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Abstract

Background: Anterior bone grafts are used as struts to reconstruct the anterior column of the spine in kyphosis or
following injury. An incomplete fusion can lead to later correction losses and compromise further healing. Despite
the different stabilizing techniques that have evolved, from posterior or anterior fixating implants to combined
anterior/posterior instrumentation, graft pseudarthrosis rates remain an important concern. Furthermore, the need
for additional anterior implant fixation is still controversial. In this bench-top study, we focused on the graft-bone
interface under various conditions, using two simulated spinal injury models and common surgical fixation
techniques to investigate the effect of implant-mediated compression and contact on the anterior graft.

Methods: Calf spines were stabilised with posterior internal fixators. The wooden blocks as substitutes for strut
grafts were impacted using a “pressfit” technique and pressure-sensitive films placed at the interface between the
vertebral bone and the graft to record the compression force and the contact area with various stabilization
techniques. Compression was achieved either with posterior internal fixator alone or with an additional anterior
implant. The importance of concomitant ligament damage was also considered using two simulated injury models:
pure compression Magerl/AO fracture type A or rotation/translation fracture type C models.

Results: In type A injury models, T mm-oversized grafts for impaction grafting provided good compression and fair
contact areas that were both markedly increased by the use of additional compressing anterior rods or by
shortening the posterior fixator construct. Anterior instrumentation by itself had similar effects. For type C injuries,
dramatic differences were observed between the techniques, as there was a net decrease in compression and an
inadequate contact on the graft occurred in this model. Under these circumstances, both compression and the
contact area on graft could only be maintained at high levels with the use of additional anterior rods.

Conclusions: Under experimental conditions, we observed that ligamentous injury following type C fracture has a
negative influence on the compression and contact area of anterior interbody bone grafts when only an internal
fixator is used for stabilization. Because of the loss of tension banding effects in type C injuries, an additional
anterior compressing implant can be beneficial to restore both compression to and contact on the strut graft.
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Background

Surgical spinal fracture repair can be achieved via nu-
merous techniques employing a posterior, anterior or
combined approach. In unstable spinal fracture cases, in
which the weight bearing role of the anterior column is
compromised, anterior reconstruction is required, using
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either iliac crest autograft or a distractable vertebral body
implant in addition to stabilizing implants. Most surgeons
use distractible implants combined with a cancellous bone
or allograft to bridge bi-segmental lesions, whereas frac-
tures limited to one injured segment and disc space can be
treated by monosegmental fusion through bone strut grafts
[1]. The relatively high rate of pseudarthrosis following
anterior strut grafting of 17-35% [2-4] has caused much
debate amongst surgeons as to if and when additional
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anterior implants should be used to secure the bone
grafts. Since bony non-union can have either a biological
or biomechanical etiology, it is important to elucidate the
role of implants on anterior bone grafts in driving the
biomechanical causes of pseudarthrosis in these spinal
trauma patients.

Bony fusion is essential in order to preserve the initial
reduction obtained from the surgical procedure. Numerous
factors can have an effect on bone fusion rates in spinal
trauma repair. While many studies have examined the bio-
mechanics of a range of instrumentation for spinal fixation,
these studies limit their focus to corpectomy surgical
models [5-8]. Some surgeons prefer the additional use of
anterior locking screw-plates or screw-rods in conjunction
with the common posterior fixation implants. However,
while these additional implant devices might support the
fixation and maintain reduction in the spine, they can also
increase the stiffness at the segmental level. Consequently,
concerns have been expressed that rigid fixation, such as
that seen with static anterior plating, may result in graft
stress shielding, thereby reducing the mechanical load
that is necessary for the success of graft healing [9]. Rigid
implants may also prevent gap closure following graft
subsidence or contact osteolysis [5]. Thus, the necessity
for additional anterior implants in unstable spinal fix-
ation cases should be given serious consideration.

Bone grafts should be maintained under maximum
compression to optimize fusion [6]. Many authors have
indicated the importance of implant-mediated compres-
sion on strut grafts for healing [10,11]. It is therefore im-
portant to focus on the graft-bone interface in order to
differentiate which fixation technique could best achieve
the desired level of compression. Biomechanical studies
also show that spinal ligament structures play an important
role in restricting segmental movement and providing sta-
bility to implant constructs [12-14]. This is particularly im-
portant in severely unstable rotation/translation type C
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fractures [15], where there is often disruption of the longi-
tudinal spinal ligaments. Approximately 20% of all spinal
fractures demonstrate longitudinal ligament disruption,
which is occasionally exceeded depending on case series in
specialized centers [16,17].

To determine which technique would preserve the max-
imum compression and contact in the graft-vertebral bone
interface, the aim of this ex vivo study was to investigate
the compression and fixation capabilities of posterior, an-
terior and combined instrumentation with internal fixator
and anterior implants on monosegmental strut graft repair,
and to examine the role of severed spinal ligaments in
these treatment strategies.

Methods

Fresh-frozen thoracolumbar calf spines (E. Schmidt &
Son, inc., Neunkirchen, Germany) were immediately used
after thawing and preparation, in which surrounding soft
tissue and muscles were dissected with care to preserve
bone, discs and spinal ligaments. An incomplete burst frac-
ture model, representing the Magerl/AO type A3.1 fracture
[15] (Figure 1a), was created to simulate the fracture zone.
This was done by resecting the cranial part of L1, including
its posterior wall section and cranial disc, but leaving the
anterior longitudinal ligament intact. The resection borders
were kept strictly parallel through the use of a template
and an oscillating saw to reflect an ideal intraoperative situ-
ation before insertion of the block graft.

To investigate the influence of the injury pattern on
bone graft measures, we randomly assigned specimens
into two groups of different fracture types, according
to the Magerl/AO spinal fracture classification [15]: group
A-Type (n =8), as pure compression injuries treated
as described above, and group C-Type (n=38), which
represented fractures combined with ligamentous in-
jury that caused rotational/translation instability. In the
group C-Type, all of the soft tissues (anterior and posterior

Figure 1 Clinical background of the study. Radiographs of a patient with an L1 fracture type A3.1 stabilized with an internal fixator and
“pressfit” anterior strut autograft from the iliac crest. a) preoperative CT; b) postoperative fixation; ¢) analogous study specimen (calf
spine). For experiments, thoracolumbar calf spine segments were stabilised posteriorly by internal fixator. The equivalent of a cranial burst
zone was then cut with the help of a template to simulate an idealized notch within which the block graft was impacted.
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longitudinal ligaments, ligamentum flavum and interspinal
ligaments; facet joint capsules) were transected with a scal-
pel at the Th12/L1 level (Figure 2).

All specimens were stabilised according to standard
protocols, with a posterior stabilizing internal fixator
through transpedicular Schanz-screws (USS™-fracture
Fixator®, Synthes, Oberdorf, Switzerland) or an anterior
locking screw single rod construct (Ventrofix®, Synthes,
Oberdorf, Switzerland) (Figure 2). Normal lordosis and
interbody spacing were maintained in the specimens to
simulate a hypothetical reduction.

Iliac crest autografts were simulated by wooden blocks
(20 x 30 mm) cut to an appropriate gap length, with a
1 mm overhang to create a “pressfit” situation that reflects
the method used in the clinical setting (Figure 1b,c).
The specimens were kept moist with saline solution
spray during the course of the experiments at constant
room temperature.

Compression force and the contact area on the grafts
were measured with thin, electro-resistive sensor films
(sensor model 5033, Iscan® Tekscan Inc., South Boston,

Figure 2 Stabilised calf spine specimen, with block as a strut graft
substitute and sensor in situ, showing the combined fixation
method by posterior fixator (“USS” Internal Fixator”, Synthes®)
and anterior rod (Ventrofix , Synthes®) under compression. This
setup illustrates an experiment of group C-Type, in which all
ligamentous connections were transected to represent an AO
type C injury. (Arrow: separated anterior longitudinal ligament).
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MA) that had been inserted into the defect site before
the block grafts were impacted. New sensors were used
for each series of experiments to minimize the effect of
sensor deterioration. Conditioning and calibration was
performed according to the manufacturer’s recommenda-
tions and methodology, as described previously [16,18].
The accuracy and reproducibility of this system have been
reported in prior studies [19,20].

Compressive force (N) and contact area (mm?) of the
grafts were recorded online for 3 sec. with sensor scan-
ning at 100 Hz. The signals were averaged and processed
by the Iscan® software during the setup conditions that
reflect surgical practice, as follows:

IF Pressfit graft impaction into the defect on internal
fixator stabilized specimens.

AR/IF As previous, but with supplemental anterior
compression by Ventrofix® single rod implant.

IF + PC After posterior compression by internal fixator
only, with no anterior implant.

AR Anterior compression by anterior single rod
stabilisation alone (Ventrofix®).

This allowed investigation of the four common surgi-
cal applications for anterior strut graft fixation: by (1) an
internal fixator, (2) anterior interbody implant-mediated
compression in addition to an internal fixator, (3) pos-
terior interbody compression by the internal fixator or
(4) anterior interbody compression by the anterior com-
pressing implant only. Instrumentation and compression
techniques were performed following the manufacturers’
instructions and manuals by an experienced surgeon.

The collected data for compressive force and contact
area were calculated as the mean and standard deviation
(in parentheses). After testing for normality, these values
were then compared for statistical significance by t-test
and using repeated measures analysis of variance with
multiple comparisons tests (Holm-Sidak). Significance was
set at P < 0.05, as determined by statistical software analysis
(SigmaStat 3.5, Systat®, San Jose, CA).

Results

In calf spines with intact soft tissue (group A-Type im-
paction), the 1 mm-oversized wooden dowels provided a
compression of 224 (59) N with posterior stabilization
by an internal fixator (IF). The resulting contact area in
the interface between the graft and the resection edge
of the vertebral body reached 449 (72) mm?, repre-
senting % of the maximal calculated surface of a block
graft (20 x 30 mm). Block graft compression could be in-
creased by more than 2-fold of this “pressfit” baseline by
the use of additional fixation on the anterior column with
the rod system and anterior compression (AR/IF) or with
compression using the posterior fixator (IF + PC) (Figure 3).
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Figure 3 Compressive forces on the block graft under various stabilization techniques for type A and type C injuries. Results are
presented as the mean (SD). Significant differences: # vs. IF: P < 0.05; * vs. the corresponding fixation in group A-Type P < 0.001. Note: anterior
fixation alone for type C injuries was for experimental purpose only and should not be performed clinically.
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This significantly improved the graft contact area, reaching
roughly 90% of the maximum surface (Table 1). Compres-
sion to the graft by the anterior rod implant alone (AR)
generated compressive forces around the same magnitude
(490 (68) mm?), but the graft contact area was only 82% of
the maximum surface area; however, this was not signifi-
cantly different to IF stabilisation alone.

When the surrounding ligaments and capsule-tissue
were severed (group C-Type), the “pressfit” method of in-
sertion by impacting the blocks was unable to reach the
compressive forces obtained in the group A-Type. At
baseline (IF), the group C-Type injury model had a com-
pression of 97 (36) N and a resulting contact area of 318

Table 1 Contact area on the grafts in the 2 groups
A-Type and C-Type showing the effects of different
fixation techniques from posterior, anterior or
combined instrumentations

Group IF AR/IF IF +PC AR
A-Type

Mean (mm?) 449 540 * 533 * 490

SD 72 67 45 68

% of max. (SD) 75(12) 90 (11) 89 (8) 82 (11)
C-Type

Mean (mm?) 318 * 521 * 308 * 435

SD 90 60 88 89

% of max. (SD) 53 (15) 87 (14) 51(15) 73 (15)

Mean and Standard deviation, percentage calculated on the base of a theoretical
maximum of 600 mm? on the graft. # vs. IF in the same group P < 0.05, * vs.
corresponding fixation in group A-Type p < 0.01.

(90) mm? both measurements were significantly lower
than the initial values obtained in the group A-Type
(Figure 3). Indeed, the graft contact area under these cir-
cumstances was only 50% of the maximum obtainable con-
tact area (Table 1, Figure 4a,b). These effects could be
effectively countered with AR/IF, which induced a com-
pressive force that was similar to that in group A-Type
(Figure 3). This measure was also coupled with an in-
creased contact area of 521 (60) mm? (87%) (Table 1).

In contrast, the sole posterior compression technique
(IF + PC) failed to substantially increase the compressive
force or the contact area on the interbody block graft in
the group C-Type injury model (Figure 3). Exclusive an-
terior instrumentation and compression (AR) in group
C-Type, without classic posterior fixation, however, in-
creased the compressive force as compared to the im-
pacted technique, but the increase in the graft contact
area did not reach statistical significance.

Discussion

This study was performed on calf spines, which are
regarded valid substitutes for human cadaveric spine test-
ing experiments [21]. Human spines are not only more dif-
ficult to obtain and expensive, but have a high variability in
bone mineral density and degeneration, resulting in data
scattering, which may interfere with a correct interpret-
ation of the results. Our fracture model, similar to that
published previously [13,22-24], preserves the ligaments
that influence spinal stability and, to our knowledge, has
provided for the first time the use of electro-resistive
pressure-sensitive films to investigate continuously the
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Figure 4 Examples of pressure film recordings with block grafts impacted in the anterior intercorporal notch with posterior instrumentation
(IF) in (a) an example of A-Type and (b) an example of C-Type group tests. Orientation of the image: left = anterior; right = posterior. Note the
absence of contact on the anterior part of the graft due to the lack of tension banding in the C-type injury.

interface between the strut grafts and the vertebral
body. In simulated compression type A fractures with
posterior stabilization (using an internal fixator), an im-
paction of 1 mm-oversized block grafts provided graft
compression and a contact area that represented 75% of
the maximum possible surface on the wooden dowels.
While this compression represents a respectable force for
such a simple technique that is commonly used for anter-
ior fusion, the reduced contact area reflects the real-life
difficulties of fitting bone grafts: cutting parallel lines that
correspond with resection planes. Even under the given
optimal wet lab circumstances, study protocols, and
available templates, it was rarely possible to obtain full
contact on the block grafts. This reduced contact area
could be improved to near maximal values by either
compression with an additional anterior implant or by
shortening the posterior fixator itself (few millimeters)
for the common type A compression injuries. Interest-
ingly, this could not be fully replicated with the use of an
anterior rod construct alone (AR). Each one of these
techniques is practiced in surgery to improve the grafting
result and provide adequate fusion [3,25,26]. However,
severed surrounding soft tissue, which corresponds to
the rotation/translational injuries of type C fractures, can
have a profound effect on the “pressfit” impacted tech-
nique, as shown in our experiments: the block graft com-
pression and contact area were reduced by 50% as
compared with those measurements in the group A-Type
fractures. Furthermore, posterior compression of the in-
ternal fixator (IF + PC) did not improve these results,
likely caused by the lack of the tension banding of the an-
terior ligament and the absence of supporting anterior
implants. The posteriorly prevailing pattern of contact and

the pressure distribution backwards was reflecting the
excentric effect of the posterior Internal Fixator device.
In order to increase the compression and graft contact in
the group C-Type, an anterior implant, acting directly on
the anterior column, was mandatory. An exclusively anter-
ior fixation (AR) of the group C-Type injury model did not
induce positive effects, and it is important to emphasize
that anterior fixation of type C fractures, without posterior
stabilization was only used for experimental purpose; it is
not recommended for clinical use.

Our findings underline the importance of ligaments
and stabilizing soft tissue around the spine [27,28]. The
differences are likely to be associated with the tension
banding effects of the longitudinal ligaments, especially
the anterior ligament, which had been transected to cre-
ate the type C injury. Several authors have found these
longitudinal ligaments contribute to the stability of the
fixation and the fusion results [12,14,29]. Our results are
consistent with the previous publication of the basic
compression methods using an internal fixator [30], which
showed that eccentric posterior compression does not sim-
ply transfer to the bone grafts placed in the anterior
column. In addition, our studies represent a valuable ex-
tension to these findings by introducing the possibility of
anterior implant-mediated compression and the import-
ance of the ligaments in different types of injury.

When considering the dynamic role of the ligaments
in the stabilised spine, our results allow supplemental as-
pects to the following studies, which stress the import-
ance of graft compression forces under movement and
compression versus contact area in different setups. Exten-
sion movements of instrumented spines have been shown
to reduce the compressive force on interbody grafts in
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cadaveric human corpectomy specimens in the spine
simulator with pure bending moments [7]. From the bio-
mechanical point of view, this would endorse the sur-
gical methods of adding anterior implants as a combined
(anterior/posterior) fixation technique to improve graft
healing. When considering our results, it remains unclear
what influence the preservation of ligaments or the appli-
cation of pretension to the implants has in this experi-
mental setup. Since maintaining the graft compression is
desired in all types of movement, including extension, it
may be concluded that an adequate pretension to an
oversized graft and an intact anterior longitudinal liga-
ment could have beneficial effects on healing, even with-
out additional implants placed anteriorly.

The effect of internal fixator pretension was investigated
by a finite element analysis of bone graft techniques in a
computer simulation [31], in which physiological loading
of the spine and follower loads were considered. The rela-
tive contact areas of the grafts of 60-80% in the “standing”
position dropped to 10-20% of the contact under extension
movement. Pretension of the posterior implant (internal
fixator), by reducing the screw distance, as performed clin-
ically during surgery for “posterior compression”, paradox-
ically caused a decrease in the compressive force on the
graft, analogous to our results (IF + PC of group C-Type).
Indeed, in this finite-element model, the anterior ligaments
and anterior annulus parts of the disc were omitted. We
observed similar results with group C-Type in our study.
Sparing anterior tension banding, similar to the situation
of the group A-Type in our study, could possibly add to
the graft contact area under different movements.

The maintenance of implant-mediated graft compres-
sion is of major importance to ensure healing. Previous
clinical experience with cervical anterior autograft fu-
sions has endorsed this philosophy and encouraged the
further investigations of aspects on bone-graft interac-
tions [32]. Bone autograft incorporation and fusion in
the spine are undoubtedly dependent on biological fac-
tors as well as the influence of drugs (non-steroidal anti-
inflammatory), nicotine [33-35] or perfusion quality [36].
Other investigations have focused on the size and contact
area of the bone grafts, which seems to be of equal import-
ance for a successful fusion [37,38] and the avoidance of
resorption. In these cases, the role of stiffness is still uncer-
tain, since transmission of stress to the grafted bone is cru-
cial for fusion and remodeling. Rigid fixation, as achieved
with combined anterior/ posterior instrumentation, could
eliminate the transmission of load needed for bone fusion
and may actually reduce bone healing [27,39-41]. It has
not been established how much residual segmental mobil-
ity or micromotion at the interface between the host bone
and the implant/ bone graft can be tolerated [42].

In this regard, the results of our study could influence
the choice of strut graft fixation for patients. “Pressfit”
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impaction or simple posterior compression by the in-
ternal fixator provides good contact and compression to
the anterior strut grafts in fractures without ligament de-
ficiency. This would subsequently avoid the requirement
for supplemental implants and excessively rigid fixation
(so-called 360° fixation). On the other hand, for cases
that present with ligamentous injuries, as in Magerl /AO
type C fractures, it seems necessary to add anterior
compressing implants to secure the bone grafts. The limi-
tation of this bench-top study is that the findings from an
unloaded bovine ex-vivo model might not necessarily be
fully applicable to a scenario in-vivo.

Conclusions

Our experimental study used the modern generation of
thin, pressure-sensitive films to investigate for the first
time the interface between interbody graft and vertebral
bone in a stabilised fracture model. This new approach
for the assessing the bone graft/vertebral body interface
could help to clarify the requirements for fixation. Our
results may provide knowledge that can help surgeons in
their choice of implant and surgical approach for suc-
cessful spinal reconstruction.

Abbreviations

AQ: Arbeitsgemeinschaft fur osteosynthesefragen; USS™: Universal spine
system, brand name for the internal fixator implant; IF: Impacted block graft,
spine fixation by an Internal Fixator, posteriorly; AR/IF: Additional graft
compression by anterior rod implant, fixation by an Internal Fixator; IF +

PC: Graft compression through Internal Fixator posteriorly, no anterior
implant; AR: Anterior graft compression and fixation by anterior rod implant,
without an Internal Fixator.

Competing interests
The authors declare that they have no financial or non-financial
competing interests.

Authors’ contributions

AP conceived the study, participated in its design and drafted the manuscript.
JHH participated in the design of the study and helped to draft the manuscript.
FV carried out the experiments and performed the statistical analysis. MB revised
the manuscript critically for important intellectual content. TP made substantial
contributions to the conception and design of the study and helped in data
analysis and interpretation. All authors read and approved the final manuscript.

Acknowledgements
We thank Karsten Schwieger, AO Foundation, Davos, Switzerland, for his
technical assistance and helpful advice.

Received: 2 March 2013 Accepted: 21 August 2013
Published: 26 August 2013

References

1. Gonschorek O, Spiegl U, Weiss T, Patzold R, Hauck S, Buhren V:
[Reconstruction after spinal fractures in the thoracolumbar region].
Unfallchirurg 2011, 114:26-34.

2. Briem D, Windolf J, Lehmann W, Begemann PG, Meenen NM, Rueger JM,
Linhart W: [Bone grafts endoscopically applied to the spine Ergebnisse
der anterioren Fusion und therapeutische Konsequenzen]. Unfallchirurg
2004, 107:1152-1161.

3. Schmid R, Krappinger D, Seykora P, Blauth M, Kathrein A: PLIF in thoracolumbar
trauma: technique and radiological results. Eur Spine J 2010, 19:1079-1086.



Pizanis et al. BMC Musculoskeletal Disorders 2013, 14:254
http://www.biomedcentral.com/1471-2474/14/254

20.

21.

22.

23.

24

25.

26.

Briem D, Rueger JM, Linhart W: [Osseous integration of autogenous bone
grafts following combined dorso-ventral instrumentation of unstable
thoracolumbar spine fractures]. Unfallchirurg 2003, 106:195-203.

Brodke DS, Gollogly S, Bachus KN, Alexander Mohr R, Nguyen BK: Anterior
Thoracolumbar Instrumentation: Stiffeness and Load Sharing
Characteristics of Plate and Rod Systems. Spine (Phila Pa 1976) 2003,
28:1794-1801.

Hitchon PW, Goel VK, Rogge T, Grosland NM, Sairyo K, Torner J: Biomechanical
studies of a dynamized anterior thoracolumbar implant. Spine (Phila Pa 1976)
2000, 25:306-309.

Schultheiss M, Hartwig E, Kinzl L, Claes L, Wilke HJ: Axial compression force
measurement acting across the strut graft in thoracolumbar
instrumentation testing. Clin Biomech 2003, 18:631-636.

Wilke HJ, Kemmerich V, Claes LE, Arand M: Combined anteroposterior
spinal fixation provides superior stabilisation to a single anterior or
posterior procedure. J Bone Joint Surg Br 2001, 83-B:609-617.

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

Reidy D, Finkelstein J, Nagpurkar A, Mousavi P, Whyne C: Cervical spine
loading characteristics in a cadaveric C5 corpectomy model using a
static and dynamic plate. J Spinal Disord Tech 2004, 17:117-122.

Francke El, Demetropoulos CK, Agabegi SS, Truumees E, Herkowitz HN:
Distractive force relative to initial graft compression in an in vivo
anterior cervical discectomy and fusion model. Spine (Phila Pa 1976) 2010,
35:526-530.

Kallemeier PM, Beaubien BP, Buttermann GR, Polga DJ, Wood KB: In vitro
analysis of anterior and posterior fixation in an experimental unstable
burst fracture model. J Spinal Disord Tech 2008, 21:216-224.

Schmoelz W, Schaser KD, Knop C, Blauth M, Disch AC: Extent of
corpectomy determines primary stability following isolated anterior
reconstruction in a thoracolumbar fracture model. Clin Biomech 2010,
25:16-20.

Beaubien BP, Derincek A, Lew WD, Wood KB: In vitro, biomechanical
comparison of an anterior lumbar interbody fusion with an anteriorly
placed, low-profile lumbar plate and posteriorly placed pedicle screws or
translaminar screws. Spine (Phila Pa 1976) 2005, 30:1846-1851.

Magerl F, Aebi M, Gertzbein SD, Harms J, Nazarian S: A comprehensive
classification of thoracic and lumbar injuries. Eur Spine 1994, 3:184-201.
Gardner MJ, Kendoff D, Ostermeier S, Citak M, Hufner T, Krettek C, Nork SE:
Sacroiliac joint compression using an anterior pelvic compressor: a
mechanical study in synthetic bone. J Orthop Trauma 2007, 21:435-441.
Marre B, Ballesteros V, Martinez C, Zamorano JJ, llabaca F, Munjin M, Yurac R,
Urzua A, Lecaros M, Fleiderman J: Thoracic spine fractures: injury profile and
outcomes of a surgically treated cohort. Fur Spine J 2011, 20:1427-1433.

Niosi CA, Wilson DC, Zhu Q, Keynan O, Wilson DR, Oxland TR: The effect of
dynamic posterior stabilization on facet joint contact forces: an in vitro
investigation. Spine (Phila Pa 1976) 2008, 33:19-26.

Brimacombe JM, Wilson DR, Hodgson AJ, Ho KC, Anglin C: Effect of
calibration method on Tekscan sensor accuracy. J Biomech Eng 2009,
131:034503.

Wilson DC, Niosi CA, Zhu QA, Oxland TR, Wilson DR: Accuracy and
repeatability of a new method for measuring facet loads in the lumbar
spine. J Biomech 2006, 39:348-353.

Kettler A, Liakos L, Haegele B, Wilke HJ: Are the spines of calf, pig and
sheep suitable models for pre-clinical implant tests? Eur Spine 2007,
16:2186-2192.

Wilke HJ, Wenger K, Claes LE: Testing criteria for spinal implants:
recommendations for the standardization of in vitro stability testing of
spinal implants. Eur Spine 1998, 7:148-154.

Lim TH, An H, Hong JH, Ahn JY, You JW, Eck J, McGrady LM: Biomechanical
evaluation of anterior and posterior fixations in an unstable calf spine
model. Spine (Phila Pa 1976) 1997, 22:261-266.

Heineck J, Haupt C, Werner K, Rammelt S, Zwipp H, Wilke HJ: Fracture
models in the lumbar sheep spine: a biomechanical investigation.

J Orthop Res 2010, 28:773-777.

Beisse R: Endoscopic surgery on the thoracolumbar junction of the spine.
Eur Spine J 2010, 19(Suppl 1):552-565.

Reinhold M, Knop C, Beisse R, Audige L, Kandziora F, Pizanis A, Pranzl R,
Gercek E, Schultheiss M, Weckbach A, et al- Operative treatment of 733
patients with acute thoracolumbar spinal injuries: comprehensive results
from the second, prospective, internet-based multicenter study of the

Page 7 of 7

Spine Study Group of the German Association of Trauma Surgery.
Eur Spine J 2010, 19:1657-1676.

27.  McAfee PC, Farey ID, Sutterlin CE, Gurr KR, Warden KE, Cunningham BW:
1989 Volvo Award in basic science. Device-related osteoporosis with
spinal instrumentation. Spine (Phila Pa 1976) 1989, 14:919-926.

28, Chazal J, Tanguy A, Bourges M, Gaurel G, Escande G, Guillot M, Vanneuville G:
Biomechanical properties of spinal ligaments and a histological study of the
supraspinal ligament in traction. J Biomech 1985, 18:167-176.

29. Kotani Y, Cunningham BW, Cappuccino A, Kaneda K, McAfee PC: The
effects of spinal fixation and destabilization on the biomechanical and
histologic properties of spinal ligaments. An in vivo study. Spine (Phila Pa
1976) 1998, 23:672-682. discussion 682-673.

30. Krodel A: Mechanical principles of compressive interbody fusion.
Spine (Phila Pa 1976) 1996, 21:821-826.

31. Zander T, Rohlmann A, Klockner C, Bergmann G: Comparison of the
mechanical behavior of the lumbar spine following mono- and
bisegmental stabilization. Clin Biomech 2002, 17:439-445.

32. Bolger C, Bourlion M, Leroy X, Petit D, Vanacker G, McEvoy L, Nagaria J:
Maintanace of graft compression in the adult cervical spine. Eur Spine
2006, 15:1204-1209.

33, Dimar JR 2nd, Ante WA, Zhang YP, Glassman SD: The effects of
nonsteroidal anti-inflammatory drugs on posterior spinal fusions in the
rat. Spine (Phila Pa 1976) 1996, 21:1870-1876.

34. Lind M, Bunger C: Factors stimulating bone formation. Fur Spine J 2001,
10(Suppl 2):5102-5109.

35, Theiss SM, Boden SD, Hair G, Titus L, Morone MA, Ugbo J: The effect of
nicotine on gene expression during spine fusion. Spine (Phila Pa 1976)
2000, 25:2588-2594.

36. Toribatake Y, Hutton WC, Tomita K, Boden SD: Vascularization of the fusion
mass in a posterolateral intertransverse process fusion. Spine (Phila Pa
1976) 1998, 23:1149-1154.

37. Closkey RF, Parsons JR, Lee CK, Blacksin MF, Zimmerman MC: Mechanics of
interbody spinal fusion. Analysis of critical bone graft area: Analysis of
Critical Bone Graft Area. Spine (Phila Pa 1976) 1993, 18:1011-1015.

38. Kubosch D, Milz S, Sprecher CM, Sudkamp NP, Muller CA, Strohm PC: Effect
of graft size on graft fracture rate after anterior lumbar spinal fusion in a
sheep model. Injury 2010, 41:768-771.

39, Cunningham BW, Kotani Y, McNulty PS, Cappuccino A, Kanayama M, Fedder IL,
McAfee PC: Video-assisted thoracoscopic surgery versus open
thoracotomy for anterior thoracic spinal fusion. A comparative
radiographic, biomechanical, and histologic analysis in a sheep
model. Spine (Phila Pa 1976) 1998, 23:1333-1340.

40. Smit TH, Muller R, van Dijk M, Wuisman PI: Changes in bone architecture
during spinal fusion: three years follow-up and the role of cage stiffness.
Spine (Phila Pa 1976) 2003, 28:1802-1808. discussion 1809.

41, Akamaru T, Kawahara N, Sakamoto J, Yoshida A, Murakami H, Hato T,
Awamori S, Oda J, Tomita K: The transmission of stress to grafted bone
inside a titanium mesh cage used in anterior column reconstruction
after total spondylectomy: a finite-element analysis. Spine (Phila Pa 1976)
2005, 30:2783-2787.

42, Polikeit A, Ferguson SJ, Nolte LP, Orr TE: Factors influencing stresses in the
lumbar spine after the insertion of intervertebral cages: finite element
analysis. Eur Spine J 2003, 12:413-420.

doi:10.1186/1471-2474-14-254

Cite this article as: Pizanis et al: Compression and contact area of
anterior strut grafts in spinal instrumentation: a biomechanical study.
BMC Musculoskeletal Disorders 2013 14:254.




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Results
	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

