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Bone grafts, bone substitutes and orthobiologics
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and clinical advancements in fracture healing
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The biology of fracture healing is better understood than
ever before, with advancements such as the locking screw
leading to more predictable and less eventful osseous healing.
However, at times one’s intrinsic biological response, and
even concurrent surgical stabilization, is inadequate. In hopes
of facilitating osseous union, bone grafts, bone substitutes
and orthobiologics are being relied on more than ever
before. The osteoinductive, osteoconductive and osteogenic
properties of these substrates have been elucidated in the
basic science literature and validated in clinical orthopaedic
practice. Furthermore, an industry built around these items is
more successful and in demand than ever before. This review
provides a comprehensive overview of the basic science,
clinical utility and economics of bone grafts, bone substitutes
and orthobiologics.

Introduction

The human skeleton has a remarkable ability to regenerate itself
after injury. This unique restorative capacity, shared perhaps
with only the adult human liver, allows bones to heal at shapes,
sizes and strengths essentially equal to their pre-injured forms. At
its core, orthopaedic fracture care is an attempt to harness this
amazing regenerative capacity and let the body do its work.

Unfortunately, conditions for spontaneous bone healing are
not always ideal. For thousands of years, man has recognized the
importance of immobilization for fracture healing. Yet even with
the efficacy of modern internal fixation techniques, infection,
poor vascularity, malnutrition and substantial bone or soft tissue
loss can impede effective osteosynthesis.

Modern bone grafts, bone substitutes and bioactive factors
attempt to facilitate and enhance the healing process when sub-
optimal conditions exist. Depending on their properties, prepa-
ration and application, bone grafts augment natural healing via
osteoinductive, osteoconductive and/or osteogenic mechanisms.!

The field of orthopaedic surgery has experienced unprec-
edented advancements over the last 20 years, with bone graft
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and orthobiologics playing a significant role. This review will
discuss these autologous, allogenic and synthetic substrates with
an emphasis on their contribution to modern fracture care and
bone loss.

Fracture Nonunion

While the precise definition of fracture nonunion is contro-
versial, the concept of failed union after an adequate period of
healing is well recognized to the orthopaedist. Despite this all-
too-common complication, no universally accepted definition of
nonunion exists in the orthopedic literature.? The US Food and
Drug Administration (US FDA) defines fracture nonunion as a
fracture that is at least nine months old in which there have been
no signs of healing for three months. Others define nonunion as
a fracture in which a minimum of six months has elapsed without
any improvement towards union.*® Nonunions must be distin-
guished from delayed unions, or the eventual bony union of a
fracture following an atypically long period of healing.

Fracture nonunions are classified based on their radiographic
appearance as either hypertrophic or atrophic. These, as well as
several other key terms used in this review, are defined in Table 1.
Hypertrophic nonunions are caused by excessive motion at a frac-
ture site, such as in the setting of insufficient skeletal stabiliza-
tion. In this situation, the essential biological factors for healing
are present; however sustained excess motion at the fracture site
prevents bone bridging. An example of hypertrophic nonunion of
a subtrochanteric femur fracture can be seen in Figure 1. Eleven
months after injury, excess motion of the cephalomedullary
device, secondary to insufficient distal fixation, has prevented
bridging of the expansive hard callus. In situations of hypertro-
phic nonunion, successful healing is achieved by removing the
abnormal fibrous, cartilaginous and adipose tissues interposed
between the mobile bone ends and by providing a stiffer and
sturdier construct across the fracture.! Additional osteobiologic
support for hypertrophic nonunions is typically unnecessary.

Atrophic nonunions, however, are the result of inadequate
biological conditions for healing, and pose a comparatively
greater challenge to the orthopaedist. Inadequate vascularity
and/or metabolic conditions lead to impaired healing.! Atrophic
nonunions appear on radiographs as blunted bone ends with little
to no evidence of osteoid or mineral deposition. An example of
an atrophic distal humeral nonunion, thirteen months after an
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Table 1. Definition of terms and common examples

Term

Osteoconduction

Osteoinduction

Osteogenesis

Fracture nonunion

Hypertrophic nonunion

Atrophic nonunion

Definition

The process by which an implanted scaffold passively allows ingrowth of
host vasculature, cells and tissue

The process by which exogenous growth factors promote differentiation
of host MSCs to form chondroblasts and osteoblasts that form new bone

The synthesis of new bone by donor cells derived from either the host or
graft donor

A bone fracture that is at least nine months old in which there have been
no signs of healing for three months (US FDA definition)?

Fracture nonunion with the presence of callus, typically due to inadequate
immobilization of fracture ends

Fracture nonunion without the presence of callus, typically due to

REVIEW

Example

Resorption of calcium sulfate
or phosphate cements

Bone morphogenetic proteins

Various autografts, stem cell transplants

See Figure 1

See Figure 2

impaired healing from vascular, nutritional, immunogenic
or metabolic impairments

Growth factor

Mitogen A growth factor that specifically induces cellular mitosis
Ceramic An inorganic compound formed at high temperatures that contains
metallic and non-metallic elements with a crystalline structure
Glass An inorganic solid compound formed at high temperatures

A naturally occurring protein or hormone that stimulates cellular
differentiation, proliferation and/or growth

Transforming growth factor beta, insulin-like
growth factor

Bone morphogenetic proteins, vascular
endothelial growth factors, fibroblast
growth factors
Alumina, Zirconium, Hydroxyapatite,
Calcium phosphates

Poly(methyl methacrylate)

with a non-crystalline or amorphous structure

open, extensive elbow injury, can be seen in Figure 2. Successful
treatment of atrophic nonunions require not only removal of
interposed scar tissues and adequate stabilization, but also sup-
plemental bone grafting, bone substitutes and/or supplemental
bioactive factors.!

Properties of Bone Grafts

As discussed, bone grafts, bone substitutes and bioactive factors
foster bone healing through a variety of osteoconductive, osteoin-
ductive and osteogenic mechanisms. Table 2 depicts the healing
properties, functions and costs of various forms of bone grafts.

Osteoconductive properties. Osteoconduction is the process
by which an implanted scaffold passively allows ingrowth of
host capillaries, perivascular tissue and mesenchymal stem cells
(MSCs).’ Microscopically, these scaffolds have similar structure
to that of cancellous bone.® Among the most commonly used
osteoconductive scaffolds are calcium sulfate and calcium phos-
phate cements.

Osteoinductive properties. Osteoinduction is the process by
which MSCs from a host are recruited to differentiate into chon-
droblasts and osteoblasts, which, in turn, form new bone through
the process of endosteal ossification. This specialized process is
moderated primarily by growth-factors, such as bone morphoge-
netic proteins (BMP) -2, -4 and -7; platelet derived growth factor
(PDGF); interleukins; fibroblast growth factors (FGF); granulo-
cyte-macrophage colony-stimulating factors; and angiogenic fac-
tors such as vascular endothelial growth factor (VEGF).?
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Osteogenic properties. Osteogenesis is the synthesis of new
bone by donor cells derived from either the host or graft donor.
Cells involved in this process include MSCs, osteoblasts and
osteocytes.” Only fresh autologous grafts and bone marrow trans-
plants, whether auto- or allo-grafted, are typically involved in
this process. Cells recruited for osteogenesis may be transplanted
from another site in the body, as is seen with the application of
iliac crest bone graft in the setting of a tibial nonunion, or they
may be recruited locally, such as calcaneus cancellous harvesting
for use in talar neck fracture fixation. Local osteogenic recruit-
ment is the basis behind surgical decortication techniques during
bone fusion procedures, whereby cortical bone is removed at the
desired site of fusion to expose cancellous bone, which is com-
paratively rich in osteogenic osteoblasts.’

Autologous Bone Grafts

Autologous bone grafting is the process by which osseous matter
is harvested from one anatomic site and transplanted to another
site in the same patient. This type of bone grafting is considered
the gold standard, as it confers complete histocompatibility while
possessing osteoinductive, osteoconductive and osteogenic heal-
ing potentials.’ However, autogenous grafting has several limita-
tions related to the harvesting process. These include donor site
pain (the most common complication), increased blood loss,
increased operative time and the potential for donor site infec-
tion.”” Additionally, there exists an inherently limited supply of
graft—a particular challenge in pediatric patients. The types of
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fixation, which led to excess implant motion at the fracture site.

Figure 1. (A) AP Radiograph of a hypertrophic nonunion of a subtrochanteric femur fracture, eleven months following cephalomedullary rod fixation.
Coronal (B) and sagittal (C) CT images of the hypertrophic nonunion. (D) AP radiograph of the knee, showing insufficient effectively-unicortical screw

autologous grafting commonly used in the setting of nonunion
are discussed herein.

Cancellous bone graft. Cancellous bone is the most com-
monly used form of autologous bone grafting. Its high concen-
trations of osteoblasts and osteocytes give it superior osteogenic
potential. Additionally, its large trabecular surface area encour-
ages revascularization and incorporation at the recipient site.”

Incorporation of cancellous bone grafts is a well-studied
phenomenon, characterized by formation of new bone over a
necrotic graft bed through the dual processes of resorption and
substitution. Following transplantation of a cancellous autograft,
a local hematoma forms that is rich in inflammatory cells and
chemotactic mitogens and low in oxygen tension, which leads to
the further recruitment of MSCs. These cells, in turn, lay down
fibrous granulation tissues, typically within 48 hours of injury.®
Macrophages, too, are recruited, and the necrotic graft tissue is
slowly removed. During this process, neovascularization is also
occurring’ Next, the autograft is incorporated. Osteoblasts
line the periphery of the dead trabeculae and produce osteoid.
Osteoid, in turn, is mineralized to form new bone, a process that
takes 6 to 12 months following grafting.®

Cortical bone graft. Unlike cancellous bone, whose low den-
sity lends little mechanical support, cortical bone possesses excel-
lent structural integrity. However, its dense, highly organized
structure comes at the cost of a comparatively limited supply of
osteoblasts, osteocytes and other cellular progenitors. This lack
of cellularity results in the limited osteogenic and osteoinductive
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properties of cortical bone grafts.>? Further, there is evidence that
most osteocytes actually die following transplantation, further
degrading its osteogenic potential.” Given the dense organization
of cortical bone, revascularization is hampered. Overall, cortical
autograft is much slower to incorporate than cancellous graft.

The process by which cortical bone is incorporated is medi-
ated predominantly by osteoclasts, as opposed to osteoblasts.
Incorporation occurs through a process known as creeping sub-
stitution, or the slow, near-complete resorption of the graft with
simultaneous deposition of new, viable bone.>” Creeping substi-
tution begins at the graft-host junction, then moves along the axis
of the cortical graft. Depending on the size of the graft and both
local and systemic conditions for healing, graft incorporation
can take many years to complete. Although necrotic transplanted
bone quickly loses strength—up to 75% of initial strength over
the resorption period—it eventually heals with minimal-to-no
residual weakness.>’

Vascularized bone graft. The harvesting of vascularized bone
graft requires preservation of its nutrient, metaphyseal and/or
additional perforating vessels, as these are anastomosed—both
arteries and veins—to nearby vessels upon delivery to the recipi-
ent site. In vascularized grafts, the graft’s osteocytes and other
osteoprogenitor cells are preserved. Viable grafts are incorpo-
rated not by creeping substitution, but by primary or secondary
bone healing.! This may increase the graft’s osteogenic potential
and prevent the initial loss of graft strength seen with non-vas-
cularized cortical grafts.” Commonly utilized vascularized grafts
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Figure 2. (A) Extensive soft tissue damage and periosteal stripping at the time of injury likely contributed to inadequate vasculature and for healing.
(B) PA and (C) lateral radiographs of a distal humeral atrophic nonunion, thirteen-months following open reduction and internal fixation of a com-

minuted, open distal humerus fracture.

include free fibula strut grafts (peroneal artery), free iliac crest
grafts (deep circumflex iliac artery branches) and distal radius
grafts (1-2 intercompartmental supraretinacular artery).

Bone marrow aspirate. Although less commonly employed
than cancellous or cortical grafts, bone marrow aspirate has
been shown in several clinical studies to be effective in the treat-
ment of both osseous defects and nonunions.! This was previ-
ously attributed to its high concentration of MSCs and presumed
direct osteogenic potential. However, recent studies have shown
that the actual concentration of MSCs in bone marrow aspirate is
significantly lower than once thought’ A different, more recent,
theory for the effectiveness of bone marrow aspirate in fracture
healing pertains to the endothelial progenitor cells it possesses
and their ability to stimulate angiogenesis and restoration of
blood flow at the fracture site.” This hypothesis identifies a pos-
sible indirect osteoinductive role for bone marrow aspirate.

As a viscous fluid, injected percutaneously at a fracture or
nonunion site, marrow aspirate provides no structural support.
Further, its liquid form lends itself to seepage from the site of
injury. These limitations have led to current research devoted to
more effective marrow aspirate delivery via semisolid substrates
such as demineralized bone matrix and collagen.’

Platelet-rich plasma. Platelet-rich plasma (PRP) is an autol-
ogous suspension of platelets prepared from whole blood via
double-centrifugation techniques. The extremely high concen-
trations of platelets in PRP are rich in several key growth factors.
These factors include, but are not limited to: PDGF, transform-
ing growth factor-beta (TGF-B) and VEGF.” Once extracted
from the patient’s blood, platelets are activated with calcium
chloride and the resultant platelet clot may be applied to the
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site of injury. Despite animal research that found PRP enhances
cellular proliferation, chondrogenesis and callus strength when
delivered to a fracture site, the literature lacks strong evidence to
support its routine use in human fracture healing.’”

Allopathic Bone Grafts

Allopathic bone graft refers to bone that is harvested from human
cadavers, sterilely processed and transplanted to a recipient.
Allograft comes in a variety of forms, including osteochondral,
cortical, cancellous and highly processed bone derivatives such as
demineralized bone matrix (DBX). Depending on the prepara-
tion process, allograft exhibits osteoconductive and sometimes
osteoinductive potential. In most instances, allografts do not
include viable cells and are therefore not osteogenic;’ the major
exception, of course, being bone marrow allograft transplant,
which, at least today, is seldom employed in fracture healing.

Over 200,000 cases involving allografts are used per year
in the USJ The lack of donor site morbidity, general success of
outcomes and decreased surgical times make allograft a popu-
lar alternative to autologous bone graft. Yet, high costs and risks
such as viral transmission make allograft an imperfect substitute.
Rates of viral transmission from orthopaedic allografts are based
upon are those of blood products and, fortunately, are exceeding
rare. The risk of viral transmission associated with blood properly
screened for Hepatitis B 1 in 63,000, for Hepatitis C it is 1 in
100,000 and for HIV it is less than 1 in 1,000,000."

Allograft preparation involves the removal of soft tissues and
cells with ethanol, followed by gamma irradiation for bacterial,
fungal and viral sterilization. Unfortunately, irradiation adversely
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Table 2. Properties, functions and costs of various forms of bone grafts and substitutes

Osteoconductive Osteoinductive Osteogenic  Structural Costs Disadvantages
Autograft
Donor site morbidity,
Cancellous +++ +++ +++ + - increased OR time, increased
blood loss
Cortical + + +++ - as above
Vascularize bone ++ + ++ +++ - as above
Bone marrow aspirate +/- ++ +++ - - as above
. Controversial,
Platelet-rich plasma = +++ = = .
unproven efficacy
Allograft
Potential infection transmis-
Cancellous + +/-P + $376/30cce sion, no osteogenic potential,
potential host rejection
Cortical + +/-4 +++ $530_1'6891/3_20 as above
cm
DBM " rin _ $726—1,235/1O No struFturaI pro.pert'les,
mL! potential host rejection
Synthetic ceramics
Rapid resorption (faster than
Calcium sulfate + - ++ $655/10 mL9 bone growth), osteoconduc-
tive properties only
Calcium phosphate + - +++ $1,520/10 mL9 Osteocondug:l\)/le properties
Tricalcium phosphate + - ++ $875/10 mL9 OSteocondug:l‘)’,e properties
Other
Expensive, limited FDA
approval, limited indications,
rhBMPs +/-¢ + - $3,500-5,000¢ increasing evidence of neuro-

vascular complications when
used in the spine

2Excludes preparation costs; °+, typically with fresh allografts; -, typically with frozen-preserved allografts; ‘Cancellous chips/freeze dried $376/30 mL;*
4+, typically with fresh allografts; -, typically with frozen-preserved allografts; *for femoral shaft allograft 3-20 cm $530-1,681;% fGrafton/Allomatrix;*
Iprices are based on the ASP for several market leaders of such pure products: calcium sulfate (Osteoset, Wright), calcium phosphate (CopiOs, Zimmer
Spine), B-tricalcium phosphate [Vitoss (standard morsels canisters), Orthovita]; "+ when delivered via collagen-based carriers; 'OP-1 (Stryker) $5,000;%

Infuse (Medtronic-Sofamor Danek) $3,500-4,900, small-large.

affects the graft’s biologic properties in a dose-dependent man-
ner. High-dose irradiation not only compromises any osteogenic
and osteoinductive properties that the allograft may have had,
but also leads to polypeptide chain splitting and water molecule
radiolysis, the result of which is diminished structural integrity.”

Cancellous allograft. Cancellous allograft is produced in the
form of small cuboid chips or “croutons,” so nicknamed for their
shape and texture. They are used to pack osseous defects, such as
those seen in the setting of total hip arthroplasty associated ret-
roacetabular osteolysis. Like autogenous cancellous grafts, can-
cellous allografts confer little mechanical strength. Unlike the
autografts, however, they are a relatively poor promoter of heal-
ing secondary to their preparation process, which leaves them
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devoid of many of the growth factors that foster osteoinduction.”
In essence, they are an osteoconductive graft.

Unlike autologous cancellous graft incorporation, a local host
inflammatory response drives cancellous allograft incorporation,
leading to the production of an encapsulated layer of fibrous
tissue around the graft. This fibrous tissue makes it more chal-
lenging for the host to deposit new osteoid and bone, not only
delaying osseointegration for months to years, but also prevent-
ing its complete integration.”

Cortical allograft. Cortical allografts provide rigid struc-
tural support, are readily available and can be used in conjunc-
tion with multiple other fracture repair techniques. Like cortical
autografts, they can be used to fill large defects, and, depending
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Figure 3. AP radiograph of a periprosthetic femur fracture following
cable fixation augmented with a cortical strut femoral allograft.

on the stability of their fixation, allow for early weight bearing
even before bony incorporation has occurred. Cortical allografts
are a commonly employed in spine procedures, as their resistance
to compressive strength allows them to be placed in areas requir-
ing immediate load-bearing resistance. They are also frequently
used to provide stabilization to the femoral shaft in the setting of
periprosthetic hip fractures. Figure 3 depicts a cortical allograft
strut, used to reinforce cable fixation of a periprosthetic hip frac-
ture that occurred at the tip of the femoral implant.

Cortical allograft incorporation, like cancellous allograft,
involves an initial inflammatory cascade. However, after the ini-
tial inflammatory stages, its healing is more representative of its
autogenous counterpart, with creeping substitution as the key
process of incorporation.’

Demineralized bone matrix. Demineralized bone matrix
(DBM) is a readily available and popular form of bone graft,
comprising approximately 50% of all allografts performed in the
US." DBM is a popular adjunct to spinal fusion procedures, the
grafting of nonunions and the filling of bony defects. It is a form
of highly-processed allograft consisting of collagens, non-collage-
nous proteins, BMPs and other growth factors that bestow it with
both osteoinductive and osteoconductive properties.

The osteoinductive properties of DBM are greater than
those of cancellous or cortical allografts.” Its osteoinductive
properties stimulate healing through growth-factor-mediated
differentiation of MSCs into osteoblasts. DBM’s osteoinduc-
tive capacity, however, is greatly dependent on its preparation
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technique. Techniques involving alcohol, acetic acid, lactic acid
and nitric acid have been demonstrated to have a detrimental
effect on osteoinductivity.’ Much of the commercially available
DBX today is washed with hydrochloric acid. Many modern
DBM preparations, too, are admixed with cortical and/or cancel-
lous bone chips to confer additional osteoconductive properties.’

Synthetic Bone Grafts

Synthetic calcium salt-based bone substitutes are an osteo-
conductive alternative to both autologous and allogenic graft
options, given their wide-availability, comparatively low cost and
absence of risks such as donor site morbidity and viral transmis-
sion. Because they are strictly osteoconductive, their biologic
role in fracture healing is limited. Bone substitutes come in a
variety forms, including powders, putty, pellets, or as coatings
on implants, such as hydroxyapatite-coated joint prostheses.
Additionally, they can be mixed with additives such as antibiot-
ics, making them appealing in the setting of infectious-associated
osseous defects. Research is underway to test to efficacy of add-
ing collagen, growth factors and even MSCs to these synthetics.”
Such biologically active components may bestow osteoinductive,
or even osteogenic properties to these materials. Table 3 depicts
the common physical forms, characteristics and common com-
mercial brands of synthetic grafts.

Calcium sulfate. Calcium sulfate is a relatively inexpensive,
widely available synthetic bone substitute. It is available in vari-
ous forms, including hard pellets [Osteoset (Wright Medical
Technology), JAX (Smith & Nephew), Calceon (Synthes)] and
injectable viscous fluids (MIIG, Wright Medical Technology)
that harden in vivo. The obvious advantage of liquid graft appli-
cation is that it allows for the percutaneous filling of bone voids.
Calcium sulfate grafts are the most rapidly absorbed synthetic
bone substitute available. Resorption typically occurs in one to
three months—a faster rate than actual bone deposition." The
true clinical significance of such mismatched processes is yet to
be established.

Calcium phosphate. The calcium phosphate synthetic substi-
tutes are a family of calcium salt compounds consisting of vary-
ing proportions of calcium ions and organophosphates. Calcium
phosphate compounds used in bone grafting include monocal-
cium phosphate, dicalcium phosphate, tricalcium phosphate,
hydroxyapatite (both alpha- and beta-crystalline forms) and
tetracalcium phosphates. Of note, hydroxyapatite is a naturally
occurring mineral that comprises almost 50% of bone by weight.
Few calcium phosphate cements are available as pure, single-
compound formulations; most commercially available products
contain varying concentrations of mixed calcium salts. Norian
(Synthes), for example, is a popular bone substitute with the min-
eral composition: a-tricalcium phosphate (85%), CaCO3 (12%)
monocalcium phosphate dehydrate (3%)."

Despite their varying mineral compositions, calcium phos-
phate substitutes share several characteristics that make them a
popular choice for many surgeons: slow biodegradation, superior
strength in compression and the unique capacity for osteointe-
gration, or the ability for growing host bone to interdigitate with
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Table 3. Bone substitutes: properties and commercial product examples

Forms Resorption rate

Calcium sulfate Pellets, powders, mix- Fast (4-12 weeks)

able injectable forms

Slow (6 months to
10 years)

Calcium phoshate Injectable pastes,
moldable semi-solid

cement

Granules, various Slow (6-18 months)
implantable solid
shapes: blocks, cubes,

wedges, cylinders

Tricalcium phospate

Slow, often incom-
pletev [6 months
(non-ceramic form)
to 10+ years (ceram-
ic form)]

Porous or solid blocks
or granules; ceramic
and non-ceramic forms

Coralline
hydroxyapatite

=2 cancellous bone

4-10x > cancellous

Compressive Notes

strength

Common products

Resorbs faster than bone;
may be associated with
high rates of serous
wound drainage"

Osteoset, BonePlast,
OsteoMax, Stimulan®

Available in standard and
fast-setting forms

Norian SRS, a-BSM,
BoneSourse, Mimix
CopiOs©

bone

= cancellous bone Allogram-R, Cellplex,
Cerasorb M, Chron OS,

Conduit, TheilLok, Vitoss?

Notably brittle

= cancellous bone Pro Osteon® Notably brittle. Non-

ceramic hydroxyapatite
is readily absorbed; in
ceramic form, residual

material present for years

2=, approximately equal; "Osteoset (Wright Medical Technology), Bone Plast (Biomet), OsteoMax (Orthofix), Stimulan (Biocomposites) “Norian SRS (Syn-
thes, Paoli, Pennsylvania), «-BSM (DePuy, Warsaw, Indiana), BoneSource (Stryker), Mimix (Biomet), CopiOs (Zimmer Spine); ¢Allogram-R (Biocomposites,
Cellplex (Wright Medical Technology), Cerasorb M (Ascension Orthopaedics), Chron OS (Synthes), Conduit (DePuy), TheiLok (Therics), Vitoss (Orthovita);

¢Pro Osteon (Biomet).

a rough crystalline graft interface. Norian, like many calcium
phosphate cements, claims strength of “4-10 times greater than
the compressive strength of cancellous bone.””®* While this may be
true, the actual in vivo-strength of these compounds is likely infe-
rior to normal cancellous bone. This is because ceramic cements
are generally very brittle when subjected to tensile or shear forces,
which occur in addition to compressive forces in vivo."?

Orthobiologic Factors

Osteogenic growth factors. Synthetic bone substitutes have
been used for decades to facilitate bone healing through osteo-
conductive means, yet only relatively recently have allopathic,
xenomorphic, or synthetic bioactive molecules been utilized to
augment fracture repair. The principle of osteoinductive heal-
ing is based upon the presence of local growth factors at the
site of bone injury. Common examples include bone morphoge-
netic proteins (BMPs), transforming growth factor-beta proteins
(TGF-B), platelet derived growth factor (PDGEF), vascular endo-
thelial growth factors (VEGF), among many others. A selection
of commonly discussed endogenous growth factors, their known
functions and potential orthopaedic indications are presented in

Table 4.
Bone Morphogenetic Proteins

Since their discovery almost 50 years ago, BMPs have become an
intense subject of orthopaedic research, so driven over the past
few decades by their evolving orthopaedic indications, promis-
ing clinical outcomes, and, of course, ties to a growing industry
netting billions of US dollars.""" Of the more than twenty iden-
tified BMPs, all but one (the exception being BMP-1, a metal-
loproteinase) are members of the TGF-B superfamily, a class of
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closely-related biologic molecules thought to function in complex
signaling pathways of osteoblastic differentiation and osteogen-
esis.” Table 5 depicts the known functions, properties and indica-
tions for several well-studied bone morphogenetic proteins.

Today, several commercially available BMP products are
manufactured in mass quantities and in pure concentrations
via molecular cloning techniques and recombinant expression.'®
Such techniques involve the transplantation of human BMP
genes into bacterial cells which are regulated to produce the pro-
tein products; this process is denoted by “th™BMP, or recombi-
nant human BMP.

Among their various functions, many of which are still being
discovered, several types of BMPs have been shown to possess
osteoinductive activity, promote cartilage formation, promote
angiogenesis and even serve as biological markers and tumor-
suppressors for various cancers of the gastrointestinal system."”!®
Specifically, BMP-2, -4, -6, -7, -9 and -14 have been shown to
have significant osteogenic properties.””?* BMP-2 and -7, addi-
tionally, have been demonstrated to directly promote local
neovascularization.”

Several unique properties of BMP-2 may account for its
robust healing potential. It is the only BMP known to specifi-
cally induce osteoblastic differentiation from mesenchymal
stem cells.’® thBMP-2, currently marketed as Infuse (Medtronic
Sofamor Danek), is the only US FDA approved BMP approved
for insertion within a titanium tapered cage in anterior lumbar
interbody fusion (ALIF) procedures.'® Additionally, large multi-
center randomized trials supporting the use of thBMP-2 on long
bone fractures have led to their recent FDA approval for use in
acute, open tibial fractures.”

BMP-7, also known as human osteogenic protein-1 (OP-1,
Stryker Biotech), has similarly been demonstrated to have potent
osteoinductive properties as well as a potential to promote
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Table 4. Select endogenous growth factors and their known functions in fracture healing

Growth . q
Known role in fracture healing Produced by
factors®
Recruits inflammatory cells to fracture site.
! R Platelets, monocytes,
PDGF Increases cellular proliferation and collagen .
- - g endothelial cells
deposition. Promotes angiogenesis
May regulate cartilage and bone formation in
TGF-g fracture callus through stimulation Platelets, osteoblasts,
of collagen and proteoglycans production by chondrocytes
mesenchymal cells.
. . . Platelets, chondro-
VEGF Promotes vasculogenesis and angiogenesis .
cytes in callus
FGF Increase cellular division and collagen
deposition. Promotes angiogenesis.
Promotes bone deposition when used in
PTH pulsatile fashion. May have osteoinductive Parathyroid glands
properties.?*
The primary mediator of human growth hor-
mone; functions in growth of many cell types
X 9 Y y'p Osteoblasts,
Induces linear skeletal growth by promoting
ILGF . . . . chondrocytes,
cellular proliferation without maturation
hepatocytes

Acts upon

signal mechanism
involves tyrosine
kinase receptors

signal mechanism
involves serine/threo-
nine kinase receptors

Vascular endothelial
cells

Mesenchymal stem
cells?

Many cell types,
various insulin/IGF-1
receptors

Common orthopaedic uses

Used to augment porous-coated
implants; BMP-2 and -7 (member of
TGF-B family commonly used in lumbar
fusions, fracture nonunions, open tibia
fractures)

rhPTH (teriparatide) has been shown to
increase bone mineral density lumbar
spines and femoral necks. Reduces
overall fracture risk.

FDA approved for use in pediatric
treatment of short stature from growth
hormone insensitivity (GHI) 3

(physeal closure). Supports anabolic muscle
and bone growth in mature skeleton.

2PDGF, platelet-derived growth factor; TGF-, transforming growth factor beta; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor;
rhPTH, recombinant human parathyroid hormone; ILGF, insulin-like growth factor.

angiogenesis. Its use in effective fracture healing has been well-
established in multi-center randomized-control trials in which
researchers found BMP-7-impregnated collagen carriers to be
equally as effective as autologous bone graft (the gold standard)
in the setting of tibial non-unions. Evidence of healing in these
difficult non-unions exceeded 75% in both control and BMP-7
groups.”! Recently, BMP-7 has been approved as an alternative to
autograft settings of long bone nonunions and in patients requir-
ing revision posterior lumbar fusion procedures under the US
FDA’s Humanitarian Device Exemption (HDE).

Delivery and containment of BMPs at the fracture site is
challenging, and is itself subject to much intensive investigation.
BMPs are especially soluble proteins and have a tendency to
dissipate from their intended locations, thus diluting their con-
centrations, and, in turn, their potential effectiveness. Further,
there is mounting recent evidence that demonstrate significant
morbidities associated with insufficiently contained BMP appli-
cation. Among these morbidities, providers report BMP-induced
ectopic bone formation resulting in painful nerve compres-
sions and ejaculatory dysfunction and intense, life-threatening
inflammatory reactions occurring near vital structures of the
head, neck and central and peripheral nervous systems.** Figure
4 demonstrates the remarkable potencies of BMP, used in con-
junction with iliac crest autograft and DBM, to fill a large,
segmental femoral shaft defect. Ultimately, the expansive bone
formation went on to non-union ten months after the bone graft
and bridge plate were placed. Successful healing of the now
hypertrophic nonunion was achieved with rigid intramedullary
fixation.

www.landesbioscience.com

BMPs require molecular carriers to deliver and maintain
them at their intended osseous targets. Such carriers may be
structural, i.e. have space-occupying properties (such as syn-
thetic polymers or calcium ceramics) or non-structural, i.e.
BMP-soaked collagen sponges. Non-structural carriers are bet-
ter suited for use inside or around additional implants, such as
inter-vertebral body cages in the lumbar spine, or surrounding
other implants in long bone defects. Structural carriers are used
most commonly when space for future bone growth is desired,
such as around the lumbar transverse processes in posterior spi-
nal fusions.

Vascular Endothelial Growth Factor

Vascular Endothelial Growth Factor (VEGF) is a growth fac-
tor produced by a various healthy and pathologic cells that
stimulates both vasculogenesis, the embryonic development of
the circulatory system, as well as angiogenesis, the expansion of
blood vessels from existing vasculature. In addition to its various
roles in normal physiology and the pathophysiology of illnesses,
such as diabetes, respiratory diseases and several forms of cancer,
VEGF plays an essential role in fracture healing.

Following fracture hematoma and soft callus formation,
VEGEF acts on local endothelial cells to induce vascular invasion
of the forming hypertrophic cartilage.” In addition to its ini-
tial release by platelets and other inflammatory cells, VEGF has
also been found to be secreted from hypertrophic chondrocytes
in fracture calluses.” Vascularization of cartilage is one of the
fundamental steps in endochondral ossification, the process by
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Figure 4. (A) AP radiograph of a large, segmental femur fracture with a sizeable diaphyseal defect. (B) Postoperative AP radiograph of the fracture
following bridge plating and implantation of iliac crest bone graph, DBM and BMP. (C) AP radiograph taken ten months following injury showing
expansive bone formation and subsequent hypertrophic nonunion following hardware failure, treated with rigid intramedullary fixation.

which most growth factors, including BMPs, have been shown
to promote bone healing.?

Extra-physiologic concentrations of VEGF have been shown
in several independent rodent studies to promote healing of long
bone fractures.” However, little evidence is available thus far of
its direct effects on human fracture healing. Of note, high con-
centrations of VEGF found in PRP preparations are theorized to
contribute largely to the function of PRP.

In addition to VEGF, the most potent and perhaps best-under-
stood angiogenic growth factor, several other growth factors are
implicated in the angiogenic processes essential to effective frac-
ture healing. These include fibroblast growth factors, matrix
metalloproteinases (MMPs) and, as discussed, BMP-2 and
BMP-7. In animal models, FGF has also been shown to enhance
local cartilage formation when administered in low doses
(Flynn).” Clinical data for FGF in humans is limited at this time.

Parathyroid Hormone

Parathyroid hormone (PTH) is a well-described endocrine medi-
ator of calcium and phosphate regulation in humans. Pulsatile,
low-dose, exogenous administration of PTH has been demon-
strated to have anabolic effects on bone metabolism. Teriparatide,
a recombinant human parathyroid hormone (thPTH), is an
FDA-approved drug consisting of the first 1-34 amino acid
residues of human PTH. In daily pulsatile injections, thPTH,
has been shown to increase bone mineral density in the lumbar
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spine and femoral necks of patients with osteoporosis, as well as
reduce overall fracture risk.” Its mechanism exploits an imbal-
ance between osteoblast-mediated bone deposition and osteoclast
-mediated resorption, with an overall net gain in bone mass.*
Logically, similar imbalanced proportions of bone deposition are
desirable in the setting of healing fractures and bony defects.

Early animal studies demonstrate that PTH derivatives may
enhance fracture healing. PTH derivatives have been demon-
strated to increase both the quantity of, and rate at which, callus,
cartilage and thus bone formation takes place. The process of
bone remodeling and the strength of formed callus, too, may also
be enhanced.” Additionally, thPTH may also have true osteoin-
ductive properties, conferred through its effect on the expression
of RUNX2 and OSX, two genes known to promote osteoblast
differentiation. Indeed, there is some evidence that MSCs
undergo accelerated differentiation to maturate osteoblasts in the
presence of thPTH.? As an increasingly popular treatment for
recalcitrant osteoporosis, further clinical research will determine
the role of thPTH in the enhancement of fracture healing.

Costs

More so today than ever before, a careful consideration of the
advantages and disadvantages of bone grafts would be incom-
plete without discussion of their costs. In a 2008 review,
Mendenhall Associates, Inc. and the Orthopaedic Network
News organization presented purchasing data for bone grafts
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Table 5. Select bone morphogenetic proteins: properties, indications and product examples

Alternate FDA approved Osteoinductive Angiogenic Comments Commercial Price®
names indications properties properties Products
BMP-1 A metalloproteinase (only BMP not
from TGF-@ family). May induce car-
tilage formation in vivo®
BMP-2 Approved for ALIF + + Only BMP to induce osteoblastic Infuse® $3,500-4,900
and acute open differentiation of MSCs’
tibia fractures?
BMP-3 No demonstrated osteoinductive
activity
BMP-4 + Overexpressed in Fibrodysplasia
Ossificans Progressiva?’
BMP-6 + May play a role in iron regulation
through effect of iron regulatory
hormone, hepcidin?®
BMP-7 Human Approved (HDE + + OP-14 $5,000
Osteogenic only) for revision
Protein-1 PLIF and long bone
nonunions®
BMP-14 rhMP52, + Animal models demonstrate equal
GDF-5, or better efficacy than autograft in
CDMP-1%° ALIF procedures. May play a role in

embryonic limb differentiation.

2ALIF, anterior lumbar interbody fusion; *Infuse (Medtronic Sofamor Danek); HDE, humanitarian device exemption; PLIF, posterior lumbar interbody

fusion; “Human Osteogenic Protein-1 (OP-1, Stryker Biotech).

from several hundred US hospitals over the four year period,
2004-2007. They determined the average selling prices for sev-
eral of the leading brand bone grafts and graft substitutes and
estimated the average quantities of bone graft used per surgical
procedure.

Bone substitutes, including calcium-based ceramics with or
without organic additives were used in over 50% of bone-graft
cases, with DBM about 33% of cases and allografts (including
cortical and cancellous derivatives, but not DBM) in 15% of
cases. Over half of cases employing DBM used either the DBX
(Synthes/MTF) or Grafton (Osteotech) products. On average,
approximately 7 mL of DBM was required per-case, costing an
average of approximately $750 per case, or $107 per mL used."
The most popular synthetic ceramics used were Mastergraft
(Medtronic Sofamor Danek) and Vitoss (Orthovita), which
together, comprised more than half the bone graft substitute
market. In cases in which synthetic grafts were used, surgeons
applied an average of 12.7 mL of graft at an average price of
approximately $1,100 per case, or $87 per milliliter."

The majority of bone allografts in the US are distributed
through the Musculoskeletal Transplant Foundation (MTEF),
which manages about 85% of the market." Prices for allografts,
taken from hospital purchasing data from the Hospital for
Special Surgery, show MTF cancellous chips to cost around
$376-396 per 30 mL vials, or $13 per milliliter. Femoral
shaft cortical grafts, ranging from 3-20cm in length cost from
$530-$1,681.%

Prices for BMP-7 (OP-1; Stryker) are approximately $5,000
per one time use. BMP-2 (Infuse, Medtronic Sofamor Danek)
costs from $3,500-4,900, depending on the quantity used.”

www.landesbioscience.com

With these reported figures exists several caveats, namely,
(1) these data are from the early-to-mid 2000s (2) the products
come in prepackaged sizes, so although an average of 12.7 mL of
calcium synthetic grafts were used per case, these products typi-
cally come in 5, 10, 15 and 20 mL packages, leading to inevitable
wasted material and (3) approximately 80% of the cases from
which this pricing data was acquired involved spine procedures,
the majority of which were elective cervical and lumbar fusions
and therefore do not represent the same populations as the subject
of this paper, bone grafting in traumatic skeletal injuries. Finally,
and perhaps most importantly, raw material pricing does not take
into account the efficacy and thus true cost-effectiveness of these
products. BMPs are often criticized for their high prices, yet at
even $5,000 per use, they remain significantly less costly than a
potential revision surgery. Multiple papers have been published
on the true cost-effectiveness of BMPs, yet, no obvious consensus

has been reached.!®

Providers must use discretion and a careful
weighing of the pros and cons when utilizing these powerful, but

often double-edged tools.
Conclusion

Effective bone healing requires essential elements: a nutritious
and mechanically sound environment, availability of progeni-
tor cells and presence of the various growth factors that trigger
their productivity and recruitment. Understanding the concepts
of osteoconduction, osteoinduction, osteogenesis are essential to
the practicing orthopaedist, whose judicious of bone graft, bone
substitutes and bioactive factors help guide the skeleton’s remark-
able regenerative potential.
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