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Abstract

Achieving fusion in osseous procedures about the foot and ankle presents unique challenges to the surgeon. Many patients
have comorbidities that reduce osseous healing rates, and the limited space and high weightbearing demand placed on fusion
sites makes the choice of bone graft, bone graft substitute, or orthobiologic agent of utmost importance. In this review, we
discuss the essential characteristics of grafts, including their osteoconductive, osteoinductive, osteogenic, and angiogenic
properties. Autologous bone graft remains the gold standard and contains all these properties. However, the convenience
and lack of donor site morbidity of synthetic bone grafts, allografts, and orthobiologics, including growth factors and allogenic

stem cells, has led to these being used commonly as augments.

Level of Evidence: Level V, expert opinion.
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Arthrodesis procedures remain the gold-standard treatment
for end-stage arthritis and avascular necrosis of the foot and
ankle. However, achieving fusion is not guaranteed, and
nonunion results in clinically significant poorer functional
outcomes compared to union. There are many factors
associated with nonunion, including smoking, alcohol use,
diabetes, peripheral neuropathy, infection, avascular necro-
sis, history of open fracture, and revision surgery.”**-38:40-41
Unfortunately, many of these comorbidities plague foot and
ankle surgery patients requiring arthrodesis procedures, and
the nonunion rate in these patients can be as high as
40%.19-20384041 N oreover, in foot and ankle surgery, the
purpose and importance of bone grafts is enhanced com-
pared to other sites of fusion throughout the body due to
high mechanical loads placed across fusion sites with
weightbearing and limited space for grafts.

Therefore, it is not enough to just “fill a void,” but rather the
graft itself needs to support an osseous healing response with
the goal of forming union. Traditionally, autologous bone graft
(ABG) from the iliac crest, tibia, or calcaneus has been con-
sidered the gold-standard bone graft because of its osteocon-
ductive, osteoinductive, and osteogenic properties. However,
ABG has limitations with regard to quantity, quality, donor site

morbidity, infection, and pain.>*!*® To this end, many bone
graft substitutes, orthobiologics, and augments have been
developed. Unfortunately, there is minimal level 1 evidence
to support the use of many of the bone graft substitutes and
orthobiologics available. Therefore, it is imperative that the
treating surgeon know and understand the properties of these
products. The purpose of this review is to summarize the cur-
rent state-of-the-art on bone grafts and bone graft substitutes
used in arthrodesis procedures about the foot and ankle.

Bone Graft Properties

The 3 historical essential properties to successful osseous
healing include osteoconduction, osteoinduction, and osteo-
genesis. However, 1 common theme among the previously
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mentioned risk factors for nonunion is impaired vascularity.
Therefore, we consider angiogenesis a fourth essential
property of osseous healing. Here, we will briefly discuss
these properties as it is important to understand them and
realize that most bone graft substitutes or orthobiologics do
not possess them all.

Osteoconduction is the ability to serve as a scaffold for
the formation of new bone. Because bone is a structural soft
tissue, a certain degree of stability is needed for new bone
formation, especially when it comes to filling a gap between
bone edges, such as at an arthrodesis site. Osteoprogenitor
cells need a framework on which to attach to form new bone.

Osteoinduction is the property of encouraging new bone
formation. Osteoinductive bone grafts are those in which
pro-osteogenic factors are released into the host environment
to actively induce mesenchymal stem cells and osteopro-
genitor cells to become osteoblasts. There is a wide array
of known pro-osteogenic cytokines and signaling molecules,
including bone morphogenetic proteins (BMPs, specifically
BMP-2, BMP-7, and BMP-12), platelet-derived growth
factors (PDGFs), and other members of the transforming
growth factor B (TGF-B) family.

Osteogenesis is the ability to form new bone. Osteogenic
bone grafts are those in which actual cellular elements
within the bone graft are capable of producing bone. There
is debate about which cell population this includes. For
example, mesenchymal stem/stromal cells could produce
new bone but only after being induced (osteoinduction)
down the osteoblast lineage. Therefore, strictly speaking,
we consider osteogenic bone grafts to include cells that have
already differentiated down the osteoblast lineage.

Another important characteristic of bone grafts is angio-
genesis. Angiogenesis is the ability to form new blood ves-
sels at the site of healing. Since the idea of angiogenesis
regarding bone grafts is a modern one, we are unaware of
a strict definition. For the purposes of this article, we will
consider an angiogenic bone graft or substitute as one that
contains cells or growth factors known to contribute to new
blood vessel formation. There is some overlap in the osteoin-
ductive cytokines mentioned above and those found in
angiogenic materials.'®?! The timing of angiogenesis to
achieve bony union may be the most important in the initial
few weeks.*> Grafts that have angiogenic effects can be
critical in developing the microenvironment that will be
required to achieve bony fusion.

Autologous Bone Graft

Autologous bone graft (ABG, autograft) can be cancellous
bone, cortical bone, or a combined cortical-cancellous graft
obtained most commonly from the iliac crest, tibia, or cal-
caneus. Cancellous bone carries many benefits, including
high surface area with many osteogenic cells that allows for
rapid incorporation. Cortical-cancellous grafts offer the
same biologic benefits while also adding structural stability.
ABG provides all 4 key aspects of bone grafts. It is

osteogenic and angiogenic with actual bone- and vessel-
forming cells included in the graft. It is also osteoinductive,
containing native osteogenic growth factors. Furthermore, it
can be osteoconductive, providing a scaffold for bone cells
and creeping substitution.>®

The donor location for ABG is an important consideration
as bone harvested from different sites on the body can have
markedly different potential for augmenting fusion. The
amount of osteoblasts and osteoprogenitors in hematopoietic
marrow varies among graft donor sites. For example, autograft
from the tibia has been shown to contain fewer osteoblasts and
a more fatty marrow than iliac crest bone graft, which is more
osteogenic and angiogenic.'® The calcaneus, another common
source of autograft, has also been shown to be inferior with
regard to osteogenic and angiogenic cells to iliac crest bone
graft.?® In general, it is easier to harvest ABG as you get farther
from the axial skeleton, but the quality of ABG declines as the
sources move from the axial to the appendicular skeleton.®*

Beyond the location of the donor graft, many host factors
affect ABG quality. Increasing age, female sex, and medical
comorbidities all decrease the number and/or quality of the
cellular component of ABGs.**>! Interestingly, the local vas-
cularity of the tissues from which the autograft is taken can
affect the ultimate efficacy of the autograft; the more well
vascularized the donor site, the better.® The ultimate autolo-
gous graft is the free vascularized bone flap. The transfer of
living osteocytes in structural bone with already intact vascu-
larity can promote the potential for healing in the most diffi-
cult situations. Free fibula, free iliac, and medial femoral
condyle free flaps have been used in the foot and ankle. A
review of these different flaps is beyond the scope of this
review, but they have been successfully used for the treatment
of avascular necrosis, large bony defects, and persistent
nonunions.*?

There are drawbacks common to all autograft harvest
procedures. Combined major and minor complications and
donor site morbidity have been reported to occur in 15% to
49% of cases.>* Complications of harvesting bone from the
iliac crest can include infection, lateral femoral cutaneous
nerve injury, bowel injury, hernia, prolonged pain, and
hematoma. The amount of autograft able to be obtained is
also an important consideration when using ABGs. Large
grafts of 3 to 4 cm in length and width can be obtained only
from the iliac crest. Expense due to equipment cost (eg, with
use of the Reamer Irrigator Aspirator [RIA] device), added
operative time, and surgeon costs also have been cited as
drawbacks to autograft when compared to synthetic or osteo-
biologic alternatives.'>*

Synthetic Bone Grafts

Synthetic bone grafts typically only have the property of
osteoconduction. Their synthetic nature allows for low cost,
ready availability, and multiple physical forms, which
include pellets, powder, putty, and as coatings on implants.
However, they are not as potent or reliable at ensuring a
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Figure 1. (A) Intraoperative photograph and (B) fluoroscopic image of the use of a calcium phosphate product to fill a void in the
calcaneus after open reduction and internal fixation. (C) The calcium phosphate can still be seen after 6 months.

successful arthrodesis due to the lack of any osteogenic,
osteoinductive, or angiogenic properties. They instead rely
wholly on the ability of the patient to generate adequate bone
at the fusion site.

Calcium sulfate is a widely used synthetic bone graft that
is available in multiple forms, including liquid and malleable
putty that solidifies after implantation. This allows for
sculpting of complex shapes and even percutaneous injec-
tion into bone voids. This can be a major advantage in foot
and ankle surgery, in which any reduction in the size and
extent of incisions is welcome and may help avoid wound
complications. One major drawback is the rapidity at which
the graft is resorbed, which can be on the order of 1 to 3
months. This is often faster than new bone can be formed to
replace it and may result in seromas or dead space and serous
wound drainage.**

Calcium phosphate is another calcium salt derivative that
comprises a family of synthetic bone grafts used in fusion
surgery. Like calcium sulfate, mono- and dicalcium phos-
phate are available in a wide variety of forms. Resorption is
much slower compared to calcium sulfate, taking at least 6
months and up to 10 years in some instances (Figure 1). One
major advantage is their impressive compression strength,
which is higher than that of cancellous bone. Tricalcium
phosphate more approximates the compressive characteris-
tics of cancellous bone and is notable for its superior ability
to allow for bony ingrowth. It does not come in a putty form
and is known to be particularly brittle.*’

Coralline hydroxyapatite is another available graft simi-
lar to calcium phosphate. Hydroxyapatite itself is a major
component of native bone, making up nearly 50% of its
weight. In graft form, it is available as solid blocks or gran-
ules. It is also known to be brittle but does have compressive
strength that approximates cancellous bone. There are cer-
amicized and nonceramic hydroxyapatite grafts that affect
its resorption rate with the ceramic form being much slower
to resorb (can be >10 years) than the nonceramic form.*’

Bioactive glass grafts are synthetic, silica (SiO,)-based
substances that form chemical bonds to bone and the sur-
rounding soft tissue. They release ions, including Si+, Na+,
and Ca2++, that react with interstitial fluid to enhance the

deposition of calcium phosphate on the bone surface. It is the
subsequent deposition of the calcium phosphate that
enhances the attachment of osteoblasts to the site. Bioactive
glass is available in solid and particulate forms that have
varying rates of bioactivity, due largely in part to the pro-
portion of SiO, they contain, which helps osteoblasts attach
to bone surface.’

Demineralized Bone Matrix

Demineralized bone matrix (DBM) is an allograft bone
product. Human bone sources are processed with acid
extraction to remove cells and soft tissues and gamma irra-
diated to remove virus, bacteria, and fungus matter. What is
left are the calcium-containing solids, inorganic phosphates,
cell debris, and the proteinaceous components of bone.*>
The bulk of the solid matter that has been acellularized is
the osteoconductive portion of bone. It exists in a myriad of
forms, including structured blocks, flexible sheets, putty,
paste, and gel. In addition to the abundant volume available
without concern for donor site morbidity, the diversity of
material form lends itself well to use in the limited-space
environment of foot and ankle arthrodesis.

Another beneficial aspect of DBM is the protein compo-
nent of the graft that may have some osteoinductive proper-
ties. Osteoinductive proteins, including osteocalcin,
osteopontin, BMPs, insulin-like growth factors (IGFs), and
other members of the TGF-f family, have been isolated from
DBM. There are no current industry standards for measuring
the amounts of these osteoinductive compounds in any given
lot or product. Most studies of these grafts in vivo have been
done in animal models. From these studies, it seems that the
degree of osteoinductivity in a graft is dependent on the
health of the donor. The osteoinductive properties of DBM
have been shown to correlate inversely with donor age in
several in vivo studies.**>® Conflicting reports exist on the
actual content of BMPs in DBM, with some showing no
significant correlation between age and actual BMP content
and others showing a significant difference in some
BMPs.?”*? Significant differences have also been reported
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with regard to the sex of the donor, with DBM from female
sources having a higher concentration of BMP.*?

However, the naturally occurring levels of BMP-2 in cor-
tical bone are in the nanogram per gram level and may have
a negligible effect on the overall efficacy of the graft. These
differences in donor attributes, no standardized intracorpo-
rate standards for demineralization processing, or assays for
efficacy of processed lots must be taken into consideration
when selecting an appropriate graft for use in foot and ankle
surgery. Some of the earliest reports of their use in arthrod-
esis about the foot and ankle have included ankle and triple
arthrodesis, segmental lengthening, and revision of
nonunions.>'>%

Orthobiologics

While autograft and the synthetic bone grafts described
above have been in use for many years, recent research has
focused on understanding the specific biochemical pathways
that lead to new bone formation. Osteobiologics represent
the group of substances that aim to take advantage of the
body’s endogenous osteosynthetic capacity. Thus, most of
the available osteobiologic additives are local growth factors
that are typically involved in bony repair. These compounds
are osteoinductive in that they initiate and/or enhance the
natural bone-forming process. Examples include BMPs,
PDGF, vascular endothelial growth factor (VEGF), and
TGF-B. Given that these products are newer, reportedly
more purified, and potent, as well as the focus of a signifi-
cant amount of ongoing research, they are also often rela-
tively expensive and sometimes controversial.*’

Bone morphogenetic proteins are members of the TGF-f§
superfamily and have been the subject of extensive orthope-
dic research for the past 50 years. There are over 20 identi-
fied types, most having osteogenic properties, with BMP-2,
BMP-4, and BMP-7 being the most well studied. BMP-2 and
BMP-7 are the only subtypes currently available commer-
cially for application in orthopedic surgery. From these
products, a multibillion-dollar market has arisen.>® The net
effect of BMPs is to cause mesenchymal stem cells to dif-
ferentiate into osteoblasts.

Currently, BMP-2 is approved by the US Food and Drug
Administration (FDA) for 2 purposes: for anterior lumbar
interbody fusion (ALIF) with BMP-2 inserted into titanium
cages and for acute, open tibial shaft fractures.*” BMP-7 is
used for nonunions of long bones and failure of spinal
fusions as a Humanitarian Device Exemption through the
FDA. Off-label uses of these powerful and potent recombi-
nant molecules are common in orthopedic fields, including
foot and ankle surgery.

There have been several studies regarding the efficacy
and safety of BMP use in fusions about the foot and ankle.
One report retrospectively chronicled ankle or hind foot
arthrodesis in 69 patients who were classified as “high risk”
based on comorbid factors, including diabetes, chronic
infection, smoking, alcohol, high-energy injuries or multiple

trauma, collagen disorders, and multiple medical comorbid-
ities.” Recombinant human BMP-2 (thBMP-2) was included
in the fusion surgery in all patients; some also received
autograft. The fusion rate at 112 arthrodesis sites in the
69 patients was 96%, with a mean fusion time of 11 weeks
postoperatively by computed tomography (CT) scan. One
hundred percent of ankle arthrodesis sites were fused with
the addition of BMP-2. Interestingly, there were no differ-
ences between groups that received autograft in addition to
BMP and those that did not. This fusion rate was compared
to a prior study of subtalar fusion rates in 15 patients with-
out high-risk characteristics and included the use of prox-
imal tibia cancellous autograft, which showed only 48%
fusion in these patients at 12 weeks postoperatively.'* The
authors also noted no significant increase in complication
rates with the use of thBMP-2.

In a similar study of high-risk patients,** 51 fusion sites
treated with hBMP-2 in 48 patients, including several with
prior fracture nonunion, were retrospectively reviewed.
These patients also received a mix of autograft and allograft.
A similar overall fusion rate of 95% was observed with the
use of thBMP-2. Interestingly, all nonunions occurred in
patients who had prior nonunions. A low complication rate
was observed with thBMP-2, including a 2% infection rate
and delayed wound healing in 8% of patients.**

One controversial feature of BMP use that has been
heavily debated and studied is the risk of cancer. In addi-
tion to the known osteogenic activities of BMPs, they are
also trophic growth factors, and several members of the
BMP family have neoplastic properties, including BMP-2,
which has been shown to stimulate growth in prostate
cancer. Both BMP-2 and BMP-7 have been shown to
induce metastasis.” Conversely, these same BMP family
members have also been shown to have anticancer activ-
ities and inhibit metastasis, growth, and proliferation.’?
While the number of studies using BMP specifically in
foot and ankle surgery is still few, there has not been any
reported evidence of cancer after BMP use in fusion sur-
gery. Another potential drawback to BMP use is the pos-
sibility of excess bone formation. Most documented
adverse effects relating to ectopic bone are found in the
literature relating to spine surgery, in which robust bone
formation can cause radiculitis due to nerve root compres-
sion with an incidence as high as 14%.%%*® Similar com-
plications from excessive bone formation have not been
widely documented in foot and ankle surgery. While there
have not been any randomized controlled trials, BMP
appears to be effective in the promotion of fusion in
high-risk arthrodesis about the foot and ankle.

PDGF is a potent modulator of inflammation and tissue
repair. As its name indicates, PDGF is made and stored in
platelets and released during platelet degranulation in the
acute phase of the inflammatory response. Its effect is
important throughout the initial bone-healing process. The
primary influence of PDGF is felt in the early phase of bone
healing as it promotes chemotaxis of inflammatory cells,
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mitogenesis of mesenchymal stem cells, and angiogenesis.
These key factors are critical in the formation of soft callus
and setting the stage for complete bony fusion.'” PDGF does
not have any nascent osteoconductive properties, so it is
commercially available packed with B-tricalcium phosphate
to act as a scaffold for bone formation.

In foot and ankle surgery, the safety and efficacy of
PDGF have been demonstrated in several studies. In a ran-
domized control trial of 20 patients comparing recombinant
human PDGF (rhPDGF) with a B-tricalcium phosphate
carrier to autograft in ankle or hindfoot fusions, there was
radiographic evidence of union in 50% of patients with
autologous bone graft and 77% of patients with PDGF after
9 months.'® A similar study with 63 patients randomized to
receive PDGF compared to a control group consisting of 12
patients prospectively randomized to receive autograft,
combined with 142 patients from another study with sim-
ilar protocol, showed fusion rates of 84% in the PDGF
group and 65% in the autograft group. The primary end
factor again was radiographic evidence of fusion. This
study also assessed clinical outcomes based on visual ana-
log scale (VAS) score and lack of need for any secondary
procedure after 1 year and demonstrated 91% of patients
with PDGF fusions achieving clinical success compared to
78% of those treated with autograft.'*

In another prospective randomized controlled trial (RCT)
from the North American Orthopedic Foot and Ankle Study
Group, 434 patients were randomized (2:1) to thPDGF or
autograft-augmented fusion of the ankle or hindfoot. In the
cohort that received rhPDGF, the fusion rate, as determined
by CT scan at 6 months, was 62.0% (159/260 patients). The
fusion rate for the autograft cohort at this time point was
similar at 62.6% (85/137 patients). Efficacy rates between
groups were comparable, with clinical healing status of
87.7% for those receiving PDGF and 88.3% for those receiv-
ing autograft. The main clinically relevant difference in out-
comes between these groups was the lack of donor site pain
and morbidity in the group that did not have autologous graft
harvest. In terms of complications, there was no significant
difference between the groups in any of the studied para-
meters, including serious/emergent events, wound complica-
tions, or device-related complications.’

Similar to the use of hBMP as discussed above, there has
been concern about the potential for cancer risk with the use
of thPDGF. These concerns are founded on the potent mito-
genic and angiogenic effect of this bioactive molecule. In a
2013 RCT study, the occurrence of cancer was not signifi-
cantly different with the use of PDGF vs autograft (1.1% in
the PDGF group and 1.4% in the autograft group). While this
represents only 1 year of follow-up in a limited sample size,
it is the largest RCT studying rhPDGF in arthrodesis.'” The
authors also note that there has been concern about the can-
cer risk of a topical application of PDGF (becaplermin) that
is used for nonhealing diabetic foot ulcers. However, in a
large matched cohort study of 1622 patients, there was no
increase in incidence of cancer in the 6-year follow-up

period.”” There was a subgroup that used a large amount
of the topical preparation (3 tubes), and in this group, there
was a significant difference in mortality from preexisting
malignancies.*® Due to this finding, the FDA did issue a
warning regarding the excessive use of becaplermin. No
such findings or warnings have been issued regarding the
use of thPDGF in arthrodesis.

Concentrated bone marrow aspirate (CMBA) theoreti-
cally contains cells with osteogenic and angiogenic poten-
tial. The mesenchymal stem cells in bone marrow have
nascent osteogenic potential and are also osteoinductive.
Endothelial progenitors in bone marrow aspirate are angio-
genic. Platelets are also contained in the aspirate, which
contains the growth factors described above that may be
beneficial in arthrodesis. A myriad of growth factors in
CBMA have powerful osteogenic and angiogenic effects,
including BMP, PDGF, TGF-B, and VEGF.*® However,
CBMA alone does not have osteoconductive properties and
must be mixed with another graft to have all 4 properties.

One critical step in the processing of CBMA that sets it
apart from autologous bone grafting is the concentration
phase, which is key for its successful application. In 1
study, CBMA was harvested from the anterior iliac crest
and implemented at a tibial nonunion site in 60 patients. On
average, about 300 mL of aspirate was collected in total
from bilateral iliac crests. Concentration by centrifugation
reduced the volume to an average progenitor-containing
buffy coat of 50 mL. An average of 20 mL of this CBMA
was injected into the tibial nonunion site. Prior to concen-
tration, there was an average of 612 progenitor cells in each
milliliter of aspirate. After concentration, the CBMA con-
tained an average of 2579 progenitor cells. There was a
strong association between the concentration of progenitor
cells and success of the union.?®

Another important factor in the efficacy of CBMA is the
location of the harvest. In general, the concentration of
osteoprogenitors in a bone marrow aspirate increases the
closer the harvest site is to the axial skeleton. Vertebral
bodies have been shown to have the highest concentration,
but harvest from the vertebral bodies is not feasible for rou-
tine use.>* While iliac crest has been well studied, other
locations are convenient targets during foot and ankle sur-
gery. In 1 study, bone marrow aspirate was obtained from
the iliac crest, distal tibial metaphysis, and calcaneal body
in 40 patients. These samples were concentrated by centri-
fugation and then grown in culture. Alkaline phosphatase
stain identified osteoblastic progenitors, which were quan-
tified by harvest site. The concentration of osteoprogenitor
cells was significantly higher than other sites at 898 cells/
mL from the iliac crest, 32 cells/mL from the tibia, and 7
cells/mL from the calcaneus.?® The difference between the
calcaneus and distal tibia was not significant, but the trend
of decreasing concentration of osteoprogenitors in CBMA
as you move distally from the axial skeleton is a common
theme in all these studies.
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CBMA has been shown to be an effective augment in
obtaining union in several procedures about the foot and
ankle. Certain fractures of the fifth metatarsal are known
to have increased risk of nonunion, including zone 2 (Jones)
fractures, which occur in a vascular watershed area. In 1
study comparing zone 2 and zone 3 fractures, the authors
note that zone 3 fractures treated nonoperatively also carry a
high nonunion rate up to 25%." In their case series of 26
athletes, they employed screw fixation with application of
CBMA harvested from ipsilateral iliac crest. Their overall
union rate was 96% complete bony union at 8 weeks.’” The
authors do not compare union rates with CBMA against
screw fixation alone, but a mean healing time of 5 weeks
in high-demand patients is compelling. However, there was
no control group.

There also have been reports of CBMA efficacy in non-
unions about the foot and ankle. One report demonstrated
success with the application of CBMA through a cannulated
screw into a stress fracture nonunion site. CBMA was har-
vested from the ipsilateral iliac crest and injected through a
cannulated screw during operative fixation of a medial
cuneiform nonunion.” Union of the fracture was confirmed
by CT scan at 10 weeks postoperatively.

In another case-control study, 86 patients with diabetes
and ankle fracture nonunions treated with CBMA augmen-
tation were matched to 86 historical patients with diabetic
ankle nonunions treated with autograft. They found a higher
rate of union (82% vs 62%) with the use of CBMA. They
also looked at major and minor complications after surgery
and found a lower rate of minor complications (2% vs 10%)
and major complications, including amputations, osteone-
crosis, and wound infection (0% vs 12%).%

Platelet-rich plasma (PRP) has been studied in a wide
array of orthopedic problems. Platelets are known to play
an integral role in the normal acute healing response. After
injury, platelets are critical in clot formation. They also
contain a multitude of growth factors, contained in o-gran-
ules, including PDGF, TGF-B, IGF, and VEGF. These
factors are important in osseous healing and induce chemo-
taxis, mitogenesis, vasculogenesis, and angiogenesis.>'
These factors are all critical in the acute phase of bone
healing; their roles in chronic healing are less well defined.
PRP is formed by centrifugation of venous blood. Collec-
tion is simple, and there is typically a large enough intra-
vascular reserve to obtain adequate sample volume. There
is a large variation in processing techniques between cen-
trifugation protocols and commercially available kits,
which can result in variations in concentration of platelets
and leukocytes. There is no current standard to normalize
the bioactivity of PRP isolate.

In foot and ankle surgery, PRP has been studied most
extensively in osteochondral lesions of the talus, Achilles
tendinopathy, and plantar fasciitis. While there have not
been many studies focusing specifically on arthrodesis, there
are several studies looking at osseous healing in the foot and
ankle with PRP augmentation. One study looked at 62

patients undergoing elective osseous foot and ankle proce-
dures (mostly fusions) who had risk factors for nonunion. All
patients received PRP, which was either used alone or in
combination with autograft or allograft bone if there was
an osseous defect to fill. The overall union rate was 94%,
and no difference in time to fusion was seen between the use
of PRP alone or when used in combination with bone graft.®

PRP has been reported to augment syndesmosis fusions in
patients receiving total ankle replacements. The authors of
this study cite a nonunion rate of up to 38% with standard
treatment. They compared a group of 66 patients who
received PRP augmentation of the syndesmotic fusion to a
group of 114 who underwent standard syndesmotic fusion.
The standard fusion group had a nonunion rate of 15% while
the nonunion rate in the group that received PRP was sig-
nificantly lower at 3%.'!

In another study, PRP was used to augment allograft
bone graft in displaced, articular calcaneus fractures. All
patients with type III calcaneus fractures over a 7-year
period were randomized to either receive autograft (101
patients), allograft + PRP (85 patients), or allograft alone
(90 patients). All fractures had healed within 12 months.
The authors continued follow-up and compared American
Orthopaedic Foot & Ankle Society (AOFAS) outcome
scores at 2 and 6 years postoperatively. Allograft alone
compared to autograft showed significantly worse out-
comes at these time points. However, the group that
received allograft with PRP augmentation showed compa-
rable results to the autograft cohort.>*

Allograft/allogenic Stem Cell Products

Bone autograft remains the gold standard to which other
fusion adjuncts are measured. None of the other orthobiolo-
gics exhibit all the factors that contribute to improved fusion
rates—namely, being osteoconductive, osteoinductive,
osteogenic, and angiogenic (Table 1). Allogenic stem cell
products contain multipotent adult progenitor cells that
have osteogenic and varying claims of angiogenic properties.
The cells are also active in producing osteoinductive factors.
The grafts can also retain the cancellous and/or cortical bone
from the harvest source and act as an osteoconductive scaf-
fold. The adult stem cell portion is obtained immediately
postmortem and cryogenically preserved (Figure 2).

A prospective trial of 92 patients without stratification by
risk factors or comorbidities was completed in which all
patients received arthrodesis by standard surgical procedure
with inclusion of allogenic mesenchymal stem cell graft.
The primary end point was fusion at 6 months as demon-
strated on CT and radiographs. At 6 months, the fusion rate
was 68.5% of all patients (81.1% of all joints). Within the
cohort, there were no differences in fusion rates between
high-risk patients and patients without high-rick character-
istics, except for smoking, in which there was a statistically
significant risk of nonunion, despite the use of allogenic
stem cell graft.°
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Table I. Essential Osseous Healing Properties of Bone Grafts, Bone Graft Substitutes, and Orthobiologics.

Graft Osteoconduction Osteoinduction Osteogenesis Vasculogenesis Total No. of Properties®
Synthetics (calciums, bioactive glass) + I
Bone morphogenic protein + I
Platelet-rich plasma + + 2
Demineralized bone matrix + + 2
Cancellous allograft chips + + 2
Platelet-derived growth factor + + 2
Concentrated bone marrow aspirate + + + 3
Stem cell allografts + + + + 4
Cancellous/cortical cancellous autograft + + + + 4

?For single graft, combining grafts can increase number of properties.

Figure 2. (A) An example of the use of a stem cell allograft. The patient is 49-year-old man with a failed first metatarsophalangeal (MTP)
joint arthroplasty. A first MTP joint arthrodesis was performed. (B) There was a 5-mm gap that was (C) filled with an iliac crest allograft (C)
from which (insert) the cancellous center was removed and packed with a stem cell allograft product. Arthrodesis was achieved by 4
months after surgery, as can be seen on (D) an anteroposterior radiograph and (E, F) computed tomography scan imaging.

In a retrospective series of 23 patients undergoing
arthrodesis surgery with allogenic stem cell graft, 74% of
these patients had at least 1 high-risk factor. The overall
fusion rate in this cohort was 82.6%, as determined by
review of radiographs and CT scans.'® Another study by the
same group looked at 40 fusions or nonunion revisions in 36
patients with high-risk features. A similar fusion rate was
observed with the use of allogenic stem cell graft with 83%
of fusion sites obtaining radiographic fusion. The presence
of diabetes and female sex were independent risk factors that
showed independent significance for nonunion. '’

Summary

Arthrodesis about the foot and ankle presents unique chal-
lenges to the orthopedic surgeon. Well-documented risk fac-
tors are common in patients requiring joint fusion that portend
nonunions and wound complications. The need for effective
augments in fusions about the foot and ankle is compounded by
the limited-space environment and high demand that full-body
weightbearing puts on fusion. The characteristics of bone graft
and orthobiologics that are important to successful fusion
include being osteoconductive, osteoinductive, osteogenic,
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and angiogenic (Table 1). While angiogenesis has not tradi-
tionally been included in the classification scheme of bone
graft options, its importance in achieving fusion has become
more salient as new graft materials are available. Many of
the risk factors that portend nonunion are also associated
with poor vascularity (eg, smoking, diabetes, vascular dis-
ease, avascular necrosis). Promoting angiogenesis at fusion
sites should be taken into consideration when operating
about the foot and ankle. Autograft contains all the impor-
tant bone graft aspects and is the historical gold standard.
The benefits of orthobiologics include avoiding donor site
morbidity and increased operative time associated with
autograft harvest. While there is encouraging evidence for
many new orthobiologics, including BMP, PDGF, PRP,
CBMA, and allogenic stem cell grafts, there are few rando-
mized control trials, and further investigation is warranted.
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