant mobility, impaired distrac-
tion, and magnet overheating were noted.
Thus, the magnet function is not affected.

Relative cost as an important facior.
Taking into account the technological
complexity of MCGR, the question of the
price of the multi-stage treatment should
have been raised inevitably, consider-
ing the fact that there was something
to compare it with (TGR). Cheung et al.
[24] presented the first (very encourag-
ing) results of the use of MCGR in five
patients and noted a higher cost of
one magnetically-controlled growing
rod compared to a conventional grow-
ing rod: 50,000 Hong Kong dollars ver-
sus 25,000 (6,541 and 3,225 US dollars,
respectively).

The first focused study was conducted
in France [97]. Literature data, patient
survey results and expert opinion were
taken into account. The model included
a four-year-time horizon. The use of TGR
turned out to be more expensive than
MCGR: 49,067 euros versus 42,752 euros,
respectively. The length of hospital stay,
magnet price, and the number of surger-
ies played the main role in determining
the cost.

British researchers Rolton et al. [31]
presented the following indisputable fact
to sustain their research: “in an increas-
ingly fragile financial climate, health
economics has become the barometer
for efficiency, effectiveness and value
in healthcare delivery.” They took into
account such parameters as postopera-
tive examination, postoperative hospital
stay, outpatient follow-up, duration of
surgical treatment, staff salaries, and the
cost of implants and diagnosis. The total
cost of multi-stage treatment adjusted for
inflation over the period of 5 years was
£52,923 for TGR and £43,405 for MCGR.

In the comparative study by Polly
et al. [98], the following aspects were
considered: the cost of initial implanta-
tion, distraction (MCGR after 3 months
and TGR after 6 months), revision, rod
exchange after reaching the maximal
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length of 4.8 cm after 3.8 years, and final
spinal fusion 6 years after the start of
treatment. Based on the literature data,
the frequency of surgical site infection
(2.34 % for invasive surgery) and implant
failure (0.37 % for MCGR and 0.59 %
for TGR per month) were taken into
account. The results are as follows: of
1,000 simulated patients, MCGR provided
270 fewer deep surgical site infections
and 195 fewer revisions due to implant
failure than TGR. The cost of treatment
becomes approximately equal for the
both methods after the period of 3 years.
The cumulative cost (MCGR minus TGR)
over the 6-year period of care was $2,218
per patient. The high cost of magnetic
rods is balanced by the cost of frequent
surgeries.

Su et al. [99, 100] created a model for
comparing the cost of the two correc-
tion systems in the USA over the 5-year
period after implantation. The follow-
ing price sources were used: literature
data, expert consultation, and offi-
cial data from healthcare databases.
Travel expenses and salary loss of the
patient’s parents were not taken into
consideration. As a result, the use of
MCGR was shown to require a high-
er cumulative price only in the first 2
years of treatment, while TGR becomes
more expensive in the period of 3-5
years of care: $166,098 versus $126467,
respectively.

Harshavardana et al. [101] came to the
same conclusion: a 5-year MCGR treat-
ment is £20,552 cheaper. According to
Wong et al. [102], the use of two MCGRs
(with rod exchange every 2 or 3 years)
becomes cheaper than the use of two
TGRs starting from the fourth year of
treatment. Oetgen et al. [103] believe that
MCGR implantation is more expensive
because of the implant price; as for all
other categories, the cost of the two sys-
tems is considered approximately equal.

As early as 2012, Torode [104] formu-
lated the philosophy of the new method.
The philosophy, in his opinion, rests on
three pillars:

1) only the major curve requires cor-
rection, while blocking as less vertebrae
as possible helps preventing spontaneous
autofusion;
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2) constant corrective effect is need-
ed; in fact, it assumes daily minimal dis-
tractions, while infrequent large changes
can result in implant displacement or
bone fracture;

3) constant feedback is required:
in order to modulate the frequency of
actions depending on the resistance to
the corrective action.

Judging by the data presented in the
current review, these three principles
have not been fully implemented. At
the same time, significant experience in
the use of MCGR for the period of over
10 years has been accumulated in the
World’s literature. This experience and
its interpretation are reflected in numer-
ous publications, analysis of which is pre-
sented in the current review. It seems
that interpretation of the method is
ambiguous. On the one hand, there are
high hopes and an increasing number of
patients operated on with the use of this
technique, while on the other hand, we
see a high level of complications and a
complete lack of consensus on the treat-
ment protocol.

The new instrumentation system
was approved for practical use by very
authoritative organizations: it was recom-
mended for use by the National Institute
for Health and Care Excellence (NICE)
from the United Kingdom (June 18,
2014) based on its potential advantages
and previous study results [105]. At the
time of the study of the effectiveness of
MCGR in NICE, only three clinical series
were available, and only two cases with
a more than two-year follow-up period
were reported.

A slightly late approval for the use of
the technique was obtained from the
Food and Drug Administration in the
United States. However, the first two
implantation surgeries had been pert-
formed earlier in the USA with the spe-
cial permission of the FDA [100].

In order to overcome this barrier, the
device must have the same intended use
and be at least as safe and effective as a

device that is already available on the
market. Technological characteristics
should be similar or not raise new safety
and efficacy issues. Magnetic rods were
regarded as an equivalent to the Har-
rington system, which was introduced
in practice in the 1950s. The magnetic
actuator had been approved by the FDA
earlier for the use in intramedullary rods,
thus meaning that the Harrington rod
and intramedullary rods were regard-
ed as predicate devices. This character-
ization is quite surprising because it is
known that even small changes can lead
to complications and unforeseen conse-
quences. These data are presented in the
article by Rushton et al. [107], the subtitle
of which sounds like a warning (“note of
caution”). The authors note that incon-
sistency and limited availability of the
data create an urgent need to conduct
more research. Since the authors are
English natives, they provide examples
of the issues occurring in English prac-
tice in their article. In 2016, the British
Scoliosis Society collected data on 195
patients (369 growing rods implanted
in total) from 11 hospitals, among which
there were 43 (22 %) unplanned revi-
sions, 11 (6 %) rod breakages, 14 (7 %)
drive pin fractures, and 10 cases of metal-
losis (23 % of them revealed upon revi-
sion surgeries). Another problem was
that only 28 % of the patients operated
on using MCGR were incorporated into
the British Spine Registry, which is by no
means acceptable. Such situation is not
typical for England only.

Meanwhile, there have been methods
developed that allow preventing many
problems upon introduction of medi-
cal equipment in practice. Malchau [108]
proposed a stepwise approach to solving
the problem.

The first step is to identify the fre-
quency and severity of the pathol-
ogy. Early onset scoliosis is rare; how-
ever, the negative impact it has on the
patient’s health is high. The second step
involves proposing a solution (in this

36

case, MCGR). The third stage is determin-
ing the degree of the universal dilemma,
which presents a gap between preclinical
results (animal experiments, biomechan-
ics) and actual clinical outcomes. This
gap is yet to be found for MCGR. The
fourth step is finding a compromise solu-
tion this dilemma entails. At this stage,
reports on the failures of the method
may come in handy. The fifth and the
final stage is to determine the economic
efficiency of the method.

Another way to determine the treat-
ment effectiveness is the so-called IDEAL
Framework algorithm (Idea, Develop-
ment, Exploration, Assessment, Long-
term study), which was proposed as a
rational strategy to reduce the rate of
failures when introducing new devices
in practice [109]. In general, both systems
require small prospective studies at the
beginning, then large multicenter and
ideally randomized prospective studies,
and only then the widespread use of the
new implant is allowed. An integral part
of such studies is the long-term monitor-
ing and analysis of the results.

In conclusion, Rushton et al. [107]
rightfully state that the method can
potentially provide great advantages in
the treatment of EOS patients, although
the long-term results are still unknown.
Surgeons must perform careful selection
of the patients for these surgeries, report
the necessary data into national registries,
conduct thorough follow-up examina-
tion, and subject all of the removed rods
to independent analysis.

The current review of English-lan-
guage literature is not systematic; it is
devoted to a wide range of issues relat-
ed to the use of MCGR. The strategy of
searching databases and data reviewing
were arbitrary; the authors did not find
it necessary to evaluate the quality of the
studies included in the review and draw
far-reaching conclusions.

The study bad no sponsorship. The authors declare no
confflicts of interest.

SPINE DEFORMITIES



HIRURGIA POZVONOCHNIKA 2020;17(1):25-41

M.V. MIKHAYLOVSKIY, AA. ALSHEVSKAYA. MAGNETICALLY CONTROLLED GROWING RODS IN EARLY SCOLIOSIS SURGERY

References

10.

11.

12.

13.

14.

15.
16.

17.

18.

Dickson R. Early onset idiopathic scoliosis. In: Weinstein S.L., ed. The Pediatric Spine:
Principles and Practice. New York: Raven Press, 1994:421-429.

Skaggs D, Guillaume T, El-Hawary R, Emans J, Menelow M, Smith J. Early Onset
Scoliosis Consensus Satement, SRS Growing Spine Committee, 2015. Spine Deform.
2015;3:107. DOL 10.1016/jjspd.2015.01.002.

Cotrel Y, Morel G. [The elongation-derotation-flexion technic in the correction of
scoliosis]. Rev Chir Orthop Reparatrice Appar Mot. 1964;50:59-75. In French.
Harrington P. Treatment of scoliosis. Correction and internal fixation by spine instru-
mentation. ] Bone Joint Surg Am. 1962;44:591-610.

Moe JH, Kharrat K, Winter RB, Cummine JL. Harrington instrumentation without
fusion plus external orthotic support for the treatment of difficult curvature problems
in young children. Clin Orthop Relat Res. 1984;(185):35-45.

Akbarnia BA, Marks DS, Boachie-Adjei O, Thompson AG, Asher MA. Dual grow-
ing rods technique for the treatment of progressive early-onset scoliosis: a multicenter
study. Spine. 2005;30 (17 Suppl):346-S57. DOIL 10.1097/01.brs.0000175190.08134.73.
Skaggs DL, Akbarnia BA, Flynn JM, Myung KS, Sponseller PD, Vitale MG.
A classification of growth friendly spine implants. J Pediatr Orthop. 2014;34:260-274.
DOI: 10.1097/BPO.0000000000000073.

Flynn J, Matsumoto H, Torres F, Ramirez N, Vitale MG. Psyphological dysfunc-
tion in children who require repetitive surgery for early onset scoliosis. ] Pediatr Orthop.
2012;32:594-599. DOL 10.1097/BPO.0b013¢31826028¢a.

Bess S, Akbarnia B, Thompson G, Sponseller P, Skaggs , Shah S, Canale S,
Poe-Kochert C. 27. Complications in 910 growing rod surgeries: use of dual rods
and submuscular placement of rods decreases complications. Spine J. 2008;8:135-14S.
DOI: 10.1016/j.spinee.2008.06.031.

Figueiredo N, Kananeh SF, Sigueira HH, Figueiredo RC, Al Sebai MW. The use
of magnetically controlled growth rod device for pediatric scoliosis. Neurosciences
(Riyadh). 2016;21:17-25. DOIL: 10.17712/ns}.2016.1.20150260.

Miladi L. A new type of growing rod. Preliminary results. J Child Orthop.
2009;3:145-168.

Soubeiran A, Miladi L, Dubousset J. A technical report on the Phenix M Rod, an
expandable rod linkable to the spine, ribs, or the pelvis and controllable at home by
hand through the skin with a palm-size permanent magnet for the treatment of early
onset scoliosis. ] Child Orthop. 2009;3:145-168.

Miladi L, Soubeiran A, Dubousset J. New spinal growing rod expandable without
surgery: preliminary results about 15 cases. In: The Final Program of the 15th IMAST,
Hong Kong, 2008:110-111.

Soubeiran A, Miladi L, Odent T. A technical report on the Phenix M Rod, an expand-
able rod linkable to the spine, ribs, or the pelvis and controllable at home by hand
through the skin with a palm-size permanent magnet for the treatment of scoliosis.
In: The Final Program of the 15th IMAST, Hong Kong, 2008:146-147.

Dubousset JF. Personal communication. 2019.

Takaso M, Moriya H, Kitahara S, Minami S, Takahashi K, Isobe K, Yamagata M,
Otsuka Y, Nakata Y, Inoue M. New remote-controlled growing-rod spinal instru-
mentation possibly applicable for scoliosis in young children. ] Orthop Sci. 1998;3:336—
340. DOI: 10.1007/5007760050062.

Akbarnia BA, Mundis GM, Salary P, Walker B, Pool S, Chang A. A technical
report on the Ellipse Technologies device: a remotely expandable device for non-inva-
sive lengthening of growing rod. J Child Orthop. 2009;3:530-531.

Akbarnia BA, Mundis GM, Salary P, Yaszay B, Pawelek J. Innovation in growing
rod technique: a study of safety and efficacy of a magnetically controlled growing rod
in a porcine model. Spine. 2012;37:1109-1114. DOIL 10.1097/BRS.0b013¢318240ff67.

37

20.

21

22.

23.

24,

25.

20.

27.

28.

29.

30.

3L

32.

. Akbarnia BA, Cheung K, Nordeen H, Elsebaie H, Yazici M, Dannawi Z,

Kabirian N. Next generation of growth-sparing techniques: preliminary clinical
results of a magnetically controlled growing rod in 14 patients with early onset scolio-
sis. Spine. 2013;38:665-670. DOIL 10.1097/BRS.0b013¢3182773560.

Akbarnia BA, Pavelek JB, Cheung KM, Demirkiran G, Elsebaie HB, Emans JB,
Johston CE, Mundis GM, Noordeen HM, Skaggs DL, Sponseller PD, Thomp-
son GH, Yaszay B, Yazici M. Traditional growing rods versus magnetically controlled
growing rods for the surgical treatment of early onset scoliosis: a case-matched two
year study. Spine Deform. 2014;2:493-497. DOI: 10.1016/}spd.2014.09.050.
Akbarbnia BA, Keskinen H, Helenius I, Panteliadis P, Nnadi C, Cheung KM,
Ferguson J, Mundis GM, Pawelek J. Comparison of primary and conversion sur-
gerywith magnetically controlled growing rods in children with early onset scoliosis
(EOS). Spine J. 2016;16:554. DOIL: 10.1016/j.spinee.2016.01.051.

Harshavardhana NS, Noordeen N. Magnetic Growing rods. In: Early Onset Scolio-
sis. A Comprehensive Guide from the Oxford Meeting, ed by Nnadi C. Georg Thieme
Verlag KG, 2016.

Hosseini P, Pawelek J, Mundis GM, Yaszay B, Ferguson J, Helenius I,
Cheung KM, Demirkiran G, Alanay A, Senkoylu A, Elsebaie H, Akbarnia BA.
Magnetically controlled growing rods for early onset scoliosis: a multicenter study of
23 cases with minimum 2 years follow-up. Spine. 2016;41:1456-1462. DOL 10.1097/
BRS.0000000000001561.

Cheung KM, Cheung JP, Samartzis D, Mak KC, Wong YW, Cheung WY, Akbar-
nia BA, Luk KD. Magnetically controlled growing rods for severe spinal curvature in
young children: a prospective case series. Lancet. 2012;379:1967-1974. DOL 10.1016/
$0140-6736(12)60112-3.

Akbarnia BA, Cheung KM, Demirkiran GH, Elsebaie HB, Emans JB, John-
ston CE, Mundis GM, Noordeen HH, Pawelek J, Shaw M, Skaggs DL, Spon-
seller PD, Thompson GH, Yazici M. Traditional growing rods versus magnetically
controlled growing rods in early onset scoliosis: a case-matched two year study. In: Final
Program of the 48th SRS Meeting and Course, Lyon, France, 2013:228-229.
Dannawi Z, Altaf F, Harshavardhana NS, El Sebaie H, Noordeen H. Early results
of a remotely-operated growth rod in early onset scoliosis. Bone Joint J. 2013;95:75-80.
DOL 10.1302/0301-620X.95B1.29565.

Stokes OM, O’Donovan EJ, Samartzis D, Bow CH, Luk KD, Cheung KM. Reduc-
ing radiation exposure in early onset scoliosis patients: novel use of ultrasonography to
measure lengthening in magnetically controlled growing rods. Spine J. 2014;14:2397—
2404. DOL: 10.1016//j.spinee.2014.01.039.

Yoon WW, Chang AC, Tyler P, Butt S, Raniga S, Noordeen H. The use of ultra-
sound in comparison to radiography in magnetically controlled growth rods lengthen-
ing measurement: a prospective study. Eur Spine J. 2015;24:1422—-1426. DOL 10.1007/
500586-014-3589-z.

Ridderbusch K, Stuecker R, Rupprecht M, Kunkel P, Hagemann C. Magneti-
cally controlled growing rod technique in 33 patients with early-onset scoliosis — pre-
liminary results. Spine Deform. 2014;2:510. DOL 10.1016/j.jspd.2014.09.030.
Nordeen MH. Masters Techniques: Magnetic growing rods. In: 49th SRS Annual Meet-
ing and Course . Ancorage, USA, 2014:15.

Rolton D, Richards J, Nnadi C. Magnetic controlled growing rods versus conven-
tional growing rod systems in the treatment of early onset scoliosis: a cost comparison.
Eur Spine J. 2015;24:1457-1462. DOL 10.1007 /500586-014-3699-7.

La Rosa G, Oggiano L, Ruzzini L. Magnetically controlled growing rods for the man-
agement of early-onset scoliosis: a preliminary report. J Pediatr Orthop. 2017;37:79-85.
DO 10.1097/BP0.0000000000000597.

SPINE DEFORMITIES



HIRURGIA POZVONOCHNIKA 2020;17(1):25-41

33.

34.

35.

30.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

M.V. MIKHAYLOVSKIY, AA. ALSHEVSKAYA. MAGNETICALLY CONTROLLED GROWING RODS IN EARLY SCOLIOSIS SURGERY

Harshavardhana NS, Fahmy A, Noordeen N. Surgical results of magnet driven
growing rods (MAGR) for early-onset scoliosis (EOS) at a minimum follow-up of five
years. Spine Deform. 2015;3:622. DOL 10.1016/j.jspd.2015.09.027.

Cheung JP, Bow C, Samartzis D, Kwan K, Cheung KM. Frequent small distrac-
tions with a magnetically controlled growing rod for early onset scoliosis and avoid-
ance of the law of diminishing returns. ] Orthop Surg (Hong Kong). 2016;24:332-337.
DOIL 10.1177/1602400312.

Heydar AM, Sirazi S, Bezer M. Magnetic controlled growth rods as a treatment
of early onset scoliosis: early results with two patients. Spine. 2016;:41:E1336-E1342.
DOL: 10.1097/BRS.0000000000001614.

Ridderbusch K, Rupprecht M, Kunkel P, Hagemann C, Stucker R. Prelimi-
nary results of magnetically controlled growing rods for early onset scoliosis. ] Pediatr
Orthop. 2017;37:¢575-€580. DOIL: 10.1097/BP0O.0000000000000752.

Teoh KH, Winson DM, James SH, Jones A, Howes ], Davies PR, Ahuja S.
Do magnetic growing rods have lower complication rates compared with conventional
growing rods? Spine J. 2016;16(4 Suppl):540-S44. DOL: 10.1016/j.spinee.2015.12.099.
Thompson W, Thakar C, Rolton D, et al. The use of magnetically controlled grow-
ing rods to treat children with early onset scoliosis: eatly radiological results in 19
patients. Bone Joint J. 2016;98:1240-1247. DOIL: 10.1302/0301-620X.98B9.37545.
Ahmad A, Subramanian T, Panteliadis P, Wilson-Macdonald J, Rothenfluh DA,
Nnadi C. Quantifying the “law of diminishing returns” in magnetically controlled
growing rods. Bone Joint J. 2017;99:1658-1664. DOL: 10.1302/0301-620X.99B12.BJJ-
2017-0402.R2.

Cobanoglu M, Shsh S, Gabos P, Rogers K, Yorgova P, Neiss G, Grissom L, Mack-
enzie WG. Comparison of intended lengthening of magnetically controlled growing
rods: ultrasound versus X-ray. J Pediatr Orthop. 2019;39:¢141-¢146. DOL: 10.1097/
BPO.0000000000001072.

Kwan KY, Alanay A, Yazici M, Demirkiran G, Helenius I, Nnadi C, Ferguson J,
Akbarnia BA, Cheung JPY, Cheung KMC. Unplanned reoperations in magnetically
controlled growing rod surgery for early onset scoliosis with a minimum of two-year
follow-up. Spine. 2017;42:E1410-E1414. DOL 10.1097/BRS.0000000000002297.
Gilday SE, Schwartz MS, Bylski-Austrow DI, Glos DL, Schultz L, O’Hara S,
Jain VV, Sturm PF. Observed length increases of magnetically controlled growing
rods are lower than programmed. ] Pediatr Orthop. 2018;38:¢133-€137. DOI: 10.1097/
BPO.0000000000001119.

Dahl B, Dragsted C, Ohrt-Nissen S, Andersen T, Gehrchen M. Use of a distrac-
tion-to-stall lengthening procedure in magnetically controlled growing rods: A sin-
gle-center cohort study. J Orthop Surg (Hong Kong). 2018;26:2309499018779833.
DOI: 10.1177/2309499018779833.

Samdani AF, Pahys JM, Smith J, Samuel S, Vitale M, El-Hawary R, Flynn JM,
Sawyer J, Betz RR, Hwang S. Magnetic growing rods in the treatment of nonambu-
latory neuromuscular scoliosis; how do they compare to traditional growing systems?
In: Final Program of the 53rd SRS Meeting and Course. Bologna, Italy, 2018:304.
Lebon J, Batailler C, Wargny M, Choufani E, Violas P, Fron D, Kieffer J, Accad-
bled F, Cunin V, De Gauzy JS. Magnetically controlled growing rods in early onset
scoliosis: a 30-case multicenter study. Eur Spine J. 2017;26:1567-1576. DOL 10.1007/
$00586-016-4929-y.

Bow CH, Cheung JP, Samartzis D, Kwan K, Cheung KM. Use of ultrasound to
monitor distractions by magnetically controlled growing rods: a longitudinal correla-
tion study. In: Final Program of the 22nd IMAST, Kuala Lumpur, Malaysia, 2015:85.
Choi E, Yaszay B, Mundis G, Hosseini P, Pawelek J, Alanay A, Berk H,
Cheung K, Demirkiran G, Ferguson J, Greggi T, Helenius I, La Rosa G, Senkoy-
lu A, Akbarnia BA. Implant complications after magnetic-controlled growing rods for
early onset scoliosis: a multicenter retrospective review. J Pediatr Orthop. 2017;37:¢588—
€592. DOI: 10.1097/BPO.0000000000000803.

38

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

=

62.

03.

6l

Di Silvestre M, Greggi T, Martikos K, Vommaro F, Colella G. Two staged pos-
terior surgeries for severe idiopathic scoliosis using magnetically controlled growing
rod. In: Final Program of the 53rd SRS Meeting and Course. Bologna, Italy, 2018:265.
Doany ME, Olgun ZD, Kinikli G, Bekmez S, Kocyigit A, Demirkiran G, Kara-
agaoglu AE, Yazici M. Health-related quality of life in early-onset scoliosis patients
treated surgically: EOSQ scores in traditional growing rod versus magnetically con-
trolled growing rods. Spine. 2018;43:148-153. DOI: 10.1097/BRS.0000000000002274.
Fahmy A, Harshavardhana NS, Noordeen HH. Evaluation of sagittal profile in
ambulatory children with early-onset scoliosis (EOS) treated by magnet driven grow-
ing rods (MDGR) at two years. In: Final Program of the 22nd IMAST, Kuala Lumpur,
Malaysia, 2015:194-195.

Gupta P, Morash K, Brassard F, Schattler J, January A, El-Hawary R, Roye B,
Hammerberg K, Sawyer J. Magnetically controlled growing rods: sagittal plane
analysis and the risk of proximal junctional kyphosis. In: Final Program of the 12th
International Congress on Early Onset Scoliosis. Lisbon, Portugal, 2018:59.
Harshavardhana NS, Fahmy A, Noordeen HH. Surgical results of magnet driven
growing rods (MDGR) for early-onset scoliosis (EOS) secondary to neuromuscular
(NMS) and syndromic scoliosis (SS) at one year. In: Final Program of the 22nd IMAST,
Kuala Lumpur, Malaysia, 2015:178-179.

Hickey B, Towriss C, Baxter G, Yasso S, James S, Jones A, Howes J, Davies P,
Ahuja S. Early experience of MAGEC magnetic growing rods in the treatment of early
onset scoliosis. Eur Spine J. 2014;23 Suppl 1:561-S65. DOL 10.1007/500586-013-3163-0.
Thnow S, Jain V, Gilday S, McKinnon W, Sturm PF. Diminishing returns of mag-
netically controlled growing rod lengthenings over time. In: Final Program of the 12th
International Congress on Early Onset Scoliosis. Lisbon, Portugal, 2018:40.

Cheung JP, Yiu KK, Samartzis D, Kwan K, Tan BB, Cheung KM. Rod length-
ening with the magnetically controlled growing rod: factors influencing rod slippage
and reduced gains during distractions. Spine. 2018;43:E399-E405. DOI: 10.1097/
BRS.0000000000002358.

Cheung K, Kwan K, Samartzis D, Yiu K, Alanay A, Ferguson J, Nnadi C, Hele-
nius IJ, Yazici M, Demirkiran G, Akbarnia BA. Effects of frequency of distrac-
tion in magnetic-controlled growing rod lengthening on outcomes and complications.
Spine Deform. 2015;3:623. DOIL 10.1016/jjspd.2015.09.030.

Keskinen H, Helenius I, Nnadi C, Cheung K, Ferguson J, Mundis G, Pawelek J,
Akbarnia BA. Preliminary comparison of primary and conversion surgery with mag-
netically controlled growing rods in children with early onset scoliosis. Eur Spine J.
2016;25:3294-3300. DOL 10.1007/500586-016-4597-y.

Lebel DE, Sigal A, Ovadia D. Are MCGRs magical? Long-term experience of a single
institute. In: Final Program of the 51st SRS Meeting and Course. Prague, Czech Repub-
lic. 2016:202-203.

Subramanian T, Ahmad A, Mardare DM, Kieser D, Mayers D, Nnadi C. The
Oxford 5 year observational study of 31 patients with magnetically controlled grow-
ing rods (MCGR). In: Final Program of the 53rd SRS Meeting and Course. Bologna, Italy,
2018:223.

Teoh KH, Winson DM, James SH, Jones A, Howes J, Davies PR, Ahuja S. Mag-
netic controlled growing rod for the early onset scoliosis: a 4-year follow-up. Spine J.
2016;16(4 suppl):$34-$39. DOL 10.1016/j.spinee.2015.12.098.

Yilgor C, Alanay A. Is radiographic control necessary after every lengthening of mag-
netically controlled growing rod? In: Final Program of the 22nd IMAST, Kuala Lumpur,
Malaysia, 2015:86.

Canavese F, DiMeglio A. Normal and abnormal spine and thoracic cage develop-
ment. World J Orthop. 2013;4:167-174. DOL 10.5312/wjo.v4.i4.167.

Bow C, Lastikka M, Yiu K, Kwan K, Helenius I, Cheung KM, Cheung JP. Com-
parative outcomes of monthly versus three-monthly distraction protocols for magneti-

SPINE DEFORMITIES



HIRURGIA POZVONOCHNIKA 2020;17(1):25-41

o4.

05.

66.

67.

68.

9.

70.

71.

72.

73.

74.

75.

76.

77.

78.

M.V. MIKHAYLOVSKIY, AA. ALSHEVSKAYA. MAGNETICALLY CONTROLLED GROWING RODS IN EARLY SCOLIOSIS SURGERY

cally controlled growing rods. In: Final Program of the 12th International Congress on
Early Onset Scoliosis. Lisbon, Portugal, 2018:39.

Welborn M, Baksh N, Krajbich JI. The effect of magnetically controlled growing
rod lengthening on kyphosis. In: Final Program of the 53rd SRS Meeting and Course.
Bologna, Italy, 2018:327.

Welborn M, Bouton D, Krajbich JI. The role of halo gravity prior to MCGR, when
does correction occur? In: Final Program of the 12th International Congress on Early
Onset Scoliosis. Lisbon, Portugal, 2018:24.

Cheung JP, Samartzis D, Cheung KM. A novel approach to gradual correction of
severe spinal deformity in a pediatric patient using the magnetically controlled grow-
ing rod. Spine J. 2014;14:¢7-¢13. DOL 10.1016/j.spinee.2014.01.046.

Koller H, Mayer M, Hempfing A, Ferraris 1, Meier O. Posterior release, tempo-
rary internal distraction using magnetic rod and definitive posterior fusion for severe
kyphoscoliosis in a 13-year-old AlS patient. In: Final Program of the 49th SRS Meeting
and Course. Anchorage, USA, 2014:139.

Birkenmaier C, Wegener B, Mehrkens J, Mellcher C. Slow correction of severe
adult spastic scoliosis by stepwise distraction of magnetically controlled growing rods
(MCGR) and final posterior spinal fusion. In: Final Program of the 26th IMAST. Amster-
dam, 2019:71-72.

Sankar WN, Skaggs DL, Yazici M, Johnston CE 2nd, Shah SA, Javidan P, Kada-
kia RV, Day TF, Akbarnia BA. Lengthening of dual growing rods and the law of
diminishing returns. Spine. 2011;36:806-809. DOIL: 10.1097/BRS.0b013¢318214d78f.
Cheung JP, Bow CH, Samartzis D, et al. Magnetically controlled growing rods: does
the law of diminishing returns apply? In: Final Program of the 50th SRS Meeting and
Course. Minneapolis, USA, 2015:225.

Thnow S, Jain V, Gilday S, McKinnon W, Sturm P. Diminishing returns of mag-
netically controlled growing rod lengthenings over time. In: Final Program of the 53rd
SRS Meeting and Course. Bologna, Italy, 2018:222-223.

Choi E, Yaszay B, Mundis G, Hosselini P, Pawelek J, Alanay A, Berk H,
Cheung K, Demirkiran G, Ferguson J, Greggi T, Helenius I, La Rosa G, Senkoy-
lu A, Akbarnia B. Implant complications after magnetic-controlled growing rods for
early onset scoliosis. Spine Deform. 2015;3:622-623. DOL 10.1016/spd.2015.09.028.
Hung CW, Matsumoto H, Campbell M, Vitale M, Roye D, Roye B. Magnetically
controlled growing rod systems have higher hazard of adverse events compared to
prosthetic rib constructs. In: Final Program of the 53rd SRS Meeting and Course. Bolo-
gna, Italy, 2018:222.

Harshavardhana NS, Fahmy A, Noordeen N. Unique device specific complications
(DSC) of magnet driven growing rods (MdGR) used for early-onset scoliosis (EOS) and
lessons learnt from world’s first three MAGR Graduates. In: Final Program of the 50th
SRS Meeting and Course. Minneapolis, USA, 2015:250.

Cheung KM, Kwan K, Yiu KK, Ferguson J, Nnadi C, Alanay A, Yazici M,
Demirkiran GH, Helenius IJ, Akbarnia BA. Re-operation after magnetically con-
trolled growing rod implantation in early onset scoliosis. Spine Deform. 2015;3:621.
DOI: 10.1016/j.jspd.2015.09.026.

Rolton D, Thakar C, Wilson-MacDonald J, Nnadi C. Radiological and clinical
assessment of the distraction achieved with remotely expandable growing rods in early
onset scoliosis. Eur Spine J. 2016;25 :3371-3376. DOIL 10.1007/500586-015-4223-4.
Cheung JP, Cahill P, Yaszay B, Akbarnia BA, Cheung KM. Special article: update
on the magnetically controlled growing rod: tips and pitfalls. J Orthop Surg (Hong
Kong). 2015;23:383-390. DOL: 10.1177/230949901502300327.

Tan BB, Samartzis D, Bow CH, Cheung JP, Cheung KM. “Distraction failure” in
magnetically controlled growing rods: prevalence and risk factors. In: Final Program
of the 22nd IMAST, Kuala Lumpur, Malaysia, 2015:130.

39

79.

80.

81.

—

8

83.

84.

8

86.

87.

88.

89.

90.

—

oL

92.

o

9

~

N

(Y

Jones CS, Stokes OM, Patel SB, Clarke AJ, Hutton M. Actuator pin fracture
in magnetically controlled growing rods: two cases. Spine J. 2016;16:¢287-€291.
DOL 10.1016/j.spinee.2015.12.020.

Cheung JP, Yiu KK, Samartzis D, Kwan K, Cheung KM. The significance of clunk-
ing in magnetically controlled growing rod distractions: a prospective analysis of 22
patients. In: Final Program of the 52nd SRS Meeting and Course. Philadelphia, USA.
2017:276.

Cheung KM, Cheung JP, Kwan K, Ferguson J, Nnadi C, Alanay A, Yazici M,
Demirkiran GH, Helenius IJ, Akbarnia BA. Complications of magnetically con-
trolled growing rod surgery: multicenter study of 26 patients with medium-term follow-
up. Spine Deform. 2014;2:511. DOL 10.1016/jspd.2014.09.033.

Cheung KM, Kwan K, Ferguson J, Nnadi C, Alanay A, Yazici M, Demirki-
ran GH, Akbarnia BA. Re-Operation after Magnetically Controlled Growing Rod
implantation. A review of 23 patients with minimum two-year follow-up. In: Final
Program of the 49th SRS Meeting and Course. Anchorage, USA, 2014:172.

Roye B, Matsumoto H, Chun WH, Campbell M, Beauchamp E, Roye DP, Vitale M.
Comparing risk of unplanned returned to the operating room (UPROR): magnetically
controlled growing rod (MCGR) system vs prosthetic rib constructs (PRC). In: Final
Program of the 12th International Congress on Early Onset Scoliosis. Lisbon, Portugal,
2018:60.

Bekmez S, Efendiyev A, Dede O, Demirkiran G, Ayvaz M, Yazici M. Did mag-
netically controlled growing rods change the game rules in early onset scoliosis? In:
Final Program of the 53rd SRS Meeting and Course. Bologna, Italy, 2018:287-288.
Varley E, Yaszay B, Pawelek J, Mundis G, Oetgen M, Sturm P, Akbarnia B. The
role of traditional growing rods in the era of magnetically-controlled growing rods for
the treatment of early-onset scoliosis. In: Final Program of the 53rd SRS Meeting and
Course. Bologna, Italy, 2018:330.

Li Y, Graham C, Robbins C, Farley FA. Elevated serum titanium levels in children
with early onset scoliosis treated with VEPTR and magnetically controlled growing rods.
In: Final Program of the 12th International Congress on Early Onset Scoliosis. Lisbon,
Portugal, 2018:58.

Aslan C, Ayik G, Olgun D, Karaokur R, Ozusta, Demirkiran G, Unal F, Yazici M.
Does decreased surgical stress really improve the psychosocial health of EOS patients?
A comparison of TGR and MCGR patients reveals disappointing results. In: Final Pro-
gram of the 53rd SRS Meeting and Course. Bologna, Italy, 2018:225-226.

Doody MM, Lonstein JE, Stovall M, Hacker DG, Luckyanov N, Land CE. Breast
cancer mortality after diagnostic radiography: finding from the U.S. Scoliosis Cohort
Study. Spine. 2000;25:2052-2063. DOL 10.1097/00007632-200008150-00009.

Perez Cervera T, Lirola Criado JF, Farrington Rueda DM. Ultrasound control of
magnet growing rod distraction in early onset scoliosis. Rev Espanola Cirurgia Ortop
Traumatol. 2015;60:325-329. DOIL 10.1016/j.recot.2015.01.001.

Morris S, Upadhyay N, Hutchinson J. Use of ultrasound imaging for routine length-
ening of magnetic growth rods. In: Final Program of the 50th SRS Meeting and Course.
Minneapolis, USA, 2015:276.

Yoon WW, Chang AC, Tyler P, Butt S, Raniga S, Noordeen H. The use of ultra-
sound in comparison to radiography in magnetically controlled growing rod lengthen-
ing measurement: a prospective study. Eur Spine J. 2015;24:1422-1426. DOIL 10.1007/
500586-014-3589-z.

Cheung JP, Yiu KK, Bow C, Cheung PW, Samartzis D, Cheung KM. Learning
curve in monitoring magnetically controlled growing rod distractions with ultrasound.
Spine. 2017:42:1289-1294. DO 10.1097/BRS.0000000000002114.

Karlen J, Riemann M. Optimization of a MCGR US-guided lengthening clinic. In:
Final Program of the 12th International Congress on Early Onset Scoliosis. Lisbon, Por-
tugal, 2018:42.

SPINE DEFORMITIES



HIRURGIA POZVONOCHNIKA 2020;17(1):25-41

M.V. MIKHAYLOVSKIY, AA. ALSHEVSKAYA. MAGNETICALLY CONTROLLED GROWING RODS IN EARLY SCOLIOSIS SURGERY

94. Srinivas S, Andre LM, Bruce CE, Trivedi J, Munigangaiah S, Davidson NT. Clini-
cal effectiveness of distraction measurements with ultrasonography in Magnetic Con-
trolled Growing Rods. In: Final Program of the 26th IMAST. Amsterdam, 2019:67-68.
95. Budd H, Stokes OM, Hutton M. Safety and compatibility of magnetically controlled
growing rods and resonance imaging: an in-vitro study. In: Final Program of the 22nd
IMAST, Kuala Lumpur, Malaysia, 2015:84.

Woon R, Andrash LM, Noordeen HH, Morris S, Hutchinson J, Shah SA,

Pawelek J, Johnston CE, Skaggs DL. Surgeon survey shows no evidence with MRI

9.

in patients with magnetically controlled growing rods (MCGR). In: Final Program of
the 52nd SRS Meeting and Course. Philadelphia, USA. 2017:335.
97. Charroin C, Abelin-Genevois K, Cunin V, Berthiller J, Constant H, Kohler R,
Aulagner G, Serrier H, Armoiry X. Direct costs associated with the management of
progressive early onset scoliosis: estimations based on gold standard technique or with
magnetically controlled growing rods. Orthop Traumatol Surg Res. 2014;100:469-474.
DOL: 10.1016/j.0ts.2014.05.006.
Polly DW, Ackerman SJ, Schneider KB, Pawelek JB, Akbarnia B. Cost analysis
of magnetically-controlled growing rods compared with traditional growing rods for
early onset scoliosis in the United States. Spine Deform. 2015;3:623. DOL 10.1016/j.
jspd.2015.09.029.
Su AW, Milbrandt TA, Larson AN. Magnetic expansion control system achieves cost

98.

99.
savings compared to traditional growing rods: an economic analysis. Spine Deform.
2015;3:623-624. DOL 10.1016/spd.2015.09.031.

100. Su AW, Milbrandt TA, Larson AN. Magnetic expansion control system achieves
cost savings compated to traditional growing rods: an economic analysis model. Spine.
2015;40:1851-1856. DOL: 10.1097/BRS.0000000000001077.

101. Harshavardhana NS, Noordeen HH, Dormans JP. Cost analysis of magnet-driven
growing rods vs. conventional growing rods for early-onset scoliosis at five years. In:
Final Program of the 51st SRS Meeting and Course. Prague, Czech Republic. 2016:176.

102. Wong CK, Cheung JP, Cheung PW, Lam CL, Cheung KM. Traditional growing
rod versus magnetically controlled growing rod for treatment of early onset scolio-
sis: cost analysis from implantation till skeletal maturity. ] Orthop Surg (Hong Kong).
2017;25:2309499017705022. DOL: 10.1177/2309499017705022.

103. Oetgen ME, McNulty EM, Matthews AL. Cost-effectiveness of magnetical-
ly controlled growing rods: who really benefits? Spine Deform. 2019;7:501-504.
DOI: 10.1016/j.jspd.2018.09.066.

104. Torode L. The philosophy and use of the Phenix Magnetic Growing Rods in early onset
scoliosis. In: Program Book of the 6th International Congress on Early Onset Scoliosis
and Growing Spine. Dublin, 2012.

105. Jenks M, Craig J, Higgins J, Willits I, Barata T, Wood H, Kimpton C, Sims A.
The MAGEC system for spinal lengthening in children with scoliosis: a NICE Medical
Technology Gidance. Appl Health Econ Health Policy. 2014;12:587-599. DOL: 10.1007/
$40258-014-0127-4.

106. Wick JM, Konze J. A magnetic approach to treating progressive early onset scoliosis.
AORN J. 2012;96:163—173. DOL: 10.1016/j.20rn.2012.05.008.

107. Rushton PR, Siddique I, Crawford R, Birch N, Gibson MJ, Hutton MJ. Magneti-
cally controlled growing rods in the treatment of early-onset scoliosis: a note of cau-
tion. Bone Joint J. 2017,99:708-713. DOI: 10.1302/0301-620X.99B6.BJJ-2016-1102.R2.

108. Malchau H. Introducing new technology: a stepwise algorithm. Spine. 2000;25:285.
DOI: 10.1097/00007632-200002010-00004.

109. McCulloch P, Cook JA, Altman DG, Heneghan C, Diener MK. IDEAL framework
for surgical innovations 1: the idea and development stages. BMJ. 2013;346:f3012.
DOI: 10.1136/bm; f3012.

Address correspondence to:

Mikhaylovskiy Mikhail Vitalyevich

Novosibirsk Research Institute of Traumatology and Orthopaeducs
n.a. YaL Tsivyan,

17, Frunze str., Novosibirsk, 630091, Russia

MMihailovsky@niito.ru

Received 27.08.2019
Review completed 27.09.2019
Passed for printing 30.09.2019

Mikbail Vitalyevich Mikbaylovskiy, DMSc, Prof., chief researcher of Department of Children and Adolescent Spine Surgery, Novosibirsk Research Institute of Trauma-
tology and Orthopaeducs n.a. Ya.L. Tsivyan, 17, Frunze str., Novosibirsk, 630091, Russia, ORCID: 0000-0002-4847-100X, MMibailovsky@niito.ru;

Alina Anatolievna Alshevskaya, MD, PhD, Head of the Department of Biomedical Research, Scientific Center for Biostatistics and Clinical Research, 6/1, Acad. Lavren-
tieva Pr., Novosibirsk, 630090, Russia, ORCID: 0000-0002-7307-4524, Alina.a.alshevskaya@eol-labs.com.

40

SPINE DEFORMITIES



HIRURGIA POZVONOCHNIKA 2020;17(1):25-41

M.V. MIKHAYLOVSKIY, AA. ALSHEVSKAYA. MAGNETICALLY CONTROLLED GROWING RODS IN EARLY SCOLIOSIS SURGERY

41

SPINE DEFORMITIES



