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Abstract

Purpose Restoration of the anterior spinal profile and
regular load-bearing is the main goal treating anterior
spinal defects in case of fracture. Over the past years,
development and clinical usage of cages for vertebral body
replacement have increased rapidly. For an enhanced sta-
bilization of rotationally unstable fractures, additional
antero-lateral implants are common. The purpose of this
study was the evaluation of the biomechanical behaviour of
a recently modified, in situ distractible vertebral body
replacement (VBR) combined with a newly developed
antero-lateral polyaxial plate and/or pedicle screws and
rods using a full corpectomy model as fracture simulation.
Methods Twelve human spinal specimens (Th12-L4)
were tested in a six-degree-of-freedom spine tester apply-
ing pure moments of 7.5 Nm to evaluate the stiffness of
three different test instrumentations using a total corpec-
tomy L2 model: (1) VBR + antero-lateral plate; (2) VBR,
antero-lateral plate 4 pedicle screws and rods and (3)
VBR + pedicle screws and rods.

Results In the presented total corpectomy defect model,
only the combined antero-posterior instrumentation (VBR,
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antero-lateral plate + pedicle screws and rods) could
achieve higher stiffness in all three-movement planes than
the intact specimen. In axial rotation, neither isolated
anterior instrumentation (VBR + antero-lateral plate) nor
isolated posterior instrumentation (VBR + pedicle screws
and rods) could stabilize the total corpectomy compared to
the intact state.

Conclusions For rotationally unstable vertebral body
fractures, only combined antero-posterior instrumentation
could significantly decrease the range of motion (ROM) in
all motion planes compared to the intact state.

Keywords Vertebral body replacement - Biomechanics -
In situ distractible cage - Antero-lateral plate - Fracture -
Spine

Introduction

Different causes like tumours, infections and fractures can
produce instabilities of the anterior vertebral column [8, 16,
32]. Posterior instrumentation with pedicle screws and rods
is a widely accepted and proved standard procedure for
instabilities of the thoracic and lumbar spine [3, 33].
However, isolated posterior instrumentations are often
accompanied by complications like a loss of correction or
implant failure. Therefore, especially in thoracolumbar
burst fractures, an anterior approach for reconstruction and
stabilization of the anterior vertebral column is often nec-
essary to restore regular spinal column loading [3, 10, 15,
17, 25, 26, 32, 33]. Additional anterior approaches to the
spine and the 360° fusion are also reasonable from the
biomechanical point of view: different biomechanical
studies, dealing with a total corpectomy defect model
to simulate a rotationally instable fracture, reported the
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highest stiffness in all motion planes for this kind of
fractures treated with 360° fusion [15, 17, 25].

Up to now, a tricortical iliac crest bone graft has been
the gold standard for vertebral body replacement. How-
ever, several authors observed increased morbidity and
complications harvesting strut grafts from the iliac crest [2,
13, 17, 18, 20, 28, 36]. Complications, such as pseudar-
throsis, graft collapse with kyphotic deformity and graft
extrusion were reported [12, 14, 19]. As an alternative,
cages for vertebral body replacement in the thoracolumbar
spine are used more frequently [1, 4, 5, 15, 17, 25]. One of
the first widely used and most popular non-distractible
VBR is the meshed titanium cage (DePuy AcroMed,
Sulzbach, Germany), according to Lowery and Harms [21].
Recently, also in situ distractible VBRs have been devel-
oped. These implants offer some surgical advantages like
in situ distractibility and adjustment. However, influenced
by the type of vertebral body replacement system, various
authors reported differences in the biomechanical behav-
iour of non-expandable and in situ expandable VBRs
especially concerning stiffness [15, 17, 25].

Thoracolumbar fractures type A3.1 according to Magerl
et al. [22] can be treated by single anterior procedures. In
rotationally unstable fractures type B or type C, the spinal
profile should be restored by combined anterior—posterior
procedures. Therefore, cages or iliac crest grafts along with
an anterior or antero-lateral plate or a rod screw system can
be used [9, 11]. Construct stiffness seems to be influenced
by anterior plate/rod devices [6, 9]. The different implants
are varying in the number of fixation points, modes of
screw anchorage and number or type of screw connection
(polyaxial vs. angular stable). Positive experiences with
height adjustable implants lead to the development of in
situ expandable and reducible plates to correct kyphotic
spinal angulations or deformities after spinal tumours or
fractures [31]. Encouraging results with locking plates in
fracture treatment of extremities lead to the application of
“angular stable systems” for the thoraco-lumbar spine
[31].

The present study evaluated the stiffness of different
instrumentations in a total corpectomy defect model using
a modified in situ distractible VBR combined with a newly
developed antero-lateral polyaxial plate and/or an estab-
lished pedicle screws and rods. To the author’s best
knowledge, the implants used in the actual study have not
been tested together in a biomechanical setting until now.
Therefore, the purpose of this study was to test, whether the
modified vertebral body replacement system and the new
additional polyaxial antero-lateral plate have similar bio-
mechanical results in the stabilization of a total vertebral
body resection model, than other in situ distractible or non-
distractible cages and other additional antero-lateral poly-
axial plates.

Materials and methods
Specimens, preparation and defect model

Twelve fresh frozen human cadaveric spines (Th12-1L4) of
six male and six female donors were used for biome-
chanical stability testing following total corpectomy and
subsequent instrumentation. The average age of the spec-
imens at death was 73 %+ 11 years (range 56-89 years;
median: 73 years). The medical history of all donors
excluded diseases compromising the mechanical properties
of the thoracolumbar spine. Bone mineral density (BMD)
was evaluated using a pre-interventional quantitative
computed tomography (CT) scan (GE Lightspeed16, GE
Medical Systems, Waukesha, WI, USA) including Euro-
pean Forearm Phantom calibration (EFP; QMR GmbH,
Mohrendorf, Germany). The BMD was measured as a
standard laboratory procedure to allow for comparison of
bone quality with previous and upcoming experiments and
to rule out severely osteoporotic specimens. The measured
average BMD was 75.15 £ 19.60 mg/cm®.

Specimens were kept frozen at —20°C and vacuum sealed
in two plastic bags until the definite date of biomechanical
testing. 12 h before testing, the specimens were thawed over
night at 6°C according to Panjabi et al. [24]. Preparation was
performed at room temperature right before testing. All
muscular tissue was removed and ligaments, discs, capsules as
well as supporting structures were preserved. After prepara-
tion of Th12-L4, the upper part of the cranial (Th12) and the
lower part of caudal (L4) vertebrae were embedded in poly-
methyl-methacrylate cement (PMMA, Technovit 3040, He-
raeus Kulzer, Wehrheim, Germany) ensuring the middle
vertebra (L2) was aligned horizontally. Flanges were centrally
mounted to the PMMA embeddings. The specimens were
rigidly fixed to the frame of the spine tester. Screws for the
fixation of the three-dimensional motion analysis system
(Winbiomechanics, Zebris Isny, Germany) were fixed to the
anterior side of the vertebrae Th12, L1, L3 and L4. Before
testing, anterior-posterior and lateral x-rays (BV 25, Phillips,
The Netherlands) of all instrumented specimens were per-
formed to check the correct position of pedicle screws, antero-
lateral plates and VBRs.

After biomechanical testing of the intact specimens as
described below, a total corpectomy L2 was performed sim-
ulating a rotationally unstable vertebral fracture. For surgical
preparation, specimens were fixed to a customized X-ray jig
allowing a 360° rotation. The preparation steps and the
corpectomy were performed using regular surgical instru-
ments. The adjacent intervertebral discs L1/2 and L2/3 were
removed and the anterior and posterior longitudinal ligaments
were cut and resected. The pedicles of each specimen were
dissected close to the vertebral body with an oscillating saw
and the vertebral body L2 was removed en-bloc.
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Implants

All implants were used according to the recommendations
of the manufacturer and were implanted in a standardized
way as described below.

Pedicle screws and rods

For posterior instrumentation, pedicle screws and rods of
the “krypton” system (Ulrich medical, Ulm, Germany)
were used. Pedicle screws, connectors, locking screws,
rods and cross-connectors are manufactured of titanium
alloy. The pedicle entrance points were identified accord-
ing to the anatomical landmarks and marked with k-wires.
The position of the k-wires was controlled with biplanar
fluoroscopy. Following identification of the entrance
points, they were decortized with the awl. Finally, pedicles
were prepared with the cutter before pedicle screws were
drilled in. Screw length and diameter of the pedicle screws
were determined before implantation by means of CT scan
measurements. Screw length was chosen, that screws span
2/3 of the vertebral body depth. Screw diameter was cho-
sen, that screws filled the pedicle. To improve the rota-
tional stability, the internal fixator was combined with a
cross-connector fixed to the two internal fixator rods
(Fig. 1a).

Expandable VBR

After corpectomy the anterior column was reconstructed
using the recently modified VBR “obeliscPro” (Ulrich
medical, Ulm, Germany). The implant is manufactured of
titanium alloy and consists of a center piece with one or
two round and different angulated modular endplates. To
prevent dislocation, the endplates are armed with small
spikes (Fig. 1b). The necessary height of the implant can
be adjusted with a bevel gear drive unit. The adjusted
height arrests and is additionally fixed in position by means

a b c

Fig. 1 a Vertebral body replacement system (obeliscPro, ulrich
medical, Ulm, Germany). b Antero-lateral polyaxial plate (golden
gate, ulrich medical, Ulm, Germany). ¢ Angular stable internal fixator
(Krypton, ulrich medical, Ulm, Germany)
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of a locking screw. To prevent segmental overdistraction
insertion and distraction of the cage was performed under
fluoroscopic control until the small spikes of the endplates
had completely penetrated into the cortical part of the
vertebral bodies.

Antero-lateral polyaxial plate system

The antero-lateral plate “golden gate” (Ulrich medical,
Ulm, Germany) and its components are also manufactured
of titanium alloy. The system consists of a low profile
footplate (C-plate) and a fixing plate (gate), both of them
with a variable length (Fig. 1¢). For fixing the implant to
the vertebrae, two k-wires were drilled under fluoroscopic
control in the sagittal plane of the vertebras L1 and L3.
After bone decortication, two cannulated polyaxial screws
were placed mono-cortically into the vertebras. For
assembling “golden gate” to the vertebras, the C-plate
must be mounted to the heads of the polyaxial screws via
connectors. The gate was inserted and locked onto the
C-plate by fixing screws. For compression of the specimen
during implantation, an axial preload of 200 N was applied
via the X-ray jig by dead weights.

Biomechanical testing

For biomechanical testing a 6 degrees of freedom spine
tester described by Knop et al. [17] was used (Fig. 2).

[

Fig. 2 Test setup for the flexibility test in the spine tester with a
three-dimensional motion analysis system
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Testing was performed according to the recommendations
for implant testing of Panjabi et al. [23] and Wilke et al.
[34]. To avoid tissue dehydration, all specimens were kept
moist with physiological saline solution throughout testing,
according to international standards [24, 35]. All tests were
performed at room temperature.

Flexibility tests were performed in the three motion
planes flexion—extension, lateral bending right/left and
axial rotation right/left using pure moments of +7.5 Nm
[34]. Moments and forces induced at the cranial end of the
specimen were continuously recorded by a six-component
load cell (Schunk FT Delta SI 660-60, Lauffen/Neckar,
Germany). Segmental motions from Th12-L4 were mea-
sured using an ultrasound based motion analysis system
(Winbiomechanics, Zebris©, Isny, Germany). The range of
motion (ROM) and the neutral zone (NZ) of the bridged
segment L1-L.3 were determined from hysteresis curves
[34]. ROM was calculated of the minimum and maximum
angular displacement during minimum and maximum
bending moment of each motion plane. The opening of the
hysteresis curve at 0 Nm bending moment was taken as
NZ. To allow preconditioning of the specimens and to
minimize the visoelastic effect only the third load cycle
was evaluated and used for further analysis and compari-
sons. To compensate for initial differences in ROM of the
used specimens, the calculated ROM for all instrumented
states of one specimen were normalized to the intact state
of corresponding specimen.

Study protocol

The following test sequences were performed. To reduce
potential effects caused by implant removal during the test
procedure step (b) and (d) were alternated for all 12
specimens:

(a) intact specimen (“int”)

(b) isolated anterior instrumentation with VBR + antero-
lateral plate (“ant”)

(c) combined antero-posterior instrumentation with
VBR, antero-lateral plate + pedicle screws and rods
(“360”)

(d) isolated posterior instrumentation with VBR + ped-
icle screws and rods (“post”)

Statistical analysis

Statistical analysis was carried out using the SPSS software
package (SPSS® V18.0, SPSS Inc, Chicago, USA). Data
comparison was performed using one-way repeated mea-
sures ANOVA with Bonferroni corrections for multiple
comparisons. Significances were defined for P values
below 0.05 for all statistical test methods. A trend was
specified for P values between 0.05 and 0.1.

Results
Flexion/extension

Compared to the intact specimen in flexion/extension only
the combined antero-posterior instrumentation “360”
(VBR, antero-lateral plate 4 pedicle screws and rods) and
the isolated posterior instrumentation “post” (VBR pedicle
screws and rods) showed a higher stiffness than the
intact state. The isolated anterior instrumentation “ant”
(VBR + antero-lateral plate) was not able to restore
intact stiffness (Table 1). Significant differences could be
evaluated between the intact specimens “int” and the
combined antero-posterior instrumentation “360” (P =
0.004), between the isolated anterior instrumentation “ant”
and the combined antero-posterior instrumentation “360”
(P < 0.0001) and between the isolated anterior instru-
mentation “ant” and the isolated posterior instrumentation
“post” (P = 0.016).

Axial rotation

Compared to the intact specimen in axial rotation only
combined antero-posterior instrumentation “360” (VBR,
antero-lateral plate + pedicle screws and rods) showed a
higher stiffness than the intact state. Neither isolated
instrumentation (VBR + antero-lateral
plate) nor isolated posterior instrumentation “post”
(VBR + pedicle screws and rods) could restore the stiff-
ness of the intact specimens (Table 2). Significant differ-
ences could be evaluated between the isolated anterior
instrumentation “ant” and the combined antero-posterior
instrumentation “360” (P < 0.0001) and between the

anterior ant”

Table 1 Normalized mean
ranges of motion (ROM)

State of specimens and test instrumentations

Normalized mean ROM (%) 4+ SD

(%) = SD in flexion/extension “int” (intact)

“ant” (VBR and antero-lateral plate)
“360” (VBR, antero-lateral plate and internal fixateur fixator)
“post” (VBR and internal fixator)

100

114 £+ 30
53 £29
79 £+ 34
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Table 2 Normalized mean
ranges of motion (ROM)

State of specimens and test instrumentations

Normalized mean ROM (%) £+ SD

(%) £ SD in axial rotation “int” (intact)

“ant” (VBR and antero-lateral plate)
“360” (VBR, antero-lateral plate and internal fixateur fixator)
“post” (VBR and internal fixator)

100

161 + 48
73 + 37
143 + 47

Table 3 Normalized mean
ranges of motion (ROM)

State of specimens and test instrumentations

Normalized mean ROM (%) + SD

(%) £ SD in lateral bending “int” (intact)

“ant” (VBR and antero-lateral plate)
“360” (VBR, antero-lateral plate and internal fixateur fixator)
“post” (VBR and internal fixator)

100

89 £43
45 £ 32
82 £ 34

combined antero-posterior instrumentation “360” and the
isolated posterior instrumentation “post” (P < 0.001).

Lateral bending

In lateral bending all instrumentations showed a higher
stiffness in comparison to the intact specimens. The com-
bined antero-posterior instrumentation “360” (VBR, antero-
lateral plate + pedicle screws and rods) showed the highest
reduction of range of motion (Table 3). The combined
antero-posterior instrumentation “360” showed a significant
reduction in ROM compared to the intact specimens ( “int”)
(P = 0.002) and the isolated anterior (“ant”) and posterior
(“post’) instrumentations (P = 0.001).

Discussion

The purpose of this study was to evaluate the biomechan-
ical behaviour of an in situ distractible VBR and an antero-
lateral plate and/or combined with pedicle screws and
rods using a human cadaveric corpectomy defect model.
Until now, the VBR and the antero-lateral plate used in this
study have not been tested together using a human spine
specimen.

Similar to our test scenario Rohlmann et al. [27] eval-
uated the biomechanical behaviour of an in situ distractible
VBR combined with pedicle screws and rods in a total
corpectomy L3 model using a three-dimensional, non-linear
finite element model of the lumbar spine. After posterior
instrumentation and VBR implantation, no significant differ-
ences regarding the three-dimensional stiffness could be
observed.

Knop et al. [17] compared a non-expandable VBR and
an in situ expandable VBR, each of them combined with an
anterior instrumentation and/or pedicle screws and rods in
12 human cadaveric spines using a total L1 corpectomy

@ Springer

defect model. The authors evaluated an isolated anterior
instrumentation and combined antero-posterior instrumen-
tation. Combined antero-posterior instrumentations showed
significantly higher stability in flexion/extension and lateral
bending compared to isolated anterior or posterior instru-
mentations, independent of the used VBR (expandable or
non-expandable). In axial rotation no differences could be
observed and no implant combination was able to restore
the rotational stability of the intact specimens. Comparing
two vertebral body replacement implants, significantly
higher stability was noted for the expandable VBR com-
bined with isolated pedicle screws and rods for extension,
lateral bending and axial rotation. The authors could not
observe any differences between the expandable and non-
expandable VBR combined with isolated anterior instru-
mentation. The same biomechanical results could be
observed in our own present study: The VBR combined
with posterior pedicle screws and rods showed significant
higher stability in the stabilization of a total corpectomy
defect model for extension, lateral bending and axial
rotation than isolated anterior or posterior instrumentations.

Similar to our own and the results of Knop et al. [17]
were reported by Khodadadyan-Klostermann et al. [15] and
Pflugmacher et al. [25]. The authors compared the stability
of three in situ expandable VBRs and one non expandable
VBR combined with pedicle screws and rods and/or an
anterior instrumentation with a locked angular stable plate
(“LCDCP”) using a total corpectomy model L1. Overall,
the authors could not find any differences in the biome-
chanical performance between the non-expandable and in
situ expandable VBRs. The isolated anterior instrumenta-
tions (VBR + antero-lateral plate) showed a significantly
lower stiffness and a higher range of motion than the intact
specimens. An additional posterior instrumentation signif-
icantly increased the stiffness and reduced the range of
motion in all motion planes. The highest stiffness and
the lowest range of motion were reported for combined
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antero-posterior instrumentation (VBR, anterior locking
plate 4 pedicle screws and rods). The results of Khoda-
dadyan-Klostermann et al. [15] and Pflugmacher et al. [25]
were confirmed also by our own results. An additional plate
stabilisation of a VBR and pedicle-screw/rod construct
improves the stability of an instrumented total corpectomy
defect model and shows the highest stiffness and most
reduced range of motion in all motion planes.

Results of an isolated anterior vertebral body replace-
ment were reported by Claes et al. [7] and Schulte et al.
[29]. Claes et al. [7] evaluated the stability of a vertebral
body replacement prototype for the metastatic spine. The
implant consisted of bone-integrating biocompatible
materials, a bioglass-polyurethan spacer (PU-C) with
integrated plate and screws of carbon-fibre reinforced
polyetheretherketone (CF-PEEK), which can be used to fix
the spacer antero-lateral at the cranial and caudal adjacent
vertebral endplates. The biomechanical testing was per-
formed using a total corpectomy L1 defect model at six
human lumbar spine specimens. The PU-C spacer com-
bined with CF-PEEK plate was compared with other
anterior instrumentations: a modular segmental spinal
system spacer + a lateral placed compression plate system,
a modular segmental spinal system spacer + a lateral
placed 90-mm long stabilization system and the PU-C
spacer + a new 100-mm long antero-lateral placed device
system. The authors showed the highest stiffness in all
three anatomical directions for the PU-C spacer + the CF-
PEEK plate. After corpectomy and instrumentation of the
defect by the various implant systems, ROM in flexion/
extension was smaller than in the intact spine for all
instrumentations. In lateral bending the instrumentation
with PU-C spacer + CF-PEEK plate and the PU-C
spacer + the new 100-mm long antero-lateral placed
device system reduced the RoM, while in axial rotation
only the instrumentation with the PU-C spacer + the
CF-PEEK plate showed a reduced ROM compared to the
intact spine. Therefore, they concluded, that the prototype
showed biomechanically comparable results to other stud-
ies investigating anterior plating systems or anterior com-
pression plates. These biomechanical in vitro results [7]
could be confirmed by Schulte et al. [29] who investigated
the same PU-C spacer 4+ the CF-PEEK plate in a pro-
spective in vivo study in five patients with metastatic
lesions at the lumbar spine (L1-L4) which were treated by
total corpectomy. The authors described a good primary
stability in all cases. Follow-up using CT and MRI revealed
a progressive osseous integration of the PU-C spacer in the
four patients surviving more than 6 months. Results
obtained from imaging methods were verified by biome-
chanical investigation of an explanted autopsy specimen.
The biomechanical and in vivo results of Claes et al. [7]
and Schulte et al. [29] could not be compared directly to

our own evaluations, because the implants used by the
authors were manufactured with varying design and
material. In vivo usage of conventional VBRs combined
with pedicle screws/rods and anterior plating provides also
a good primary stability.

Biomechanical analysis using isolated anterior instru-
mentations of a total corpectomy defect model were also
performed by Disch et al. [9]. The authors combined an in
situ expandable VBR with an anterior angle stable plating
system and a polyaxial plating-system. The angular stable
system combined with a VBR showed better results in
lateral bending and axial rotation than the combination of
VBR and polyaxial plating system. In flexion/extension no
differences between the different anterior instrumentations
could be observed. Similar to the own results, the isolated
anterior instrumentations, only reduced the intact range of
motion in lateral bending (ROM). In flexion/extension and
axial rotation, the ROM could also not be reduced to the
magnitude of the intact specimens. In accordance to our
own results, Disch et al. [9] showed, that isolated anterior
instrumentations with VBRs and additional anterior plating
(polyaxial and angular stable systems) are not suitable in
the stabilisation of total corpectomy defect models.

Biomechanical test set-ups of the spine have well known
limitations. Due to the in vitro model used in the current
experiments any influences of spinal muscles cannot be
assessed. Secondary influences of in vivo factors, such as
tissue healing and bony consolidation cannot be analysed.
Therefore, transferring results of biomechanical investiga-
tions to the clinical situation remains difficult. Regarding
these limitations, our investigations showed comparable
results to the literature [9, 15, 17, 25].

A stabilization of a total corpectomy model in all three
motion planes could only be achieved by combined antero-
posterior instrumentation “360” (VBR, antero-lateral
plate 4 pedicle screws and rods). Neither isolated anterior
instrumentation “ant” (VBR and antero-lateral plate) nor
isolated posterior instrumentation “post” (VBR + pedicle
screws and rods) could stabilize the total corpectomy
defect model in axial rotation to values in the range of the
intact specimen. Regarding our own biomechanical results
and the reported literature, we recommend combined
antero-posterior instrumentation in clinical usage to achieve
stability when treating rotationally unstable vertebral
fractures.

Conclusion
For a rotationally unstable vertebral body fracture—in this
study simulated by a total corpectomy model—only com-

bined antero-posterior instrumentation showed a higher
stiffness than the intact specimens, in all motion planes.
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Therefore, the combined antero-posterior instrumentation
should be used when treating rotationally unstable frac-
tures, to obtain primary fracture stability comparable to
pre-fractured values.
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