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Abstract

Study design Biomechanical analysis of scoliosis instrumentation using superelastic Nickel-titanium shape memory (SNT)
rods.

Objective To compare SNT with conventional Titanium (Ti) and Cobalt—chrome (Co—Cr) rods.

Summary of background data A clinical trial has documented comparable efficacy between two adolescent idiopathic
scoliosis (AILS) cohorts instrumented using SNT versus conventional Ti rods. The shape memory and superelasticity of the
SNT rod are thought to allow easy rod insertion, progressive curve correction, and correction from spinal tissue relaxation,
but study is yet to be done to assess the effects of the shape memory and superelasticity.

Methods Instrumentations of AIS patients from the clinical trial were computationally simulated using SNT, Ti and Co—Cr
rods (5.5 or 6 mm; 30°, 50° or 60° sagittal contouring angles; 0°, 25° or 50° coronal over-contouring angles). Curve cor-
rection, its improvement from stress relaxation in the spine, and loads in the instrumentation constructs were computed and
compared.

Results The simulated main thoracic Cobb angles (MT) and thoracic kyphosis with the SNT rods were 4°-7° higher and
1°-2° lower than the Ti and Co—Cr rods, respectively. Bone—implant forces with Ti and Co—Cr rods were higher than the SNT
rods by 84% and 130% at 18 °C and 35% and 65% at 37 °C, respectively (p <0.001). Further corrections of the MT from the
simulated stress relaxation in the spine were 4°-8° with the SNT rods versus 2°-5° with the Ti and Co—Cr rods (p <0.001).
Conclusion This study concurs with clinical observation that the SNT rods are easier to insert and can result in similar cor-
rection to the conventional rods. The SNT rods allow significantly lower bone—implant forces and have the ability to take
advantage of post-instrumentation correction as the tissues relax.
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Introduction

Spinal rod is a key component in instrumentation for
severe adolescent Idiopathic Scoliosis (AIS) [1]; rods
of higher strength and stiffness are increasingly used to
improve deformity correction [2, 3]. Since the amount of
correction is bounded by the inherent properties of the
spine [4], rods of higher strength may still plastically
deform in stiff curves with a higher risk of compromising
the rod fatigue and the bone—implant interface strength [3,
5, 6]. Rods of high stiffness also have a very low range of
elastic flexion. This makes them subject to unrecoverable
plastic deformation under the combined deformity cor-
rection loads and the postoperative physiological loads,
which may result in postoperative loss of correction. The
small elastic flexion angle means that the shape of the
rods remains unchanged with external loads reduced or
even removed, allowing little correction from spinal tis-
sue relaxation.

A superelastic nickel-titanium shape memory (SNT)
rod has been developed and clinically tested in AIS instru-
mentation. The SNT rod has a distinctive phase-changing
behavior with its austenite changed to martensite upon
cooling below 20 °C and the inverse upon heating to a
threshold temperature of 37 °C. It is highly malleable
below 20 °C. Being kept in ice water before insertion, it
can be shaped with ease by surgeons to match the spinal
curve and be attached at all anchor points with far smaller
forces than the conventional rods [7, 8]. When warmed
to 37 °C, internal forces are generated in the SNT rod
to recover its predesigned shape realized through ther-
mal treatment (shape memory effect), resulting in gradual
deformity correction. At 37 °C, the SNT rod is superelas-
tic with a wide stress—strain curve plateau. Regardless of
the deformation it undergoes, the corrective forces remain
relatively constant. This makes it predictable and ideal for
use in scoliosis instrumentation and correction from tissue
relaxation. In addition to the customized heat treatment to
optimize the phase-changing and mechanical properties
for AIS instrumentation, a special surface-treatment pro-
cess has been developed to address potential concerns with
allergic reactions or even toxicities of nickel in humans
[9]. The surface treatment process is called plasma immer-
sion ion implantation, whereby a layer of titanium nitride
is formed on the surface of the SNT rods to make them
mechanically more durable and prevent nickel release
[10-12]. The safety of the SNT rods with this surface
treatment has been established in in vitro and animal stud-
ies with rabbit and goat models [13, 14].

A clinical trial using such SNT rod in AIS has been
completed with AIS patients randomized to receive either
SNT or titanium (Ti) rod; surgical outcomes with SNT
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rods were comparable to those with the conventional rods
in terms of deformity correction [8]. However, little bio-
mechanical data is available for surgeons to utilize the
shape memory and superelasticity for optimal effects on
deformity correction. The objective of this study was to
assess the effects of the shape memory, superelasticity,
and the spinal tissue relaxation on deformity correction
and bone—implant loads in AIS instrumentation using the
SNT rod.

Methods

This study was to complement a clinical trial using SNT
rods in AIS instrumentation [8]. AIS patients enrolled in
the trial were randomized into two groups to receive either
instrumentation with SNT or Ti rods. Twelve patients were
randomly selected, six from each of the two groups, to con-
duct this biomechanical investigation on SNT vs. Ti and
Cobalt—Chrome (Co—Cr) rods. Preoperative and postopera-
tive data of the patients were used to build computerized
patient-specific models of the spines using previously devel-
oped techniques [15-18]. The models were used to assess
instrumentations with rods of different diameters, contouring
angles, and mechanical properties. Demographic data and
geometric indices are presented in Table 1. Modeling details
are presented in the following subsections.

Patient-specific biomechanical spine model

Geometric models of the patients were built using their
preoperative radiographs and multi-view reconstruction
techniques [19, 20]. Key anatomical landmarks on the bony
structure of the spine were identified, e.g., pedicles, verte-
bral endplate middle and corner points, and transverse and
spinous process extremities. The 2D coordinates of these
landmarks were computed which were then used to obtain
their 3D coordinates in space using a self-calibration algo-
rithm [19, 20]. The reconstruction process was completed
by registering detailed vertebral and pelvic models using a
free-form deformation technique [19, 20].

Different modeling and calibration techniques have
been developed to study the biomechanics of the spine
with each of them particularly adapted for specific research
questions, e.g., finite element models, multibody models,
or hybrid/combined models [17, 21, 22]. Because the focus
of this study was to assess first-order AIS correction and
the associated resultant forces on the instrumentation con-
structs, we used a validated deformable multi-body model
of the instrumented spine [17] and made the assumption
that the global deformation of the bony structures in AIS
instrumentation could be negligible compared with those
of the intervertebral disks and ligaments. Furthermore,
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Table 1 Patient d.cn}og.raphic Case No Sex Age Weight (kg) Height (cm) Preoperative coronal Cobb Thoracic
data and geometric indices angle kyphosis
Standing (°) Fulcrum ©
bending (°)

1 F 18 39 146.3 42 7 11

2 M 19 58.5 177 47 23 50

3 M 16 54.5 182 67 39 21

4 F 18 45.5 161 53 28 -2

5 M 19 47.5 167 51 20 12

6 M 16 41 164 58 21 23

7 M 12 46 164 68 23 12

8 F 12 52.5 166.5 54 33 14

9 F 17 59.5 166 55 17 26

10 F 15 432 148.5 53 24 29

11 F 17 44 164 49 16 25

12 F 14 45.5 160 63 30 23

we integrated flexible elements to represent the proper
bone-screw interface and deformable behavior using
experimentally derived properties [23]. Details of the
spine model used in this study were described elsewhere
[17], and are summarized here.

Using MD ADAMS 2011 (MSC Software, Santa Ana,
CA), vertebrae from T1 through L5 and the pelvis were
modeled as rigid bodies connected through multiple flex-
ible elements corresponding to the intervertebral disc, ante-
rior longitudinal ligament (ALL), posterior longitudinal
ligament (PLL), ligamentum flavum (LF), intertransverse
ligament (ITL), facet joint capsule (FC), and interspinous
ligament (ISL) combined with supraspinous ligament (SSL).
Six translational springs were modeled to, respectively,
represent (1) ALL, (2) PLL, (3) LF, (4) left ITL, (5) right
ITL, and (6) the combined effect of ISL and SSL. A gen-
eral spring was used to represent the biomechanical effect
of the intervertebral disc. The contributions of the rib cage
were 40%, 35%, and 31%, respectively, in spinal flexion/
extension, lateral bending, and axial rotation, which were
incorporated to the stiffness matrix of the general spring
[24]. The six translational springs were modeled as cable-
like elements. Their stiffness in compression were set to
null and those in traction were initially set using reported
experiment results on cadaveric specimens, e.g., 23.6 N/mm
(ALL), 24.9 N/mm (PLL), 32.6 N/mm (LF), 12.9 N/mm
(ITL), and 32.1 N/mm (ISL combined with SSL) [25-27].
The stiffness of the springs were then adapted to match the
loading simulation results with the reported load—displace-
ment data [28-30]. All model element stiffness were further
adjusted such that fulcrum-bending simulations reproduced
the Cobb angles measured on the patient’s fulcrum-bending
radiographs using a similar optimization technique reported
in references [15, 31].

Instrumentation modeling and simulations

Since the deformations of the pedicle screws are negligible
compared with intervertebral displacement in AIS correc-
tion, screw components were modeled as rigid body. The
screw models were aligned with their corresponding ver-
tebrae and bone—screw connections were modeled to simu-
late the flexible behavior using generalized 6-DOF stiffness
elements whose mechanical properties were calibrated with
load—displacement curves obtained through in-house experi-
ments on instrumented cadaveric vertebrae [23]. Rods were
modeled using deformable Timoshenko beam elements with
user-defined mechanical property functions representing the
rod materials tested in this study.

The SNT rods used in the clinical trial were prebent to
30° kyphosis in the thoracic portion with a customized
heat treatment [13]. Mechanical tests were conducted to
acquire stress—strain data of the SNT rods. The test set-
up and typical load—displacement results are presented
in Fig. 1. The patient-specific spine and instrumentation
construct models were further calibrated by simulating
the actual instrumentations with the simulation results
within 5° of the actual surgical results in terms of Cobb
angles in the coronal and sagittal planes. Preoperative
radiographs and model views of the instrumentation
simulation based on a sample case are provided in Fig. 2.
For each patient, instrumentations with pedicle screws
at alternate levels, SNT, Ti, and Co-Cr rods of different
parameters were simulated. Surgical implant strategies
vary with surgeons and practice, and there are published
examples of use of this alternate level screw strategy
[32-35]. Moreover, 75% of a group of experienced sur-
geons from the Minimize Implants Maximize Outcomes
Study Group would use it as their preferred low screw
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Fig. 1 Loading/unloading test set-up and typical results: Load—dis-
placement curves in 4-point bending of 6-mm superelastic nickel—
titanium shape memory rod as recorded by the Universal Testing

density construct [32, 36, 37]. Other tested variables
were rod diameter (5.5 and 6 mm), rod sagittal contouring
angle (30°, 50°and 60°), and rod coronal over-contouring
angle (contoured in the coronal plane opposite to the spi-
nal curve) (0°, 25° and 50°). The SNT rod was simulated
at 18 °C and 37 °C, respectively. The simulated correction
maneuvers were segmental translation with rods locked at
the distal ends of the instrumentation. Before the simula-
tion of the final set-screw locking, 30% stress relaxation
in the spine was simulated based on the biomechanical
tests on human cadaveric spine assessing the extent of
intervertebral stress relaxation [38]. For a total of 1512
simulations, the resulting main thoracic Cobb angle (MT),
thoracic kyphosis (TK), and forces in the constructs were
computed.
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Machine when loading to 20 mm, 30 mm, and 40 mm deflections of
the loading cell, and then unloading to 0 Newton at 18 °C and 37 °C,
respectively

Results

Differences in the simulated MT and TK between the SNT,
Ti, and Co—Cr rods can be appreciated with the compari-
son charts (Fig. 3). Before the simulated stress relaxation
in the spine, differences between the SNT, Ti, and Co—Cr
rods did not exceed 8° with the SNT rods having the least
amount of correction of the major Cobb. SNT rods ena-
bled about 5° more coronal corrections than the Ti and
Co-Cr rods in the simulated stress relaxation of the spine.
Overall, corrections with the three types of rods were
clinically equivalent when taking into account corrections
from spinal tissue relaxation (Fig. 4), i.e., differences did
not exceed the accepted systematic error in clinical Cobb
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Fig.2 Preoperative radiographs of Case No. 3 and model views of instrumentation simulation with 6.0-mm superelastic nickel-titanium shape
memory rods and pedicle screws at alternate levels

Fig.3 Simulated main thoracic
Cobb angles and thoracic
kyphosis (mean + SD) with the
superelastic nickel-titanium
(SNT) shape memory, titanium,
and cobalt—chrome 5.5- and
6.0-mm-diameter rods (before
the simulated stress relaxation
in the spine)
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Fig.4 Changes of the main tho-
racic Cobb angles and thoracic
kyphosis (mean + SD) after the
simulated 30% stress relaxa-
tion in the spine model with the
superelastic nickel-titanium
(SNT) shape memory, titanium,
and cobalt—chrome rods

Fig.5 Simulated bending
moments (mean +SD) in the
superelastic nickel-titanium
(SNT) shape memory, titanium,
and cobalt—chrome rods
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Fig.6 Simulated bone—screw
forces (mean + SD) with the
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angle measurements (5°) [39]. The comparison charts in
Figs. 5 and 6 show that loads in the SNT constructs at
the insertion temperature are less than half of the loads at
the body temperature, suggesting that rod reduction can
be completed with significantly smaller forces. They also
show that loads in the SNT constructs were systematically
lower than the Ti and Co—Cr constructs.

In 30°/0°/5.5 mm (rod sagittal/coronal contouring angles/
diameter) instrumentations, the simulated MT with SNT
rods were 42° + 8° before the phase transformation and
29° +7° after the transformation, 4° and 7° higher than the
Ti and Co—Cr rods, respectively (Fig. 3). The TK with the
SNT rods were 23°+ 11° before the phase transformation
and 24° + 8 after the transformation, 1° and 2° lower than
the Ti and Co—Cr rods, respectively. Coronal/sagittal plane
bending moments in the SNT rods were 2+ 1.4Nm/1.1+1
Nm and 3.4+ 2.8Nm/2.2 +2Nm before and after the phase
transformation, respectively (Fig. 5). Screw plowing/
pullout forces were, on average, 46+31 N/50+42 N and

1
25° 50°

30°

.
=

AR A
i al afl al

50° 50°
Rod Contouring

E

30°

70454 N/70+50 N before and after the phase transforma-
tion, respectively (Fig. 6), which were all well below the
clinically important threshold of pedicle screw fixation
strength (700-800 N in pullout [40—42]). Bending moments
in the Ti and Co—Cr rods were, respectively, 41% and 87%
higher than the SNT rods at 37 °C (p < 0.001). Forces at the
bone—screw interface with Ti and Co—Cr rods were, respec-
tively, 84% and 130% higher than the SNT rods at 18°, and
35% and 65% higher than the SNT rods at 37 °C (p <0.001).
In the simulated stress relaxation, the MT with the SNT rods
decreased by 4° +1° versus 2° + 1° with Ti and Co—Cr rods
(p<0.001); the TK changes with all the three types of rods
were less than 3° (Fig. 4).

In 30°/50°/5.5 mm instrumentations, the MT with SNT
rods at 37 °C were 21°+7°, lower than the MT with Ti
and Co-Cr rods in the 30°/0°/5.5 mm instrumentations
(25°+6° and 22° +6°, respectively) (p <0.001). With the
same coronal plane over-contouring angle, the MT with SNT
rods were about 4° and 7° higher than Ti and Co—Cr rods,
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respectively. In 30°/50°/5.5 mm instrumentations, coronal
plane bending moments in the SNT rods and screw plow-
ing forces after the phase transformation were 5.6 +3.8 Nm
and 97 +57 N. The coronal plane bending moments in the
Ti and Co—Cr rods were, respectively, 57% and 92% higher
than the SNT rods (p <0.001); the screw plowing forces
were, respectively, 53% and 85% higher than the SNT rods
(p <0.001). The peak forces with the Ti and Co—Cr rods
were about 1200-1800 N when simulating rod attachment
one screw at a time with a rod coronal over-contouring angle
of 50°. In the simulated stress relaxation of the spine with
a 50° rod coronal over-contouring angle, the MT with SNT
rods decreased by 8° +2° versus 5°+1° and 4° + 1° with Ti
and Co—Cr rods (p <0.001).

In 60°/0°/5.5 mm instrumentations, the TK increased, on
average, by 7°, 10°, and 11° with the SNT, Ti, and Co—Cr
rods, respectively. Only at the 2—4 apical vertebral levels,
were sagittal bending moments in the SNT rods higher
than the threshold value for them to work in superelastic-
ity. Increasing the rod diameter from 5.5 to 6 mm improved
the coronal plane correction by around 4°, 5°, and 6° by the
SNT, Ti, and Co—Cr rods, respectively; the effects on the TK
were about 2°-5° for the three types of rods.

Discussions

Results from the current study provided insight into the bio-
mechanics of AIS instrumentation using the SNT vs. Ti and
Co—Cr rods, which agreed with the clinical trial results [8].
It shows that gradual curve correction is possible through the
austenite phase transformation and tissue relaxation using
the SNT rod, and that the results with the SNT rods are at
least comparable to the Ti rods when using the same rod
contouring angle and correction technique. The acquired
biomechanical data bridged the knowledge gap to optimize
instrumentation parameters to maximally utilize the unique
material properties of the SNT rods.

Before the austenite phase transformation, the stiffness
of the SNT rod was 36% of the Ti rod stiffness and 18% of
the Co—Cr rod stiffness, while its yield strength was 27% of

the yield strength of the Ti and Co—Cr rod (Table 2). The
lower stiffness and yield strength were reflected in the much
lower forces at the bone—screw interface with the SNT rods
before the austenite phase transformation (Fig. 6). This may
clinically imply that the SNT rod reduction can be com-
pleted with much lower forces, which agreed with what was
observed in the clinical trial [8]. After the austenite phase
transformation, although the stiffness and plateau stress of
the SNT rod are still lower than the Ti and Co—Cr rods,
the MT with SNT rods were only 4° and 7° higher than
the Ti and Co—Cr rods, respectively. This may be attributed
to the non-linear sigmoid load—displacement properties of
the spine. Within the range of motion (ROM) of the spine,
especially within the neutral zone (a region of intervertebral
motion with little resistance from the spine [43]), correc-
tion can be achieved with relatively lower forces [44], and
the SNT rods could usually be as sufficient as the Ti and
Co—Cr rods. When correction approaches the ROM, the
stiffness of the spine become significantly higher; a small
amount of correction will require much higher corrective
forces. At the limits or beyond the ROM, the high stiffness
and yield strength of Ti and Co—Cr rods could result in high
bone-screw forces, but may not result in as much as cor-
rection. Clinical studies have also reported that correction
improvement was not clinically significant using rods of
higher stiffness [45, 46]. In contrast to the Ti and Co-Cr
rods, the SNT rods allow relatively constant corrective
forces with their wide loading stress—strain curve plateau
regardless of the ROM of the spine, resulting in lower post-
reduction bone—implant loads, which may provide additional
benefits to reduce the risks of proximal junctional kyphosis
due to postoperative implant pullout, bone and construct
failure [47, 48].

In the coronal plane, corrective forces are obviously posi-
tively correlated with the rod over-contouring angle and the
rod diameter. The simulation results showed that the SNT
rods with an over-contouring of 50° allowed better MT cor-
rections than the Ti and Co—Cr rods which had a coronal
angle of 0°. One may argue that the SNT rods should be
compared with the TI and Co—Cr rod having the same coro-
nal angle. However, the simulated Ti and Co—Cr rods with

Table 2 Bending stiffness, threshold bending moment and angle (bending moment and angle at which plastic/superelastic deformation occur in
Titanium and Cobalt—Chrome/Superelastic Nickel-Titanium (SNT) rods with a length of 100 mm)

Diameter (mm) SNT at 18 °C SNT at 37 °C Titanium Cobalt—Chrome
Threshold Bending Moment (Nm) 5.5 3.51 7.99 12.94 12.95

6 4.56 10.37 16.79 16.82
Threshold Bending Angle (°) 5.5 11.12 15.39 14.60 7.51

6 10.19 14.11 13.39 6.88
Bending Stiffness (Nm/®) 5.5 0.32 0.52 0.89 1.72

6 0.45 0.74 1.25 2.44
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a coronal angle of 50° lead to 1200—1800 N bone—screw
forces when connecting the rod to screws one at a time,
which exceeded the bone—screw fixation strength [49, 50].
It should be pointed out that Ti or Co—Cr rod with a prebent
coronal angle of 50° opposite to the spinal curve may result
in bone—screw loads higher than the fixation strength and
should be used with caution. Due to the low stiffness and
yield strength before the austenite phase transformation, the
SNT rods may be used with a relatively large coronal over-
contouring angle without high bone—screw forces. Moreover,
deformity correction using the SNT rod is mainly achieved
through the austenite phase transformation during which the
rods have already been captured at all screws such that cor-
rective forces are spread over multiple anchor points. This
is fundamentally different from correction using the Ti and
Co—Cr rods achieved through rod attachment to one screw at
a time with significantly higher transient load on the screw
being attached to. Being superelastic, the predesigned con-
tour of the SNT rods cannot be changed through in situ rod
contouring. In future, it is envisaged that the rod design will
be patient specific; the contour and correction force needed
for maximum correction while reducing the risk of pullout
of screws can be determined before surgery using comput-
erized patient-specific model for spinal instrumentation
simulation.

Correction from tissue relaxation depends on how much
deformation the rod can recover when external loads are
reduced or released, which is negatively correlated with
the local slope of its load—displacement curve. Given the
same amount of stress relaxation of the spine, the SNT
rod can recover significantly more deformation than the
Ti and Co—Cr rods due to its superelasticity. To utilize the
superelasticity effectively, loads on the SNT rods should at
least exceed the threshold value at which the superelastic
deformation occurs. In the 30°/0°/6 mm instrumentations,
bending moments in the SNT rods were mostly below the
threshold value (Table 2 and Fig. 5) and the rods did not
actually work in superelasticity, which may explain why
the superelastic effects of the SNT rods were not clearly
observed in the clinical trials. Over-contouring the SNT rods
in the coronal plane to 50°, coronal rod bending moments
exceeded the threshold value in all the cases over 4-6 verte-
bral levels, thus resulting in significantly higher correction
improvement from simulated tissue relaxation.

The construct with pedicle screws at alternate levels
tested in this study is only one of the commonly used low
screw density constructs; there is wide variation in surgeon-
preferred constructs [32, 51]. Different constructs may result
in different corrections and bone—implant forces [32, 51,
52]. However, the mechanical contributions of one type of
spinal rod vs another type of rod should be similar for dif-
ferent implant patterns. The present study was intended to
better understand the biomechanics of spines instrumented

using superelastic vs. standard elastoplastic rods, a reported
low screw density construct was simulated, assuming that
differences between instrumentations using the SNT vs Ti
or Co—Cr rods with one construct should be similar to those
with other constructs. In the future, such modeling tools
could enable patient-specific optimal implant distribution,
rod contours, and other instrumentation parameters for every
patient.

Patient-specific model calibration was limited by the
available preoperative spinal flexibility tests. The fulcrum-
bending radiographs could only be used for the estimation of
the ROM and the stiffness of the spine in the coronal plane.
Since the focus was on the comparison between the SNT,
Ti, and Co—Cr rods in terms of Cobb angles and resultant
forces, which were overall evaluation indices, the models
were, therefore, considered as adequate for this study. To
establish baseline data for the customized stiffness, pla-
teau stress, and contouring angles of the SNT rod, studies
through simulations using computerized biomechanical
models should be combined with more prospective clinical
studies and mechanical experiments.

Conclusions

This study highlighted a few important points. First, the aus-
tenite phase-changing behavior of the SNT rod enabled rod
attachment with significantly lower forces than the Ti and
Co—Cr rods. Second, the shape memory of the SNT rods
allowed gradual deformity correction after rods have already
been attached to all screws spreading corrective forces over
all anchor points. Corrections in the simulated AIS instru-
mentations using the SNT were comparable to the Ti and
Co—Cr rods with significantly lower forces at the bone—screw
interface. Third, the superelasticity of the SNT rods makes
it possible to predict the maximal value of the corrective
forces. The superelasticity of the SNT rods can be utilized
for additional deformity correction as tissues relax. Also
note that the stiffness at different phases and the loading and
unloading plateau stresses of the SNT rods may be adapted
to curves of different types and flexibilities through custom-
ized heat treatment to minimize the number of implants,
which remains to be investigated in future studies.
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