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» Heterotopic ossification occurs most commonly after joint arthroplasty, spinal cord injury, traumatic brain injury,
blast trauma, elbow and acetabular fractures, and thermal injury.

» The conversion of progenitor cells to osteogenic precursor cells as a result of cell-mediated interactions with the
local tissue environment is affected by oxygen tension, pH, availability of micronutrients, and mechanical stimuli,

and leads to heterotopic ossification.

» Radiation and certain nonsteroidal anti-inflammatory medications are important methods of prophylaxis against

heterotopic ossification.

» Well-planned surgical excision can improve patient outcomes regardless of the joint involved or the initial cause of injury.

> Future therapeutic strategies are focused on targeted inhibition of local factors and signaling pathways that catalyze

ectopic bone formation.
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Heterotopic ossification is the formation of ectopic lamellar
bone in soft tissues. It is increasingly recognized as a compli-
cation following trauma, burns, neurologic injuries, and major
orthopaedic surgeries'”. Heterotopic ossification was first de-
scribed during World War I as a consequence of blast injuries,
and remains a major cause of morbidity in soldiers returning
from Iraq and Afghanistan"*’. The disability incurred as a re-
sult of heterotopic ossification is quite variable, and >20% of
patients develop overt dysfunction as a result of soft-tissue loss,
joint contractures, and chronic pain; rates of heterotopic

ossification in the setting of civilian injury with traumatic
brain injury are as high as 50%>*".

Current research seeks to better understand the underlying
cellular, biochemical, and mechanical processes to provide earlier
diagnoses and develop more effective forms of treatment®** (Fig. 1).
In this review, we highlight the need for improved recognition of
heterotopic ossification as a common cause of morbidity after
specific mechanisms of injury, and highlight factors about the
epidemiology, management, and pathophysiology to improve
the prevention, diagnosis, and treatment of this condition.
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TABLE | Brooker Classification 2Szystem for Heterotopic

Ossification at the Hip

Class Definition

| Islands of bone within soft tissues of the hip

Il Bone spurs in the pelvis or femur but with >1 cm
between bone surfaces

I} Bone spurs within the pelvis or femur with <1 cm
between bone surfaces

v Ankylosis of the hip

Epidemiology

The prevalence of heterotopic ossification has been reported to
range from 0.2% to 4% after burn injury and up to 90% after
certain types of hip arthroplasty or acetabular fractures'*". The
mechanism of injury, duration of immobilization, percentage
of total body surface area burned, and degree of spasticity affect
the risk for heterotopic ossification'>'*". There are also dif-
ferences related to sex that affect the predisposition for hetero-
topic ossification, with males more commonly affected than
females, perhaps as a result of differential muscle mass, varia-
tions in mechanism of injury, and distinct hormonal signaling
pathways affecting osteogenesis'*™>".

Clinical Presentation

Heterotopic ossification commonly presents as restriction in
joint motion after an inciting trauma. Several classification
schemes exist; Brooker et al. grouped heterotopic ossification at
the hip into four classes to indicate the severity of heterotopic
ossification'"” (Table I). The Hastings and Graham classification
system uses clinical and radiographic data to categorize hetero-
topic ossification at the elbow into three classes™ (Table II). These
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classification schemes facilitate the objective characterization of
heterotopic ossification primarily for clinical research.

Radiography

When heterotopic ossification is suspected clinically, radio-
graphic data identify the location and extent of disease®. Be-
cause serum calcium, phosphorus, and alkaline phosphatase
levels are not routinely reliable for the diagnosis or prognos-
tication of heterotopic ossification, radiographic imaging and
clinical history are of utmost importance™.

Plain radiographs are commonly the first imaging study used
to detect heterotopic ossification'. The advantages of radiographs
are the low cost and relative ease of obtaining these images. The
disadvantage is the difficulty of visualizing the anatomic extent of
ectopic bone deposition early in the disease process. Technetium-99
bone scans are an alternative in this setting”*. While the advantage
of bone scans is the ability to detect heterotopic ossification earlier
than radiographs, bone scans are expensive and of limited value in
differentiating inflammation from early heterotopic ossification®".

Computed tomography (CT) facilitates preoperative plan-
ning by improving three-dimensional visualization of heterotopic
ossification in relation to important anatomic landmarks. In some
circumstances, magnetic resonance imaging may be required to
more clearly define the extent of local soft-tissue or neurovascular
involvement. These studies are best utilized when heterotopic
ossification is adjacent to anatomic structures within a potential
operative field™.

New and upcoming imaging modalities are also under re-
view. Single-photon emission CT, or SPECT, is a potential imaging
modality for early detection of heterotopic ossification with im-
proved sensitivity'***”. Ultrasound has been shown to detect het-
erotopic ossification sooner than conventional radiography and can
be used intraoperatively to visualize heterotopic ossification prior to

Fig. 1
Histopathologic evidence of heterotopic ossification (hematoxylin and eosin). Fig. 1-A Early heterotopic ossification. The appearance of early

heterotopic ossification may resemble reactive fibroblastic lesions. The photomicrograph shows the cellular proliferation of fibroblasts arranged in

gently undulating C and S-shapes (x200). Fig. 1-B Densely mineralized osteoid interspersed with a loose and edematous fibroblastic proliferation (x40).

Fig. 1-C A higher-magnification image demonstrates the tendency for maturation along the periphery of the lesion (lower left) in comparison with the
more central areas (upper right) (x100). Prominent bone-lining osteoblasts are noted throughout the lesion.
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TABLE Il Hastings and Graham Classification System for Heterotopic Ossification at the Elbow™®

Class Definition
| Radiographic evidence without functional deficit
1A Radiographic evidence with limitation in flexion-extension axis
1IB Radiographic evidence with limitation in pronation-supination axis
1A Ectopic bone formation and ankylosis of joint in flexion-extension axis
1B Ectopic bone formation and ankylosis of joint in pronation-supination axis
e Ectopic bone formation and ankylosis of joint in pronation-supination and flexion-extension axes

surgical excision'"”"'***?*¥”_ Raman spectroscopy is a novel imaging
technology that has the potential to define the extent of heterotopic
ossification earlier than currently available radiographic studies by
detecting mineralized collagen within tissues™”. Clinical trials are
under way, given the recent validation in animal models.

Clinical Risk Factors: Mechanism of Injury

Spinal Cord and Traumatic Brain Injuries

The prevalence of heterotopic ossification after central neurologic
injury has been reported to range from 10% to 53% (Table III).
Most studies combine the analysis of patients with a traumatic brain
injury and those with a spinal cord injury. Although the relationship
between the nervous system and the formation of bone remains
incompletely understood, it is known that peripheral neurotrans-
mitters affect osteoblast formation'®”. Risk factors for heterotopic
ossification in patients with a spinal cord injury include the severity
of the injury and the level of the spinal cord injury, with injuries
to the thoracic and cervical spine resulting in greater severity of
heterotopic ossification'. Patients with severe spasticity, impaired
cognition, tracheostomy, pneumonia, and/or urinary tract infec-
tions are at a higher risk". Thus, measures to minimize the likeli-
hood of these contributing conditions are important to decrease the
subsequent risk of heterotopic ossification. In patients after a spinal
cord injury, heterotopic ossification commonly forms caudad to the
level of the injury, and most commonly at the hip; heterotopic
ossification at peripheral joints is rare®.

Patients with a traumatic brain injury share a similar set of
risk factors. Unlike patients with a spinal cord injury, however, those
with a traumatic brain injury may develop heterotopic ossification
throughout the body, including at the hip, knee, and elbow or
shoulder. In a systematic review comparing treatments used for
traumatic brain injury and spinal cord injury, Aubut et al. analyzed
twenty-six studies comparing pharmacologic interventions
administered to these two populations™. While pharmacologic
strategies in general were effective in both groups, nonsteroidal anti-
inflammatory medications (NSAIDs) were more commonly used
in patients after a spinal cord injury, while bisphosphonates were
used in patients with a traumatic brain injury. These findings,
however, must be applied with caution, given the heterogeneity
evident in the dosing regimens and administration strategies
among these groups’™”. When pharmacologic strategies are initi-
ated, timing is of utmost importance as early initiation of phar-
macologic therapy can limit the progression of disability over time.
Compliance with therapy is also important.

Thermal Injury

The most important risk factor for heterotopic ossification
among patients after a burn injury is the percentage of body
surface area affected, with burns involving >20% of the
body substantially increasing the likelihood of heterotopic
ossification'. Additional risk factors include male sex and
full-thickness injury at or near a joint'. Heterotopic ossifi-
cation occurs with the highest frequency at the elbow, fol-
lowed by the shoulder, and subsequently the hip (Fig. 2). Pain,
erythema, swelling, and palpable bone formation are com-
monly reported symptoms*'*"’,

Common Locations
of Heterotopic
Ossification

SCI/TBI
Hip
Knee

Elbow
Shoulder

Burn
Elbow

Shoulder
Hip

r Arthroplasty ]

R
Fig. 2

The common locations of heterotopic ossification are indicated
according to the mechanism of injury. The numbering system from
1 (highest) to 3 (lowest) indicates decreasing prevalence of heterotopic

ossification at the indicated joint based on the mechanism of injury.
SCI = spinal cord injury, and TBI = traumatic brain injury.
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TABLE Ill Rates of Heterotopic Osszi’gication According to the

Mechanism of Injury1°'19’

Cause of Trauma Rate of Heterotopic Ossification (%)

Thermal burn 0.24
Hip arthroplasty 3-90
Neurologic injury 10-53
Spinal cord injury 20

Similar to patients presenting with neurologic injury,
those with a burn injury often have a restriction in the range of
motion at a joint as the earliest manifestation of the heterotopic
ossification. It is of particular importance in the treatment of
burn injuries to distinguish scar contracture near a joint from
heterotopic ossification. Imaging studies and isolated joint
flexibility measurements are useful in this determination. At
the elbow, palpation of a locking sensation at the terminal
extent of extension or flexion is more likely an indication of
heterotopic ossification than of a joint contracture; no specific
signs have been noted for other joints'". Few studies have an-
alyzed the impact of pharmacologic prophylaxis or the treatment
of heterotopic ossification after burn injury"*”. As a result, the
treatment of established heterotopic ossification commonly in-
volves surgical excision. Prior to surgical intervention, however,
it is important to ensure adequate soft-tissue coverage of the site
postoperatively, given the extensive scarring, tenuous and tight
contour of skin grafts, and relative laxity of the surrounding soft
tissues after thermal injury.

Hip Arthroplasty

Following hip arthroplasty, heterotopic ossification occurs at
variable rates, with most studies having documented rates at
approximately 40%'"'"*****, Although many studies have iso-
lated specific factors that increase the risk for heterotopic os-
sification after spinal cord injury and burn injury, it remains
unclear what patient-related factors lead to heterotopic ossifi-
cation after hip arthroplasty'”. Interestingly, surgical factors,
such as extended ischemia time, type of approach, and the use
of cemented implants, may increase the risk of heterotopic
ossification®. Both radiation and NSAID therapies are effective
for prophylaxis; surgical excision is effective for treatment™*.

Fractures

The formation of heterotopic ossification after orthopaedic
trauma has been studied most extensively in the setting of
acetabular fractures and elbow fractures. Heterotopic ossifica-
tion occurs in approximately 40% of patients after operative
fixation of an acetabular fracture®”. Specific risks include the
need for long-term mechanical ventilation. Injury severity
score, sex, and fracture type do not affect this risk*. Impor-
tantly, the surgical approach can impact the risk for heterotopic
ossification. Guo et al. recommended the use of the trochan-
teric flip or the posterior approach in the setting of acetabular
fractures; the rates of heterotopic ossification after the tro-
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chanteric flip, anterior, or posterior approach were 33.3%,
42.1%, and 36.9%, respectively”. While an anterior approach
optimizes visualization of the fracture, this approach also has a
high rate of heterotopic ossification. The trochanteric flip ap-
proach preserves the vascular supply to the surrounding soft
tissues, as does the posterior approach, and provides an effi-
cient exposure by which to achieve access to the femoral head™.

The prevalence of heterotopic ossification after an elbow
fracture is also approximately 40%, and it is most commonly
located posteromedially*"*>. More than 20% of those who de-
velop heterotopic ossification in this setting have clinically
relevant motion deficits in the form of a decreased arc of
flexion-extension to <100°. Risk factors include concomitant
neurologic injury, delayed internal fixation, and use of bone
graft and/or bone-graft substitute. Patients with AO class-C3
fractures were more likely to require operative intervention for
the management of heterotopic ossification than were those
with less severe fractures*'. More severe heterotopic ossification
was associated with a concomitant distal humeral fracture,
triad injury, Monteggia fracture-dislocation, and transolecranon
fracture-dislocation. Given that a delay in intervention increases
the risk for heterotopic ossification, prompt operative fixation is
imperative”. Prophylaxis should be considered in patients at
high risk for heterotopic ossification, and treatment is focused
on surgical excision™**,

Management

Prophylaxis

NSAIDs

NSAIDs prevent heterotopic ossification by inhibiting the os-
teogenic differentiation of progenitor cells**’. Prostaglandin
E, is a major contributor to heterotopic ossification formation,
fracture-healing, and bone regeneration”™. Numerous rec-
ommendations exist with regard to dosing; indomethacin, a
nonselective cyclooxygenase (COX)-1 and COX-2 inhibitor, is
commonly administered at an oral dose of 75 mg twice per day
or 25 mg three times per day for three to six weeks postoper-
atively'™**®'. The optimal timing, dose, and duration of treat-
ment have yet to be determined (Table IV). Selective COX-2
inhibitors are also an option to consider, given the risk of gas-
trointestinal distress associated with nonselective NSAIDs"”*®,
Vasileiadis et al. reviewed five studies that demonstrated that
selective COX-2 inhibitors are equally as effective as NSAIDs in
the prevention of heterotopic ossification in patients undergoing
total hip arthroplasty®®.

While NSAIDs have demonstrated prophylactic efficacy
against heterotopic ossification, it is also important to consider
the impact of these medications on fracture union; heterotopic
ossification prophylaxis with indomethacin increases the risk
of long-bone nonunion®. Given these risks, NSAIDs must be
used with caution after orthopaedic injuries because of the
potential risk of nonunion®*”.

Bisphosphonates
Bisphosphonates are antiresorptive agents that induce osteo-
clast apoptosis and inhibit calcification. While some studies
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TABLE IV Prophylactic Options for Postoperative Heterotopic Ossification*

Treatment Used in Study

Level of
Evidence

Clinically Important
Heterotopic Ossificationt

Saudan et al.>® (2007)
Celecoxib
Ibuprofen

Grohs et al.’” (2007)
Rofecoxib
Indomethacin

Karunakar et al.>® (2006)
Placebo
Indomethacin

Fransen et al.*** (2006)
Placebo
Ibuprofen

Burd et al.*® (2001)
Radiation therapy
NSAIDs

Kolbl et al.**® (1997)
Radiation therapy
NSAIDs

Kolbl et al.>” (1997)
Radiation therapy
NSAIDs

Beckmann et al.®® (2014)
No treatment
Naproxen

Brunnekreef et al.>* (2013)
Etoricoxib

Le Duff et al.®° (2011)
Indomethacin and 1000 mL saline solution jet lavage

Nunley et al.>® (2011)
Aspirin
Warfarin

van der Heide et al.*® (2007)
Placebo
Indomethacin
Rofecoxib

Indomethacin, radiation therapy, and 1000 mL saline solution jet lavage
Indomethacin, radiation therapy, and 2000 mL saline solution jet lavage
Indomethacin, radiation therapy, 2000 mL saline solution jet lavage, and debris drape

[
6/117 (5.1%)
16/123 (13.0%)

3/46 (6.5%)
0/50 (0.0%)

13/62 (20.9%)
9/59 (15.2%)

26/407 (6.4%)
11/391 (2.8%)

3/78 (3.8%)
8/72 (11.1%)

1/188 (0.5%)
2/113 (1.8%)

0/100 (0.0%)
6/183 (3.3%)
Il
23/92 (25.0%)
11/196 (5.6%)
Il
0/42 (0.0%)
Il
6/111 (5.4%)
23/332 (6.9%)
5/247 (2.0%)
5/294 (1.7%)
Il
1/151 (0.7%)
4/46 (8.7%)
Il
2/99 (2.0%)
49/170 (28.9%)
0/42 (0.0%)

in the treatment group.

*Clinically important heterotopic ossification was determined to be Brooker score of Il or IV by radiographic imaging. Drug names ending in -coxib
are selective COX-2 inhibitors. TThe values are given as the number of patients who developed heterotopic ossification divided by the total number

have demonstrated that bisphosphonates are effective for prophy-
laxis against heterotopic ossification®, others have found this
therapy to be ineffective and do not recommend routine use of
these medications specifically after orthopaedic interventions™*.

Studies have examined the effect of first-generation bisphospho-
nates on heterotopic ossification as this generation affects osteo-
clasts and osteoblasts; subsequent generations of bisphosphonates
are less likely to be of use against heterotopic ossification as they
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affect only osteoclasts. While one systematic review found bis-
phosphonates to be ineffective for preventing heterotopic ossifica-
tion, others have found that they are indeed effective in patients
with burn injuries and spinal cord injuries specifically®®.

Radiation

Radiation is effective for prophylaxis against heterotopic ossifica-
tion at the hip. While the rates of heterotopic ossification after hip
arthroplasty have been reported to range from approximately 5%
to 90%, the prevalence after radiation therapy decreased to
25%"*"". Even low-dose radiation minimizes heterotopic ossifica-
tion after hip arthroplasty””. The utility of radiation as prophylaxis
at joints other than the hip, however, has not been adequately
studied””. Radiation may be given at a dose of 700 to 800 cGy in a
single fraction administered from twenty-four hours preopera-
tively until forty-eight to seventy-two hours postoperatively”. Both
preoperative radiation and postoperative radiation were found
to be equally effective at the hip, and no specific differences in
complications were stated”. Although no cases of malignancy after
prophylactic radiation have been reported to date, this is a theo-
retical complication to consider. Additional side effects include
progressive soft-tissue contracture, delayed wound-healing, non-
union, or inhibited ingrowth of press-fit hip implants””.

Because radiation and NSAID therapy are both effective
methods of prophylaxis, the question remains as to which is
better™*”. Studies have demonstrated no difference between
NSAIDs and radiation in preventing heterotopic ossification®7,
A study performed by Moore et al. corroborated these results in
the setting of acetabular fractures”. The decision to use radiation
or NSAID therapy for prophylaxis can be tailored to individual
patient conditions. For example, because side effects of soft-
tissue contracture are particularly detrimental to patients with
burns, NSAID therapy may be preferable to radiation in the ab-
sence of gastrointestinal contraindications. On the other hand,
patients undergoing hip arthroplasty may be candidates for ei-
ther prophylactic modality. Additional factors, including long-
term medication compliance and cost, must be considered.

Treatment

Physical Therapy

There are a number of different opinions on the value of
physical therapy in the treatment of heterotopic ossification, as
no clear evidence exists as to the ultimate effect of joint motion
on the progression of overlying heterotopic ossification®.
While some believe that too much motion immediately fol-
lowing the injury exacerbates heterotopic ossification, others
believe that heterotopic ossification progresses because of lack
of motion™'"**. Although there is no consensus, physical ther-
apy may be helpful for those experiencing worsening range of
motion that limits daily functionality.

Pharmaceutical Intervention

Despite the large number of prophylactic strategies available,
no current pharmaceutical treatments exist to address hetero-
topic ossification once present. A stage-I1I U.S. Food and Drug
Administration trial is under way, however, to evaluate the
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effect of retinoic acid receptor (RAR) agonists on patients with
fibrodysplasia ossificans progressiva®. Palovarotene is an RAR
agonist that has mitigated heterotopic ossification in mouse
models of fibrodysplasia ossificans progressiva. It is thought that
targeting RAR gamma, a receptor expressed on chondrogenic cells
and chondrocytes that acts as a transcriptional repressor, will in-
hibit osteogenic activity in chondrocytes prior to endochondral
ossification™. Although palovarotene has demonstrated efficacy in
mouse models of fibrodysplasia ossificans progressiva, it remains
unclear whether this strategy will be effective for other acquired
forms of heterotopic ossification in human subjects.

Operative Intervention

Surgical excision is effective for the treatment of heterotopic
ossification and should be considered as an option for patients
with functional deficits as a result of the disorder. Given the in-
herent fragility of the soft tissues, however, it is important to
counsel patients on the risks regarding delayed wound-healing,
infection, nerve injury, and recurrent contracture'”. Timing of
operative intervention is an important consideration. The etiology
of heterotopic ossification and the degree of bone maturation
should guide the timing of intervention; traumatic heterotopic
ossification can generally be resected at six to nine months, spinal
cord injury-related heterotopic ossification at twelve months, and
traumatic brain injury-related heterotopic ossification at eighteen
months®. Although the definition of complete bone maturation
remains inconsistent within the literature, operative intervention
should be considered when there is a lack of functional im-
provement with nonoperative forms of treatment.

After orthopaedic intervention specifically, early excision
is reccommended by some because of the relative preservation
of tissue planes that are important for differentiating ectopic
bone from normal callus and scar at the site of a recent inter-
vention®. While outcomes are often satisfactory after excision,
severe complications can also occur. For acetabular fractures,
complications have been reported to occur at a rate of 33.3%
and have included intraoperative femoral neck fractures, sci-
atic nerve injury, femoral head osteonecrosis, and recurrence
of heterotopic ossification”. In summary, when there is lack
of clinical improvement with nonoperative interventions or
progressive disability in the setting of stable imaging findings,
it is prudent to consider operative intervention®®.

Current Research

Much of our understanding of heterotopic ossification stems
from research on fibrodysplasia ossificans progressiva®, which
is a congenital condition resulting in spontaneous heterotopic
ossification throughout the body. Overactivation of the bone
morphogenetic protein (BMP) cascade through constitutive
activation of the activin type-1 receptor (ACVRI1) leads to ab-
normal skeletogenesis in the form of endochondral ossification.
Identification of the cells that contribute to the fibrodysplasia
ossificans progressiva phenotype in humans, however, has re-
mained elusive. In animal models, global expression of the ca-
ALK2 (constitutively active activin-like kinase 2) mutation,
Q207D, results in uniform in utero lethality and elevated levels
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Study Cell Types* Modelt Findingst
Wu et al.*® (2013) Muscle satellite cells Rat (HO) Both burn and burn serum increase
osteogenic potential
Medici et al.*® (2010) Vascular endothelial cells Mouse (HO) Convert to multipotent stem-like cells
increasing local osteogenesis
Lounev et al.”® (2009) MyoD-expressing skeletal muscle, Mouse (HO) <5% contribution to fibroproliferative
SMMHC-expressing vascular smooth stage; <1% to chondrogenic stage; not
muscle, and Tie2-expressing endothelial detected in heterotopic ossification; 40%
cells to 50% contribution at each stage of
heterotopic ossification¥
Suda et al.*’ (2009) Bone marrow-derived circulating Mouse (HO) Cells present in fibroproliferative stage
osteogenic precursors lesions
Kan et al.**® (2009) Macrophages and/or monocytes Mouse (HO) Macrophages help mediate the injury
response triggering HO
Kalajzic et al.*® (2008) Alpha-smooth muscle actin-expressing Mouse Increased osteogenic potential in
cells (pericyte and/or myofibroblast osteoblast ablation model
phenotype)
Kaplan et al.**° (2007) Hematopoietic stem cells via bone Human (FOP) Stem cell replacement not sufficient to
marrow transplant prevent ectopic skeletogenesis
Hematopoietic lineage cells Mouse (HO) Not represented during any stage of the
heterotopic skeletal anlagen
*MyoD = myogenic differentiation 1, and SMMHC = smooth muscle myosin heavy chain. THO = heterotopic ossification, and FOP = fibrodysplasia
ossificans progressiva. ¥Stages of the heterotopic skeletal anlagen can be divided as follows: fibroproliferative, chondrogenic, and osteogenic.

of Smad 1/5/8 suggestive of a pro-osteogenic phenotype™. Al-
though a number of common cellular mechanisms have been
described between fibrodysplasia ossificans progressiva and ac-
quired forms of heterotopic ossification, no single unifying
mechanism currently exists.

Osteogenic Precursors
Tissues prone to heterotopic ossification demonstrate an abnor-
mally heightened or prolonged inflammatory response to injury’.
Heterotopic ossification occurs as a result of the pathologic re-
cruitment of local and distant circulating cellular precursors.
Recent advances have highlighted a number of critical cell pop-
ulations involved in this process (Table V). Mesenchymal stem
cells are thought to be the major cell population involved in the
formation of heterotopic ossification. In the setting of trauma-
induced heterotopic ossification, muscle-derived mesenchymal
stem cells demonstrate increased osteogenic potential through
increased BMP-4 expression. This leads to increased vascular
proliferation and osteogenesis®. Given the numerous signaling
pathways that are important for this process, however, it is most
likely that a combination of different cell types is involved®*”.
Recent experiments utilizing lineage tracing have also
identified a role for nonosteogenic cell populations in hetero-
topic ossification™. Tie2-expressing cells that affect angiogen-
esis contribute to 50% of the bone-forming cells in heterotopic
lesions. A recent study by Wosczyna et al. showed that hetero-
topic ossification lesions in their model were positive for Tie2
but negative for VE (vascular endothelial)-cadherin, indicating

a nonendothelial origin™. These cells are known to respond to
inflammation by undergoing endochondral differentiation, and
they form heterotopic bone in response to BMP stimulation®.
Fibrocytes also differentiate into osteoblasts and chondrocytes
and contribute to the formation of heterotopic ossification™.

Local Microenvironment
Local factors play a role in the development of ectopic bone.
BMPs are central to tissue homeostasis and osteogenesis; as
part of the transforming growth factor (TGF)-beta superfamily,
BMPs induce the formation of receptor complexes with in-
herent serine-threonine kinase activity. Although more than
twenty different types of BMPs have been discovered, the
BMP-2/4 subfamily is especially relevant for its osteoinductive
properties. Activation of the BMP-2 receptor is one of the major
pathways leading to heterotopic ossification formation™*. The
BMP-2 receptor is activated by a ligand, which leads to down-
stream phosphorylation of Smad 1/5/8. As a result, gene
transcription, cell differentiation, and cell proliferation are af-
fected, and this results in increased production of osteogenic
factors. Numerous studies have demonstrated upregulation of
this pathway locally after burn injuries®. In addition to local
BMP-mediated mechanisms, retinoid receptors are also im-
portant in chondrogenesis. Exogenous retinoids inhibit chon-
drogenesis and are sufficient to inhibit heterotopic ossification
in traumatic and congenital mouse models™.

Oxygen tension, pH, micronutrients, and mechanical
stimuli also impact bone formation™. Hypoxia-inducible factor
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Fig. 3

Burn injury and the resulting hypoxic environment increase HIF-1« production, which leads to angiogenesis as a result of increased levels of VEGF.
Angiogenesis is an important step in the process of bone formation. MSC = mesenchymal stem cell.

1-alpha (HIF-1a) is a key transcriptional regulator of the cellular
response to ischemia through stimulation of vascular endothelial
cell precursors™'™ (Fig. 3). Under hypoxic conditions, HIF-1a
translocates to the nucleus where it dimerizes with HIF-1B to
bind to a hypoxia response element present on multiple hypoxia-
related genes for angiogenic cytokines; these cytokines including
VEGF (vascular endothelial growth factor), bFGF (basic fibro-
blast growth factor), PDGF (platelet-derived growth factor), and
angiopoietin-2 are essential for endothelial cell motility, recruit-
ment, and proliferation. HIF-1a signaling also sustains differ-
entiation of hypoxic prechondrogenic cells during skeletogenesis
by regulating sex-determining region Y-box 9, which is required
as a cartilage precursor to heterotopic ossification''. Although it
is known that HIF-1a upregulates BMP-2 signaling, the use of
HIF-1a as a therapeutic target has not been exploited”™*'*'.

Future Directions

Prompt recognition, accurate diagnosis, and initiation of ap-
propriate treatment and prophylactic management strategies in
the setting of heterotopic ossification can mitigate the disabil-
ity attributable to this debilitating disease process. Current
guidelines indicate that radiation and NSAIDs are effective
forms of prophylaxis, and surgical intervention is an effective
treatment option. Given the extent of disability caused by
heterotopic ossification, we must improve our mechanistic
understanding of this process. MicroRNA constructs are tar-
geted therapies that can potentially improve current modalities
of treatment and prophylaxis against heterotopic ossification
through local HIF-1a inhibition'”. NFkB (nuclear factor
kappa B) may be another potential target to inhibit chondro-
genesis, osteogenesis, and angiogenesis'”. Additional local
therapies include toll-like receptor and RAR modulation®. In
addition to improved pharmacologic agents, early detection of
heterotopic ossification is also important. Both Raman spec-

troscopy and near-infrared imaging are under review in the
form of human and animal-based studies. By improving our
ability to treat and detect heterotopic ossification, we can re-
duce the severe personal and societal costs associated with the
progression of this disease. ®
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Update

This article was updated on July 22, 2015, because the name of one of the authors, Victor W. Wong, was listed incorrectly. The name,
which previously read “Victor C. Wong,” on pages 1101 and 1108, now reads “Victor W. Wong.”

An erratum has been published: ] Bone Joint Surg Am. 2015 Sep 2;97(17):e59.



