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Scoliosis correction

with shape-memory metal:
results of an experimental study

Abstract The biocompatibility and
functionality of a new scoliosis cor-
rection device, based on the proper-
ties of the shape-memory metal
nickel-titanium alloy, were studied.
With this device, the shape recovery
forces of a shape-memory metal rod
are used to achieve a gradual three-
dimensional scoliosis correction. In
the experimental study the action of
the new device was inverted: the de-
vice was used to induce a scoliotic
curve instead of correcting one. Sur-
gical procedures were performed in
six pigs. An originally curved
squared rod, in the cold condition,
was straightened and fixed to the
spine with pedicle screws. Peropera-
tively, the memory effect of the rod
was activated by heating the rod to
50°C by alow-voltage, high-fre-
quency current. After 3 and after

6 months the animals were sacri-
ficed. The first radiographs, obtained
immediately after surgery, showed in
al animals an induced curve of
about 40° Cobb angle — the original
curve of therod. This curve re-
mained constant during the follow-

Introduction

Operations for scoliosis are designed to correct the defor-
mity and to prevent its progression by achieving a solid
fusion. In 1962, Harrington introduced the use of spinal
instrumentation for the surgical treatment of scoliosis
[16]. In the 1980s, the devel opment of spinal instrumenta-

up. The postoperative serum nickel
measurements were around the de-
tection limit, and were not signifi-
cantly higher compared to the preop-
erative nickel concentration. Macro-
scopic inspection after 3 and 6 months
showed that the device was almost
overgrown with newly formed bone.
Corrosion and fretting processes
were not observed. Histologic exam-
ination of the sections of the sur-
rounding tissues and sections of the
lung, liver, spleen and kidney showed
no evidence of aforeign body re-
sponse. In view of the initiation of
the scoliotic deformation, it is ex-
pected that the shape-memory metal
based scoliosis correction device also
has the capacity to correct a scoliotic
curve. Moreover, it is expected that
the new device will show good bio-
compatibility in clinical application.
Extensive fatigue testing of the
whole system should be performed
before clinical trials are initiated.

Keywords Scoliosis - Surgery -
Correction - Shape memory metal -
NiTi

tion expanded considerably. New anterior and posterior

systems were introduced [2, 6, 10, 12, 18, 32]. With these
advanced segmental systems, better corrections are possi-

ble in the coronal and the sagittal plain in comparison
with Harrington instrumentation. However, the literature
is contradictory on the effect on axial rotation and rib cage
deformity. In most literature it is suggested that axial
plane correction is limited [13, 19, 21, 33].



101

Because of its special properties, the nearly equiatomic
nickel-titanium aloy, could be very suitable for use in a
scoliosis correction device. The alloy belongs to a group
of metals that demonstrate the ability to return to some
previously defined shape when subjected to a thermal
treatment (shape-memory aloys). At present, the shape-
memory nickel-titanium alloy is used clinically in wires
for orthodontic tooth alignment, osteosynthesis staples,
and vascular applications, for instance in a stent and a
vena cava filter [1, 5, 11, 17, 22, 26, 31]. In the area of
scaliosis correction, Schmerling and co-workers experi-
mented with a shape-memory metal rod to replace a stan-
dard Harrington rod in ahuman cadaver in the early 1970s
[30]. Preliminary investigations were also conducted with
an anterior system: a shape-memory metal wire was used
with Dwyer instrumentation [4]. In China, Lu reported on
surgical procedures in patients with an idiopathic scoliosis
using shape-memory metal rods instead of Luque rods
[22].

Veldhuizen and colleagues have developed a shape-
memory metal based scoliosis correction device for a pos-
terior surgical approach that is unique, because it is engi-
neered from the start with the aim of obtaining a gradual
three-dimensional correction of the scoliotic deformity
[29, 34]. This new device is expected to keep the spine
force loaded postoperatively, and it is believed that this
will take advantage of the viscous behavior of the spinein
order to obtain extra correction. Just like the current oper-
ative scoliosis correction methods, the new system seeks
to achieve a postoperative fusion. This fusion should pre-
vent failure of the system in the long term. It is expected
that the additional postoperative correction can be ob-
tained before this vertebral fusion takes place.

Although the biomedical application of shape-memory
metal in a scoliosis correction deviceisintriguing, theim-
plantation of nickel-containing materials in the human
body requires caution, especially when such devices are
implanted into young patients [8]. Moreover, it is well

known that spinal implants are prone to corrosion due to
their construction. In particular, the junction between
pedicle screw, hooks and sublaminar wires to the rod
might lead to biocompatibility problems [3, 9, 35, 36].
Therefore, new spinal implants should be examined in
Vivo to ascertain whether corrosion and areaction in adja-
cent tissue occur.

The aim of this study is to evaluate the shape-memory
metal based scoliosis correction device in an animal
model to determine its functionality by initiating a scoli-
otic deformation, and to evaluate possible local and sys-
temic toxicity.

Materials and methods
Surgical procedure

Six immature pigs, approximately 6 months old, weighing between
70 and 90 kg were used in the study. The size and shape of the
spine of these animals resembled the human spine. All pigs were
identified with numbered ear tags. The operations took place under
standard sterile conditions. Permission for the protocol followed
was obtained from the regional ethical committee for experiments
on animals.

The induction of anesthesia took place with 800 mg ketamine,
50 mg Valium, and 0.4 mg Robinal, administered intramuscularly.
The animals were then transported to the operating room and
placed in a prone position. Endotracheal intubation was performed.
General anesthesiawas maintained with isoflurane 2-3% in O,. In-
travenous antibiotics were administered (1000 mg ampicillin) and
muscle relaxants (4 mg Pavulon i.v.). Continuous monitoring of
vital parameters such as oxygen saturation and ECG was main-
tained during the entire operation.

Preoperatively, a blood sample was taken to determine the
serum nickel concentration. The determination of the serum nickel
concentration was achieved using atomic absorption spectrometry
[38]. After being positioned, the animals were shaved, disinfected
and covered with a sterile cloth. A longitudinal skin incision was
made along the median line from T11 to L5. These vertebrae were
identified prior to surgery using X-rays. The paravertebral muscles
were stripped subperiosteally from the spinous process and lami-
nae and shifted to lateral. Then the pedicle insertion points were

Fig.1 A Transversal view of
the approximator, which is
used for positioning of the rod
on the rod-bridge interface.

B An oblique view of the de-
finitive fixation of the rod on
the bridge
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identified on both sides of T12, L2 and L4. Access to the pedicle
was obtained with the pedicle probe and, after tapping, the pedicle
screws (4.75x40 mm) were placed. Care was taken to damage as
little periosteum or bone as possible during this procedure. The
pedicle screws were connected to a bridge at the three levels.

In order to initiate the scoliotic curve, a square shape-memory
metal rod (6.35%6.35 mm) with rounded edges and an origina
curve of 40° Cobb angle was used. The transition temperature of
the rod, i.e.,, the temperature at which low-temperature phase
martensite changes to the high-temperature phase austenite, was
25°C. For the composition and surface treatment of the used
shape-memory alloy, the reader is referred to the articles on corro-
sion and biocompatibility [37, 38]. The rod had been stored in ster-
ile conditions at —18°C. The bent rod was easily straightened in
this cold condition, using the “bender” prior to its application to
the animal spine. Then it was positioned on the bridge with a spe-
cially designed approximator and fixed with a cap while the set
screw was not yet tightened (Fig. 1). Next, the shape-memory ef-
fect of the rod was activated by heating the rod to a temperature of
50°C with a high-frequency, low-voltage electric current, using a
specially developed heating apparatus (Fig. 2). To control the max-
imum temperature, two thermocoupl es continuously monitored the
rod’ stemperature during this procedure. After being heated, the set
screw was tightened. This bridge-rod connection was not a fixed
connection. Small shifts under the set screw were possible for post-
operative correction. The wound was then closed layer by layer.

Postoperative period
After closure of the wound, anteroposterior and lateral radiographs

were obtained and a second intravenous nickel sample was taken.
The test animals were then transported to their pens. Postoperative

Fig.2A-D Oblique view of the used instrumentation and succes-
sive steps in the animal experiments. A The original shape of the
rod in the cold condition. B The straightened rod before implanta-
tion and heat treatment. C The implanted straightened rod with an-
chor system. D The recovered origina curve of the rod with an-
chor system after heat treatment

analgesia was given in the form of flunixin 200 mg i.m. Antibi-
otics continued to be administered until 3 days after surgery. Asin
clinical practice, follow-up took place after 1 week, after 6 weeks
and after 3 months. Radiographs were obtained and a nickel sam-
ple was taken. Both were performed under brief anesthesia. After
3 months, three animals were sacrificed with an injection of T61
(euthanasia solution). After 6 months, the remaining three animals
were sacrificed using the same procedure.

Immediately following sacrifice, routine gross necropsy was
performed. Dissection and macroscopic inspection of the instru-
mented part of the spine took place. For histologic evaluation,
samples were taken from the tissues in close contact with the de-
vice, especially tissue adjacent to the pedicle-bridge and bridge-
rod connection, to look for potential wear debris effects. Addi-
tional samples were obtained from the periaortic lymph nodes,
lung, spleen, liver and kidneys. The tissue samples were preserved
in a 10% buffered formalin solution. For light microscopy, the
fixed samples were embedded in paraffin, sectioned and stained
with hematoxylin-eosin and toluidine blue.

Results

The implantation procedure proved to be relatively simple
and caused no complicationsin any of the animals. In one
procedure, the positioning of the rod took more time and
the rod began to return to its original curve due to the
body heat of the test animal. The rod was cooled down
again and straightened. It was then possible for the rod to
be placed in a satisfactory position.

A significant scoliosis was induced in all test animals
by heating the rod during the procedure. Macroscopically,
no signs were found of tissue damage when the rod was
heated to 50°C. The first radiographs, made immediately
after surgery, showed a curve of about 40° Cobb angle —
the original curve of the shape-memory metal rod. There
were no indications that the pedicle screws had broken
loose, that the posterior complex was fractured, or of any
other failure of the device. The induced Cobb angle of
about 40° remained constant on the radiographs after
1 week, 6 weeks, and 3 months of follow-up.

Postoperatively there were no signs of neurologic dys-
function; the animals recovered quickly and often mobi-
lized afew hours after surgery. Moreover, the animals did
not exhibit any discomfort from the scoliosis induction.
One of the animals developed a wound infection, caused
by the shape-memory metal rod, which extended too far
distally. In view of the nature of the complication (a com-
plication of the implantation procedure), the animal was
sacrificed prematurely and excluded from the study. Be-
cause of this exclusion, a new test animal was added to
the study. The radiographs taken after 1 week showed a
loosened connection between the rod and the bridge in
one animal. This caused no further complications, and
therefore this animal remained included in the 3 months
evaluation.

The animals that were sacrificed after 3 months had
reached aweight of about 120 kg. Macroscopic inspection
of the scoliotic segment showed that the device was al-
most overgrown with newly formed bone. Corrosion, fret-
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Fig.3 A Transversal and

B dorsal view of the shape-
memory metal correction sys-
tem, covered almost com-
pletely with newly formed
bone after 6 months follow-up

ting, tissue discoloration, or accumulation of black granu-
lar material due to corrosion and wear processes around
the rod or near the rod-bridge interface were not observed.

In two of the three animals that were sacrificed after
6 months (they weighed about 160 kg each), the radio-
graph showed a rod breakage. In both cases the breakage
had occurred near the rod-bridge connection. The break-
age had not been observed in the radiological follow-up
after 3 months. Moreover, the induced scoliotic curve had
remained unchanged. Macroscopic inspection of the in-
strumented spine segment of al cases showed a com-
pletely fused spine. The rod had been covered with newly
formed bone, except for tips of the rod (Fig.3). The two
animals with the broken rod showed no indication of
pseudoarthrosis. Moreover, the device and instrumented
spine showed no signs of local stress or fretting corrosion
on visual inspection.

Histologic examination of the sections of the surround-
ing tissues and sections of the lung, liver, spleen and
kidney of the animals that were sacrificed after 3 and
6 months showed no evidence of an acute or chronic in-
flammation reaction.

The serum nickel measurements, immediately postop-
eratively, and 1 week, 6 weeks, 3 months and 6 months
postoperatively, showed values hovering around the de-
tection limit of 2.5 pg/l (max. 4.8 ug/l), and were not sig-
nificantly higher than the preoperative nickel concentra-
tions. Nor were higher nickel concentrations found in the
case of the loosened rod-bridge connection or in the ani-
mals with rod breakage.

Discussion

In current surgical methods, more or less instantaneous
correction of the scoliotic curve is achieved by a maneu-
ver performed by the surgeon with the aid of the spinal in-
strumentation. With the shape-memory metal based scoli-
0sis correction device, a new form of scoliosis correction
isintroduced: aforce-driven correction, in which a shape-
memory metal rod functions as the correcting element.

The so-called “one-way shape-memory effect” of the
aloy is used for the scoliosis correction. The initial situa-
tion is arod well below the transition temperature, in the
lower temperature form (martensite phase). In this phase,
therod has avery low yield strength, and can be deformed
quite easily into the shape of the scoliotic spine. In this
shape, the rod can be fixed to the spine using a relatively
easy procedure. When the rod is subsequently heated to
its higher temperature form (austenite phase), it will re-
gain its original shape and rigidity. If this shape recovery
is prevented, the rod generates considerable shape recov-
ery stresses. Using an adequate anchoring system, these
stresses can be turned into forces that correct the scoliotic
curve. The desired shape after the heat treatment can be
programmed prior to the correction procedure by bending
the rod beyond its reversible limit of about 6-8%. The rod
can then be bent to the sagittal curve and, if desired, to the
scoliotic rest-curve.

The device is designed in such a way that forces are
generated that induce a bending moment to correct the lat-
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eral and sagittal curves of the scoliotic spine, and atorque
to correct the axia rotation. A good torque transfer is en-
sured by the square cross-section of the shape-memory
metal rod. The size of therod (6.35%6.35 mm) was chosen
with respect to the selected magnitude of the load applied
by the device: based on data from literature, a maximum
bending moment of 7.5-10 Nm was chosen for the cor-
rection of the lateral deviation and atorque of 25 Nm for
the correction of the axial rotation [29, 34]. From biome-
chanical tests of the shape-memory metal rod, it appears
that the desired correction moments are achieved when
the deformed rod is heated to a temperature of between
40°C and 50°C. In this situation, the rule applies that the
higher the overshoot in temperature above the body tem-
perature, the larger the correction forces. for example,
10°C increase in temperature realizes an extra bending
moment of about 4 Nm. Resistive heating, using a low-
voltage, high-frequency current, was chosen to heat the
rod [29, 34].

Before the innovative device may be applied clinically,
it should meet two important criteria: functionality and
biological safety. Preliminary tests on human cadavers
showed that the device can be implanted easily, and that it
is capable of inducing a scaliotic curve with a Cobb angle
of about 45° [29]. In the presented experimental study, the
shape-memory metal rod induced a significant scoliotic
deformation in all test animals. The initiation of the curve
took place without the pedicle screws breaking out and
without failure of the rod-anchor system. The original
curve of the rod was regained in the first hour after im-
plantation, and remained constant during the entire exper-
iment.

It should be borne in mind that the animal study deals
with a healthy lumbar spine of young animals, in which a
scoliotic deformation was induced. The size and the speed
with which the curve isinduced will finally depend on the
reaction forces that occur in the spine. If smaller forces
had been applied during the experiment, it is likely that
part of the scoliosis induction would have taken place
postoperatively. The extrapolation of the results of scolio-
sisinitiation in the animal study to the human situation is
difficult. In clinical applications, the device will be used
to correct a scoliotic curve — a situation in which not only
elastic, but also structural, deformations have taken place
in the spine. In the future, clinical trials will have to show
whether the correction forces have been well chosen and
whether the viscous properties of the spine may be uti-
lized for a postoperative correction.

Extensive corrosion and biocompatibility experiments
have already been performed with the nickel titanium al-
loy used in this study. In these biocompatibility experi-
ments, conducted according to the regulations of the In-
ternational Organization of Standardization (1SO), the
shape-memory metal, nickel-titanium aloy provoked no
cytotoxic, alergic or genotoxic responses [37]. An excel-
lent implantation study was published by Ryhanen et al.

[27]. In their study, the general soft tissue responses to
nickel-titanium were compared with corresponding re-
sponses to stainless steel and Ti6AI4 V dloy in rats. The
overal inflammatory response of the nickel-titanium al-
loy was comparable to both other aloys. The good bio-
compatibility and the associated good anti-corrosive prop-
erties of the shape-memory metal may be ascribed to the
strong bonding between the nickel and titanium atoms,
and the presence of a mainly passive, TiO,-based, surface
layer [25, 38]. This protective, chemically stable, oxidized
passivation layer is also thought to be responsible for the
good anti-corrosive properties and tissue compatibility of
the titanium alloy, Ti6Al4 V [15, 20]. Moreover, studies
have revealed that titanium-based aloys naturally form a
calcium-phosphate layer on their passive oxide film after
exposure to a bioenvironment. It is suggested that the for-
mation and growth of this layer is governed by the exis-
tence of titanium oxide, and may serve as a further barrier
against ion diffusion [14, 38]. However, biological safety
is not only determined by the corrosive properties and the
potential toxicity of the used metal, but also by the con-
struction design of the device. The junction between the
rod and the anchoring system in spinal devices may cause
a local mechanical breakdown of the protective surface
layer. Especidly in the case of pseudoarthrosis, cyclic
movements at the non-fused level may initiate corrosion
and fretting processes, which may cause an increase in the
passive ion release or arelease of particulate wear debris
[3, 9, 35, 36]. Local tattooing of the surrounding soft tis-
sue by wear debris and the accumulation of gray, brown or
black serosanguineous fluid are typical signs of these
wear processes. The inflammatory response ultimately de-
pends on the degree of wear, the particle size and toxicity,
the rate at which the oxide surface film may be re-estab-
lished, and environmental conditions [39]. The presence
of acontinued soft tissue inflammation caused by the cor-
rosion and wear processes may have a deleterious influ-
ence on the spinal fusion mass, due to bone resorption.

J. O. Sanders and co-workers reported on experiments
with goats in which a shape-memory metal bar was at-
tached to the spine with transspinous process wires of
stainless steel [28]. A good curve correction of the previ-
ously induced scoliotic curve was achieved, but the fixa-
tion of therod to the spine with the stainless steel wire fix-
ation caused sedimentation of black granular material and
increased nickel and titanium levels in the surrounding
tissues. A comparable study was conducted on monkeys,
in which two L-shaped, shape-memory metal rods were
attached to the spine with sublaminar wiring comparable
to the Luque system [23]. It was concluded that the device
could induce a gradual correction of the induced scoliotic
correction, and that the correction rate could be controlled
through the rod’'s temperature. Some doubts were vented
about the biocompatibility, because, postoperatively, sig-
nificantly higher nickel concentrations were found in
blood and urine than the concentrations found in a control
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group. Fretting between the sublaminar wire fixation and
shape-memory metal bar was again considered the most
probable cause of the increased nickel concentrations that
were found.

The device used in the present study was fixed to the
thoraco-lumbar spine with pedicle screws. The screws
were connected to a bridge on which the shape-memory
metal rod was fixed. Fixation of the rod was achieved
with a set screw after the larger part of the scoliotic defor-
mation had been induced. At the follow-up after 3 and &f -
ter 6 months, no indications of corrosion or fretting near
the rod-bridge or pedicle-bridge junction were found. In
addition, the postoperative serum nickel measurements
showed values hovering around the detection limit, and
were not significantly higher than the preoperative nickel
concentrations. Histological examination of the tissue ad-
jacent to the device showed normal tissue reactions with-
out evidence of an acute or chronic inflammation re-
sponse. Moreover, the instrumented spine had been cov-
ered aimost completely with newly formed bone, whichis
also a sign of a good tissue tolerance.

In spite of the solid spinal fusion, a rod breakage was
found after 6 months follow-up in two of the three ani-
mals. It is known that a good fusion prevents metal fa-
tigue and implant failure. It should be noted that the
weight and length of the immature animals increased dur-
ing the study: in the phase that the rod broke, the animals

weighed between 140 and 160 kg. Moreover, extensive
mechanical in vitro tests were performed on the rods in
guestion prior to the animal experiments. Data on shape-
memory metal fatigue are scarce. In terms of flexion fa-
tigue, it is allegedly superior to stainless steel [28]. Nev-
ertheless, shape-memory metal is known to be a notch-
sensitive material [7, 8]. In this study both rod breakages
occurred close to where the rod was connected to the
bridge. Therefore, local damage of the rod caused by the
anchoring system seems one of the most probable causes
of the rod failure.

In summary, given the results in this study, it is ex-
pected that the shape-memory metal based scoliosis cor-
rection device has the capacity to correct a scoliotic curve.
Moreover, it is expected that the new device will show
good biocompatibility in clinical application. Modifica-
tions of the current design, the development of a thoracic
fixation system and extensive fatigue testing of the whole
system should be performed before the clinical trials can
be initiated.
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