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Early-onset scoliosis (EOS) remains a challenging condition for which current nonfusion surgeries require iterative lengthening
surgeries. A growing rod with sliding pedicle screw system (GRSPSS) was developed to treat spinal deformities without repeated
operative lengthening..is study was performed to evaluate whether GRSPSS had similar stability as a conventional pedicle screw
system to maintain deformity correction. A serial-linkage robotic manipulator with a six-axis load cell positioned on the end-
effector was utilized to evaluate the mechanical stability of the GRSPSS versus conventional fixed scoliosis instrumentation. Ten
skeletally mature thoracic female Katahdin sheep spines (T4-L1) were subjected to 2.5Nm of flexion-extension (FE), lateral
bending (LB), and axial rotation (AR) in 2° increments for each state. .e overall range of motion (ROM), apical segment ROM,
and stiffness were calculated and reported. A two-tailed paired t-test was used to detect significant differences (p< 0.05) between
the fixed group and GRSPSS fixation. .ere were no significant differences in overall range of motion (ROM), apical segment
ROM, or stiffness for FE or LB between the GRSPSS group and fixed group. In AR, the GRSPSS group showed increased ROM
compared to the fixed group for the overall spine (36.0° versus 19.2°, p< 0.01) and for the instrumented T8-T10 segments (7.0°
versus 2.9°, p � 0.02). Similarly, the fixed rod elastic zone (EZ) stiffness was significantly greater than the GRSPSS EZ stiffness
(0.29N/m versus 0.17N/m, p< 0.001). .e space around the rod allows for the increased AR observed with the GRSPSS fusion
technique and is necessary for axial growth. .e GRSPSS fusion model shows equivalent flexion and LB stability to current fusion
models and represents a stable fusion technique and may allow for longitudinal growth during childhood.

1. Introduction

Early-onset scoliosis (EOS), defined as >10° of spinal cur-
vature prior to age 10 years old, is a challenging condition for
surgeons to treat due to the young age of onset and the
vertical growth potential after initial diagnosis [1]. Con-
servative treatments, such as bracing or casting, are effective
at preventing deformity progression inmany cases [2]. In the
past, surgical treatments for EOS involved anterior or
posterior fusion surgeries with rigid spinal instrumentation
with rods and fixed pedicle screws [3–5]. However, some

studies have shown that traditional fusion surgeries for EOS
result in limited growth, loss of movement, adjacent segment
degeneration, and limited thoracic development causing
severe restrictive lung disease [3–7].

Adequate deformity correction, achieving optimal spinal
growth, allowing for lung development, and the high
postoperative complication rate make satisfactory surgical
treatment very challenging. As a result, nonfusion surgeries
have gained popularity with surgeons [8]. Most current
instrumentation techniques, without fusion, still require
iterative lengthening surgeries as the patient ages, and are
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prone to complications such as infection, rod breakage, joint
fusion, and screw pullout [9–13].

.e primary nonfusion techniques include single or dual
fixed growing rods, such as the Harrington and Luque
systems, and vertical expandable prosthetic titanium rib
(VEPTR) [14]. .e construct typically utilizes two adjacent
solid rods, the first attached at themost cranial portion of the
curve requiring correction and the second attached to the
most caudal portion, which overlaps in a tandem connector
attachment. .e point of overlap is the site at which serial
open lengthenings are performed with iterative surgeries.
.e rods are not fixed at the apex of the curve. One of the
primary limitations is that they require repeated lengthening
surgeries and have moderate complication rates despite the
relative advantages of each system [15].

Recently, magnetically controlled growing rods have
been shown to provide satisfactory deformity correction and
avoid repeated surgeries [16–19]. .e magnetic system is
constructed of rods locked at the cranial and distal portions
of the curve without fixation at the apex. Growth is achieved
through a lengthening mechanism in the rod, which is
activated at specified increments in clinic, and these con-
structs are not intended to require repeat surgical in-
tervention. In the largest multicenter study to date involving
30 patients, complication rates for magnetic rods were
comparable to those found in fixed rods, resulting in re-
peated surgeries in 30% of patients and an overall com-
plication rate of 80%, including 3/30 rod breakages, 6/30
failures of lengthening, and 3/30 wound complications or
infections [20]. In addition, the study found that magnetic
rods have a significant rate of distraction effectiveness [20].

To address these concerns, more recent constructs that
allow guided growth have been developed that do not require
iterative surgeries. Currently, there are two guided growth
systems available—the SHILLA growth guidance system and
the growing rod with sliding pedicle screw system (GRSPSS).

In the SHILLA system, fixed length solid rods are fused
to pedicle screws at the apex of the deformity, while at the
cranial and caudal ends, the rod is captured by sliding
pedicle screws, which are not locked in place and therefore
guide the rods as the child grows. .e system allows for
controlled growth to the extent that rod length is left
available past the sliding pedicle screws. Clinical studies of
the SHILLA system have shown promising results despite a
high incidence of instrumentation complications [20–22].

.e GRSPSS has a unique two-part (external and in-
ternal) locking mechanism that is designed to improve
surgical efficiency by enabling a single polyaxial screw to
have both sliding (external mechanism is tightened) and
fixed (internal mechanism is tightened) capabilities. .e
GRSPSS system also uses sliding screws that function, first,
to maintain coronal and sagittal correction, and second, to
guide the growth of the spine during skeletal growth. .e
system’s design allows for vertebral growth outside the fused
apex in the cephalad and caudal directions..e authors have
previously shown that this GRSPSS allowed continued
cranial growth in an in vivo porcine model [16].

Wilke et al. recommended that new implants and sur-
gical approaches initially be tested through calibrated in

vitro methods for primary stabilization in the main ana-
tomical directions, including flexion-extension (FE), lateral
bending (LB), and axial rotation (AR) [17]. However, few
documented in vitro biomechanical analyses of any other
commercially available system for instrumentation without
fusion have been published. .erefore, the objective of the
present study was to analyze in vitro biomechanical prop-
erties of the GRSPSS system compared to a conventional,
fixed rod instrumentation in an ovine model.

2. Methods

2.1. Device Description. .e GRSPSS construct includes
three parts: two 5.5mm-diameter titanium rods, sliding
pedicle screws, and conventional pedicle screws (Huasheng
Inc., Changzhou, China). Each sliding pedicle screw consists
of a head that uses a set screw to capture the rod without
locking the rod in place.When the rod is secured beneath the
set screw, there is a 0.75mm distance between the top of the
rod and the bottom of the set screw that permits the rod to
slide in its groove in the longitudinal direction. Conven-
tional pedicle screws, with set screws that lock the rod in
place, were inserted at the apex of the spinal deformity.
Finally, sliding screws were placed in the vertebrae at the
cephalad and caudal ends of the specimen (Figure 1).

2.2. SpecimenPreparation. .oracic spine segments (T4-L1)
from ten skeletally mature (>1 year old) female Katahdin
sheep, previously shown to approximate the structure of
human thoracic vertebrae [18], were acquired from a local
abattoir for biomechanical testing and frozen at −20°C until
testing. Spines were thawed at 4°C overnight and wrapped in
saline-soaked gauze prior to testing. Once specimens were
thawed, they were dissected of all paraspinal musculature
and all ribs were transected 5 cm from the costovertebral
joints. Transverse processes, all joint articulations, and all
spinal ligaments remained intact. Specimens were visually
inspected for the presence of large osteophytes, scoliosis, or
other structural pathologies, and all specimens were found to
be free of visual pathology. During testing, 0.9% saline was
applied every 10–15minutes to prevent desiccation.

Specimens were instrumented with seven pairs of tho-
racic pedicle screws (Huasheng Inc., Changzhou, China) at
T5-6, T8-10, and T12-13. .ree different states were in-
vestigated (Figure 2): no instrumentation group, GRSPSS
group, and a fixed rod group, which used conventional
thoracic fusion instrumentation with dual rigid rods
(5.5mm diameter titanium rods) locked in place with set
screws..eGRSPSS group was instrumented bilaterally with
conventional screws at T8-10 (locked apical fixation) and
bilaterally with sliding screws in the upper (T5-6) and lower
(T12-13) segments. Specimens from each group were
mounted to the robotic testing fixture via custom fixation
with pedicle screws cranially (T4) and caudally (L1) [19].

.e robotic spine testing system consisted of a serial-
linkage robotic manipulator (Staubli RX90, Stauli Inc.,
Duncan, SC), a six-axis load cell positioned on the end-
effector (UFS Model 90M38A-150, JR3 Inc., Woodland,
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CA), and a custom-built specimen mounting fixture (Fig-
ure 3) [19]. .e robot was controlled via a custom PC-based
control algorithm written in MATLAB (R2012a, Mathworks
Inc., Matick, MA). Five optical tracking cameras (M2,
VICON Inc., Denver, CO) and motion tracking system
(V460 Workstation, VICON Inc., Denver, CO) were used to
track motion along the spine throughout testing. Motion of
individual segments was tracked using reflective markers
attached to T8, T9, and T10, representing the fused segment,
as well as at the upper and lower mounting fixtures (rigidly
attached to T4 and L1) of the robotic testing system. Prior to
testing, three bony landmarks were recorded for the T4, T8-
10, and L1 vertebrae to allow for accurate tracking of in-
dividual bones within their respective coordinate systems.

2.3. Experimental Protocol. .e specimens from each group
were subjected to 2.5Nm of FE, LB, and AR in 2° increments
at approximately 5 s/degree to simulate physiologic loading
for each state [23]. Preliminary testing was performed to
ensure that a moment target of 2.5Nm was beyond the

neutral zone (NZ) and within the elastic zone (EZ) of the
s-shaped moment-rotation curve. .e specimen groups
underwent two cycles of preconditioning for each motion to
minimize viscoelastic memory effects, and the motion of the
third trial was used for all analyses [24]. Quasi-static robotic
control was used to simulate an in vivo flexibility test by
minimizing nonprimary moments and off-axis forces and
updating the center of rotation for each step in the move-
ment as previously described [19]..e primary outcome was
the range of motion (ROM) in the desired plane of interest,
i.e. FE, LB, and AR. .e apical segment ROM and overall
stiffness were also calculated and reported.

A custom MATLAB program was used for VICON data
analysis and transformed the marker coordinate system to
the bony coordinate system for each step during all motions,
from which the relative position and Euler angles corre-
sponding to LB, FE, and AR were determined in this con-
ventional order. NZ and EZ parameters were determined by
fitting a double sigmoidal function moment-rotation data to
define NZ as the high compliance region demarcated by
extrema of the second derivative, as described by Smit et al.

(a) (b)

Figure 1: (a) Unilateral components of GRSPSS system including fixed screws in the apex and sliding screws in both ends. (b) Sliding pedicle
screw (left) showing vertical gap, which allows for motion of the rod through the screw after it is fully tightened. Typical fixed pedicle screw
(right).

No Instruments

T5

T13

(a)

GRSPSS

(b)

Fixed

(c)

Figure 2: Diagram of experimental states showing no instrumentation (a), conventional fixed instrumentation (b) and the GRSPSS (c).
× denotes traditional fixed pedicle screws; p denotes sliding pedicle screws.
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[25]. NZ and EZ stiffness were defined as the inverse of the
slope of a linear fit of the function in the NZ and EZ,
respectively.

2.4. Statistics. A two-tailed paired t-test was used to detect
significant differences (p< 0.05) in ROM and stiffness data
between the fixed group and GRSPSS fixation. Statistical
comparison to the intact spine was not performed as the
differences are not clinically relevant, but the motion of the
intact spine is displayed in all charts. All values in the text
and graphs are presented as mean± 95% confidence interval
unless otherwise noted.

3. Results

3.1. Overall ROM. For the specimens without instru-
mentation, the mean overall ROM in FE was 50.5°± 16.8°, LB
92.8°± 31.4°, and AR 85.1°± 23.2° (Figure 4).

Between the GRSPSS and fixed rod states, no significant
differences were observed in FE or LB. Overall ROM in FE
was found to be 18.2°± 7.4° for the fixed state and 18.0°± 7.0°
for the GRSPSS state (p � 0.85). Similarly, LB ROM was
26.0°± 12.6° for the fixed state and 27.2°± 9.5° for the
GRSPSS state (p � 0.90).

.e only significant difference found between the fixed
and GRSPSS state in overall ROM was in AR. Fixed state AR
was 19.2°± 7.0° while the GRSPSS AR ROM was 36.0°± 14.2°
(p � 0.008).

3.2. Apical Segment ROM. .e middle T8-10 segment in
both the fixed rod and GRSPSS constructs was secured to the
rods with conventional pedicle screws with locking set
screws, representing the apical segment which is fused
during clinical application of growing rod systems [21]. .e

motion between the T8 and T10 segments represents the
stability of the fusion area in both the fixed and GRSPSS
constructs (Figure 5). FE segment motion was 0.76°± 0.42°
and 1.05°± 0.62° for fixed and GRSPSS, respectively
(p � 0.51). Similarly, LB motion was 0.64°± 0.88° for the
fixed state and 1.05°± 1.86° for the GRSPSS (p � 0.49). AR
motion for the apical segments was significantly different
between the fixed rod (2.9°± 4.2°) and GRSPSS (7.0°± 6.3,
p � 0.019).

3.3. Stiffness. Between the GRSPSS and fixed rod states, no
significant differences were observed in FE (p � 0.41) or LB
(p � 0.18) for the EZ stiffness. For AR, the fixed rod EZ
stiffness (0.29N/m± 0.16N/m, p< 0.001) was significantly
greater than the GRSPSS EZ stiffness (0.17N/m± 0.08N/m)
(Figure 6). Similarly, for NZ stiffness, no significant dif-
ferences were observed in FE (p � 0.96) or LB (p � 0.31).
Due to the high stiffness of the lumbar and thoracic spine in
resisting motion and the added stability of the fusion
techniques, the AR degree of freedom did not exhibit a
detectible NZ region, and therefore, only the EZ stiffness was
calculated and reported.

4. Discussion

.e goal of this study was to evaluate themechanical stability
of a guided growth construct, the GRSPSS system, for use in
early-onset scoliosis. .e GRSPSS system represented a
similar mechanical construct to the FDA-approved SHILLA
device. While there has been good clinical follow-up re-
ported for the SHILLA system at two and five years [21, 26],
to date, there is little to no in vitro biomechanical evidence
characterizing the stability of either the GRSPSS or the

Figure 3: Image of the experimental setup: (A) serial-linkage
robotic manipulator and (B) six-axis load cell attached to custom-
built specimen mount on end-effector.
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Figure 4: Overall ROM for all motions (FE, LB, and AR). Fixed and
GRSPSS decreased motions significantly compared to no in-
strumentation. No significant difference between fixed and GRSPSS
for FE or LB. GRSPSS had significantly more overall AR than fixed
instrumentation.
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SHILLA systems. .is is particularly concerning given that
rod breakage has been reported as a frequent complication
associated with the SHILLA system, occurring in up to 30%
of patients, and may be in association with increased motion
at the fused apical segment [27–29]. In fact, when compared
to conventional, fixed rod systems, SHILLA patients ulti-
mately went through almost the same number of surgeries
due to complications [27]. It may be that the system’s rigidity
leads to breakage, but the lack of biomechanical evidence
makes it difficult to tell conclusively.

Results of the current study demonstrated that GRSPSS
and conventional, fixed rod systems had similar biomechanical

stability in FE and LB, but the GRSPSS had less ability to resist
overall AR. .is finding was further supported by the EZ
stiffness data, wherein the fixed rod system had significantly
greater EZ stiffness than the GRSPSS in AR. It is hypothesized
that the observed decreased stiffness in AR is because the rods
are not locked into the sliding screws and therefore are still able
to rotate. Despite advantages of the device granted by adding
degrees of freedom, GRSPSS may be subject to complica-
tions—primarily rods bending or breaking, or screw loosening.
Increased AR, which signifies a high degree of motion pres-
ervation, may represent difficulty in the device’s ability to
control rotation at the apex of the curve. However, there are
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also potential advantages to the decreased stiffness (increased
mobility) observed in the GRSPSS. .e increased mobility
could potentially prevent spontaneous fusion that has been
reported in some nonfusion systems [15].

A recent review of SHILLA rod failures noted that, in 27
cases of failure, rods universally broke immediately caudal or
cephalad to the fused, apical segment [29]..e current study
shows that while guided growth constructs have equivalent
sagittal and coronal stability compared with convention
fusion techniques, there is increased rotatory instability that
is not controlled in either the overall construct or the fused
segment due to the ability of the rods to rotate freely within
the caudal and cephalad segments. .is instability may
explain the high rate of rod breakage seen with the SHILLA
construct in vivo.

One limitation of the current study is the use of straight
ovine spines, which may not simulate the biomechanics of
pathologic scoliotic spines. McCarthy et al. previously tested
the SHILLA system in a straight caprine animal model and
showed continued axial growth, averaging 48mm in six
months, without hardware complications or failure [30].
Congenitally scoliotic sheep spines have been created
through maternal infections and mentioned in the literature
[31], but naturally scoliotic thoracic spines are rare due to
quadruped biomechanics. .e use of sheep specimens is
further justified as an acceptable substitute given the diffi-
culty of obtaining human cadaveric specimens to match the
age of the EOS patient population. Another limitation of this
study is that it was designed to evaluate the time zero in vitro
biomechanical properties of the GRSPSS system and
therefore, only three cycles of loading were performed. In the
clinical setting, the GRSPSS system will be subjected to
repetitive loading, and therefore, fatigue testing should also
be performed in future work.

.is study also does not address the use of crosslinking
in growing rod systems and the additional torsional stability
that may be offered with their inclusion. McCarthy et al.’s
original description of the SHILLA construct (2010) does not
include a crosslink in the instrumentation, while radio-
graphic evidence in subsequent clinical studies shows a
crosslink [21, 30]. Many biomechanical studies showed that
additional crosslinks increase the torsional stiffness of the
construct significantly, while other studies demonstrate that
crosslinks add very little additional rotational stiffness and
may be avoidable in many cases [32–34]. Eliminating
crosslinks reduces the operative time as well as the overall
cost. Prominence of implants, corrosion, infection, implant
failure, and pseudarthrosis are complications attributed to
crosslinks in the literature, which can be avoided by pre-
venting their incorporation into spinal constructs [35, 36].

.e present study indicated that the GRSPSS performed
similarly with the fixed rod system in FE and LB but
demonstrated a reduced ability to resist AR..e observation
of increased AR in the apical segment represents a potential
weakness in controlling apical segment deformity correction
and allowing for eventual fusion of this segment. Addi-
tionally, this increased motion at the apical segment and
within the entire construct may represent a potential cau-
sality for the instrumentation failure issues commonly seen

in clinical studies of the SHILLA device, which occur around
the apical segment. .ere are many avenues to potentially
address the increased rotation motion, including the pos-
sibility of using crosslinks. Future research would be needed
to evaluate construct stability in rotational motion with the
addition of crosslinks and the number of crosslinks needed
to obtain similar rotational stiffness to fixed rod systems.
Initial biomechanical testing of the GRSPSS system illus-
trates a potential surgical alternative to conventional fixed
rods for treatment of EOS that both maintain movement in
the treated spine segment and do not require further surgery
either for lengthenings or to address complications.

Data Availability

.e data used to support the findings of this study are
available from the corresponding author upon request.

Disclosure

.e abstract for this publication was presented in
IMAST2015 22nd International Meeting on Advanced Spine
Techniques.

Conflicts of Interest

.e authors declare that there are no conflicts of interest.

Acknowledgments

.anks are due to Jessa Darwin for providing editorial re-
view of this manuscript. One of the authors, Wenjun Wang,
received grant funding from the National Natural Science
Foundation of China (no. 31570946)..e authors would like
to thank members of the Ferguson Laboratory for Ortho-
paedic and Spine Research for their assistance in completing
this project.

References

[1] S. Yang, L. M. Andras, G. J. Redding, and D. L. Skaggs, “Early-
onset scoliosis: a review of history, current treatment, and
future directions,” Pediatrics, vol. 137, no. 1, article e20150709,
2016.

[2] A. M. Alsiddiky, “An insight into early onset of scoliosis: new
update information—a review,” European Review for Medical
and Pharmacological Sciensces, vol. 19, no. 15, pp. 2750–2765,
2015.

[3] M. G. Vitale, H. Matsumoto, M. R. Bye et al., “A retrospective
cohort study of pulmonary function, radiographic measures,
and quality of life in children with congenital scoliosis: an
evaluation of patient outcomes after early spinal fusion,”
Spine, vol. 33, no. 11, pp. 1242–1249, 2008.

[4] I. Helenius, V. Remes, T. Yrjönen et al., “Comparison of long-
term functional and radiologic outcomes after Harrington
instrumentation and spondylodesis in adolescent idiopathic
scoliosis: a review of 78 patients,” Spine, vol. 27, no. 2,
pp. 176–180, 2002.

[5] A. J. Danielsson and A. L. Nachemson, “Back pain and
function 23 years after fusion for adolescent idiopathic sco-
liosis: a case-control study-part II,” Spine, vol. 28, no. 18,
pp. E373–E383, 2003.

6 Journal of Healthcare Engineering



[6] L. A. Karol, C. Johnston, K. Mladenov, P. Schochet,
P. Walters, and R. H. Browne, “Pulmonary function following
early thoracic fusion in non-neuromuscular scoliosis,” Journal
of Bone & Joint Surgery, vol. 90, no. 6, pp. 1272–1281, 2008.

[7] C. J. Goldberg, I. Gillic, O. Connaughton et al., “Respiratory
function and cosmesis at maturity in infantile-onset scoliosis,”
Spine, vol. 28, no. 20, pp. 2397–2406, 2003.

[8] V. Cunin, “Early-onset scoliosis—current treatment,” Or-
thopaedics & Traumatology: Surgery & Research, vol. 101,
no. 1, pp. S109–S118, 2015.

[9] B. A. Akbarnia, L. M. Breakwell, D. S. Marks et al., “Dual
growing rod technique followed for three to eleven years until
final fusion: the effect of frequency of lengthening,” Spine,
vol. 33, no. 9, pp. 984–990, 2008.

[10] B. A. Akbarnia, D. S. Marks, O. Boachie-Adjei,
A. G. .ompson, and M. A. Asher, “Dual growing rod
technique for the treatment of progressive early-onset sco-
liosis: a multicenter study,” Spine, vol. 30, no. 17, pp. S46–S57,
2005.

[11] G. H. .ompson, B. A. Akbarnia, P. Kostial et al., “Com-
parison of single and dual growing rod techniques followed
through definitive surgery: a preliminary study,” Spine,
vol. 30, no. 18, pp. 2039–2044, 2005.

[12] J. B. Emans, J. F. Caubet, C. L. Ordonez, E. Y. Lee, and
M. Ciarlo, “.e treatment of spine and chest wall deformities
with fused ribs by expansion thoracostomy and insertion of
vertical expandable prosthetic titanium rib: growth of thoracic
spine and improvement of lung volumes,” Spine, vol. 30,
no. 17, pp. S58–S68, 2005.

[13] A. K. Hell, R. M. Campbell, and F. Hefti, “.e vertical ex-
pandable prosthetic titanium rib implant for the treatment of
thoracic insufficiency syndrome associated with congenital
and neuromuscular scoliosis in young children,” Journal of
Pediatric Orthopaedics B, vol. 14, no. 4, pp. 287–293, 2005.

[14] P. R. Harrington, “Treatment of scoliosis. Correction and
internal fixation by spine instrumentation,” Journal of Bone &
Joint Surgery, vol. 44, no. 4, pp. 591–634, 1962.

[15] G. H. .ompson, B. A. Akbarnia, and R. M. Campbell Jr.,
“Growing rod techniques in early-onset scoliosis,” Journal of
Pediatric Orthopaedics, vol. 27, no. 3, pp. 354–361, 2007.

[16] W. Wen-jun, “Effect of instrumentation growing rods of
sliding pedicle screw system insertion on growth of immature
porcine spine,” Zhong Hua Shi Yan Wai Ke Za Zhi, vol. 28,
no. 7, 2011.

[17] H.-J. Wilke, K. Wenger, and L. Claes, “Testing criteria for
spinal implants: recommendations for the standardization of
in vitro stability testing of spinal implants,” European Spine
Journal, vol. 7, no. 2, pp. 148–154, 1998.

[18] H.-J. Wilke, A. Kettler, and L. E. Claes, “Are sheep spines a
valid biomechanical model for human spines?,” Spine, vol. 22,
no. 20, pp. 2365–2374, 1997.

[19] K. M. Bell, R. A. Hartman, L. G. Gilbertson, and J. D. Kang,
“In vitro spine testing using a robot-based testing system:
comparison of displacement control and “hybrid control”,”
Journal of Biomechanics, vol. 46, no. 10, pp. 1663–1669, 2013.

[20] J. Lebon, C. Batailler, M. Wargny et al., “Magnetically con-
trolled growing rod in early onset scoliosis: a 30-case mul-
ticenter study,” European Spine Journal, vol. 26, no. 6,
pp. 1567–1576, 2017.

[21] R. E. McCarthy, S. Luhmann, L. Lenke, and F. L. McCullough,
“.e shilla growth guidance technique for early-onset spinal
deformities at 2-year follow-up: a preliminary report,” Journal
of Pediatric Orthopaedics, vol. 34, no. 1, pp. 1–7, 2014.

[22] K. H. Teoh, D. M. G. Winson, S. H. James et al., “Magnetic
controlled growing rods for early-onset scoliosis: a 4-year
follow-up,” Spine Journal, vol. 16, no. 4, pp. S34–S39, 2016.

[23] K. A. Gillespie and J. P. Dickey, “Biomechanical role of lumbar
spine ligaments in flexion and extension: determination using
a parallel linkage robot and a porcine model,” Spine, vol. 29,
no. 11, pp. 1208–1216, 2004.

[24] L. G. Gilbertson, T. C. Doehring, and J. D. Kang, “New
methods to study lumbar spine biomechanics: delineation of
in vitro load-displacement characteristics by using a robotic/
UFS testing system with hybrid control,” Operative Tech-
niques in Orthopaedics, vol. 10, no. 4, pp. 246–253, 2000.

[25] T. H. Smit, M. S. L. M. van Tunen, A. J. van der Veen,
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