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Abstract
Study Design: In vitro cadaveric biomechanical study.

Objective: Biomechanically characterize a novel lateral lumbar interbody fusion (LLIF) implant possessing integrated lateral
modular plate fixation (MPF).

Methods: A human lumbar cadaveric (n = 7, LI-L4) biomechanical study of segmental range-of-motion stiffness was performed.
A +7.5 Ncm moment was applied in flexion/extension, lateral bending, and axial rotation using a 6 degree-of-freedom kinematics
system. Specimens were tested first in an intact state and then following iterative instrumentation (L2/3): (1) LLIF cage only, (2)
LLIF 4 2-screw MPF, (3) LLIF + 4-screw MPF, (4) LLIF + 4-screw MPF + interspinous process fixation, and (5) LLIF + bilateral
pedicle screw fixation. Comparative analysis of range-of-motion outcomes was performed between iterations.

Results: Key biomechanical findings: (1) Flexion/extension range-of-motion reduction with LLIF 4 4-screw MPF was significantly
greater than LLIF + 2-screw MPF (P<.01). (2) LLIF with 2-screw and 4-screw MPF were comparable to LLIF with bilateral pedicle screw
fixation in lateral bending and axial rotation range-of-motion reduction (P = 1.0). (3) LLIF + 4-screw MPF and supplemental inter-
spinous process fixation range-of-motion reduction was comparable to LLIF 4 bilateral pedicle screw fixation in all directions (P > .6).

Conclusions: LLIF with 4-screw MPF may provide inherent advantages over traditional 2-screw plating modalities. Furthermore,
when coupled with interspinous process fixation, LLIF with MPF is a stable circumferential construct that provides biomechanical
utility in all principal motions.

Keywords
lumbar, degenerative disc disease, fusion, lumbar interbody fusion, fixation, PEEK cages, biomechanics, cadaver, XLIF, sagittal
balance

have been lateral plating and interspinous process fixation
(ISPF).?>7-9-14.16.18-33 1 ateral plating does not extend the
intraoperative footprint as the plate is placed through the same
surgical corridor as the interbody cage and provides immediate

Introduction

Lateral lumbar interbody fusion (LLIF) is an effective interven-
tion when treating pain secondary to disc degenerative and seg-
mental instability."> The retroperitoneal transpsoas approach
(lateral access) preserves the anterior and posterior stabilizing
structures, while affording liberal disc removal and placement of
a wide cage spanning the apophyseal ring. Given such inherent
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structural benefits, it has been proposed that extensive and/or
invasive posterior fixation could be unnecessary with LLIF.>"'®

Accordingly, increased consideration has been given to
alternative, less invasive means to achieving stability with the
lateral access technique. Two techniques of particular interest
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Figure 1. Lateral lumbar interbody fusion cage with integrated modular plate fixation (2-screw—Ieft; 4-screw—right).

rigidity to the anterior column in the axial and coronal planes.
ISPF requires an additional posterior midline incision at the
index level (though less invasive than that required for pedicle
screw fixation), provides robust stability in the sagittal plane,
and largely preserves the posterior paraspinal structures. While
both lateral plating and ISPF techniques have demonstrated
utility when used independently, the most advantageous bio-
mechanical outcomes have been observed when used in con-
junction.®*'® The favorable rigidity of the plate in the axial and
coronal planes, coupled with the sagittal stability of ISPF, cre-
ates a synergistic circumferential construct.

Recent introduction of a novel LLIF cage possessing inte-
grated lateral modular plate fixation (MPF) may further
enhance the structural rigidity (Figure 1). MPF, which conso-
lidates the cage and plate into a singular entity, creates a con-
tinuous rigid body about the index level. However, the extent to
which this continuous design facilitates segmental rigidity is
not yet understood in the literature.

The purpose of this biomechanical study was to characterize
MPF in LLIF, with and without supplemental ISPF, utilizing
traditional LLIF with bilateral pedicle screw fixation (BPSF) as
a control. The primary objective was to determine whether
LLIF + MPF + ISPF can provide circumferential rigidity com-
parable to that of LLIF4+-BPSF, and a secondary objective was
to assess LLIF + MPF as a stand-alone construct.

Materials and Methods

Specimen Preparation

Seven (n = 7) fresh human cadaveric lumbar spines (L1-L4)
were included in this study (3 females, 4 males; age 29-62 years,

mean 46 + 11 years; body mass index 18 to 37 kg/m”, mean 26
+ 6 kg/m?). Anatomical structural integrity was confirmed via
standard anteroposterior and lateral radiographs. Any specimens
exhibiting previous lumbosacral surgery or anatomical discre-
pancy were excluded. Bone mineral density (BMD) evaluations
were performed by dual-energy X-ray absorptiometry (DEXA)
scans. Mean BMD was 0.969 g/cm? (range: 0.77-1.07 g/cm?).

Each spine was thawed at room temperature, the L1-L4
column was isolated, and all residual musculature and adipose
tissue were removed while preserving all ligamentous struc-
tures. Of note, the decision for a 3-level specimen was done in
accordance with the recommendation of Wilke et al.>* Doing
so would allow for the cranial and caudal potting to be applied
to vertebral bodies that would receive no instrumentation and
allow one adjacent native intervertebral disc above and below
the instrumented segment. The cephalad and caudal vertebrae
of each specimen were potted for subsequent attachment to the
test apparatus. Standard wood screws were placed in the L1
and L4 vertebral bodies and anchored within high-strength
resin. The specimens were hydrated, wrapped in saline-
soaked gauze, sealed in air-tight plastic bags, and frozen at —
20°C until approximately 10 hours before testing, at which
time they were thawed at room temperature (~25°C). At this
time, specimens were instrumented with screws at each verteb-
ral body (L1-L4) to which optoelectronic triad markers would
later be affixed. Placement of these screws was performed to
ensure that screw trajectories of the subsequent constructs
would be uninhibited. Prior to instrumentation, the kinematics
of all intact specimens were characterized via biomechanical
testing in a spine simulator (described further in the section
Testing and Motion Analysis).
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Figure 2. Lateral lumbar interbody fusion cage with 2-screw inte-
grated modular plate fixation (lateral fluoroscopic image).

Figure 3. Lateral lumbar interbody fusion cage with 4-screw inte-
grated modular plate fixation (lateral fluoroscopic image).

A fellowship-trained spinal surgeon performed all discect-
omy and instrumentation procedures at L2-L3. It should be
noted that the instrumentation level of L2-3 was selected to
ensure that all available test specimens offered preserved and
intact adjacent level intervertebral discs and vertebral bodies.
The decision to select a specimen length and instrument level
that ensured optimal adjacent level integrity was consistent
with recommendations by Wilke et al.** However, the authors
acknowledge that the level of L2-3 is a less common operative
level in lumbar fusion and possesses its own inherent biome-
chanical behavior in comparison with adjacent vertebral seg-
ments. Hence, consideration of study outcomes should be done
within this context. Future evaluation of biomechanical perfor-
mance at lower lumbar segments is warranted.

For each discectomy, the access window was centered in the
anterior half of the disc space, the posterior annulus was left

Figure 4. Lateral lumbar interbody fusion cage with 4-screw inte-
grated modular plate fixation and interspinous process fixation (lateral
fluoroscopic image).

intact, and the endplates were preserved. Five sequential instru-
mentation iterations were performed following discectomy and
include: LLIF cage only (LCage) (Timberline MPF Lateral
Fusion System; Zimmer Biomet Spine, Westminster, CO,
USA); LLIF+42-screw MPF (2S-MPF) (Figure 2); LLIF +
4-screw MPF (4S-MPF) (Figure 3); 4S-MPF + interspinous
process fixation (4S-MPF + ISPF) (Figure 4); and LCage +
bilateral pedicle screw fixation (LLIF + BPSF). A single MPF-
compatible LCage was used in all instrumentation iterations for
a given specimen, and the profile and height of each LCage was
selected to best fit each specimen’s anatomy. Of note, the
lateral cage utilized in this study was made of PEEK-
OPTIMA polymer (Invibio; West Conshohocken, PA, USA).
At the time of study, available cage footprints existed in 18 and
22 mm widths, with accompanying lengths of 45, 50, 55, and
60 mm, and heights of 8, 10, 12, and 14 mm. Built-in cage
lordosis of 0°, 8°, and 14° was available in all cage profiles. A
standard cage lordosis of 8° was chosen in this study for con-
sistency sake. The cage possessed no expandable capabilities.

MPF screw holes (2- and 4-S) were prepared using the sys-
tem’s standard drill and awl technique (Timberline MPF Lat-
eral Fusion System; Zimmer Biomet Spine, Westminster, CO,
USA). Drill guides were used to ensure appropriate screw
advancement and trajectory, and bicortical screw purchase was
always obtained if possible.

The ISPF device (Alpine XC Adjustable Fusion System;
Zimmer Biomet Spine, Westminster, CO, USA) was placed
anteriorly within the interspinous space to grip the laminar
junction per surgical technique. Both ISPF and MPF would
then be removed to allow for BPSF instrumentation. However,
the lateral screws were maintained during the initial establish-
ment of pedicle screw trajectory such that overlapping trajec-
tories were prevented. Doing so would ensure completely new
bone stock for pedicle screw purchase. Final rod placement and
fixation was then performed once lateral plate and screws was
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removed. BPSF was performed via standard technique (Silver-
ton Spinal Fixation System; Zimmer Biomet Spine, Westmin-
ster, CO, USA). The authors would like to acknowledge that
the iterative nature of the testing sequence may possess inher-
ent limitation in the preservation of specimen quality, particu-
larly the quality available for final pedicle screw fixation. To
best ensure that specimen quality was preserved for each itera-
tive instrumentation cycle, the authors employed protective/
preventative measures. First, as previously noted, all specimens
were screened for bone quality prior to testing via DEXA scan.
By ensuring healthy bone in all specimens, the authors believed
that all screw trajectories could be achieved without subsequent
influence or failure. Second, as previously noted, pedicle screw
placement was done under fluoroscopic guidance while the
lateral screws were still intact, such that their trajectories would
not overlap and diminish pedicle screw purchase by utilizing
previously tapped bone stock. Last, the authors believe that by
utilizing a modest pure-loading moment of 7.5 N¢m, at a load-
ing rate of 1 deg/s, soft tissue and boney integrity would be
preserved during each iterative cycle. Wilke et al** assert that
under these conditions specimens can be deformed without a
considerable effect on the results.

Anteroposterior and lateral fluoroscopic imaging was
employed during all device implantations.

Testing and Motion Analysis

A 6 degree-of-freedom (6-DOF) kinematic spine simulator
(Bionix Spine Kinematics System, MTS Corporation, Eden
Prairie, MN, USA) was used to apply nonconstraining, non-
destructive, pure-moment loading in the three principal motion
directions: flexion/extension (FE), left/right lateral bending
(LB), and axial rotation (AR) (Figure 5).3* After each surgical
intervention, specimens were mounted within the test apparatus
at the L1 and L4 pots. The caudal pot attachment afforded
translation in the X-Y plane via a translating table. A maximum
loading moment of + 7.5 Nc¢m was applied at rate of 1 deg/s for
3 consecutive cycles of FE, then LB, and finally AR.>*

Three-dimensional motion of each vertebral body was
recorded, in all cycles, relative to their adjacent levels
(L1-L2, L2-L3, L3-L4), as well as the cumulative specimen
(L1-L4) using an optoelectronic motion measurement system
(Optotrak Certus Motion Capture System; Northern Digital
Inc, Waterloo, Ontario, Canada). Each optoelectronic triad
maker was coupled to its respective level to establish a local
coordinate system. Additionally, 2 optoelectronic markers
were rigidly attached to the static test frame to define the +X
and +7 axes, and subsequently the +Z axis. Data acquired
during the third test cycle was used for statistical analyses.**
Range of motion (ROM) reduction relative to intact conditions
were subsequently calculated.

Statistical Analysis

Of note, A pretest power analysis was not performed given a
lack of historical data and clinical rationale for choosing an

Figure 5. Six degree-of-freedom kinematic testing machine (Bionix
Spine Kinematics System, MTS Corporation, Eden Prairie, MN, USA)
with intact specimen attached.

Table I. Range-of-Motion Measurements.

Range of Motion (deg) Mean + SD

Construct Flexion/Extension Lateral Bending Axial Rotation
Intact 4.1 + 3.1 50 + 1.4 1.4 + 0.6
LCage 1.5 + I.1 20 + 1.6 .1 + 04
2S-MPF 1.3+ 1.0 0.7 £ 05 08 + 0.3
4S-MPF 1.0 + 08 0.6 + 0.4 0.7 + 04
4S-MPF + ISPF 03 + 03 05 + 04 0.6 + 0.2
LLIF + BPSF 03 +03 0.6 + 0.5 0.7 £ 0.2

Abbreviations: LLIF, lateral lumbar interbody fusion; LCage, traditional LLIF
cage; 2S-MPF, LLIF with 2-screw modular plate fixation; 4S-MPF, LLIF with
4-screw modular plate fixation; 4S-MPF + ISPF, LLIF with 4-screw modular
plate fixation and interspinous process fixation; LLIF + BPSF, LLIF cage with
bilateral pedicle screw fixation.

effect size. A repeated-measures analysis of variance and Bon-
feronni post hoc tests (P < .05) were performed to determine
significance in ROM reductions between constructs. Pairwise
comparisons were made between all constructs.

Results

ROM outcomes are summarized in Table 1. Please note that all
ROM values reported at specific to the single instrumented
segment.
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Figure 6. Mean range of motion (ROM), relative to intact conditions,
when loaded in flexion-extension under a pure moment of 7.5 Ncm.
Bars represent the mean and error bars are standard deviation.
Symbols denote significant differences (P < .05) between groups
according to a repeated-measures analysis of variance with Bonfer-
onni’s correction for multiple comparisons.
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Figure 7. Mean range of motion (ROM), relative to intact conditions,
when loaded in lateral bending under a pure moment of 7.5 Ncm. Bars
represent the mean and error bars are standard deviation. Symbols
denote significant differences (P < .05) between groups according to a
repeated-measures analysis of variance with Bonferonni’s correction
for multiple comparisons.

Flexion/Extension

All constructs demonstrated significant reductions in ROM
(Figure 6) in FE when compared with the intact state
(P <.0001) (% intact: LCage 36%; 2S-MPF 32%; 4S-MPF
25%; 4S-MPF + ISPF 8%; LCage + BPSF 8%). When com-
paring fixation constructs, significant differences were
observed between all but 2 iterative ROM. The FE ROM
reductions of the LCage (36%) and 2S-MPF (32%) constructs
were not significantly different (P = .7); nor were the reduc-
tions of the 4S-MPF + ISPF (8%) and LCage + BPSF con-
structs (8%) (P = 1.0).

Lateral Bending

All constructs demonstrated significant reductions in ROM
(Figure 7) in LB than the intact state (P < .0001) (% intact:
LCage 42%; 2S-MPF 15%; 4S-MPF 12%; 4S-MPF + ISPF
11%; LCage + BPSF 13%). When comparing fixation

100
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80
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ROM (% Intact)
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Intact LCage 25-MPF 45-MPF  45-MPF+ LLIF+BPSF

Figure 8. Mean range of motion (ROM), relative to intact conditions,
when loaded in axial rotation under a pure moment of 7.5 Nc¢m. Bars
represent the mean and error bars are standard deviation. Symbols
denote significant differences (P < .05) between groups according to a
repeated-measures analysis of variance with Bonferonni’s correction
for multiple comparisons.

constructs, significant differences in ROM were observed
between LCage construct and all subsequent iterations (P <
.0001), as well as between the 2S-MPF (15%) and 4S-MPF
+ ISPF (11%) constructs (P < .03).

Axial Rotation

All MPF and BPSF constructs demonstrated significant
ROM reduction in AR (Figure 8) when compared with the
intact state (P < .0001); however, ROM of LCage (81%)
was not significantly different from intact conditions (P =
1.0) (% intact: LCage 81%; 2S-MPF 56%; 4S-MPF 49%;
4S-MPF + ISPF 45%; LCage + BPSF 49%). When com-
paring fixation constructs, significant differences in ROM
were observed between the LCage construct and all subse-
quent iterations (P < .01).

Discussion

The lateral access technique has received growing consider-
ation as an effective minimally disruptive procedure in treating
the symptomatic lumbar spine.>> While early accounts of the
technique were largely synonymous with use of supplemental
BPSF, a furthered understanding of the inherent structural ben-
efits of the technique has resulted in diverse philosophy in the
use, or nonuse, of adjunctive fixation.

A multitude of cadaveric biomechanical assessments have
been performed to better characterize the various alternative
constructs available within the LLIF model. Adjunctive unilat-
eral PSF (UPSF), facet screw fixation (FSF), facet wedging,
integrated lateral screws, lateral plating, and ISPF have all been
studied.®>'® The latter 2 fixation modalities, lateral plating and
ISPF, were of particular interest in this study given their syner-
gistic capabilities. While Fogel et al*® and Reis et al'® have
previously assessed LLIF + ISPF in vitro; plating was tradi-
tional independent fixation only. The aim of this study was to
characterize the biomechanical utility of a novel integrated
MPF LLIF construct, with and without adjunctive ISPF.
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ROM Reductions

The LCage provided significant reductions in ROM in both the
sagittal and coronal planes; however, limited ROM resistance in
the axial plane was readily apparent. This is consistent with the
literature, in which diminished AR rigidity is common with a
stand-alone LCage.*™'*'® However, given the modest amount
of axial angular motion inherent to the lumbar spine, ROM
reduction in AR is typically of secondary concern. While the
authors acknowledge the validity of such assertions around axial
plane rigidity, consideration must still be given to the potential
for cage subsidence and the amount of slip reduction necessary
when performing stand-alone LLIF.'***% Accordingly, charac-
terization of stand-alone LLIF utility was deemed outside the
scope of this article. The LCage construct was included to pro-
vide a baseline for subsequent instrumented iterations.

In considering supplemental fixation, the authors first
assessed MPF without posterior instrumentation. Both the
2S- and 4S-MPF constructs achieved significant reductions in
ROM relative to intact conditions in all directions. Further-
more, both iterations significantly exceeded the stand-alone
LCage with regard to ROM reduction in LB and AR, exempli-
fying the inherent benefit of lateral plating in the axial and
coronal planes. While similar trends have been captured in the
literature with lateral plating, no study has characterized a pla-
ted LLIF construct capable of LB motion reduction greater than
85%.%1618 The 2S- and 4S-MPF constructs achieved LB
ROM reductions of 85.8% and 88.4%, respectively. Only Har-
tensauer et al,'? Kretzer et al,'* and Nayak et al'® have char-
acterized LLIF constructs with LB ROM rigidity greater than
the stand-alone 4S-MPF iteration, all of which included poster-
ior instrumentation.

While not as unprecedented as the outcomes in LB, ROM
reduction of the stand-alone MPF constructs in AR were also of
particular note (2S-MPF 44%; 4S-MPF 51%), comparing
favorably to reported traditional lateral plate constructs
(single-level ROM reduction: 40.5% to 55.6%) and similarly
to an integrated lateral screw stand-alone construct (single-
level ROM reduction: 56.8%).>>'® The stand-alone MPF itera-
tions also performed notably well in comparison to the LLIF +
BPSF study control (ROM reduction: 51%), demonstrating an
inherent benefit of direct anterior column fixation. Greater
reductions in AR ROM have been captured in the literature
with LLIF + BPSF (single-level ROM reduction: 15% to
72.1%); although, such values are still comparable to those in
this study.>”"'""!3 Not explored in this study, facet fixation has
been shown to be advantageous when seeking rigidity in the
axial plane, achieving reductions of 26.7% to 81.9%.>¢1%13
These trends can be largely attributed to the robust locking of
the middle column with facet fixation.

Outcomes in FE with the stand-alone MPF constructs were
also clinically advantageous (ROM Reduction: 2S 67.9%; 4S
74.9%). Compared with the literature, FE outcomes with stand-
alone MPF appeared favorable to LLIF independent plated
(only) constructs (single-level ROM reduction: 54.2% to
72.9%).3>%1% Only Basra et al® have characterized a stand-

alone lateral construct (LCage + integrated lateral screws)
demonstrating FE ROM reduction (74.9%) equal to that of the
4S-MPF iteration. These similarities further the ideal that inte-
grated fixation modalities may enhance the rigidity of indepen-
dent or isolated LLIF constructs in the axial and coronal planes.

Pertaining to the primary study comparison, the addition of
ISPF to the 4S-MPF construct proved to be particularly bene-
ficial in FE, enhancing sagittal ROM (ROM reduction: 92%) of
the 4S-MPF construct by 17%.

Clinical Implications

Both stand-alone (instrumented) and circumferential LLIF
applications come with respective advantages. Stand-alone
application avoids the posterior structures entirely, providing
indirect decompression and disc height restoration, while cir-
cumferential application offers furthered sagittal stability and
correction.

In this study, MPF demonstrated inherent benefits that can
further both stand-alone and circumferential LLIF techniques.
By providing comparable rigidity in AR and LB to that of
BPSF, the MPF iterations significantly diminished the need for
posterior fixation in those respective planes. These capabilities
are particularly beneficial when sagittal correction is limited or
unnecessary.

Whether assembled prior to insertion or in situ, the integrated
design of the MPF construct may also support intraoperative
ease of plate placement and plate alignment optimization not
seen with traditional independent plates. In characterizing peri-
operative outcomes with LLIF + MPF, DenHaese et al*
reported operative time, fluoroscopy time, and blood loss with
MPF that was not differing from those outcomes associated with
placing a traditional cage alone.>* While these outcomes may not
be intuitive, given that use of additional hardware is associated
with greater intraoperative resources, consideration must be
given to the singular entity design of MPF in providing early
anterior column stability and ensuring optimal cage placement/
advancement with minimal imaging.

In further considering the potential marginal differences in
intraoperative demand, the utility of ISPF as an adjunct to
4S-MPF becomes largely apparent. While circumferential
rigidity was shown to be comparable between 4S-MPF + ISPF
and LLIF 4 PSF, the less invasive and less demanding nature
of ISPF over PSF makes the novel technique potentially more
advantageous.”> Accordingly, both DenHaese et al** and Kim
et al*’ have demonstrated greater improvements in patient
reported Oswestry Disability Index scores at 1.5, 3, 6, and 12
months postoperatively with 4S-MPF + ISPF and LLIF + ISPF
as compared with LLIF + PSF.

Last, consideration must be given to the anatomical and
ergonomic value of stand-alone MPF and MPF + ISPF tech-
niques. If adjacent level posterior instrumentation is already
present, the ability to use PSF may be limited. However, if the
spinous processes are intact, ISPF can be readily placed with-
out obstruction by adjacent level hardware. If the adjacent
spinous processes have been removed or compromised, the
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stand-alone MPF construct can still be leveraged, preserving/
avoiding a secondary posterior approach. Use of ISPF in LLIF
also allows for the subject to remain in the lateral decubitus
position without a need for repositioning.

Study Limitations

Study protocol limitations were consistent with multiple
reports in the literature. The iterative testing sequence was not
randomized. This was done to avoid excessive removal and
reinsertion of fixation screws. Given that a singular lateral cage
was used throughout, coupled with a small loading-moment,
tissue fatigue and/or unwanted intervertebral distraction was
diminished across iterations. Additionally, the cadaveric model
did account for degenerative changes or instability. While this
was done to ensure consistency across specimens, future work
may be warranted in which such variables are built into the
model. Finally, while not an inherent limitation of study design,
the exclusion of a traditional independent/stand-alone lateral
plate iteration does diminish the comparative nature of the out-
comes. A traditional plate was not included in the current study
given concern for additional screw tapping and placement that
could conflict/compromise with the screw placement of the
modular plate. Future evaluation in which a direct comparison
between plate designs is warranted.

Conclusion

This study demonstrated that a LLIF + MPF construct can
provide significant ROM reduction and segmental stability in
all motion directions. Trends observed with the LLIF + MPF
device demonstrated inherent stabilization capabilities not
seen previously with traditional stand-alone techniques.
Additionally, supplementation of the LLIF 4+ MPF construct
with ISPF proved to be highly synergistic, performing on the
same magnitude as LLIF + BSPF. The ability to provide
circumferential stability while avoiding the exposure associ-
ated with internal posterior screw fixation is clinically advan-
tageous. In conclusion, the authors assert that the LLIF +
MPF + ISPF technique may present as a less-invasive, yet
structurally robust, alternative to circumferential LLIF +
BPSF in single-level application. Clinical validation of these
results with regards to the patient quality-of-life outcomes
and fusion rates is necessary to further facilitate robust clin-
ical recommendations
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