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ABSTRACT
Heterotopic ossification (HO) is the formation of bone in extraskeletal locations. This pathological bone growth typically causes pain, edema, and loss of function, particularly if juxtaposed with
nerves and/or joints. Three basic types of HO can be identified: 1) genetic HO, represented by fibrodysplasia ossificans progressiva—a rare condition in which the skeletal muscle ossifies; 2) traumatic HO, which follows injury to soft tissues due to a direct or iatrogenic trauma; 3) neurogenic
HO—a result of central or peripheral nervous system injury. HO secondary to burns can have both
traumatic and neurogenic etiology. Although exact pathomechanisms of HO sill remain unknown, in
recent years, great progress has been made in our understanding the molecular and cellular pathways of HO, and this is the focus of this review.
Level of Evidence: V; Descriptive review/Expert opinions.
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INTRODUCTION

Heterotopic ossification (HO) is the de novo
formation of bone in nonosseous tissues.
This type of atypical growth can be a source
of significant clinical symptoms, leading
to pain, edema, and a decreased range of
motion of the affected joint. HO can result
from genetic diseases, such as fibrodyplasia
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ossificans progressiva (FOP), or from traumatic or neurogenic causes. Joint arthroplasty, trauma to extremities, burns, amputation, blast-related trauma, and central or
peripheral nervous system injury are among
the most commonly cited conditions resulting in HO [1-3]. HO comprises a disorder that
is characterized by the transformation of
progenitor cells to osteogenic cells and begins with a neuroinflammatory process that
appears to recruit and/or expand chondrocyte, osteoblast, brown adipocyte, and glial
cell progenitors [4,5]. The onset of HO occurs
in a localized microenvironment within the
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soft tissues, and it includes a lowered oxygen tension, availability of micronutrients,
and an ideal pH [6-8]. The growth of the
new bone is preceded by the establishment
of vascular networks mediated by angiogenic growth factors secreted from brown
fat as well as the mobilization of brown
fat, through induction of hypoxia-inducible
factor 1 (HIF1) to create a normoxic rather than hypoxic microenvironment that
directly interfaces with the hypoxic area
[6,9,10]. The formation of bone is at the expense of the local soft tissue, which often
starts to atrophy and eventually dies. Since
the pathophysiology of HO is still relatively unknown, ongoing efforts to examine its
manifestation and understand the underlying mechanisms are necessary to aid in assessing risk and preventing the onset of this
disorder.
Clinical Manifestations of HO

HO Associated with Genetic Disorders
In rare circumstances, HO may have genetic etiology. One such condition is FOP. This
rare disorder is characterized by a mutation
of the ACVR1 gene, which encodes the bone
morphogenetic protein (BMP) receptor 2/4
resulting in the extensive and progressive
ossification of soft connective tissues [11].
The mutation is known to cause mild constitutive activation of the BMP signaling
pathway, suggesting that BMPs play a crucial role in driving osteogenesis and HO. Its
hereditary transmission is autosomal dominant with variable expression [11]. There
is no known cure for FOP; however, studies
are underway to further understand the
developmental biology behind it to identify
potential therapeutic targets and prevent
the mutation from initiating extraskeletal
bone formation.
106

HO and Upper Extremity Trauma
The upper extremity exhibits a number of
regions that are especially susceptible to
HO. The joints are the most commonly affected targets, with the elbow being a location particularly prevalent HO can also
appear without direct injury to the bone.
Evidence shows that trauma to the muscle itself can also induce HO [12]. Joint injuries, such as dislocations and fractures,
can stimulate HO, as well as surgical procedures, such as arthroplasty. The joints
of the upper extremity have relatively high
incidence rates for HO compared to other
types of injuries. Elbow fractures are estimated to occur at a rate of 28 per 100,000
persons in the United States, while dislocations occur at a rate of approximately
11 per 100,000 persons [13]. In the elbow,
where HO can be the most debilitating, the
specific type of injury sustained often influences the presence of heterotopic bone
formation. Retrospective studies involving patients with surgically treated elbow
fractures showed that floating elbow injury, fractures on both sides of the joint,
had the highest prevalence of HO reaching
36% [13]. Distal humerus fractures and
“terrible triad” injuries were also found to
have significant levels of clinically relevant
HO with incidence rates of 12% and 18%,
respectively [13,14]. Distal humerus fractures and “terrible triad” injuries were also
found to have significant levels of clinically
relevant HO [14,15]. Severe complications
can result from this atypical bone growth
in the elbow, such as ulnar nerve compression and decreased range of motion. Three
factors associated with the prediction of
clinically significant HO are type of injury,
time to surgery, and time to mobilization after surgery. Patients who were operated on
sooner and were able to mobilize the elbow
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more quickly after surgery had the least
significant levels of heterotopic bone
growth [14,16]. Fractures accompanied by
dislocation are also predictors of HO, as
heterotopic growth often accompanies the
healing of these injuries [14-16].
HO and Lower Extremity Trauma

Posttraumatic HO occurs in soft tissues often secondary to any type of musculoskeletal injury associated with blast injuries
and burns. Posttraumatic HO is mostly associated with large joints of the body in the
lower extremities, including hip and knee
joints. It is reported that 55% of patients
with hip fractures develop HO and that the
incidence rate rises to 83% if open reduction and fixation of the fracture are performed [17]. Acetabular fractures and their
surgical treatment cause the most concern,
with up to 58% of cases involving HO [16].
Studies show that the choice of surgical approach affects the likelihood of heterotopic
bone development [16]. In addition, HO still
remains 1 of the most frequent complications following hip arthroplasty. According
to various studies, HO is diagnosed in 5%
to 90% of patients who have undergone
total hip arthroplasty (THA) with varying
degrees of ossification from small fragments of bone to complete ankyloses of the
hip joint [18]. Among those THA patients,
11% suffer significant HO symptoms, such
as pain and limited range of motion [18].
It is suggested that secondary changes in
nerve physiology from a blast injury may
be responsible for inducing HO.
HO Associated with Amputation and Burn

HO has been a documented complication
of limb amputation. This condition is especially relevant for military combat injuries, where the rates of amputations are
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higher than the general population [19]. In
recent United States military conflicts in
Iraq and Afghanistan, the incidence rate
of amputation is estimated at 5.29 per
100,000 deployed troops [20]. HO occurs
after traumatic and combat-related amputations and has been frequently noted as
a potential cause of residual limb pain in
amputees [19]. HO has proven to be a problematic clinical complication especially for
prosthetic wear. In 1 study, HO was present
in as many as 63% of all residual limbs postamputation [19]. It was determined that
amputation near the injury site as well as
a blast mechanism of injury were both significant risk factors for HO development.
HO occurring at the site of an amputation
can lead to pain in the residual limb as well
as other complications, such as poor fitting
of the prosthesis. The most effective forms
of combating amputation-related HO are
prophylaxis with a nonsteroidal anti-inflammatory drug and surgical excision of
the bone growth [19].
Less frequent is the appearance of
HO in severe burn victims with a varying
incidence rate of 0.2% to 5.6% [21]. The association is poorly understood. However, it
is suggested that burn injuries involve the
recruitment of inflammatory molecules
which promote the osteogenic differentiation of local mesenchymal stem cells [21].
HO Associated with Neurogenic Disorders

Severe neurological damage, such as spinal
cord injury (SCI), head injuries, strokes,
and brain tumors, can result in HO. In SCI,
the incidence rate of HO varies from 16% to
53% with all HO occurring below the level
of the spinal cord lesion, most commonly
at the hip [22]. HO also occurs in 10% to
20% of patients with a closed head injury
for whom the ossification mostly develops
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on the affected side of the brain trauma
or stroke [22,23]. Limb spasticity has also
been seen to increase the risk of HO development; those patients with extensive
neurogenic HO usually present with severe
spasticity [22].
Cellular/Molecular Manifestations of HO
HO Progenitors in the Peripheral Nerves
A great deal of controversy has surrounded the actual nature of the osteoprogenitor
for HO. It was originally assumed that the
progenitor for HO would be the bone marrow mesenchymal stem cell, originally defined by the experiments of Pittenger et al.
[24]. These authors showed that cells from
bone marrow that preferentially adhered
to plastic could be isolated and shown to
differentiate to osteoblasts, chondrocytes,
and adipocytes. However, early published

reports indicated that the progenitors for
HO were derived locally rather than from
bone marrow [25,26]. Then 3 reports appeared, 1 describing the endothelial origin
of osteoprogenitors for HO [27], another
noting that the progenitor was similar to
those of skeletal muscle [28], and the third
noting the neural origin of HO osteoprogenitors [5]. Interestingly, although these
studies disagreed on the tissue of origin,
they agreed upon the characteristic markers exhibited by the osteoprogenitor, which
included Tie2, SP7 (osterix), and PDGFRA.
Despite this controversy, it is generally
agreed that HO is preceded by a period of
neuroinflammation [4,5], where substance
P and TRPV1 are expressed. If either of
these pathways are blocked (eg, substance
P binding to its receptor or TRPV1), then
heterotopic bone formation is substantially
reduced [4,5].

Figure 1. The spatial and temporal kinetics of heterotopic ossification induced experimentally using endogenous expression of BMP2.

Recent studies in mice showed that
the osteoprogenitors can be identified inthe endoneurium of peripheral nerves [10].
They can exit the nerve via the endoneurial
vasculature, cross the blood-nerve barrier,
and start to express vascular cell markers Tie2 and claudin 5 (Figure 1). Lineage
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tracing is a strategy, where a mouse possesses a tamoxifen-inducible Wnt1 (neural)
promoter drives Cre recombinase that also
possesses a floxed reporter (tomato red). If
the animal is given tamoxifen, any cells expressing Wnt1 (neural progenitor marker)
will express the red reporter permanently
TOJ 2(1):105-114, 2016
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and can then be detected even after expression of Wnt1 has been terminated. In these
experiments the osteoblasts were found to
possess the red reporter suggesting their
neural origin. Chondrocytes and transient
brown adipocytes also possessed the reporter indicating that they too had been
derived from progenitors within the nerve.
After entering the vasculature, the
osteoprogenitors were eventually found to
extravasate through the vessel wall to the
site of new bone formation. We propose
that the expression of these vascular markers is a component of how these cells safely exit the blood-nerve barrier. Recently, it
has been shown that traumatic brain injury compromises both the blood-nerve and
blood-brain barriers. This may be part of
the reason why traumatic brain injury induces HO. Since the cells extravasate from
the vessels to reside between muscle fibers,
it is easy to see how they could also appear
to be localized progentiors potentially derived from the vasculature [28].
We have found that the HO in humans is similar to the murine models that
use low levels of BMP2 to induce the bone
formation. Analysis of tissues from early
human HO shows that many of the cells in
the endoneurium or peripheral nerves are
positive for phosphoSMADs 1, 5, and 8, indicating that these cells have been activated
by BMP. Additionally, osterix is expressed
in many of the cells in the endoneurium,
and in nerves that are trapped in the newly formed bone. The bone adjacent to these
nerves is replete with osteoblasts that bear
the neural markers found in the nerves that
are directly adjacent. Finally, osteoblasts
associated with bone, appear to also express the tight junction molecule claudin
5. In the mouse model we have also recently found that after BMP2 induction, there
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is axonal sprouting that paves the way for
the innervation and vascularization of the
newly forming bone. The tBAT [6,7] has several tasks to perform including making the
initial microenvironment hypoxic [6] for
nerve growth [29] and cartilage formation
[6], followed by induction of vascularization [9], which brings the osteoprogenitors
to the site of bone formation [10]. Figure
2 shows a schematic representation of the
process.
HO and the Blood-Nerve Barrier

Developing a reliable model of HO in larger animals for regenerative medicine has
been challenging for investigators. Most
HO models involve the delivery or in vivo
expression of BMP2 at a variety of concentrations. However, as the size and complexity of the nerve structures increase in species, the process becomes more unreliable,
most likely due to the problems associated
with getting the BMP2 into the endoneurium of the nerve. The biological differences
associated with the complexity of the perineurium and the blood-nerve barrier could
explain the differences observed in modeling HO in larger animals. Activated matrix
metalloproteinase-9 (MMP-9) is a protease
that has the ability to open the blood-nerve
barrier. It has been shown to be able to open
the blood-nerve barrier in studies of dementia [30] and multiple sclerosis [31]. Studies
that have compared the ability of MMP-9
to open the blood-nerve barrier in the central nervous system and the peripheral
nervous system have found that while the
mechanism and timing is different, MMP9 induction was observed in both models.
Therefore, it is not surprising that when
larger animals were found to not express
MMP-9, but rather a pro- and uncleaved
version of the protease, HO characterized
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Figure 2. A model of heterotopic ossification. BMP2 binds its receptor on specialized
Schwann cells leading to expression of Wnt1 in the endoneurium. Wnt1 binds its receptors (LRP5, 6 and frizzled) on progenitors for osteoblasts, chondrocytes, and adipocytes
and activates these cells for exit from the nerve. It is conceivable, but not yet proven, that
an electrical signal to the brain may be initiated, where it has been shown that the hypothalamus has control over bone formation. Sympathetic activation occurs, with release of
noradrenaline and activation of the β3 adrenergic receptor on perineurial cells. This leads
to both their migration and differentiation into transient brown adipocytes. These transient brown adipocytes appear to consume oxygen, and areas surrounding them become
hypoxic, but they also start to express vascular growth factors such as VEGF which may
promote the vascularization of the region. These new vessels are found to be expressing
extravasation factors that allow the circulating osteoprogenitors, which have exited the
nerve to deposit at the site of bone formation. The endoneurium of the sensory nerve also
contains endoneurial mast cells and macrophages. These cells are most likely concerned
with regulating the blood-nerve barrier and other obstacles for entrance of BMP2 into
and cells out of the endoneurium.

to be separate and distal from the skeletal
bone did not occur [32]. MMP-9 was suggested to play a critical role in the opening
of the blood-nerve barrier to allow progenitors in the endoneurium to respond to
BMP2 expression.
Plasminogen, a protein that binds
blood platelets and cleaves MMP-9, has been
shown to have effects on bone formation.
Plasminogen can only be cleaved to its active form plasmin when platelets are acti110

vated and recruited to the tissues. Studies
of osteogenesis imperfecta have described
the changes in bone formation when platelet-rich plasma is administered to the patient [33]. Finally, studies show that the
expression of α2-Antiplasmin leads to bone
loss [34]. Collectively, the data suggest that
activation and recruitment of blood platelets to the tissues is required for HO.
Consistent with these studies, it has
been found that fibrinolysis is needed for HO.
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When a fibrin matrix was added to plasminogen-deficient mice, robust heterotopic and
orthotopic ossification was observed, suggesting that fibrinolysis is essential for HO
[35]. Thrombin and fibrin, products of the
same pathway that activates and cleaves
MMP-9, have been shown to begin an immune response that may be critical for bone
formation [36]. In addition, fibrinogen degradation products, or products resulting
from fibrinolysis, have been shown to cause
mast cell degranulation. Mast cell degranulation has been linked to neurogenic inflammation, which is essential for HO [4,5]. Mast
cells most likely play a key role in allowing
the barrier to open, and blocking their degranulation resulted in blocking HO formation in a murine model [5]. Studies suggest
that inflammation is needed for remodeling
of the nerve for release of necessary progenitors for cartilage and bone formation
[10]. In addition to mast cells, macrophages
also play a key role in the clean-up and remodeling of the nerve and surrounding tissues coordinating with this neurovascular
unit to start to support regeneration.
In studies where the model lacked
activated MMP-9, it was hypothesized that
progenitors could be pulled from the periosteum of the skeletal bone to produce de
novo bone formation. However, the resulting bone formation could be described as
orthotopic rather than heterotopic bone
formation [32]. The studies that suggested
that fibrinolysis was essential for HO also
suggest that this process will prevent fracture repair in plasminogen-deficient mice.
While some of the de novo bone formation
presented in these studies appears away
from the skeletal bone, most of the bone
formation appears to be orthotopic [32],
suggesting that plasminogen may play a
role in the formation of HO.
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As the molecular and cellular mechanism of HO is further dissected, the role of
peripheral nerves starts to become more
apparent. With a greater understanding of
this mechanism, surgeons can start to have
additional information for assessing risk in
their patients, and, potentially, leading to
improved methods for early intervention to
prevent HO without disrupting bone healing and tissue repair.
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