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Abstract
Background

Lumbar interbody fusion is a common treatment for a variety of spinal pathologies. It has been hypothesized that
insufficient mechanical loading of the interbody graft can prevent proper fusion of the joint. The purpose of this
study was to evaluate the mechanical stability and anterior column loading sharing characteristics of a posterior dy-
namic system compared to titanium rods in an anterior lumbar interbody fusion (ALIF) model.

Methods

Range of motion, interpedicular kinematics and interbody graft loading were measured in human cadaveric lumbar
segments tested under a pure moment flexibility testing protocol.

Results

Both systems provided significant fixation compared to the intact condition and to an interbody spacer alone in
flexion extension and lateral bending. No significant differences in fixation were detected between the devices. A
significant decrease in graft loading was detected in flexion for the titanium rod treatment compared to spacer
alone. No significant differences in graft loading were detected between the spacer alone and posterior dynamic
system or between the posterior dynamic system and the titanium rod.

Conclusions

The results of this study indicate that the posterior dynamic system provides similar fixation compared to that of a
titanium rod, however, studies designed to evaluate the efficacy of fixation in a cadaver model may not be suffi-
ciently powered to establish differences in load sharing using the techniques described here.
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Intfroduction

The standard treatment for a variety of advanced de-
generative spinal pathologies is arthrodesis of the af-
fected motion segments. This often follows a proce-
dure of direct or indirect decompression of the af-
flicted neural tissue. Arthrodesis, or joint fusion, is
often warranted following decompression because of
mechanical instability of the joint, either as a result
of degenerative changes leading up to surgical inter-
vention or due to tissue disruption caused by the de-
compression procedure itself. Fusion of the index
level is aided by a graft material consisting of either a
synthetic bone substitute or bony tissue derived from
the patient (autograft) or a donor (allograft). Internal
fixation devices, consisting of such implants as

screws, rods, plates and interbody spacers, have
emerged as useful adjuncts to the fusion graft by pro-
viding immobilization of the joint during the fusion
process.

The rate of pseudarthrosis, or the failure of success-
ful fusion, has been reported at a variety of ranges
depending on factors such as the specific pathology
treated, the surgical technique, the technique used to
assess the non-union, the number of levels fused and
the presence of any metabolic abnormalities."* In an
effort to reduce the rate of non-union, creating the
optimal environment for bone growth, thereby expe-
diting fusion and fostering positive clinical outcomes,
has become a focus of research regarding spine
surgery. The influence of exogenous substances,
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such as non-steroidal anti-inflammatory drugs and
nicotine, on the rate of bone growth has been well
characterized,** and according recommendations for
care have been made standard. Recombinant human
bone morphogenic proteins have been developed to
accelerate bone apposition and, despite controversies
surrounding complications and appropriate indica-
tions,*” have demonstrated success in patients with
comorbidities known to inhibit proper bone healing.®

Beyond mechanical joint stability and an optimal bio-
chemical environment, it is well known that the state
of mechanical stress is influential in bone metabo-
lism.” It has been hypothesized that overly stiff ad-
juncts to fusion could result in states of stress within
the fusion graft too low to properly facilitate
arthrodesis. The elimination of this so-called stress
shielding has become the design rationale for a class
of internal fixators known as dynamic stabilization
devices.'”"? Most devices falling within this classifica-
tion have been designed as modifications to the ubig-
uitous pedicle screw and titanium rod constructs.
The simplest modification is perhaps the introduc-
tion of polyetheretherketone (PEEK) rods of the
same dimensions as the preceding titanium rods with
the expectation that the more compliant material
would prevent stress shielding of the graft. More
complex systems have been developed consisting of
compliant components, such as DYNESYS (Zimmer
Spine, Minneapolis, MN) and TRANSITION
(Globus Medical, Audubon, PA), and mechanical
joints, such as ISOBAR (Scient’x, Guyancourt,
France) and DSS (Paradigm Spine, New York, NY).

Multiple studies have been conducted using human
cadaveric specimens to investigate the load sharing
properties of different types of fusion implants. Free-
man et al. and Rapoff et al. estimated the load shar-
ing characteristics of various anterior cervical plates
without direct measurement of implant loading.""*
Cheng et al. and Brodke et al. evaluated the load
sharing characteristics of anterior cervical plates us-
ing modified interbody spacers with integrated sub-
miniature load cells.””'® Reidy et al. measured the
load within a modified corpectomy spacer using a
subminiature load cell and also measured the strain
within the accompanying static and dynamic cervical
plates using strain gauges."” In the lumbar spine, Yu

et al. measured anterior column load sharing with the
ISOBAR posterior dynamic rod utilizing a modified
transforaminal interbody spacer with an integrated
subminiature load cell.”® These studies were limited
to measurement of axial compressive load due to
their reliance on uniaxial, compression-only load
cells. Cripton et al. thoroughly characterized the six-
axis load sharing properties of pedicle screw and rod
constructs by placing strain gauges on the rods and
measuring intradiscal pressure.’®* However, a fusion
graft was not incorporated into the study, limiting in-
terpretation related to interbody fusion constructs.

The load distribution within six different thora-
columbar anterior instrumentation systems was in-
vestigated by Brodke et al. using pressure sensitive
film inserted between simulated vertebral bodies and
corpectomy spacers, both constructed of ultra-high
molecular weight polyethylene (UHMWPE)."” While
an inverse relationship was found between load shar-
ing and implant stiffness, the experimental model did
not accurately simulate human anatomy, but rather,
relied upon a simple cylindrical geometry and the
consistent material properties of a synthetic material.
Similarly, Sengupta et al. showed greater load sharing
in the TRANSITION system compared to poly-
etheretherketone (PEEK) and titanium rods in a
loading condition similar to the ASTM F1717 cor-
pectomy model utilizing UHMWPE blocks.*

In summary, there exists a considerable body of data
on the distribution and magnitude of loads across a
simulated interbody device placed between flat,
UHMWPE blocks in conjunction with adjuncts (rods
and plates) of varying stiffness. However, given the
differences between human vertebrae and UHMW-
PE blocks with regard to shape and material proper-
ties, this data is of limited clinical significance. On
the other hand, data on load sharing within the inter-
body graft in cadaveric models has been limited to
uniaxial compression measurements. The purpose of
this study was to evaluate the mechanical stability
and anterior column load sharing characteristics of
the TRANSITION posterior dynamic system (PDS)
compared to titanium rods in an anterior lumbar in-
terbody fusion (ALIF) model. A specially designed
interbody spacer was used in conjunction with pres-
sure sensitive film in order to measure the load distri-
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bution across the graft in axial compression as well as
bending modes of loading. The relative kinematics
between adjacent pedicle screws was also directly
monitored using an optoelectric tracking system.

Materials and Methods

Six fresh frozen human lumbar cadaveric specimens
were stripped of all soft tissue except for the oste-
oligamentous structures. Each specimen was dual-
energy X-ray absorptiometry scanned for bone min-
eral density. Four active light emitting diodes (LED)
were permanently affixed to the anterior surface of
each vertebra for optoelectric tracking. Table 1 lists
the demographic information for each specimen. The
ends of each specimen (T12 and sacrum) were dis-
sected to fit within aluminum potting rings and then
affixed to the rings with a combination of screws and
potting resin (Bondo, 3M, Atlanta, GA). All speci-
mens were stored in double sealed bags and main-
tained at -20°C when not in use.

Flexibility testing was conducted on each specimen
in a six-degree-of-freedom spine testing apparatus
(Bose, Smart Test Series, Eden Prairie, MN) under a
pure moment flexibility protocol including flexion ex-
tension (FE), lateral bending (LB), axial torsion (AT)
and axial compression (AC) modes of loading. All ro-
tational modes (FE, LB, AT) consisted of sinusoidal
loading to limits of +7.5Nm at a frequency of 0.005
Hz. Axial compression testing consisted of loading to
150N at the same frequency. The three-dimensional
kinematic response of each vertebra to loading was
monitored using an Optotrak Certus motion capture
system (Northern Digital Inc., Waterloo, ON, Cana-
da).

Table 1. Specimen Demographics

Specimen # Age (yr) Sex Height (in) Weight (Ib) BMD (g/cm?2)

MD11122149 61 F 63 230 0.782
MI11120709 64 F 59 155 0.717
LA11110202 4 M 72 280 0.855
IN12010102 66 F 61 222 0.779
MD12021541 47 M 68 140 0.845
MD11102771 64 M 74 240 0.878

A series of specially designed PEEK ALIF spacers
was manufactured in order to allow for the measure-
ment of anterior column loading during biomechani-
cal testing. The typical ALIF spacer design was mod-
ified so that a single graft window was cut out of the
top portion of the spacer. A PEEK plunger was ma-
chined for each implant height to fit within the graft
window and to extend 2mm above the top of the
body of the spacer. A slot was machined into the an-
terior surface of the spacer so that pressure sensitive
film (I-scan, Tekscan, Boston, MA) could be inserted
in order to measure the load transferred through the
graft window plunger. This was done to ameliorate
measurement error resulting from the use of pres-
sure sensitive film on the uneven surfaces of typical
ALIF spacers and the vertebral endplate. Casts of the
upper and lower surfaces of the spacer were made
from potting resin (Bondo) in order to ensure upright
orientation of the spacer during calibration. Before
insertion of the spacer into the interbody space for
testing, a 10 kg weight was placed upon the cage-
film-cast construct for calibration using the Tekscan
software (Iscan, ver. 6.02). A spacer with film insert-
ed and implanted at L4-5 is shown in Figure 1A. The
spacer, partially removed from the interbody space
following testing, is shown in Figure 1B.

Custom clamps were also designed in order to track
the head of each left-side pedicle screw during test-
ing for each of the treatment conditions. This is
shown in Figure 2 and was done to calculate the in-
terpedicular kinematics of each treatment. Two set
screws on either side of each clamp were digitized
using a probe and virtually tracked relative to their
respective LED for the calculation of interpedicular
kinematics. Pedicle screws were implanted prior to
testing of the Intact condition so that interpedicular
kinematics could be measured in the same manner
for all treatment conditions.

Surgical treatment conditions were carried out in the
following order with flexibility testing, as described
above, conducted following each treatment:

1. Intact segment with pedicle screws at L4-5 (In-
tact
2. ALIF with PDS at L4-5 (PDS)
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3. ALIF with titanium rod at L4-5 (Titanium)
4. ALIF without supplemental fixation (Spacer On-

ly)

Fig. 1. A - ALIF Spacer with Tekscan Inserted into Lumbar Segment. B -
ALIF Spacer with Tekscan Partially Removed from Interbody Space to
Illustrate Design.

Fig. 2. Tracking Fixtures Affixed to Pedicle Screws During Testing of PDS.

The PDS device tested, shown in Figure 3 to the left
of a 5.5 mm titanium rod used in the study, consists
of two polycarbonate urethane spacers surrounding a
polyethylene terephthalate cord on titanium spools
which are placed between adjacent pedicle screws.
The device is designed to allow for small changes in
interpedicular travel (IPT) during flexion and exten-
sion motion.”

Range of motion (ROM) was calculated as the range
(maximum-minimum) of the Euler angle correspond-
ing to each bending and torsion mode of loading (FE,
LB, AT) and as axial displacement for AC during the
third cycle of flexibility testing. IPT and interpedicu-
lar displacement (ID), which quantify the magnitude
of motion between adjacent pedicle screws through-
out the range of movement, were calculated by a
method previously described.” The total compres-
sive force exerted on the film (Axial Graft Loading),
and the Center of Force (COF), were exported from
the Tekscan data recording software for each test
conducted. These two values were used to calculate
bending moments (FE and LB) transmitted through
the graft at all testing time points. These moments

%

Fig. 3. PDS Device (left) and 5.5 mm Titanium Rod (right).

INTERNATIONAL JOURNAL OF SPINE SURGERY 4/10



DOI: 10.14444/2009

were calculated as the product of the total force mag-
nitude (F) and the respective coordinates of the COF
(Dx and Dy) with respect to the center of the film

sensor as described in the following equations and in
Figure 4.

Statistical Methods

A one-way, mixed-effects analysis of variance (ANO-
VA) with Bonferroni-corrected post hoc pairwise com-
parison was conducted for each of the outcome mea-
sures described. All statistical analysis was conduct-
ed in SPSS (IBM, Armonk, New York).

Results
ROM

A significant reduction in FE ROM was detected for
all treated conditions with respect to Intact
(p<0.032) and for PDS and Titanium with respect to
Spacer Only (p<0.001). A significant reduction in LB
ROM was detected for both PDS and Titanium with
respect to Intact (p<0.001) and for PDS and Titani-
um with respect to Spacer Only (p<0.001). A statisti-
cally significant increase in AT ROM was detected
for the Spacer Only treatment with respect to Titani-
um (p=0.001). A statistically significant decrease in
AC ROM was detected for each instrumented treat-
ment condition with respect to Intact (p<0.040). No
significant differences in FE, LB, AT or AC ROM
were detected between the PDS and Titanium treat-
ments. These results are displayed in Figure 5 and
shown in Table 2.

Film Boundary

N

Fig. 4. Bending Moment Calculations.

IPT

A significant reduction in IPT was detected during
FE for PDS and Titanium with respect to the Intact
condition (p=0.005 and 0.027 respectively). A signif-
icant reduction in IPT was detected during LB for
PDS and Titanium with respect to the Intact condi-
tion (p=0.036 and 0.015 respectively). A significant
increase in IPT was detected for the Spacer Only
treatment with respect to Titanium during LB
(p=0.005). A significant increase in IPT was detect-
ed during AT for the Spacer Only treatment with re-
spect to both Intact and Titanium (p=0.049 and
0.026 respectively). A significant reduction in IPT
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Fig. 5. ROM Summary (* = Significantly Different Compared to Intact; T =
Significantly Different Compared to Spacer Only).

Table 2. ROM Summary Table.

Intact TRANSITION Titanium P2
Only
mean 0.35 0.06 0.07 0.18
Axial Compres-
sion (mm)
std 0.13 0.03 0.02 0.13
mean = 10.38 2.12 1.73 8.22
Flexion Exten-
sion (°)
std 1.95 0.69 0.63 1.49
mean 8.31 2.71 1.65 8.17
Lateral Bending
o
© std 1.39 0.97 0.58 3.36
mean 3.81 4.24 1.68 7.00
Axial Torsion (°)
std 1.94 2.04 0.65 3.11
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was detected during AC for PDS with respect to the
Intact condition (p=0.028). No significant differ-
ences in FE, LB, AT or AC IPT were detected be-
tween the PDS and Titanium treatments. IPT results
are summarized in Table 3.

ID

A significant reduction in FE ID was detected for all
treated conditions with respect to Intact (p<0.012)
and for PDS and Titanium with respect to Spacer
Only (p<0.001). A significant reduction in LB ID was
detected for PDS and Titanium with respect to In-
tact (p<0.001) and Spacer Only (p<0.001). A signifi-
cant increase in AT ID was detected for the Spacer
Only treatment with respect to all others (p<0.012).
A significant reduction in AC ID was detected for
PDS and Titanium with respect to Intact (p<0.006)
and Spacer Only (p<0.012). No significant differ-
ences in FE,; LB, AT or AC ID were detected be-
tween the PDS and Titanium treatments. ID results
are summarized in Table 4.

Graft Loading

The load distribution during peak flexion and peak
extension across the pressure sensitive film for a rep-
resentative sample of the test specimens is shown for
each treatment in Figure 6. Regions of higher pres-
sure are denoted in red, while blue represents regions

Table 3. IPT Summary Table.

Intact TRANSITION Titanium  P2Cer
Only
mean 1.16 0.68 0.67 1.07
Axial Compres-
sion (mm)
std 0.27 0.52 0.39 0.49
mean 8.04 532 5.23 6.70
Flexion Exten-
sion (mm)
std 2.05 243 2.73 2.00
mean 8.81 7.40 6.61 7.90
Lateral Bending
(mm)
std 2.85 2.45 2.33 2.36
mean 3.90 6.05 4.49 6.93
Axial Torsion
(mm)
std 1.74 2.40 0.90 3.07

of lower pressure. As expected there was consider-
ably greater graft loading during flexion than during
extension, though no statistical comparisons were
made between loading conditions. Further, there was
an anticipated trend for greater total axial graft load-
ing for the Spacer Only condition compared to both
Titanium and PDS and for greater loading in PDS
compared to Titanium. However, only the compari-
son between Spacer Only and Titanium was statisti-
cally significant during Flexion (p=0.002) and Left
Bending (p=0.046). An unexpected significant in-
crease in axial graft loading was detected for the Ti-
tanium treatment compared to Spacer Only in Right
Bending (p=0.009). These significant differences are
denoted in Figure 7 along with the mean and stan-
dard deviation across specimens for Axial Graft
Loading in all peak loading conditions.

No significant differences were found in FE moment
graft loading between any treatment conditions at
any peak loading condition as shown in Figure 8. A
significant increase in LB moment graft loading was
detected at peak Left Bending for the Spacer Only
treatment with respect to Titanium (p=0.009). A sig-
nificant increase in LB moment graft loading was de-
tected at peak Right AT for the Spacer Only treat-
ment with respect to Titanium (p=0.042). These dif-
ferences are illustrated in Figure 9.

Table 4. ID Summary Table

Intact TRANSITION® Titanium = PA¢er
Only
mean 0.96 0.03 0.03 0.85
Axial Compres-
sion (mm)
std 0.29 0.02 0.02 0.54
mean 7.54 0.14 0.04 5.61
Flexion Exten-
sion (mm)
std 1.54 0.04 0.03 1.06
mean 4.72 0.23 0.08 4.62
Lateral Bending
(mm)
std 1.28 0.13 0.05 1.53
mean 0.73 0.15 0.14 2.25
Axial Torsion
(mm)
std 0.64 0.07 0.09 1.32
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Discussion

Both forms of interpedicular stabilization investigat-
ed in this study contributed to a significant reduction
in FE and LB ROM when used in conjunction with
an ALIF spacer, compared to the Intact condition
and the Spacer Only treatment condition. Only the
titanium rod provided any statistically significant sta-
bilization in AT ROM. Similar findings were made in
IPT and ID when directly measured from the pedicle
screw heads. Given the differential in rod designs, es-
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Fig. 6. Representative Sample Pressure Distribution at Peak Flexion and
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pecially with regard to axial stiffness, the lack of any
significant differences between the two in ID during
FE and LB is somewhat surprising. However, the
mean FE ID for PDS and Titanium (0.14 and 0.04
mm respectively) are comparable to the reported ac-
curacy of the Optotrak system used in this study and
are drastically smaller than Intact ID (7.54 mm). This
finding suggests that in order to measure a differen-
tial effect between these two treatment conditions,
that a more accurate measurement system or a
greater sample size may be required. Overall, no sig-
nificant differences in kinematics were found be-
tween the PDS and Titanium rod treatment condi-
tions, indicating that both devices are similarly suit-
ed, biomechanically, for the primary design intent of
fixating adjacent lumbar vertebrae.

On the contrary, in a study of a device with similar
design characteristics to the PDS device used in the
current study, Lazaro et al. found significantly
greater LB and AT ROM in the flexible rod com-
pared to a titanium rod.”” However, it is critical to
note that this study investigated both implants as
stand-alone devices with no interbody spacer, consti-
tuting a motion-preserving construct which is a com-
monly referenced configuration for this class of de-
vices.”? Since the current study was designed to
elucidate differences in fixation and load sharing of
the two devices used in an adjunct-to-fusion model,
no evaluation of the devices as stand-alone fixation
was conducted. Thus no conclusions regarding their
relative performance in the absence of an interbody
spacer can be drawn. The stabilizing effect of the in-
terbody spacer may explain, in part, the absence of
any significant kinematic differences between the
constructs.

T+
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1 I J_ aTranston
0 T T T T T 1 Titanium
C 1e n  Flexion n: Left Bending ﬁ Left Torsion Ri ]:
-0.05 T

| [+ |
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Fig. 9. Lateral Bending Moment Graft Loading (1 = Significantly Different
Compared to Spacer Only).
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While several 7z vitro biomechanical studies have
been published investigating the stability of posterior
dynamic devices ***, few have investigated their load
sharing characteristics in an interbody fusion model.
Studies have investigated the influence of posterior
dynamic implants on intradiscal pressure at the index
level, however these results are difficult to compare
to the current study since the technique of measure-
ment is different and the devices were tested in a
non-fusion model.** Also, the load sharing charac-
teristics of the devices tested in this study and ones
like them have been evaluated in simplified synthetic
models.” The authors have sought in this study to
evaluate the load distribution through an interbody
spacer using integrated, pressure-sensitive film in a
lumbar human cadaveric model. Significant decreas-
es in graft loading were found for the Titanium rod
compared to the Spacer Only treatment condition in
flexion, but no significant differences were found be-
tween PDS and Spacer Only or between the two
rods.

This study suffers from limitations inherent in all ca-
daveric biomechanical tests. The scarcity and ex-
pense of cadaveric tissue imposes sample size limita-
tions that hamper statistical power for any but very
large effects. Further, the pure moment flexibility
protocol represents a simplified loading regimen that
may not strictly simulate the physiologic loading en-
vironment. There were also limitations with respect
to the design of the modified ALIF spacer. In an at-
tempt to mitigate error associated with pressure sen-
sitive film measurement between dissimilar surfaces,
the spacer was modified so that pressure measure-
ments could be made between machined surfaces of
the same material. However, pressure measurement
across the entire cross-section of the spacer was not
possible because there would have been nothing to
limit shearing dissociation between the two halves of
the implant. This required a trade-off in that only the
pressure across the modified graft window was mea-
sured. Future work should focus on improving the
design of the spacer used to measure anterior column
loading. Surface serrations similar to those used clin-
ically should be included to prevent device migration.
Alternative techniques for load measurement, such
as strain gauges, should be considered in order to
overcome the limitations associated with pressure

sensitive film.

Conclusions

The load sharing and kinematic effects of a posterior
dynamic stabilization system were compared to that
of a titanium rod. Both systems provided statistically
significant fixation in FE and LB compared to the In-
tact condition. No significant differences were found
between the two fixation systems used in conjunction
with an ALIF spacer. A significant decrease in the to-
tal load transferred through the graft was measured
for the Titanium rod construct compared to Spacer
Only in peak flexion and left LB. Similarly, a signifi-
cant decrease in bending moment transferred
through the graft was measured in peak left LB and
peak right AT for the Titanium rod compared to
Spacer Only. No such differences were detected for
the PDS system.
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