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ABSTRACT

Background: Bidirectional expandable designs for lumbar interbody fusion cages are the latest iteration of
expandable spacers employed to address some of the common problems inherent to static interbody fusion cages.

Objective: To describe the rationales for contemporary bidirectional, multimaterial expandable lumbar interbody
fusion cage designs to achieve in situ expansion for maximum anterior column support while decreasing insertion size
during minimal-access surgeries.

Methods: The authors summarize the current concepts behind expandable spinal fusion open architecture cage
designs focusing on advanced minimally invasive spinal surgery techniques, such as endoscopy. A cage capable of
bidirectional expansion in both height and width to address constrained surgical access problems was of particular
interest to the authors while they analyzed the relationship between implant material stiffness and geometric design
regarding the risk of subsidence and reduced graft loading.

Conclusions: Biomechanical advantages of new bidirectional, multimaterial expandable interbody fusion cages
allow insertion through minimal surgical access and combine the advantages of proven device configurations and
advanced material selection. The final construct stiffness is sufficient to provide immediate anterior column support

while accommodating reduced sizes required for minimally invasive surgery applications.

Level of Evidence: 7.
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INTRODUCTION

Intervertebral fusion cages, often referred to only
as interbody cages, are implantable devices that
provide immediate anterior column support and
distraction to a treated functional spinal unit (FSU)
during interbody fusion surgery. During the last 2
decades, several forms of interbody fusion have
become routinely employed for lumbar spinal
pathologies, including posterior and transforaminal
interbody fusion (TLIF), as well as anterior and
lateral approaches. The posterior approaches, poste-
rior interbody fusion/TLIF, remain most popular
despite the anatomic hazards of placing the cage(s) in
the relatively small working space between the exiting
and traversing nerve roots, known as the Kambin
triangle.! An interbody cage’s function is to maintain
the desired intervertebral height until a bony union

can form between the 2 vertebral bodies, which
requires the device to provide biomechanical stability
as the patient recovers and regains mobility.
Factors that influence an interbody construct’s
biomechanical stability include device geometry,
stiffness, contact area, and the addition of integrat-
ed or supplemental fixation. An in vitro biome-
chanics study conducted in 1993 by Closkey et al’
established a contact area threshold of 25% or more
end plate coverage to guard against subsidence risk.
Achieving maximum end plate coverage is essential,
even when used combined with supplemental pedicle
screw fixation, because significant loads are still
transferred through the disc space.® The recent trend
toward minimally invasive surgical (MIS) tech-
niques due to the associated reductions in blood
loss, morbidity, and improved cosmetic outcomes
makes achieving maximum end plate coverage more
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difficult.*® As a result, expandable interbody cage
devices have gained popularity in recent years.

ADVANTAGES OF EXAPANDABLES

Expandable cages are advantageous for 2 signif-
icant reasons: (1) anterior column support tailored
to the specific interbody space and (2) providing the
necessary surgical access to deliver interbody
stabilization devices with sufficient height, lordosis,
and end plate coverage while minimizing dural and
neural retraction. Marketed expandable devices
accomplish these goals with varying levels of
success. Currently, the most popular expandable
devices have an integrated mechanism that allows
for the adjustment of height, that is, uniplanar
expansion in the cephalad-caudal plane.®® If the
device’s design was also able to increase end plate
coverage, the optimized design would potentially
decrease the risk of subsidence. The device’s design
goal would fulfill the clinical necessity for immediate
stabilization via the implant until arthrodesis can be
achieved. The surgeons’ perspective on expandable
interbody fusion cages have been highlighted in
another editorial article in this supplemental focus
issue of the International Journal of Spine Surgery
(1JSS).

Many parameters have been suggested as clini-
cally relevant indicators of spinal stability. Range of
motion (ROM) is the most commonly used metric
with utility in both the clinical and biomechanical
setting. For in vivo comparisons of stability (e.g.,
between degenerative conditions and fused spines),
ROM may be readily determined but may not be
sufficient in characterizing the efficacy of a given
spinal device. A relevant example would be the
response seen between 2 similar fixation strategies,
such as unilateral and bilateral pedicle screw
constructs. Few cadaveric biomechanical studies
that have relied on ROM as a lone metric have been
able to consistently differentiate the effect on the
implanted cadaveric FSU between unilateral and
bilateral constructs.” Parameters such as the stiff-
ness of an FSU, which incorporate vertebral
displacement as a function of load, which offers
both physical relevance and a direct-controlled
correlation to stability, should be considered a
means of comparison between constructs.

The displacement data generated from in vitro
spine biomechanics experiments are often presented
as a hysteresis loop, which are plots of applied load
versus recorded displacement. A great deal of
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information can be gathered from these load-
displacement plots, including ROM, stiffness, ener-
gy loss, and other factors, such as the neutral zone
(the region in which a small load produces a massive
displacement). Parameters previously used to mea-
sure stability include the area bounded by the
hysteresis loop (energy loss) and average slope over
specific regions or the entire hysteresis loop (stiff-
ness). The hysteresis loop area is the energy
dissipated by the specimen during a cycle of
loading.® This parameter has been of interest
because of its physical meaning and the potential
to incorporate design attributes akin to native tissue
characteristics in stabilization devices. Constructs
that can dissipate more energy (an increased area
bounded by the hysteresis loop) are more viscoelas-
tic, such as a healthy intervertebral disc.® A clear
correlation with spinal stability has not been shown
through kinematics testing in the literature (e.g.,
neutral zone stiffness).'*'°

CONSTRUCT STIFFNESS

Material stiffness is a fundamental material
property derived empirically from homogenous
isotropic test coupons. The same material config-
ured in the form of a spinal implant has a different
construct stiffness compared with the native mate-
rial, that is, a construct stiffness that is a function of
the implant geometry and the intrinsic native
material properties. One such example would be
the configuration of a titanium plate with semicon-
strained screws. In this instance, the construct could
have load-displacement responses different from a
test coupon made of the same material. The end
plate’s configuration is essential in the test response
and needs to be considered along with the material
property referred to as modulus of elasticity.
Although both are commonly referred to as
“stiffness,” a material’s intrinsic property is differ-
ent when configured as a medical device and loaded
in FSU. All reflect a specific response given the same
unit load, but loading conditions must be consid-
ered in the test protocols and the subsequent
contextual stiffness definition.

Spinal interbody fusion devices have traditionally
been designed and manufactured from homogenous
materials. Examples include commercially pure
titanium and titanium alloys. The device properties
are dependent upon intrinsic material properties
(e.g., modulus of elasticity or stiffness), whereas the
implant construct exhibits design-dependent con-
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Figure. Example of a multimaterial, bidirectional expandable interbody
device—FlareHawk.

struct stiffness along with those material properties.
The rationale for polyetheretherketone (PEEK)
interbody devices has primarily been based on the
matched “stiffness” or modulus of elasticity between
bone and PEEK.!” Clinically, the matched material
stiffness and appropriate configuration of the inter-
body device design alleviated many of the original
design problems with interbody cages that were
overmatched in stiffness.'® Reducing the construct
stiffness is essential, not only to reduce the risk of
subsidence but also to increase the load sharing and
improve bone formation as a function of Wolf law.
An in vitro study conducted in 2018 by Peterson et
al' corroborated this relationship by showing that a
more compliant anterior cervical discectomy and
fusion construct resulted in increased load-sharing
and reduced posterior element strain.

Multimaterial devices that can provide both
flexibility and stability may have the potential to
improve clinical outcomes by strategic implementa-
tion in design considering the intrinsic material
stiffness for each component. This combination of
materials and design strategies may result in devices
with construct stiffness more favorable to load
transfer between end plates. It also highlights the
importance of considering stiffness in device design
and interbody selection. When the modulus of
elasticity of an interbody device is more than an
order of magnitude higher than host bone and given
the device design (e.g., wall thickness), complica-
tions may arise.’> %> Although devices manufac-
tured from metals can have favorable bone
apposition and remodeling characteristics, the
dissimilarity between construct stiffness and the
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vertebrae’s stiffness increases the risk of subsidence.
In devices that incorporate different materials and
more open geometries, an effective stiffness should
be used to model the construct stiffness and
generally include a “springs in series” type of
stiffness model for a single device with multiple
materials (Figure). Currently, titanium and PEEK
polymer configurations fall into multimaterial de-
vice designs. In the case of numerous interbody
devices, that is, 2 interbody cages with various
design materials, the appropriate, effective stiffness
could be modeled as springs parallel, with each
spring modeled in series.

THE PATIENT FACTOR

Ideally, the final geometry of an interbody device
would be a function not only of the device design
but also conformation to each patient’s unique disc
space geometry. In those patients presenting with a
“domelike” anatomy, the contact area between the
device and endplate may be reduced and in turn
increase the risk of subsidence. The effects of bone
microstructure on cage subsidence have been
studied, showing that bone volume fraction is the
strongest predictor of subsidence and that endplate
concavity ranges from 0.88 to 1.90 mm through the
lumbar spine.”® A device that may be sufficiently
compliant to conform to the space would theoret-
ically reduce the risk of subsidence by increasing the
contact area and in turn reducing the endplate
stress. Initial radiographic outcome data can be
used as an approximation for implant conformation
by comparing medial and lateral dimensions. For
example, if device height measurements taken in the
medial aspect of the disc space are shown to be
consistently higher than the height measurements
taken at the lateral aspect of the disc space then
implant deformation is likely—an observation that
is described in a feasibility study reported by the
same team of authors in this special IJSS focus issue
on modern technology applications in minimally
invasive spine surgery techniques.

THE BURDEN OF PROOF

Although the concept of the bidirectional ex-
pandable interbody device has been rationalized in
support of fusion through a compliant shell that
interfaces with the end plate and a titanium shim
that provides structural support, clinical outcome
studies will have to illustrate their clinical benefit in
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terms of improved patient self-reported outcome
measures, lower complication and reoperation rates,
as well as cost. The same team of authors of this
editorial reported favorable clinical outcomes with
bidirectionally expandable cages obtained in a
feasibility study published in this IJSS focus issue.
Results of the authors’ deformation analysis show
that the final device geometry is dictated by each
patient’s unique disc space geometry. In those
patients presenting with “domelike” anatomy, the
device may be sufficiently compliant to conform to
the disc space. Deformation of a multimaterial
bidirectional expandable interbody fusion cage
design may increase the bone-implant interface’s
surface area and better distribute the load across the
end plate. It may also contribute to sufficient
stability of the FSU of the stabilized motion
segment by providing a unique combination of
compliant and rigid components to conform to the
interbody space while maintaining stability neces-
sary to achieve fusion. These concepts will have to
be studied in conjunction with posterior supplement
fixation, which is currently mandated by the
regulator status of current multimaterial bidirec-
tionally expandable cages. However, successful
clinical applications of expandable interbody fusion
cages without posterior supplemental pedicle-screw
based instrumentation have been demonstrated by
various authors. Expanded implementation of such
expandable cages in outpatient spine care with
simplified endoscopic and other forms of minimally
invasive spinal surgeries may hinge on this bidirec-
tional expandable technology’s stand-alone applica-
tion. The cost savings realized by hospitals and
surgery centers with standalone versions of this
technology may also impact its acceptance and
rollout into the mainstream.

An implant with the ability to conform to the end
plate represents a significant advancement. Chat-
ham et al'® showed that custom interbody devices
could reduce stress at the bone-implant interface by
up to 37% and rod stress by 28%. However, it is
unclear whether this deformation results in a
significant increase in the bone-implant interface’s
surface area because of the radiolucent nature of the
PEEK components. As the number of devices
featuring a combination of dissimilar materials
and open geometries increases, the research sur-
rounding how the construct stiffness of these devices
influences arthrodesis should also be studied.
Ideally, the configuration would allow a compliant
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or less stiff shell to cushion between a rigid inner
core, much like the combination of PEEK and
titanium, employed in contemporary design, such as
the FlareHawk (Integrity Implants, Palm Beach
Gardens, Florida). The rationale behind these
composite implants is to produce an effective
stiffness or a combined spring effect between PEEK
and titanium to match the functional spinal unit’s
stiffness more appropriately.

CONCLUSIONS

The authors stipulate that interbody fusion
devices with construct stiffness better matched to
that of the patient’s spinal motion segment will
become more relevant in future clinical applications.
The combination of components that are both
compliant and structural may provide the anterior
column support necessary to facilitate arthrodesis
with the potential to reduce device-related compli-
cations, such as subsidence, migration, expulsion,
and nonunion.
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