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Biomechanical Evaluation of a
Novel Lumbosacral Axial Fixation
Device
Background: Interbody arthrodesis is employed in the lumbar spine to eliminate painful
motion and achieve stability through bony fusion. Bone grafts, metal cages, composite
spacers, and growth factors are available and can be placed through traditional open
techniques or minimally invasively. Whether placed anteriorly, posteriorly, or laterally,
insertion of these implants necessitates compromise of the anulus—an inherently desta-
bilizing procedure. A new axial percutaneous approach to the lumbosacral spine has been
described. Using this technique, vertical access to the lumbosacral spine is achieved
percutaneously via the presacral space. An implant that can be placed across a motion
segment without compromise to the anulus avoids surgical destabilization and may be
advantageous for interbody arthrodesis. The purpose of this study was to evaluate the in
vitro biomechanical performance of the axial fixation rod, an anulus sparing, centrally
placed interbody fusion implant for motion segment stabilization. Method of Approach:
Twenty-four bovine lumbar motion segments were mechanically tested using an uncon-
strained flexibility protocol in sagittal and lateral bending, and torsion. Motion segments
were also tested in axial compression. Each specimen was tested in an intact state, then
drilled (simulating a transaxial approach to the lumbosacral spine), then with one of two
axial fixation rods placed in the spine for stabilization. The range of motion, bending
stiffness, and axial compressive stiffness were determined for each test condition. Results
were compared to those previously reported for femoral ring allografts, bone dowels,
BAK and BAK Proximity cages, Ray TFC, Brantigan ALIF and TLIF implants, the InFix
Device, Danek TIBFD, single and double Harms cages, and Kaneda, Isola, and Univer-
sity plating systems. Results: While axial drilling of specimens had little effect on stiffness
and range of motion, specimens implanted with the axial fixation rod exhibited significant
increases in stiffness and decreases in range of motion relative to intact state. When
compared to existing anterior, posterior, and interbody instrumentation, lateral and sag-
ittal bending stiffness of the axial fixation rod exceeded that of all other interbody de-
vices, while stiffness in extension and axial compression were comparable to plate and
rod constructs. Torsional stiffness was comparable to other interbody constructs and
slightly lower than plate and rod constructs. Conclusions: For stabilization of the
L5-S1 motion segment, axial placement of implants offers potential benefits relative to
traditional exposures. The preliminary biomechanical data from this study indicate that
the axial fixation rod compares favorably to other devices and may be suitable to reduce
pathologic motion at L5-S1, thus promoting bony fusion. �DOI: 10.1115/1.2049334�
Keywords: Lumbosacral Fusion, Transaxial, Axial Fixation Device
Introduction
Interbody arthrodesis is commonly employed in the lumbar

spine to eliminate painful motion and achieve stability by way of
a bridging bony fusion. Interbody implants, hook and rod instru-
mentation, and plate systems have been developed for anterior,
posterior, and lateral surgical approaches to facilitate fixation of
the lumbosacral spine and promote long term interbody fusion.

Interbody implants may be advantageous biomechanically
when compared to other types of fixation because of their prox-
imity to the instantaneous axis of rotation �IAR� where they are
loaded primarily in axial compression with little bending �1�.
However, placement of interbody implants through an open ap-
proach can be associated with significant morbidity. To reduce
morbidity, minimally invasive surgical approaches have been em-
ployed to access the interbody space �2,3�. Nonetheless, place-
ment of interbody implants through an anterior, posterior, or lat-
eral approach necessitates compromise of the anulus, an
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inherently destabilizing procedure. The current minimally inva-
sive techniques may reduce morbidity, but do not eliminate iatro-
genic destabilization.

Biomechanical testing has shown that a large box anulotomy
will significantly reduce motion segment stiffness, a microdiscec-
tomy has lesser effects, while piercing the anulus to make a 2 mm
slit has no significant effect on mechanical properties �4,5�. These
data are well recognized, yet interbody fixation methods have uni-
versally necessitated large anulotomies and disruption of inherent
stabilizing tissues �6�. These approaches can reduce the intrinsic
stability of the motion segment, particularly in extension �7�.

Anterior and posterior instrumentation including hook and rod
and plate systems avoid compromise of the disk, by adding sta-
bility without sacrifice of the anulus. However, when placed at a
distance from the IAR, there may be a mechanical disadvantage
because they are loaded greatly both axially and in bending �8�.

To minimize disruption of the native stabilizing structures of a
motion segment while capitalizing on mechanical advantages of
interbody fixation, transdiscal fixation of the L5-S1 space has been
suggested �9�. Using this technique, pedicle screws are placed into
the vertebral body, through the disk space, to span the instru-

mented motion segment. Spanning the disk space axially has me-
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chanical advantages, but to date, surgical approaches for place-
ment of axial instrumentation in the intervertebral space have
necessitated wide exposure and associated morbidity �10�.

MacMillan et al. provided an early description of a minimally
invasive technique for fixation of the L5-S1 segment via a
transiliac-sacral pathway �11�. Through this minimally invasive
approach, headless screws were placed obliquely across the disk
space for fixation with good preliminary results.

A new axial percutaneous approach to the lumbosacral spine
has recently been described by Cragg �12�. Using this technique,
vertical access to the lumbosacral spine is achieved percutane-
ously via the presacral space. This approach allows for a novel
means of access and fixation of the L5-S1 space axially.

The midline presacral entry is paracoccygeal using specialized
instrumentation and bony landmarks of the ventral sacrum. With
fluoroscopic guidance, serial dilators are used to access the infe-
rior aspect of S1 percutaneously. A transosseous tunnel is drilled
through S1 into the L5-S1 disk space. The tunnel is either contin-
ued through the disk into L5 with the same drill, or a smaller
concentric hole is drilled into L5. Radial disk cutters are inserted
through the axial tunnel and are used to remove the nucleus and
abrade the endplate. A bone graft inserter is then passed through
the osseous tunnel and autograft, deminerialized bone matrix,
bone morphogenic protein, or other osteoinductive material is in-
serted into the disk space. If the tunnel in L5 is of the same
diameter as S1, a “nontapered” threaded fixation rod �with the
same inferior and superior thread diameter and pitch� is inserted.
If the tunnel diameter in L5 is reduced, a “tapered” threaded fixa-
tion rod �with reduced superior diameter and different thread
pitch� is inserted. The tapered rod can facilitate distraction of the
motion segment if the superior thread is a more fine pitch than the
proximal thread. Tapered and nontapered rods are shown in Fig. 1.
After rod insertion, additional flowable osteoinductive material
can be inserted through the cannulated rod via the radial ports in
the central unthreaded portion of the rod. Bony fusion is facili-
tated by the graft material contained within the margins of the
uncompromised anulus.

The axial approach to the lumbosacral junction spares all
muscle, bony, and anular soft tissue and preserves all other surgi-
cal options. Early clinical results have shown minimal morbidity
and excellent mechanical stability.

The purpose of this study was to conduct a preliminary biome-
chanical evaluation of two configurations of the novel axial fixa-
tion rod �TranS1 Inc., Wilmington, NC� as a means of stabilizing
a motion segment to promote interbody fusion at the L5-S1 motion
segment.

Method of Approach
The axial fixation rod is a cannulated, threaded, titanium rod

with two distinct threaded sections—one superior, one inferior. As
shown in Fig. 1, the central portion of the rod is unthreaded and
contains radial holes through the walls. The inferior aspect of the
rod mates with the insertion instrumentation for percutaneous

Fig. 1 The axial fixation rod is a cannulated, threaded, tita-
nium rod with two distinct threaded sections—one superior,
one inferior
transsacral placement. In this study, two variations of the axial

930 / Vol. 127, NOVEMBER 2005
fixation rod were evaluated: The nontapered rod with a major
diameter of 12 mm along its full length; and the tapered rod with
inferior-half major diameter of 12 mm and superior-half major
diameter of 9 mm. The tapered rod has a smaller threaded area
that the nontapered at the superior end, and thus has less surface
contact area with the bone. However, the tapered rod has the ad-
vantage that can be used to distract the disk space.

Twelve 20 week old calf lumbar spines were obtained fresh and
stored frozen below −20°C until the time of use. Twenty-four
motion segments, L1-2, L3-4, or L5-6 were isolated for testing and
all extraneous soft tissue was removed leaving the bony-
ligamentous spine for testing.

After being thawed to room temperature, each motion segment
was potted in low melting temperature alloy �LMA� and placed in
a multi-degree of freedom mechanical testing machine to facilitate
mechanical testing using an unconstrained flexibility testing pro-
tocol �13�. For testing, the potting fixture was bolted to the testing
machine such that the specimen was rigidly attached to the ma-
chine. The inferior fixture rested on an x-y table which allowed
the specimen unconstrained free motion during testing. A six axis
load cell �AMTI, Inc., Watertown, MA� was used to measure the
forces and torques being applied to the specimen during testing.
The testing machine allows an axial compressive load to be ap-
plied continuously through the center of rotation of the single
motion segment, as previously described by Patwardhan, while
pure bending moments in flexion/extension, left/right lateral bend-
ing, and left/right torsion were applied to the specimen �14�. Rela-
tive changes in position and angulation were measured with high
resolution optical encoders �Gurley Precision Instruments, Troy,
NY� during testing.

Specimens were preconditioned by loading them cyclically in
sagittal bending, lateral bending, and torsion for ten cycles at a
rate of 2° /s. Applied force, applied moment, and displacement
data were collected at a rate of at least ten samples per second
using a portable data acquisition system �i/oTech, Cleveland, OH�
during testing. Specimens were kept moist with 0.9% NaCl
soaked gauze during testing.

Following the completion of ten preconditioning cycles, speci-
mens were randomly assigned to either the low load group �500 N
axial, 5 N m flexion/extension, 3 N m left/right lateral bending,
3 N m and clockwise/counter clockwise torsion with a 50 N axial
preload� or high load group �10 N m flexion/extension, 10 N m
lateral bending, 10 N m torsion with no axial preload� for testing.
To establish base line properties, each specimen was first tested
mechanically in its intact state for three cycles each in axial com-
pression, lateral bending, sagittal bending, and torsion.

Following intact testing, motion segments were further divided
into two treatment groups to receive either a single centrally lo-
cated nontapered axial fixation rod �nontaper group�, or a single
centrally located tapered axial fixation rod �taper group�. A sample
size of six specimens was assigned to each combination of testing
condition and treatment: high load taper, high load nontaper, low
load taper, low load nontaper.

After intact testing, specimens were removed from the me-
chanical testing machine and the inferior vertebral body was un-
potted from the LMA. Using a drill press with an 11 mm diameter
bit, motion segments designated to the nontaper groups were
drilled axially through the inferior endplate of the inferior body to
the superior endplate of the superior body with care taken not to
penetrate the superior endplate. Motion segments designated to
the taper groups were drilled using the 11 mm drill from the in-
ferior body to the center of the disk space in the same manner. A
bushing was then placed into the existing hole and a smaller
6.4 mm diameter hole was drilled from the disk space to the su-
perior endplate of the superior body using a power hand drill. The
specimens were then repotted in LMA with gauze placed in the
hole to prevent LMA from entering the axial channel. The potted

specimens were placed in the mechanical testing machine and
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tested through the same three sets of range of motion cycles to
determine the effects of drilling an axial channel through the mo-
tion segment.

After completion of drilled-only testing, specimens were re-
moved from the mechanical testing machine and the inferior body
unpotted from the LMA. The appropriate axial fixation rod was
placed in the prepared motion segment, as shown in Fig. 2. The
segment, with gauze covering the open end of the implant to
prevent penetration of LMA, was again potted, followed by me-
chanical testing of the implanted specimen.

Implanted specimens in the low load groups were then sub-
jected to additional cycles of testing �6.4 N m flexion/extension,
6.4 N m left/right lateral bending, 6.4 N m clockwise/counter
clockwise torsion with no axial preload�. After completion of me-
chanical testing, all specimens were removed from the mechanical
testing machine and examined grossly.

Data from each third set of test cycles were used to determine
the range of motion and stiffness for each specimen. Data from
drilled specimens and implanted specimens were normalized and
expressed as a ratio of their intact values. A repeated measures

Fig. 2 „a… A calf motion segment with intact vertebral bodies
„VB… and intervertebral disk „IVD… is shown. „b… The motion seg-
ment was potted in a potting cup „PC… in low melting tempera-
ture alloy and tested in its intact state. „c… The inferior vertebral
body was unpotted. „d… The segment was then inverted and the
axial channel „AC… was drilled and repotted. „e… After drilled-
only testing, the inferior vertebral body was again unpotted and
an axial fixation rod „AFR… was inserted „shown partially in-
serted…. A T-handle wrench „T… was used to place the rod
through the vertebral body and intervertebral disk into the ad-
jacent vertebral body, which remained potted in the potting
cup.

Table 1 Mean range of motion „ROM… and ax
the low load groups. LB=lateral bending, CW

Mean data
�% of intact�

ROM
at 5 N m

flexion �°�

ROM
at 5 N m

extension �°� ri

Taper Intact
specimen

4.5
�100%�

1.8
�100%�

Drilled
specimen

4.3
�91.7%�

2.3
�137.6%�

Implant
placed

0.9a

�20.8%�
0.4a

�40.1%�
Nontaper Intact

specimen
4.3

�100%�
1.8

�100%�
Drilled

specimen
4.6

�105.6%�
2.2

�124.7%�
Implant
placed

0.6a

�14.7%�
0.5

�32.5%�

aStatistically significant difference �p�0.05� relative to intac
b
Statistically significant difference between tapered and nontaper
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ANOVA and multiple t tests with the Bonferroni correction were
used to determine significant differences between intact, drilled,
and implanted values with �=0.05.

Results
There were no failures or fractures of implants or motion seg-

ments during testing. All implants were placed centrally through
the disk space. During drilling, there was a distinct “pop” when
the drill penetrated through the endplate into the disk space. A
substantial amount of torque was necessary to drive the threaded
rods through the motion segments using the hand held instrumen-
tation for both the tapered and nontapered rods. By direct visual-
ization, the disk space in many specimens was distracted several
millimeters during placement of the rods. Although not measured,
this distraction appeared to be maintained during mechanical test-
ing.

Drilling of the axial tunnel through the motion segment had
little effect on the stability of the segment. The effects of drilling
alone were only significant in axial compression, where the stiff-
ness was reduced to 88% of intact, and torsion, where range of
motion was increased by up to 50% of intact.

Results in the low load group, as shown in Table 1, indicate that
specimens tested with the axial fixation rod �tapered or nonta-
pered� exhibited an increase in axial compressive stiffness to
131.7% and 143.8% of their intact values, respectively. An in-
crease in angular stiffness of the nontaper group was indicated by
the marked reduction in ROM in flexion to 14.7%, extension to
32.5%, right lateral bending to 11.1%, and left lateral bending to
18.9% when compared to intact specimens. Similar reductions in
ROM were observed in the taper group, with the greatest reduc-
tion in motion observed in flexion �20.8% of intact�. A decrease in
torsional ROM was observed with both implants but not to the
extent of the other motions.

In the high load groups, there were increases in the stiffness of
the tapered and nontapered groups, resulting in a reduced range of
motion in all loading directions. As shown in Table 2, range of
motion was reduced to 39% of intact flexion in the tapered group
and 29% in the nontapered group, with similar reductions in other
ranges of motion.

Discussion
Painful degenerative pathologies of the lumbosacral spine have

historically been treated with arthrodesis and bony fusion. Stabi-
lization with posterior instrumentation alone can be insufficient to
eliminate pathologic motion, particularly when the segment is
spondylolytic �15�. Posterior and 360° fusion procedures at the
L5-S1 interspace have necessitated open exposures for adequate
access to the wedge-shaped disk. Complications associated with

compressive stiffness data for specimens in
ockwise, CCW=counter clockwise.

OM
N m

LB �°�

ROM
at 3 N m

left LB �°�

ROM
at 3 N m
CW �°�

ROM
at 3 N m
CCW �°�

Axial
stiffness
�N/mm�

2.9
00%�

3.0
�100%�

0.4
�100%�

0.3
�100%�

2708.5
�100%�

2.9
4.1%�

2.9
�95.1%�

0.3
�107.8%�

0.4a

�147.3%�
2409.3a

�88.6%�
.8a,b

.3%�
0.9a

�29.1%�
0.2

�72.6%�
0.2a

�77.7%�
3537.0a

�131.7%�
3.9
00%�

4.1
�100%�

0.4
�100%�

0.4
�100%�

2489.8
�100%�

4.0
1.0%�

3.5
�91.1%�

0.4
�96.4%�

0.5a

�151.2%�
2146.3a

�87.6%�
.4a,b

.1%�
0.5a

�18.9%�
0.2

�51.7%�
0.3a

�98.8%�
3442.5a

�143.8%�

ndition.
ial
=cl

R
at 3
ght

�1

�10
0

�34

�1

�10
0

�11
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ed treatments.
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these procedures such as nerve, vascular, and bowel injury, muscle
denervation, arachnoiditis, and retrograde ejaculation have been
reported with rates ranging from 5% to 35% �16–18�.

Minimally invasive procedures for treatment of the lumbar
spine have been described including miniopen, MIP PLIF, percu-
taneous pedicle screw placement, and laproscopic procedures
�19–21�. The advantage of minimally invasive access to the lum-
bar spine, like other surgical procedures, includes reduced mor-
bidity, diminished blood loss, and shorter hospital stay. Minimally
invasive interbody cage placement has diminished morbidity rela-
tive to open procedures, but interbody cage placement through an
anterior, posterior, or lateral approach necessitates compromise of
the anulus, an inherently destabilizing procedure �22�.

For stabilization and fusion of the L5-S1 motion segment, axial
placement of implants offers potential benefits relative to tradi-
tional exposures for placement of interbody cages or posterior
instrumentation. Biomechanically, it allows placement of stabiliz-
ing hardware in the interbody space without disruption of the
anulus. The vertebral endplates and vertebral body bone can be
used to anchor stabilizing implants or bone grafts. Thus, bending
moments and axial forces developed not only during lateral bend-
ing and flexion, but also extension are stabilized by the implant.

Transdiscal placement of pedicle screws verified the feasibility
of oblique axial fixation of L5-S1 �23�. Biomechanical testing in-
dicated that motion segment stability was enhanced using oblique
transdiscal fixation. Specimens fixed with transdiscal screws were
stiffer in flexion than those fixed with pedicle screws and inter-
body devices, while transdiscal fixed specimens had similar stiff-
ness in all other modes of testing.

Data from the current study indicate that axial placement of a
single tapered or nontapered axial fixation rod as a stand-alone
device significantly increased the stiffness of motion segments in
all testing modes in comparison to the intact specimen. Data also
indicate that the effects of drilling for placement of the axial fixa-
tion rod were minimal. Stiffness was significantly diminished only
in counterclockwise torsion and axial compression due to drilling.
The minimal changes resulting from axial drilling are unique rela-
tive to other procedures which necessitate large anulotomies and
compromise of ligamentous structures. Thus there appears to be
minimal iatrogenic destabilization from the transsacral axial ap-
proach to the L5-S1 disk space.

The use of interbody cages as a stand-alone treatment remains
controversial, particularly in the challenging biomechanical envi-
ronment of the L5-S1 motion segment �21,24,25�. Interbody cages
alone may not provide sufficient stability, particularly in extension
�26�. Clinically, interbody cages are commonly used in conjunc-
tion with posterior instrumentation. This offloads the interbody

Table 2 Mean ROM data for specimens in
=clockwise, CCW=counter clockwise.

Mean data
�% of intact�

ROM
at 10 N m
flexion �°�

ROM
at 10 N m

extension �°

Taper Intact
specimen

5.1
�100%�

2.5
�100%�

Drilled
specimen

5.5
�107.0%�

2.8
�111.5%�

Implant
placed

1.9a

�39.0%�
1.4a,b

�56.6%�
Nontaper Intact

specimen
4.5

�100%�
2.9

�100%�
Drilled

specimen
4.9

�107.4%�
2.9

�101.7%�
Implant
placed

1.2a

�29.3%�
1.2a,b

�41.1%�

aStatistically significant difference p�0.05 relative to intact c
bStatistically significant difference between tapered and nonta
space, reduces range of motion, and reduces stresses at the bone-
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implant interface �27,28�. Subsequently, the likelihood of subsid-
ence is diminished. Although interbody cages are seldom used as
stand-alone devices, their relative contribution to motion segment
stability as a stand-alone device has been well characterized.

The low load testing protocol used in the current study was
selected so that mean stiffness values obtained for the axial fixa-
tion rod could be compared to those previously reported using the
same protocol for stand-alone interbody cages. The BAK Device,
BAK Proximity, Ray TFC, Danek TIBFD, Harms cage, Brantigan
PLIF cage, Brantigan ALIF cage, femoral ring allograft, bone
dowel, and InFix device were tested using the identical parameters
utilized in the low load protocol of the current study �29�. The
high load testing protocol used in the current study was selected
so that mean range of motion values could be compared to those
previously reported using the same protocol for the University
Plate, Kaneda, and ISOLA systems �30�. As a basis of compari-
son, the range of motion of intact specimens from the current
study is similar to those of the previously reported studies �30�.

As shown in Tables 3 and 4, data indicate that of interbody
devices, the nontapered and tapered axial fixation rods had the
highest stiffnesses in flexion and lateral bending, while only the
femoral ring allograft was more stiff in axial compression than the
nontapered axial fixation rod. Stiffness data for extension were not
reported for other interbody devices, presumably due to the inher-
ent lack of resistance to extension motion.

Axial placement of a single axial fixation rod does not provide
as high a resistance to axial rotation as it does in other testing

high load groups. LB=lateral bending, CW

ROM
at 10 N m

right LB �°�

ROM
at 10 N m
left LB �°�

ROM
at 10 N m

CW �°�

ROM
at 10 N m
CCW �°�

7.1
�100%�

7.1
�100%�

1.2
�100%�

1.3
�100%�

7.2
�100.6%�

7.1
�98.8%�

1.3
�100.9%�

1.3
�102.6%�

3.7a

�53.6%�
3.3a

�47.3%�
1.0a

�82.5%�
1.0a

�76.8%�
5.2

�100%�
5.5

�100%�
1.0

�100%�
1.0

�100%�
4.9

�97.0%�
5.7

�103.9%�
1.0

�101.4%�
1.0

�93.6%�
1.9a

�40.2%�
2.0a

�38.9%�
1.0

�96.0%�
0.9

�83.9%�

ition.
ed treatments.

Table 3 Mean stiffness in flexion, lateral bending, torsion, and
axial compression represented as a percentage of intact values
„see Ref. †29‡…

Stiffness �% intact�

Device Flexion
Lateral
bending Torsion

Axial
compression

Nontapered axial fixation rod 169 562 134 144
Tapered axial fixation rod 131 288 116 132
BAK 115 120 115 135
Femoral ring 115 125 155 150
Bone dowel 105 130 115 115
Brantigan ALIF 100 90 65 90
Ray TFC 95 130 145 135
Brantigan PLIF 95 155 95 110
InFix device 95 200 110 100
Danek TIBFD 90 150 135 105
Single harms 90 80 105 110
BAK proximity 85 110 110 95
Double harms 70 115 100 95
the

�

ond
per
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modes because of its cylindrical shape and axial placement. How-
ever, mean torsional stiffness of specimens implanted with the
axial fixation rods were comparable to other interbody devices.
This may be attributed to the slightly oblique positioning of the
device relative to the vertical axis, the high contact surface area of
engagement at the bone-thread interface, and the contribution of
the intact anulus.

In comparison to anterior and posterior instrumentation, the
nontapered axial fixation rod resulted in the highest decrease in
range of motion in flexion and extension. The nontapered axial
fixation rod also resulted in substantial reduction in lateral bend-
ing range of motion with only the Isola system having a higher
reduction. In axial rotation, the Kaneda and University systems
reduced the range of motion more substantially than the nonta-
pered axial fixation rod only by 0.12° and 0.06°, respectively.

The current study characterizes the contribution of the axial
fixation rod to motion segment stabilization as a stand-alone de-
vice. Data from the current study do not indicate how well the rod
will resist subsidence with chronic cyclic loading. The axial fixa-
tion rod is designed to have a high contact surface area with the
vertebral body bone, thus reducing stresses at the bone-implant
interface. Like interbody cages, the axial fixation rod can be used
in conjunction with posterior instrumentation which further re-
duces the stresses at the bone-implant interface. Subsequently, the
chances of bone resorption or implant loosening are likely dimin-
ished.

These preliminary biomechanical data indicate that the axial
fixation rod compares favorably to other devices and may be suit-
able to reduce pathologic motion at the L5-S1 motion segment,
thus promoting bony fusion. The results from this study provide a
means for comparison of the stiffness and range of motion relative
to other commonly used fusion devices. The data from this study,
like the data to which they are compared, are collected from calf
motion segments. The calf spine is a well documented model of
the human lumbar spine, however, there are limitations to the
clinical conclusion that can be gleaned from studies utilizing this
model. The bone mineral density and strength of calf vertebral
bone is superior to human, thus the response of the bone-implant
interface may be different in healthy human bone, which may in
turn be different from osteopenic bone. Relative to other fusion
implants, the axial fixation rod stabilized the motion segment su-
periorly, but further research is necessary to fully understand the
long term efficacy of transdiscal fixation with the axial fixation
rod.

The percutaneous axial approach may be advantageous clini-
cally to open procedures at L5-S1 because it requires minimal
dissection and leaves the anulus intact. The axial approach may
have advantages for access to the L5-S1 disk space for single level
fusion and may be utilized for two-level fusions involving L4-L5
and L5-S1 using the same access.

References
�1� Benzel, E. C., 1995, “Spinal Fusion,” in Biomechanics of Spine Stabilization,

E. C., Benzel ed., McGraw-Hill, New York, pp. 103–108.
�2� Escobar, E., Transfeldt, E., Garvey, T., et al., 2003, “Video-Assisted Versus

Table 4 Mean range of motion in flexion, extension, lateral
bending, and torsion at 6.4 N m „see Ref. †30‡…

Range of motion �°�

Device Flexion Extension
Lateral
bending Torsion

Nontapered axial fixation rod 0.81 0.89 1.29 0.71
Kaneda 0.85 0.93 1.95 0.42
Tapered axial fixation rod 1.13 1.04 2.10 0.54
Isola 1.46 1.71 0.70 0.56
University 1.51 1.56 1.36 0.48
Open Anterior Lumbar Spine Fusion Surgery: A Comparison of Four Tech-

Journal of Biomechanical Engineering
niques and Complications in 135 Patients,” Spine, 28, pp. 729–732.
�3� Heim, S. E., and Altimari, A., 2002, “Laparoscopic Approaches to Fusion of

the Lumbosacral Spine: Latest Techniques,” Orthop. Clin. North Am., 33, pp.
413–420.

�4� Markolf, K. L., and Morris, J. M., 1974, “The Structural Components of the
Intervertebral Disc. A Study of Their Contributions to the Ability of the Disc to
Withstand Compressive Forces,” J. Bone Jt. Surg., 56-A�4�, pp. 675–687.

�5� Ahlgren, B. D., Vasavada, A., Brower, R. S., et al., 1994, “Anular Incision
Technique on the Strength and Multidirectional Flexibility of the Healing In-
tervertebral Disk,” Spine, 19�8�, 948–954.

�6� White, A. A., and Panjabi, M. M., 1990, “Biomechanical Considerations in
Surgical Management of the Spine,” in Clinical Biomechanics of the Spine, A.
A., White and M. M., Panjabi, eds., J. B. Lippincott Co., Philadelphia, PA, pp.
528–568.

�7� Tencer, A. F., Hampton, D., and Eddy, S., 1995, “Biomechanical Properties of
Threaded Inserts for Lumbar Interbody Spinal Fusion,” Spine, 20�22�, pp.
2408–2414.

�8� Benzel, E. C., 1995, “Spinal Fusion,” in Biomechanics of Spine Stabilization,
E. C., Benzel, ed., McGraw-Hill, NY, pp. 103–108.

�9� Minamide, A., Akamaru, T., Yoon, S. T., Tamaki, T., Rhee, J. M., and Hutton,
W. C., 2003, “Transdiscal L5-S1 Screws for the Fixation of Isthmic Spondy-
lolisthesis: A Biomechanical Evaluation,” J. Spinal Disord., 16, pp. 144–149.

�10� Meyers, A. M., Noonan, J. K., Mih, A. D., et al., 2001, “Salvage Reconstruc-
tion With Vascularized Fibular Strut Graft Fusion Using Posterior Approach in
the Treatment of Severe Spondylolisthesis,” Spine, 26, pp. 1820–1824.

�11� MacMillan, M., Fessler, R. G., Gillespy, M., and Montgomery, W. J., 1996,
“Percutaneous Lumbosacral Fixation and Fusion. Anatomic Study and Two-
Year Experience With a New Method,” Neurosurg. Clin. N. Am., 7, pp. 99–
106.

�12� Cragg, A., Carl, A., Casteneda, F., Dickman, C., Guterman, L., and Oliveira,
C., 2004, “New Percutaneous Access Method for Minimally Invasive Anterior
Lumbosacral Surgery,” J. Spinal Disord., 17, pp. 21–28.

�13� White, A. A., and Panjabi, M. M., 1990, Clinical Biomechanics of the Spine,
Lippincott, Philadelphia, pp. 47–55.

�14� Patwardhan, A., Havey, R., and Meade, K., 1999, “A Follower Load Increases
the Load-Carrying Capacity of the Lumbar Spine in Compression,” Spine, 24,
pp. 1003–1009.

�15� Madan, S., and Boeree, N. R., 2002, “Outcome of Posterior Lumbar Interbody
Fusion Versus Posterolateral Fusion for Spondylolytic Spondylolisthesis,”
Spine, 27�14�, pp. 1536–1542.

�16� Benz, R. J., Ibrahim, Z. G., Afshar, P., and Garfin, S. R., 2001, “Predicting
Complications in Elderly Patients Undergoing Lumbar Decompression,” Clin.
Orthop. Relat. Res., 384, pp. 116–121.

�17� Sidhu, K. S., and Herkowitz, H. N., 1997, ‘Spinal Instrumentation in the Man-
agement of Degenerative Disorders of the Lumbar Spine,’ Clin. Orthop. Relat.
Res., 335, pp. 39–53.

�18� Goel, V. K., and Gilbertson, L. G., 1997, “Basic Science of Spinal Instrumen-
tation,” Clin. Orthop. Relat. Res., 335, pp. 10–31.

�19� Riley, L. H., Eck, J. C., Yoshida, H., et al., 1997, “Laproscopic Assisted Fusion
of the Lumbrosacral Spine—A Biomechanical and Histologic Analysis of the
Open Versus Laproscopic Technique in an Animal Model,” Spine, 22, pp.
1407–1412.

�20� Khoo, L. T., Palmer, S., Laich, D. T., and Fessler, R. G., 2002, “Minimally
Invasive Percutaneous Posterior Lumbar Interbody Fusion,” Neurosurgery,
51�5 Suppl�, pp. 166–181.

�21� Pellise, F., Puig, O., Rivas, A., et al., 2002, “Low Fusion Rate After L5-S1
Laparoscopic Anterior Lumbar Interbody Fusion Using Twin Stand-Alone Car-
bon Fiber Cages,” Spine, 27�15�, pp. 1665–1669.

�22� Ray, C. D., 1997, “Threaded Titanium Cages for Lumbar Interbody Fusions,”
Spine, 22�6�, pp. 667–679.

�23� Minamide, A., Akamaru, T., Yoon, S. T., Tamaki, T, Rhee, J. M., and Hutton,
W. C., 2003, “Transdiscal L5-S1 Screws for the Fixation of Isthmic Spondy-
lolisthesis: A Biomechanical Evaluation,” J. Spinal Disord., 16, pp. 144–149.

�24� Milburn, P. D., and Barrett, R. S., 1999, “Lumbosacral Loads in Bedmaking,”
Appl. Ergon, 30, pp. 263–273.

�25� Button, G., Gupta, M., Barrett, C., Cammack, P., and Benson, D., 2005,
“Three- to Six-Year Follow-Up of Stand-Alone BAK Cages Implanted By a
Single Surgeon,” The Spine Journal, 5�2�, pp. 155–160.

�26� Oxland, T. R., Hoffer, Z., Nydegger, T., Rathonyi, G. C., and Nolte, L. P.,
2000, “A Comparative Biomechanical Investigation of Anterior Lumbar Inter-
body Cages: Central and Bilateral Approaches,” J. Bone Jt. Surg., 82A�3�, pp.
383–393.

�27� Philips, F. M., Cunningham, B., Carandang, G., Ghanayem, A. J., Voronov, L.,
Havey, R. M., and Patwardhan, A. G., 2004, “Effect of Supplemental Trans-
laminar Facet Screw Fixation on the Stability of Stand-Alone Anterior Lumbar
Interbody Fusion Cages Under Physiologic Compressive Preloads,” Spine,
29�16�, pp. 1731–1736.

�28� Bozkus, H., Chamberlain, R. H., Perez Garza, L. E., Crawford, N. R., and
Dickman, C. A., 2004, “Biomechanical Comparison of Anterolateral Plate,
Lateral Plate, and Pedicle Screws-Rods for Enhancing Anterolateral Lumbar
Interbody Cage Stabilization,” Spine, 29�6�, pp. 635–641.

�29� Kanayama, M., Cunningham, B. W., Haggerty, C. J., et al., 2000, “In Vitro
Biomechanical Investigation of the Stability and Stress-Shielding Effect of
Lumbar Interbody Fusion Devices,” J. Neurosurg., 93, pp. 259–265.

�30� Lim, T. H., An, H., Hong, J. H. et al., 1997, “Biomechanical Evaluation of
Anterior and Posterior Fixations in an Unstable Calf Spine Model,” Spine, 22,

pp. 261–266.

NOVEMBER 2005, Vol. 127 / 933


