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Abstract: Minimally invasive (MI) spine surgery continues to gain popularity with patients and surgeons
for its potential to decrease operative time and avoid complications commonly associated with open surgery.
In the face of a changing surgical landscape, selecting the appropriate implant material to be used in MI
lumbar fusion procedures will remain critically important. Various orthobiologic materials are available
for use, including autologous and allogeneic bone graft, bone marrow aspirate (BMA), demineralized bone

matrix (DBM), ceramics, and growth factors. The purpose of this review is to summarize the use and efficacy

of currently available products, as well as highlight the development of novel therapeutic options.
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Introduction

Like many other surgical subspecialties, the field of spine
surgery has undergone a steady shift toward minimally
invasive (MI) procedures. While traditional open and MI
approaches to spinal fusion have similar success rates,
MI techniques offer distinct advantages to patients. MI
spine surgery can result in decreased intraoperative blood
loss, shorter length of stay, and a reduction in the use
of postoperative opioids (1-3). Additionally, patients are
less likely to be readmitted with complications and have
improved cosmetic outcomes due to smaller incision size (2).

While in 2010 MI spine procedures accounted for
1/6 of all spine surgeries performed in the United States,
this figure is expected to increase to more than 1/2 by
2020 (4). Although some clinical studies demonstrate
equivalent or superior outcomes following MI lumbar
fusion in comparison to open procedures, the concern
for nonunion persists. For example, MI techniques are
associated with limited exposure, reducing the surface
area preparation which can lead to high fusion rates in an
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open setting (5). As surgeon and patient preference for MI
procedures increases, selecting the appropriate implant
material will remain critically important in spine surgery.
Here, we review the various biologic and biomimetic
implants available for use in in this clinical setting.

Biologic materials

In order to stimulate new bone growth between two
vertebral bodies, the surgeon must select an implant
with adequate osteoconductive, osteoinductive, and/or
osteogenic properties. Orthobiologic implants, such as bone
grafts, stem cells, and proteins, possess some or all of these
properties, and are used to create an environment favorable
for new bone formation and successful fusion.

Autologous bone

Autologous grafts used in spine surgery are commonly
derived from cancellous and non-vascularized cortical bone.
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Cancellous bone is characterized by its trabecular structure
and high concentration of osteoblasts and osteocytes (6).
Although cancellous bone lacks structural integrity, its
porosity facilitates neovascularization, cellular recruitment,
osteoid deposition, and ultimate mineralization and
resorption of the graft material (6). In contrast to cancellous
bone, cortical bone grafts offer greater mechanical stability;
however, its tightly organized, dense structure does not
permit substantial vascularization, and contains relatively
few osteogenic cells. Incorporation of cortical bone
grafts occurs slowly via creeping substitution, a process
in which new bone formation and graft resorption occur
simultaneously. Ultimately, once healing occurs, there is
minimal to no residual weakness (7).

Hiac crest bone graft (ICBG)

Due to its consistent osteoconductive, osteoinductive, and
osteogenic properties, ICBG has long been considered the
gold standard material used to achieve spinal fusion (8).
In addition to its use in traditional open procedures,
autograft bone may be similarly employed in MI spine
fusions. In a review of biologic materials utilized in MI
spine fusion procedures, studies utilizing ICBG alone
achieved a 96% rate of fusion overall (9). While ICBG can
be used to reliably achieve fusion, graft harvest is associated
with significant morbidity, including pain, nerve injury,
hematoma, and increased rates of infection (10).

In an effort to reduce donor site morbidity, Lopez et 4.
outlined a novel surgical technique for MI ICBG harvest for
use in conjunction with MI transforaminal lumbar interbody
fusion (MIS-TLIF) (11). This method allows for collection
of sufficient autograft (25-50 cm’) using a tubular retractor,
core reamer, and curved curettes through the same incision
as the surgical site (11). Haws et 4/. utilized this harvesting
technique in a comparison of patient outcomes following
MIS-TLIF using ICBG alone versus BMP-2 plus autograft
or allograft (12). Although the total operative time and
estimated blood loss were significantly greater in the ICBG
group than the BMP-2 group, these increases did not affect
the overall length of hospital stay. Furthermore, patients
in the BMP-2 cohort required greater hourly narcotic
consumption for adequate pain control on postoperative day
two (P=0.0013), and incurred significantly greater overall
hospital costs ($21,645 vs. $19,315, P<0.001) than those in
the autograft group (12).
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Local bone graft

In addition to ICBG, bone graft may be harvested from
spinous processes, lamina, and facets in the surgical
field. This can be completed in both open and MI
procedures and, like other autologous tissues, local bone
graft benefits from a lack of immunogenicity and risk of
disease transmission. Locally harvested bone may be used
as an alternative to ICBG to avoid additional donor site
morbidity. However, the limited volume of bone available
during the procedure precludes its use as the sole graft
material in multilevel fusions (13).

In MI lumbar surgeries, the rate of radiographic
fusion achieved using local autograft alone ranges from
61-100% (9). Careful bone preparation, including
morcelization and thorough soft tissue removal, is thought
to increase the chance of fusion and favorable clinical
outcome (14). When used in combination with ICBG in
posterior approaches to MI spine fusion, local autograft
has been shown to perform less effectively, achieving rates
of fusion between 83% and 91%. These findings may be
explained by in vitro evidence which suggests that harvest
location may dictate the osteogenic potential of bone
grafts. It has been shown that the osteoblast content of the
cancellous bone obtained via laminectomy is greater than
that of bone obtained from the iliac crest (15).

Bone marrow aspirate (BMA)

BMA contains pluripotent mesenchymal stem cells (MSCs)
that can be directed to differentiate into osteogenic
progenitor cells in the appropriate environment. These
cells are easily isolated and amenable to “ex vivo” expansion,
allowing preservation for later therapeutic application.
Additionally, naive undifferentiated MSCs are thought
to undergo spontaneous osteogenic differentiation when
introduced at the site of damaged bone immediately
after harvest (16). This feature allows autologous
BMA to be harvested and employed at the time of
surgery, circumventing the need for ex vivo cell culture,
concentration, and processing (17). In addition to its
osteogenic potential, BMA may also possess osteoinductive
capacity due to cytokines and growth factors released by the
population of cells in the graft (8).

BMA lacks structural integrity and will diffuse away from
the implant site if used alone. In order to prevent this, BMA
is often mixed with a carrier such as autograft, allograft,
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ceramics, or demineralized bone matrix (DBM) prior to
implantation. When used as graft extender with local bone
graft and rhBMP-2, autologous BMA has been shown to
elicit a fusion rate of 93% following MIS-TLIF (18). When
utilized in MI retroperitoneal approaches, autologous
BMA in conjunction with autograft, allograft, DBM, or
B-tricalcium phosphate (B-TCP) achieves fusion rates of
93% to 100% (18-21).

Evidence suggests that aspiration technique and volume
obtained greatly affect the availability of progenitor cells
in the graft material. Muschler and colleagues recommend
removal of a maximum of two milliliters of bone marrow
from a single site, as greater volumes are overly diluted by
peripheral blood (22). BMA may be obtained via needle
aspiration of the iliac crest or vertebral pedicles. The
concentration of progenitor cells in vertebral aspirates
has been shown to be 71% greater than that of samples
obtained from the iliac crest (23). In the same study, an
age-related decline in progenitor cells was observed in iliac
crest-derived BMA. Vertebral aspirates did not demonstrate
this trend, and no differences were observed between
samples drawn from different vertebral levels (23).

Allogeneic bone graft

Allogeneic bone may be sourced from human cadavers
or live donors. Mineralized allograft serves as an
osteoconductive scaffold for new bone formation, and may
be weakly osteoinductive depending on the preservation
of growth factors during processing (17). Its osteogenic
potential, however, is removed during processing. Freezing,
freeze-drying, or gamma irradiation are required to
eliminate its antigenicity, prevent disease transmission, and
preserve the graft for later use (24). As an alternative to
autograft, allograft preparations avoid donor site morbidity
and are available in large quantities at a relatively low
cost (24).

While the risk of disease transmission from allograft
is extremely rare, instances of pathogen transfer have
been reported, including human immunodeficiency virus
(HIV), hepatitis B, Clostridium difficile, and other bacterial
infections (17). Donor screening and tissue banking
procedures have improved since these cases, and the risk
of HIV transmission via allograft bone is an estimated 1
in 1.6 million (7). In a review of studies using allograft in
MI spine surgery, there were no reported cases of disease
transmission (9).
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Allograft is chiefly used in combination with autologous
bone, BMA, DBM, or growth factor as a bone graft
extender in MI procedures (9). In a multicenter review
of allograft use in MI transpsoas lateral interbody fusion
(MIS-LIF), Ahmadian et 4/. determined that allograft alone
achieves fusion in approximately 87.5% of cases, though
materials were not standardized across all institutions (25).

DBM is an allograft-derived bone graft extender generated
through acid extraction of the mineral components of
human cadaveric bone (26). This technique preserves
material consisting of collagen (primarily type I),
noncollagenous proteins, and certain growth factors,
including bone morphogenic proteins, transforming growth
factor-B, and fibroblast growth factor (8). The amount of
viable growth factor remaining after processing differs
substantially between the various commercially available
DBM products, allowing for considerable variability
in osteoinductivity. While DBM is available in several
formulations, including powder, gels, and pastes, it lacks
mechanical strength and is generally mixed with other bone
graft materials to improve osteoconductive capacity and
handling properties (27).

Grafts containing autologous iliac crest and DBM
have been shown to elicit the same rate of fusion as grafts
comprised of ICBG alone in open posterolateral lumbar
or lumbosacral fusion (28). Through replacement of
autologous bone for DBM, a reduced amount of autologous
graft is required, which may mitigate the complications
associated with the donor site (28). Further research is
required to evaluate the efficacy of similar materials in MI
procedures. Across five studies investigating the efficacy of
DBM as a bone graft extender in MI posterior interbody
fusion, an average fusion rate of 87% was observed. In
studies highlighting anterior or lateral approaches, the
fusion rate was reported at 97-98% (9).

Recent advances in materials engineering has the
potential to further improve DBM as a bone graft extender
in spine fusion. Rodriguez et a/. describe a model in which
defect-matched DBM implants can be custom designed
for use in spine surgery. Scaffolds generated with 3D
printing technology have been shown to elicit fusion in a
rat posterolateral spine model (29). This technology holds
promise for use in MI spine surgery as custom construction
of malleable implants allows for a precise fit, potentially
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decreasing time spent preparing graft materials.

Ceramics

Bioceramic scaffolds are synthetic calcium-based products
formed by melting inorganic raw materials to generate a
crystalline solid (30). Similar to DBM, ceramics are most
often employed as bone graft extenders in combination
with autologous bone or BMA. Ceramics are also
biodegradable, generally non-toxic and non-inflammatory,
can be produced on a large scale, and are easily sterilizable
(31,32). These materials are brittle and characterized
by low tensile strength; however, their porous structure
provides a favorable osteoconductive scaffold for new bone
growth (8). Macropores permit stem cells migration,
adhesion, and differentiation into bone-forming osteoblasts
within the scaffold (33).

Commonly employed ceramics include B-TCP,
hydroxyapatite (HA), calcium phosphate, and calcium
sulfate, which differ in macropore size. In comparison to
HA, B-TCP has a greater porosity and individual pore
size, which generates a larger surface area and weaker
compressive strength. This structure encourages a brisker
biologic response, including faster osteoid deposition and
bone remodeling. Conversely, HA is dense and is more
slowly resorbed after implantation (on the order of years),
but provides greater immediate mechanical strength (8).

When used as a bone graft extender with autologous
bone in MIS-TLIFE, HA achieves rates of fusion comparable
to those observed in traditional open cases (86%) (34). In
a study of 25 patients undergoing MIS-LIF, graft material
comprised of p-TCP, HA, and recombinant human bone
morphogenetic protein-2 (thBMP-2) achieved a 100%
fusion rate (35). The osteoinductive effect of rhBMP-2,
however, cannot be excluded as a primary contributor
to successful fusion. In a randomized controlled trial of
single level extreme lateral interbody fusion (XLIF) for
degenerative disc disease, patients implanted with rhBMP-2
achieved radiographic fusion more quickly than those who
received silicate-substituted calcium phosphate (Si-CaP)
grafts (36). After 36 months, all patients in each group
achieved fusion, however this lengthy postoperative period
may be unfavorable when faster healing alternatives are
available. Ceramics used alone in XLIF procedures have
been shown to produce a spectrum of fusion rates ranging
from 76.3% at mean follow up time of 14.2 months to 93%
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at 12 months (37).

Bone morphogenetic protein-2 (BMP-2)

BMPs are soluble cytokines in the transforming growth
factor-p family. These growth factors act through type
I and type II serine-threonine kinase receptors, and
exert their downstream effects via the SMAD protein
cascade (38). BMPs are highly osteoinductive and promote
the differentiation, maturation, and proliferation of
osteogenic progenitor cells (39).

The use of rhBMP-2 in MI spine fusion is diverse
and includes placement in interbody cages or disc space
delivered on collagen sponge, or in combination with
other materials (9). When delivered on absorbable collagen
sponge (Infuse™), rhBMP-2 has been shown to produce
high rates of fusion, including 95% in MIS-TLIF and 100%
in XLIF procedures (36,40). Local autograft is commonly
supplemented with thBMP-2 in MIS-TLIF procedures,
and this combination has been shown to produce favorable
outcomes. In a prospective study of 252 patients, Siddiqui
et al. obtained fusion rates of 88.4% and 98.5% at
six-month and two-year follow up, respectively. Compared
to patients treated with other materials (autograft and/or
DBM), the rhBMP-2 group achieved a significantly greater
rate of fusion at the six-month interval (88.4% uvs. 76.8%,
P=0.016), though there was no difference between groups
two years (41). In this study, patients underwent fusion with
an interbody cage packed with autograft and rhBMP-2,
and the remaining disk space was filled with autograft
alone (41). rhBMP-2 may also be mixed with the bone graft
intended for the disc space as well as the interbody cage.
This strategy has been shown in one study to elicit 100%
fusion at two-year follow up (42). In addition to the range
of available carriers, there is considerable variability in
the preferred dose of growth factor, with reports ranging
from 1.4 to 12 mg (18,43). Since its FDA approval in
2002, the use of thBMP-2 has been associated with several
side effects, including hematoma formation, heterotopic
ossification, retrograde ejaculation, edema, radiculitis, and
osteolysis; however, many of these findings were related to
surgical technique and naiveté regarding the robust nature
of the protein. Given these findings, patients (excluding
those with cervical pathologies) should be counseled about
the relative risks of growth factor utilization, and individual
clinical presentations should determine their use.
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Diluent PA

D-BMP2b-PA

Figure 1 Photograph of self-supporting BMP-2 binding PA gel
(bottom panel) and non-binding PA gel (top panel). The image is

reprinted with permission.

Novel therapeutics and techniques

Continued advancement in MI spine surgery will stem
from the use of materials specifically engineered to
circumvent the problems associated with presently available
treatments. Currently, absorbable collagen sponge is the
only FDA-approved carrier for thBMP-2, and while this
delivery system is known to achieve high rates of fusion
in humans, its use is associated with numerous side effects
such as ectopic bone formation, radiculopathy, retrograde
ejaculation, and graft subsidence (44). In order to minimize
these clinical complications, many research groups have
sought to develop a vehicle material with better growth
factor localization capacity and improved release kinetics.
For example, in 2015, Lee et al. characterized peptide
amphiphile (PA) molecules containing a BMP-2 binding
motif which readily undergo self-assembly, forming a
gel under aqueous conditions (Figure 1) (44). This self-
aggregation generates a meshwork of nanofibers akin to the

extracellular matrix, and provides a favorable framework
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Figure 2 Representative rat spine reconstruction (obtained from
uCT) is shown for successfully fused specimen. White arrows

indicate fusion mass. The image is reprinted with permission.

for osteogenic cell activity. In vitro assessment of BMP-
2 activity within the PA-gel demonstrates enhanced
expression of markers of osteoblastic differentiation
relative to BMP-2 alone (44). The PA gels are better able
to retain BMP-2 compared to collagen sponge, which is
known to deliver growth factor in a burst release fashion.
Additionally, the ability of PA gels to capture growth factor
from surrounding aqueous medium exceeds that of collagen
sponge (44). Lee ez al. also demonstrated the ability of PA-
gel scaffolds to achieve 100% fusion in a rat model using
a 10-fold lower dose of growth factor relative to collagen
sponge (Figure 2) (44). The dramatic decrease in the
requirement for adjunctive rhBMP-2 has the potential to
eliminate the negative consequences of growth factor use.
Improvements in the delivery of biologics in the MIS
setting have also been investigated. Kleiner ez 4. outline the
shortcomings of conventional bone graft delivery tools used
in MI discectomy and fusion, including poor visualization and
uneven distribution of graft material once dispensed. They
introduced a novel delivery tool designed to overcome these
limitations. The delivery cannula has a wedged tip for easier
entrance to the disc space, a greater cross-sectional area for
improved flow of graft, and two exit portals for lateral, even
distribution (45). Coupling enhanced biologic materials such
as injectable grafts with improved surgical technique may
decrease operative time and improve clinical outcomes.
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Discussion

MI lumbar fusion has the potential to reduce patient
morbidity, decrease operative time, and reduce the cost of
care. The ideal biologic implant must be easily malleable,
osteoconductive, osteoinductive, and resorbable. Ideally,
grafts will be radiolucent and traceable to allow for
radiographic assessment of fusion and correlation with
clinical progress (17). Given this demanding rubric,
few commercially available grafts exist squarely within
these requirements. As MI procedures continue to gain
popularity, spine surgeons should endeavor to understand
the inherent advantages and disadvantages of the available
biologic materials. With the arrival of novel therapeutics,
surgeons should be prepared to adopt the use of grafts with
demonstrated safety and efficacy that intentionally facilitate
the goals of MI surgery.
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