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Abstract Cervical corpectomy is a
frequently used technique for a wide
variety of spinal disorders. The most
commonly used approach is ante-
rior, either with or without plating.
The results for single-level corpec-
tomy are better than in multilevel
procedures. Nevertheless, hardware-
or graft-related complications are
observed. In the past, constrained
implant systems were developed and
showed encouraging stability, espe-
cially for posterior screw and rod
systems in the lumbar spine. In the
cervical spine, few reports about the
primary stability of constrained sys-
tems exist. Therefore, in the present
study we evaluated the primary
stability of posterior screw and rod
systems, constrained and non-con-
strained, in comparison with ante-
rior plating and circumferential
instrumentations in a non-destruc-
tive set-up, by loading six human
cadaver cervical spines with pure
moments in a spine tester. Range of
motion and neutral zone were mea-
sured for lateral bending, flexion/
extension and axial rotation. The
testing sequence consisted of: (1)
stable testing; (2) testing after
destabilization and cage insertion;
(3a) additional non-constrained
screw and rod system with lateral
mass screws, (3b) with pedicle screws
instead of lateral mass screws; (4a)

constrained screw and rod system
with lateral mass screws, (4b) with
pedicle screws instead of lateral mass
screws; (5) 360�set-up; (6) anterior
plate. The stability of the anterior
plate was comparable to that of the
non-constrained system, except for
lateral bending. The primary stabil-
ity of the non-constrained system
could be enhanced by the use of
pedicle screws, in contrast to the
constrained system, for which a
higher primary stability was still
found in axial rotation and flexion/
extension. For the constrained sys-
tem, the achievable higher stability
could obviate the need to use pedicle
screws in low instabilities. Another
benefit could be fewer hardware-
related complications, higher fusion
rate, larger range of instabilities to
be treated by one implant system,
less restrictive postoperative treat-
ment and possibly better clinical
outcome. From a biomechanical
standpoint, in regard to primary
stability the constrained systems,
therefore, seem to be beneficial.
Whether this leads to differences in
clinical outcome has to be evaluated
in clinical trials.
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Introduction

Posterior screw and rod systems for spinal fusion pro-
cedures are increasingly used. In the cervical spine they
showed superior biomechanical stability in comparison
with posterior plating [19], whereas the posterior plates
had stability benefits compared with anterior plating [11,
42]. The effect of constrained (rigid) systems in the
lumbar spine has already been evaluated [7, 34, 50],
whereas studies for the cervical spine are rare. The
higher stability of pedicle screws in comparison with
lateral mass screws [26, 27] led to a frequent use in the
lumbar spine [1, 4, 5, 6, 23, 32, 35] for various spinal
disorders, including spondylolisthesis, scoliosis or
degenerative conditions, and to a lesser degree in the
cervical spine [2, 3]. Acceptable complication rates were
observed [18, 57]. The goal of this study was to evaluate
the primary stability potential of posterior constrained
and non-constrained screw and rod systems with lateral
mass and pedicle screws in comparison with anterior
plating and circumferential instrumentations in a cervi-
cal spine single-level corpectomy model.

Material and methods

In this study six human cadaveric specimens (two males,
four females, mean age 80 years, range 66–92 years),
consisting of C2 to at least T1 were used. After exam-
ination of the specimen, plain radiographs were taken,
to exclude structural damage. When no abnormality was
detected, specimens were then stored frozen at )20�C in
triple-sealed plastic bags until preparation. The muscle
tissue was removed, while all ligaments and bony
structures were preserved. During preparation and
testing, the specimens were kept moist with saline solu-
tion to prevent dehydration. As studies showed [37, 55],
handling specimens as described does not affect their
biomechanical properties.

After preparation of the specimen, bone mineral
density was measured in the vertebral bodies of C4 and
C6 by quantitative computed tomography (XCT 960,
Stratec Medizintechnik, Pforzheim, Germany). Short
screws were then partially driven into the cranial and
caudal vertebrae to obtain a better anchorage of the
vertebrae in the polymethylmethacrylate. The ending
vertebrae were then embedded in polymethylmethacry-
late (Technovit 3040, Heraeus Kulzer, Wehrheim,
Germany). The motion-analysis system was fixed to the
C4 and C6, by laterally screws inserted into the vertebral
bodies.

The corpectomy C5 was created with ordinary clini-
cal instruments (rongeurs, high-speed air drill) with a
width of at least 16 mm, while the posterior longitudinal
ligament was preserved. For accommodation of the cage

with force sensor, a small hole was drilled in the adjacent
endplates. The miniature load cell (type 8413, Burster
Präzisionsmeßtechnik, Gernsbach, Germany) was
placed in a purpose-built cage based on a routinely used
cage (ADD, Ulrich Medizintechnik, Ulm, Germany),
with spikes at the superior and inferior end, which pre-
vented the cage from slipping. Adjustment of the cage to
the desired graft height was provided by either a screw
thread at the lower end of the cage or by use of two
stainless steel tubes of different lengths.

The testing sequence consisted of:

1. Stable testing of the intact specimen (intact)
2. Testing after destabilization and cage insertion

(cage)
3a. Additional Cervifix [22] (Synthes, Umkirch, Ger-

many) instrumentation with 3.5 mm lateral mass
screws (NC-LM) (Fig. 1)

3b. Cervifix with 3.5 mm pedicle screws, instead of lat-
eral mass screws (NC-P)

4a. Neon occipito-cervical system [43, 44] (Ulrich
Medizintechnik, Ulm, Germany) with 4.0 mm
cannulated lateral mass screws (C-LM) (Fig. 2)

4b. Neon with 4.0 mm pedicle screws, instead of lateral
mass screws (C-P)

5. 360� set-up (Fig. 3): a combination of the anterior
plate and the constrained screw and rod system with
pedicle screws (C-P)

6. Anterior plate (OAP) (Osmium, Ulrich Medizin-
technik, Ulm, Germany)

After destabilization, the specimens were mounted in
the spine tester with free movement in all directions. The
force sensor in the cage was then adjusted to 40 N,
thereby providing equal preload with respect to the
individual neutral position of every cervical spine.

Fig. 1 Non-constrained screw and rod system with lateral mass
screws (NC-LM)
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The spine tester used was described in detail previ-
ously [54]. A high-resolution, non-contacting ultrasound
motion-analysis system (Zebris, Isny, Germany, resolu-
tion 0.06�) was used for measuring segmental motion.
Loads were applied as pure moments in alternating se-
quences for right/left lateral bending (±Mx), flexion/
extension (±My) and right/left axial rotation (±Mz)
with ±2.5 Nm for all directions. Every instrumentation
was tested with three cycles. The first two cycles were
needed to precondition the specimens and to minimize
viscoelastic effects, whereas the third was recorded, and
range of motion (ROM) and neural zone (NZ) were
evaluated [56]. The test set-up was described and used in
a previous study [46]. The testing procedure was
conducted according to the recommendations for the

standardization of in vitro stability testing of spinal
implants [56].

For statistical analysis, a nonparametric test (Wilco-
xon signed rank test) was chosen due to missing normal
distribution. Calculations were performed by commer-
cial statistics software (StatView 4.0, Abacus Concepts,
USA). Adjustment for multiple testing was not per-
formed, as this would have resulted in a great loss of
information. Consequently, a p<0.05 was not rated as
significant, but rather as a tendency towards a relevant
difference of the results compared.

Results

For lateral bending the highest median ROM was found
in the intact state, closely followed by the cage (Fig. 4).
Consequently, except for the cage, all the instrumenta-
tions showed a p<0.05 compared with the intact state
and the cage (Table 1). This was the same for the OAP,
which had the third-highest ROM, when compared with
the other instrumentations. The non-constrained system
with pedicle screws (NC-P) and the other posterior
instrumentations showed no differences among each
other, but had a benefit against the non-constrained
system with lateral mass screws (NC-LM) (Table 1). In
contrast, for the constrained system no distinct differ-
ence was observed between pedicle and lateral mass
screws.

The intact state and the cage showed in flexion/
extension, again, close median ROM values and indis-
tinct p values, as in lateral bending (Fig. 5, Table 2). In
contrast to lateral bending, in the non-constrained sys-
tem no difference for the various screws was observed
(NC-P vs NC-LM p>0.05), although a slightly higherFig. 3 Circumferential instrumentation (360�)

Fig. 4 Median ROM (dark plot) and NZ (bright plot), minimal and
maximal values for lateral bending in degrees. 1.) stable testing, 2.)
testing after destabilization and cage insertion, 3a) additional non-
constrained screw and rod system with lateral mass screws 3b) with
pedicle screws instead of lateral mass screws; 4a) constrained screw
and rod system with lateral mass screws 4b) with pedicle screws
instead of lateral mass screws, 5.) 360�, 6.) anterior plate

Fig. 2 Constrained screw and rod system with lateral mass screws
(C-LM)
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median ROM occurred for the pedicle screws (Table 2).
This led to a p>0.05 for the C-LM vs NC-LM com-
parison, but p<0.05 for C-LM vs NC-P. The screw type
again had no effect in the constrained group (p>0.05).
The stability of the anterior plating and the non-con-
strained screw and rod system showed no difference,
whereas the 360� set-up had a p<0.05 compared with all
other instrumentations.

The anterior plate did not have, in axial rotation,
more stability than the intact state or the cage. At the
same time, both screw-and-rod systems had p<0.05
compared with intact state and cage (Table 3), but only
the constrained system and the 360� set-up had a benefit
compared with the anterior plate. There was a difference
for the pedicle screws in the non-constrained group (NC-
P vs NC-LM p<0.05), in contrast to the constrained
system (NC-LM vs NC-P p>0.05). The constrained

system, independent of screw type, and the circumfer-
ential set-up had a lower median ROM (p<0.05) than
the non-constrained system (Fig. 6).

The median BMD was 179.9 mg/cm3 in the vertebral
bodies of C4, with a range of 99.3–303.6 mg/cm3 and
194.4 mg/cm3 (range 159.4–274.1 mg/cm3) for C6.

Discussion

The anterior plate showed a comparable stability to the
non-constrained screw and rod system for flexion/
extension and axial rotation. A difference was observed
only for lateral bending (Figs. 4, 5, 6). This is in contrast
to the results from a multilevel study [46], where the
results for the anterior plating were worse. It seems that
the anterior plate reaches its limits when a higher
instability is to be treated. Paramore et al. [38] found
that anterior plate length is predictive of plate failure.
Sasso et al. [45] found 94% successful fusions for a two-
level corpectomy, whereas they had construct failures in
five of seven patients (71%) with a three-level corpec-
tomy. ElSaghir et al. [13] found more hardware-related
problems for anterior plating in double-level than in
single-level corpectomy. Whether the limiting number of
corpectomy levels for anterior plating is 2 or 3 has not
been definitively established.

The tested anterior plate was unlocked, which can
affect the primary stability. Spivak et al. [49] showed a
higher primary stability and after-cyclic loading for
locked (constrained) anterior plates. Lowery and
McDonough found significantly fewer failures for con-
strained anterior plates than non-constrained [31].
Conversely, Epstein et al. [15] had the highest failure rate
for single-level anterior cervical corpectomy and plating
(ACF) when using a constrained system, in comparison
with semi-rigid and dynamic plating. This could be due
to graft settling and ‘‘stress shielding’’ of the constrained

Table 1 Median range of motion (ROM) values for lateral bending in degrees (first line) and p values

ROM 1. Intact 2. Cage 3a. NC-LM 4a. C-LM 3b. NC-P 4b. C-P 5. 360� 6. OAP
11.2 10.7 4.3 1.1 1.3 0.8 0.8 6.7

2. Cage 0.4631 – – – – – – –
3a. NC-LM 0.0277 0.0277 – – – – – –
4a.C-LM 0.0277 0.0277 0.0277 – – – – –
3b. NC-P 0.0277 0.0277 0.0277 0.6858 – – – –
4b. C-P 0.0277 0.0277 0.0277 0.1380 0.0679 – – –
5. 360� 0.0277 0.0277 0.0277 0.4631 0.3454 0.3454 – –
6. OAP 0.0277 0.0277 0.0464 0.0277 0.0277 0.0277 0.0277 –

1. Stable testing
2. Testing after destabilization and cage insertion
3a. Additional non-constrained screw and rod system with lateral
mass screws
3b. Non-constrained system with pedicle screws instead of lateral
mass screws

4a. Constrained screw and rod system with lateral mass screws
4b. Constrained system with pedicle screws instead of lateral mass
screws
5. 360� set-up
6. Anterior plate

Fig. 5 Median ROM (dark plot) and NZ (bright plot), minimal
and maximal values for flexion/extension in degrees. 1.) stable
testing, 2.) testing after destabilization and cage insertion, 3a)
additional non-constrained screw and rod system with lateral mass
screws 3b) with pedicle screws instead of lateral mass screws; 4a)
constrained screw and rod system with lateral mass screws 4b) with
pedicle screws instead of lateral mass screws, 5.) 360�, 6.) anterior
plate
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plate, in which the plate acts as a barrier. This prevents
changes of the length of the anterior column, possibly
leading to pseudarthrosis in the case of graft settling.
Dynamic, or ‘‘translational,’’ systems that are supposed
to reduce these effects still have a plate- or graft-related
complication rate of 9.5% [17]. The benefit of dynamic
plates seems to be the incorporation of the graft into the
system, by keeping it loaded. Brodke et al. [9] found an
axial load transfer of more than 60% to the graft for
locked and dynamic plates with a full-length graft. When
graft subsidence occurred, the transmitted load to the
graft was significantly lower, which led to significant
stiffness differences in flexion/extension, but not for
lateral bending where the locked plates were more sta-
ble. In axial rotation the graft loading had no effect on
stiffness, as the graft does not provide additional resis-
tance in axial torsion. Therefore, the stabilizing potential
of dynamic anterior plating for higher instabilities seems
questionable. The combination of a posterior implant
and a dynamic anterior plate in difficult cases (e.g.,
morbidly obese patients) could lessen or avoid plate-
related problems [16]. However, then the question arises

as to whether a combined procedure is required. Do
Koh et al. [11] found no significant improvement of
stability in combined anterior-posterior fixation in
comparison with anterior graft and posterior plating.
This is in line with our results, in which the circumfer-
ential instrumentation had no distinct benefit for sta-
bility in lateral bending and axial rotation, when
comparing with the constrained system with pedicle
screws (Figs. 4, 6). The difference in flexion/extension
(Fig. 5) is due to the anterior plate, which had its
greatest stabilizing effect in flexion/extension. As the
clinical results and complication rates differ widely be-
tween single and multilevel corpectomy, there seems to
be no need for such a complex procedure in single-level
instability when using anterior graft and posterior
instrumentation. This is reflected when comparing the
results of this study and the multilevel [46] one.

The question as to whether ‘‘stress shielding’’ for
posterior implants occurs is not answered. Some expect
a favorable environment for fusion by dynamic devices
[47]. Others [53, 58] prefer constrained systems in the
lumbar spine. Stress shielding for posterior implants is

Table 2 Median range of motion (ROM) values for flexion/extension in degrees (first line) and p values

ROM 1. Intact 2. Cage 3a. NC-LM 4a. C-LM 3b. NC-P 4b. C-P 5. 360� 6. OAP
20.4 19.0 6.2 4.2 6.9 4.0 1.3 5.5

2. Cage 0.7532 – – – – – – –
3a. NC-LM 0.0277 0.0277 – – – – – –
4a.C-LM 0.0277 0.0277 0.1730 – – – – –
3b. NC-P 0.0277 0.0277 0.7532 0.0277 – – – –
4b. C-P 0.0277 0.0277 0.0277 0.6002 0.0277 – – –
5. 360� 0.0277 0.0277 0.0277 0.0277 0.0277 0.0464 – –
6. OAP 0.0464 0.0464 0.4631 0.0464 0.9165 0.0277 0.0277 –

1. Stable testing
2. Testing after destabilization and cage insertion
3a. Additional non-constrained screw and rod system with lateral
mass screws
3b. Non-constrained system with pedicle screws instead of lateral
mass screws

4a. Constrained screw and rod system with lateral mass screws
4b. Constrained system with pedicle screws instead of lateral mass
screws
5. 360� set-up
6. Anterior plate

Table 3 Median range of motion (ROM) values for axial rotation in degrees (first line) and p values

ROM 1. Intact 2. Cage 3a. NC-LM 4a. C-LM 3b. NC-P 4b. C-P 5. 360� 6. OAP
15.1 14.4 9.4 3.5 7.4 2.3 2.1 10.3

2. Cage 0.6750 – – – – – – –
3a. NC-LM 0.0464 0.0277 – – – – – –
4a.C-LM 0.0277 0.0277 0.0277 – – – – –
3b. NC-P 0.0277 0.0277 0.0464 0.0277 – – – –
4b. C-P 0.0277 0.0277 0.0277 0.1056 0.0277 – – –
5. 360� 0.0277 0.0277 0.0277 0.0277 0.0277 0.3454 – –
6. OAP 0.2489 0.1159 0.2489 0.0277 0.0747 0.0277 0.0277 –

1. Stable testing
2. Testing after destabilization and cage insertion
3a. Additional non-constrained screw and rod system with lateral
mass screws
3b. Non-constrained system with pedicle screws instead of lateral
mass screws

4a. Constrained screw and rod system with lateral mass screws
4b. Constrained system with pedicle screws instead of lateral mass
screws
5. 360� set-up
6. Anterior plate
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probably prevented by the fact that the so-called con-
strained or rigid implants are not what they are sup-
posed to be in vivo. Although, within the system, a rigid
interface connection may be achieved up to the
mechanical limiting force, which overcomes the screw/
nut stability, the biological bone–metal (screw–bone)
interface is already under physiological loads, semi-rigid,
especially after cyclic loading. This, theoretically, allows
the graft to settle. Thereby, in contrast to anterior plates,
the most rigid implant could be used without unloading
the graft, keeping it under axial load and still giving
enough stability to keep the alignment and simplify
postoperative treatment.

The performance of anterior plating in this study
corresponds to the clinical results in single-level corp-
ectomy with fusion rates ranging 86–100%. Neverthe-
less, complication rates of 0–57% are reported [10, 12,
21, 33, 48, 51, 52], although a definite separation be-
tween single-level and multilevel results is not always
feasible in these studies. Up to 20% hardware-related
problems for anterior single-level procedures occur, such
as hardware failure, graft extrusion and pseudarthrosis
[13, 15, 17]. A re-operation is not always mandatory, but
the outcome for patients can be affected. This raises the
controversial question as to whether a more rigid fixa-
tion can enhance clinical outcome and reduce compli-
cation rates, or if constrained implants prevent fusion by
stress shielding. Johnston et al. suggested a benefit to
higher segmental stiffness, due to stiffer constructs of
larger rod diameters, in a goat thoracic model for short
[25] and long [24] segment fusions. Similar results were
also found by other authors [20, 34]. Besides improved
fusion rates, stiffer constructs could also lead to a lower
rate of early failures, which was found for plate and
screw failure in anterior plating [31]. The influence of
spinal fusions on accelerated adjacent-segment degen-

eration—a subject of controversy [29, 30, 39, 41]—is
probably not mainly dependent on implant rigidity but,
rather, on motion concentration by the bone graft [28].
Nevertheless, spinal fusions could increase degeneration
and should, therefore, be limited to as few levels as
possible. This is better facilitated by a higher primary
stability due to rigid implants.

The non-constrained system with pedicle screws had
advantages over the lateral mass screws in lateral
bending and axial rotation (Table 1, 3), in contrast to
the constrained system, in which no difference between
the screw types was obvious, independent of motion
direction (Figs. 4, 5, 6). This was in contrast to results of
a multilevel study [46] that found no benefit for the non-
constrained system with pedicle screws in flexion/exten-
sion and axial rotation, but did find one for the con-
strained system. The question is why the stability
enhancement by pedicle screws is not found for both
systems in both models?

The posterior screw and rod system can be divided
into three parts that determine stability. First, the screw–
bone interface includes the tightening of the screw,
which depends on the bone stock; screw length and
screw trajectory. This point seems, in this setting, sec-
ondary, because the bone stock was constant, as the
same specimens were used and the screw trajectories
were also identical. The second determining point is the
material properties, including diameter, of the rods or
screws. Deformation of the rods or screws was not seen
under the induced moments. Still, this could have af-
fected primary stability. If this had been the major rea-
son for the various stabilities achieved, the question
would be why the stabilizing effect of the pedicle screws
was not found in the single-level and multilevel model
for both systems. Therefore, the third point, the stability
of the screw–rod interface, seems to be the key one. In
the constrained system, the connection of screw and rod
is made by a nut compressing the connector to the screw
head. It is tightened over a thread fastened to the screw
head (Fig. 7). This is highly reproducible, independent
of the tightening of the screw in the bone stock. This
rigid fixation does not allow any motion at the screw–
rod interface, as long as the acting forces do not exceed
the torsional force of the screw–nut connection. For the
non-constrained system the screw–rod connection is
achieved by tightening the connector to the bone by the
screw (Fig. 7). The connector acts similarly to a shim. Its
stability is highly dependent on the tightening between
screw and bone. In osteoporotic bone, for example, the
lower degree of tightening of the screw into the vertebra
affects not only the screw–bone interface but conse-
quently also the screw–rod interface. The connector can
toggle between bone and screw-head in a certain range
of motion, until the end of the toggle range, where the
connector can regain stability by tilting. The total sta-
bility of the system is a consequence of the three parts

Fig. 6 Median ROM (dark plot) and NZ (bright plot), minimal
and maximal values for axial rotation in degrees. 1.) stable testing,
2.) testing after destabilization and cage insertion, 3a) additional
non-constrained screw and rod system with lateral mass screws 3b)
with pedicle screws instead of lateral mass screws; 4a) constrained
screw and rod system with lateral mass screws 4b) with pedicle
screws instead of lateral mass screws, 5.) 360�, 6.) anterior plate
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mentioned above, as long as the chain is not discon-
nected, e.g., by screw or rod failure. The material, screw
and rod diameters are inherent to the system; therefore,
only different screw trajectories and lengths can change
primary stability.

Since, in vivo, the forces acting on the implant are not
known exactly, it seems, from a biomechanical point of
view, safer to choose a more rigid implant to prevent
failure [20, 24, 25, 34]. If similar stability can be achieved
by different systems or screws, the easiest technique with
the lowest risk should be used. Nevertheless, clinical
results and outcomes do not depend only on primary
biomechanical stability. Restrictive postoperative treat-
ment can enhance clinical outcome. Bernhardt et al. [8]
found similar results in lumbar spine fusions for
instrumentation with and without pedicle screws; how-
ever, the postoperative regime was different—6 weeks
treatment with a thoracolumbosacral half-hip spica cast
for those without instrumentation, and no orthosis for
those with pedicle screw instrumentation. A higher pri-
mary stability can affect postoperative treatment by
restricting dangerous deflections of the spine before
bony union occurs. In our opinion, this is a point that
has to be considered when choosing a therapeutic
strategy, especially as the trend goes to faster rehabili-
tation. Implant failures can still lead, in the end, to solid
bone fusion or asymptomatic pseudarthrosis, although
this is frequently associated with a poor clinical outcome
[14, 36, 40] and should, therefore, be reduced as well as
possible.

Besides the general limitations of biomechanical in
vitro studies, we have to mention that no randomization
of the testing order was done in this study. This was due
to technical reasons. We wanted to evaluate instru-
mentations in the same specimen to minimize inter-
individual differences, and, additionally, we wanted to
use the same screw trajectories. As the screw diameters
of the two posterior systems were different (3.5 mm and
4 mm), it was predetermined that the non-constrained
system had to be tested first. Nevertheless, the con-

strained system tested after the non-constrained system
showed higher stability and the anterior plate in flexion/
extension had similar indistinct values compared with
the non-constrained system, thereby limiting the possi-
bility of an order effect. Nevertheless, such an effect
cannot be totally excluded. Additionally, the bigger
screw diameter of the constrained system could also
have an influence on the higher stability achieved by this
system compared with the non-constrained system.

Conclusions

This biomechanical study shows that the major limiting
factor—besides different screw sizes—of primary sta-
bility between constrained and non-constrained screw
and rod systems is the screw–rod interface, which leads
to a generally lower total system stability for the non-
constrained system. Although enhancement for the
NCS can be achieved by using pedicle screws in the
single-level model, the effect is overcome in the multi-
level model. This makes the use of pedicle screws and
their risk of complications questionable, when the same
primary stability is achievable by a rigid system with
lateral mass screws. No definitive answer has been
found as to whether higher primary stability leads to
higher fusion rates or lower complications, especially
when comparing different anterior plating systems with
posterior screw and rod systems. Moreover, the impact
of stress shielding for posterior implants, the contri-
bution to adjacent segment degeneration and the effect
of anterior dynamic systems are also not known.
Therefore, the ideal implant for cervical single-level and
multilevel corpectomies has yet to be found. More
basic and clinical studies are needed before these
questions can finally be answered by evidence, not by
surgeons’ preference.

Acknowledgment Support was provided by Ulrich Medizintechnik,
Ulm, Germany

Fig. 7 Screw–rod connection:
constrained system left and
non-constrained system right

378



References

1. Abdu WA, Wilber RG, Emery SE
(1994) Pedicular transvertebral screw
fixation of the lumbosacral spine in
spondylolisthesis. A new technique for
stabilization. Spine 19:710–715

2. Abumi K, Kaneda K (1997) Pedicle
screw fixation for nontraumatic lesions
of the cervical spine. Spine 22:1853–
1863

3. Abumi K, Itoh H, Taneichi H, Kaneda
K (1994) Transpedicular screw fixation
for traumatic lesions of the middle and
lower cervical spine: description of the
techniques and preliminary report.
J Spinal Disord 7:19–28

4. Aebi M (1988) Correction of degenera-
tive scoliosis of the lumbar spine. A
preliminary report. Clin Orthop 80–86

5. Aebi M, Etter C, Kehl T, Thalgott J
(1987) Stabilization of the lower tho-
racic and lumbar spine with the internal
spinal skeletal fixation system. Indica-
tions, techniques, and first results of
treatment. Spine 12:544–551

6. Ani N, Keppler L, Biscup RS, Steffee
AD (1991) Reduction of high-grade
slips (grades III-V) with VSP instru-
mentation. Report of a series of 41
cases. Spine 16:S302–310

7. Ashman RB, Galpin RD, Corin JD,
Johnston CE 2nd (1989) Biomechanical
analysis of pedicle screw instrumenta-
tion systems in a corpectomy model.
Spine 14:1398–1405

8. Bernhardt M, Swartz DE, Clothiaux
PL, Crowell RR, White AA 3rd (1992)
Posterolateral lumbar and lumbosacral
fusion with and without pedicle screw
internal fixation. Clin Orthop 109–115

9. Brodke DS, Gollogly S, Alexander
Mohr R, Nguyen BK, Dailey AT,
Bachus aK (2001) Dynamic cervical
plates: biomechanical evaluation of load
sharing and stiffness. Spine 26:1324–
1329

10. Brown JA, Havel P, Ebraheim N,
Greenblatt SH, Jackson WT (1988)
Cervical stabilization by plate and bone
fusion. Spine 13:236–240

11. Do Koh Y, Lim TH, Won You J, Eck J,
An HS (2001) A biomechanical com-
parison of modern anterior and poster-
ior plate fixation of the cervical spine.
Spine 26:15–21

12. Eleraky MA, Llanos C, Sonntag VK
(1999) Cervical corpectomy: report of
185 cases and review of the literature.
J Neurosurg 90:35–41

13. ElSaghir H, Bohm H (2000) Anterior
versus posterior plating in cervical
corpectomy. Arch Orthop Trauma Surg
120:549–554

14. Emery SE, Fisher JR, Bohlman HH
(1997) Three-level anterior cervical
discectomy and fusion: radiographic
and clinical results. Spine 22:2622–2624;
discussion 2625

15. Epstein NE (2001) Reoperation rates
for acute graft extrusion and pseu-
darthrosis after one-level anterior
corpectomy and fusion with and
without plate instrumentation: etiology
and corrective management. Surg
Neurol 56:73–80

16. Epstein NE (2002) Anterior dynamic
plates in complex cervical reconstructive
surgeries. J Spinal Disord Tech 15:221–
227

17. Epstein NE (2003) Anterior cervical
dynamic ABC plating with single level
corpectomy and fusion in forty-two
patients. Spinal Cord 41:153–158

18. Gaines RW Jr (2000) Current concepts
review: The use of pedicle-screw internal
fixation for the operative treatment of
spinal disorders. J Bone Joint Surg Am
82:1458–1476

19. Grubb MR, Currier BL, Stone J,
Warden KE, An KN (1997) Biome-
chanical evaluation of posterior cervical
stabilization after a wide laminectomy.
Spine 22:1948–1954

20. Gurr KR, McAfee PC, Warden KE,
Shih CM (1989) Roentgenographic and
biomechanical analysis of lumbar
fusions: a canine model. J Orthop Res
7:838–848

21. Herman JM, Sonntag VK (1994)
Cervical corpectomy and plate fixation
for postlaminectomy kyphosis. J Neu-
rosurg 80:963–970

22. Horgan MA, Kellogg JX, Chesnut RM
(1999) Posterior cervical arthrodesis
and stabilization: an early report using a
novel lateral mass screw and rod
technique. Neurosurgery 44:1267–1271;
discussion 1271–1272

23. Horowitch A, Peek RD, Thomas JC Jr,
Widell EH Jr, DiMartino PP, Spencer
CW 3rd, Weinstein J, Wiltse LL (1989)
The Wiltse pedicle screw fixation sys-
tem. Early clinical results. Spine 14:461–
467

24. Johnston CE 2nd, Ashman RB, Baird
AM, Allard RN (1990) Effect of spinal
construct stiffness on early fusion mass
incorporation. Experimental study.
Spine 15:908–912

25. Johnston CE 2nd, Welch RD, Baker
KJ, Ashman RB (1995) Effect of spinal
construct stiffness on short segment
fusion mass incorporation. Spine
20:2400–2407

26. Jones EL, Heller JG, Silcox DH, Hut-
ton WC (1997) Cervical pedicle screws
versus lateral mass screws. Anatomic
feasibility and biomechanical compari-
son. Spine 22:977–982

27. Kotani Y, Cunningham BW, Abumi K,
McAfee PC (1994) Biomechanical
analysis of cervical stabilization sys-
tems. An assessment of transpedicular
screw fixation in the cervical spine.
Spine 19:2529–2539

28. Krag MH (1991) Biomechanics of
thoracolumbar spinal fixation. A
review. Spine 16:S84–99

29. Lee CK (1988) Accelerated degenera-
tion of the segment adjacent to a lumbar
fusion. Spine 13:375–377

30. Leong JC, Chun SY, Grange WJ, Fang
D (1983) Long-term results of lumbar
intervertebral disc prolapse. Spine
8:793–799

31. Lowery GL, McDonough RF (1998)
The significance of hardware failure in
anterior cervical plate fixation. Patients
with 2- to 7-year follow-up. Spine
23:181–186; discussion 186–187

32. Marchesi DG, Aebi M (1992) Pedicle
fixation devices in the treatment of adult
lumbar scoliosis. Spine 17:S304–309

33. Mayr MT, Subach BR, Comey CH,
Rodts GE, Haid RW Jr (2002) Cervical
spinal stenosis: outcome after anterior
corpectomy, allograft reconstruction,
and instrumentation. J Neurosurg
96:10–16

34. McAfee PC, Farey ID, Sutterlin CE,
Gurr KR, Warden KE, Cunningham
BW (1989) 1989 Volvo Award in basic
science. Device-related osteoporosis
with spinal instrumentation. Spine
14:919–926

35. McAfee PC, Weiland DJ, Carlow JJ
(1991) Survivorship analysis of pedicle
spinal instrumentation. Spine
16:S422–427

36. Newman M (1993) The outcome of
pseudarthrosis after cervical anterior
fusion. Spine 18:2380–2382

37. Panjabi MM, Krag M, Summers D,
Videman T (1985) Biomechanical
time-tolerance of fresh cadaveric human
spine specimens. J Orthop Res
3:292–300

38. Paramore CG, Dickman CA, Sonntag
VK (1996) Radiographic and clinical
follow-up review of Caspar plates in 49
patients. J Neurosurg 84:957–961

379



39. Penta M, Sandhu A, Fraser RD (1995)
Magnetic resonance imaging assessment
of disc degeneration 10 years after
anterior lumbar interbody fusion. Spine
20:743–747

40. Phillips FM, Carlson G, Emery SE,
Bohlman HH (1997) Anterior cervical
pseudarthrosis. Natural history and
treatment. Spine 22:1585–1589

41. Rahm MD, Hall BB (1996) Adjacent-
segment degeneration after lumbar fu-
sion with instrumentation: a retrospec-
tive study. J Spinal Disord 9:392–400

42. Richman JD, Daniel TE, Anderson
DD, Miller PL, Douglas RA (1995)
Biomechanical evaluation of cervical
spine stabilization methods using a
porcine model. Spine 20:2192–2197

43. Richter M, Wilke HJ, Kluger P, Neller
S, Claes L, Puhl W (2000) Biomechan-
ical evaluation of a new modular rod-
screw implant system for posterior
instrumentation of the occipito-cervical
spine: in-vitro comparison with two
established implant systems. Eur Spine
J 9:417–425

44. Richter M, Schmidt R, Claes L, Puhl
W, Wilke HJ (2002) Posterior atlanto-
axial fixation: biomechanical in vitro
comparison of six different techniques.
Spine 27:1724–1732

45. Sasso RC, Ruggiero RA Jr, Reilly TM,
Hall PV (2003) Early reconstruction
failures after multilevel cervical corpec-
tomy. Spine 28:140–142

46. Schmidt R, Wilke H-J, Claes L, Puhl W,
Richter M (2003) Pedicle screws en-
hance primary stability in multilevel
cervical corpectomies: biomechanical in
vitro comparison of different implants
including constrained and non-con-
strained posterior instrumentations.
Spine 28:1821–1828

47. Seifert JL, Sairyo K, Goel VK, Grobler
LJ, Grosland NM, Spratt KF, Chesmel
KD (1999) Stability analysis of an en-
hanced load sharing posterior fixation
device and its equivalent conventional
device in a calf spine model. Spine
24:2206–2213

48. Seifert V, Stolke D (1991) Multiseg-
mental cervical spondylosis: treatment
by spondylectomy, microsurgical
decompression, and osteosynthesis.
Neurosurgery 29:498–503

49. Spivak JM, Chen D, Kummer FJ (1999)
The effect of locking fixation screws on
the stability of anterior cervical plating.
Spine 24:334–338

50. Steffee AD, Brantigan JW (1993) The
variable screw placement spinal fixation
system. Report of a prospective study of
250 patients enrolled in Food and Drug
Administration clinical trials. Spine
18:1160–1172

51. Tippets RH, Apfelbaum RI (1988)
Anterior cervical fusion with the Caspar
instrumentation system. Neurosurgery
22:1008–1013

52. Tominaga T, Koshu K, Mizoi K, Yo-
shimoto T (1994) Anterior cervical fix-
ation with the titanium locking screw-
plate: a preliminary report. Surg Neurol
42:408–413

53. Wetzel FT, Brustein M, Phillips FM,
Trott S (1999) Hardware failure in an
unconstrained lumbar pedicle screw
system. A 2-year follow-up study. Spine
24:1138–1143

54. Wilke HJ, Claes L, Schmitt H, Wolf S
(1994) A universal spine tester for in
vitro experiments with muscle force
simulation. Eur Spine J 3:91–97

55. Wilke HJ, Jungkunz B, Wenger K,
Claes LE (1998) Spinal segment range
of motion as a function of in vitro test
conditions: effects of exposure period,
accumulated cycles, angular-deforma-
tion rate, and moisture condition. Anat
Rec 251:15–19

56. Wilke HJ, Wenger K, Claes L (1998)
Testing criteria for spinal implants:
recommendations for the standardiza-
tion of in vitro stability testing of spinal
implants. Eur Spine J 7:148–154

57. Yahiro MA (1994) Comprehensive lit-
erature review. Pedicle screw fixation
devices. Spine 19:2274S–2278S

58. Zdeblick TA (1993) A prospective,
randomized study of lumbar fusion.
Preliminary results. Spine 18:983–991

380


	Sec1
	Sec2
	Fig1
	Sec3
	Fig3
	Fig4
	Fig2
	Sec4
	Tab1
	Fig5
	Tab2
	Tab3
	Fig6
	Sec5
	Ack
	Fig7
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR56
	CR57
	CR58

