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Abbreviations

AHO Albright hereditary osteodystrophy
ALK Activin receptor-like kinase

ALP Alkaline phosphatase

ATP Adenosine triphosphate

BMP Bone morphogenetic protein

BNB Blood-nerve barrier

cAMP  Cyclic adenosine monophosphate
CGRP  Calcitonin gene-related peptide

CNS Central nervous system

COX Cyclooxygenase

CT Computed tomography

FDA Food and Drug Administration

FOP Fibrodysplasia ossificans progressiva
HIF Hypoxia-inducible transcription factor
HO Heterotopic ossification

IED Improvised explosive device

IGF Insulin-like growth factor

IL Interleukin

1P Interferon gamma-induced protein
MCP Monocyte chemoattractant protein
MIP Macrophage inflammatory protein

MMP Matrix metalloprotein
MRSA  Methicillin-resistant Staphylococcus aureus
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MSC Mesenchymal stem cell
NSAID Non-steroidal anti-inflammatory drug

POH Progressive osseous heteroplasia
RAR Retinoic acid receptor

SCI Spinal cord injury

SP Substance P

TBI Traumatic brain injury

TGF Transforming growth factor
TNF Tumour necrosis factor

VEGF  Vascular endothelial growth factor

Blast Injury

Blast is the mechanism of injury that results following explosion. Blast injuries fall
into four categories [1]:

. Primary — the wave of blast overpressure passing through the body
. Secondary — caused by debris hitting the body

. Tertiary — caused by the body hitting an object

. Quaternary — all other injuries, including crushing and burns

AW N —

These types of injuries have likely existed since the first utilisation of explosives
[2]. The original explosive, black powder, was invented in China in the ninth cen-
tury for use in rockets, eventually guns and canon in the fourteenth century, and
mining in the seventeenth century [3]. A mixture of naturally occurring compounds,
black powder was only replaced with the advent of organic chemistry in the nine-
teenth century, and the production of the infamously unstable nitroglycerin. This
was followed by compounds such as 2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
(HMX), the explosives of choice today [4].

Accidental blast injuries, for example, from industrial incidents, are rare in civilian
life though they do happen [5]. Explosions caused by deliberate action are far more
notorious: terrorist explosive events have increased with the turn of the century, with a
fourfold rise in occurrence and an eightfold increase in injury between 1999 and 2006
[6]. However, blast injuries are most common in warfare, particularly in recent con-
flicts. Blast accounted for only 9% of injuries in the American Civil War (1861-1865),
and 35% in the Great War (1914-1918) [7]. Figures then rose in the later twentieth-
century wars, until blast became the dominant injury mechanism in the recent conflicts
in Iraq and Afghanistan. Between 70 and 80% of injuries to British and American
soldiers in these conflicts were as a result of blast, the highest in any recent conflict
[8-10]. The majority of these injuries were caused by improvised explosive devices
(IEDs), which gave rise to over 70% of combat casualties in Iraq and 50% in
Afghanistan, the most significant threat to the soldiers in these regions [11, 12]. In
addition, 43-54% of wounds occurred in the extremities, the most commonly injured
area in these conflicts [8, 9]. This is in contrast to thoracic injury, which made up only
5% of wounds in these conflicts, reduced from 13% in the Second World War.
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Heterotopic Ossification

Aetiology and Epidemiology

Heterotopic ossification (HO) is the formation of bone where it ought not to exist.
Etymologically, the term is derived from the Greek hetero topos (other place) and
the Latin ossification (bone making). Different types of bone have been reported in
HO, and indeed different types of bone may form depending on aetiology. Analysis
of trauma-related HO revealed that it is composed of a heterogeneous mix of corti-
cal and cancellous bone, in addition to fibrocartilage, with varying levels of miner-
alisation [13]. Like skeletal bone, the structure of which is discussed in detail in
Chap. 17, HO contains arterioles, Haversian canals, and bone marrow and is subject
to continuous remodelling, even after 3 years following presumed ‘maturation’ of
the bone. These features of HO separate it from the mere calcification of tissues; HO
is structured and organised at the cellular level, with a microstructure like orthotopic
bone (Fig. 14.1). Macroscopically, however, HO is very different to skeletal bone. It
grows polyaxially and appears floral in form, intimately associated with the soft tis-
sue. It has also been reported to grow faster than skeletal bone, at 1.7 pm per day
compared to the 1.0 pm per day of normal bone [14].

HO is not a new phenomenon; it was first described by Albucasis, the father of
surgery, over a millennium ago [15]. Patin, the Doyen of the Faculty of Medicine in
Paris, then described the condition in children in 1692 [16]. The disorder he
described is now commonly called fibrodysplasia ossificans progressiva (FOP), a
rare genetic form of HO. FOP is characterised by malformation of the hallux at
birth, but is followed by gradual HO in the soft tissues, which can be exacerbated by
even the smallest of traumatic events [17]. The cumulative effects of this ossifica-
tion lead to gradual immobility and, ultimately, early death. Other genetic causes of
HO include progressive osseous heteroplasia (POH), the intramembranous
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Fig. 14.1 Comparison of HO and skeletal bone (calcaneus) in a rodent, showing similar micro-
structure and osteocyte density but vastly increased numbers of osteoblasts and osteoclasts
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ossification of dermal tissue, Albright hereditary osteodystrophy (AHO), and other
similar conditions [18].

Thankfully, the genetic forms of HO are extremely rare; global incidence of FOP
is one in two million [19]. However, the acquired form is far more common. HO can
form following musculoskeletal trauma, including surgery, damage to the central
nervous system (CNS), particularly traumatic brain injury (TBI) and spinal cord
injury (SCI), and burns [20]. In addition, perhaps the most devastating cause of
acquired HO is that following blast trauma. While it may be asymptomatic, HO can
cause chronic pain, ulceration of the skin, particularly when the ectopic bone forms
over a skin graft, ankylosis of the joints, arthrofibrosis, neurovascular entrapment,
and issues with fitting and utilising prosthetic limbs [21].

The association between HO and combat is not new; one of the first descriptions
of acquired HO was made following observations from the American Civil War and
the Great War [22]. However, prevalence of HO in soldiers has recently increased
due to two key reasons. The first, as discussed above is the rising use of IEDs mak-
ing blast the predominant injury mechanism of injury, and the extremities the pri-
mary zone of wounding. The second is the increased survival rate, due to improved
body armour, ubiquitous tourniquet use, improved air evacuation and care, haemo-
static dressings, and other modern survival innovations [23-26]. Because of this,
more people with multiple limb loss are surviving their injuries [27]. It is this com-
bination of a higher survival rate but an increased incidence of severe extremity
injury which has caused the recent upsurge in HO formation in wounded combat-
ants [28].

The prevalence of HO in combat-related amputees has been consistently reported
as around 63%. Risk factors include a blast mechanism, amputation through the
zone of injury, presence and severity of TBI, an age less than 30, multiple extremity
injuries, delayed wound healing, a high injury severity score, and bacterial colonisa-
tion [29-31]. In contrast, the rate of HO is only around 23% in civilian (non-blast-
related) amputees, and the HO was mild in 94% of these cases [32]. This corroborates
the finding that blast, and not just amputation, is a risk factor for HO. Non-blast
cases may also be less likely to have TBI, and other risk factors for HO (Table 14.1).

Biology
Environment/Inflammation

With the exception of POH and AHO, which are formed by intramembranous ossi-
fication, HO, including FOP, is a process of endochondral bone formation. The for-
mation of HO therefore requires three key things: osteoprogenitor cells, capable of
differentiating into endochondral bone-forming cells, the signalling pathways that
induce this differentiation, and a local environment which is conducive to bone
formation [33]. The disease progression pathway of acquired HO begins with an
inciting event, such as a blast injury, which causes an inflammatory response and the
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Table 14.1 Clinical and biological risk factors for combat-related HO

Clinical Biological
Blast mechanism of injury Hypoxia
Extremity injuries (presence and number) Serum cytokines:
High injury severity score IL-3
Amputation (particularly through the zone of injury) IL-6
Traumatic brain injury (presence and severity) IL-10
Age (<30 years) IL-12p70
Delayed wound healing MCP1
Bacterial colonisation Wound effluent cytokines:
IL-3
IL-13
1P-10
MIP-1a

cell-signalling cascade that induces cells to differentiate and begin forming bone
[34]. These cells may be local to the injury site, or recruited from circulation.

Inflammation is a common requisite to all types of HO. Macrophages, mast
cells, and adaptive immune cells are known to play a role; the exact inflamma-
tory mechanism that leads to HO remains unknown [35]. Inflammation precedes
mineralisation, and as such anti-inflammatory therapies may be effective in pre-
venting HO, but do not affect HO formation once mineralisation has begun. The
inflammatory response following severe trauma is highly complex, with local
and systemic components, acute and chronic factors, and an associated anti-
inflammatory response [36]. Tissue analysis of combat-injured patients showed
that formation of HO was associated with high levels of interleukins 3, 6, 10,
and 12p70, monocyte chemoattractant protein 1 (MCP1/CCL2) in the serum,
and interleukins 3 and 13, interferon gamma-induced protein 10 (IP-10/
CXCL10), and macrophage inflammatory protein 1 alpha (MIP-1a/CCL3) in the
wound effluent, in addition to bacterial colonisation [37, 38]. A summary of both
the clinical and biological risk factors for combat-related HO is given in
Table 14.1.

Hypoxia is also a prerequisite condition for the formation of HO, as it is for nor-
mal bone, that stimulates hypoxia-inducible transcription factor 1 alpha (HIFlx)
[39]. HIF1a has roles in cartilage proliferation and differentiation, as well as angio-
and osteogenesis, all of which are critical in osteochondral bone formation [40].
HIF1a upregulates vascular endothelial growth factor (VEGF) and transcription
factor SOX9, critical for angiogenesis and chondrogenesis, respectively. Both of
these factors are upregulated in cells derived from patients with high-energy combat
injuries who developed HO, along with a host of others including matrix metallo-
protein 9 (MMP9) and insulin-like growth factor 2 (IGF2) [41]. It has also been
suggested that the increased use of tourniquets, in addition to saving lives, may
contribute to the increased incidence of HO by inducing hypoxia in the residual
limb [42].
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Cells

In addition to the necessary environment and the signals that induce osteochondral
differentiation, there needs to be a population of cells both able and available to dif-
ferentiate down this lineage. Perhaps the most promising candidate is the mesen-
chymal stem cell (MSC), a multipotent stromal cell which can differentiate into
chondroblasts, osteoblasts, and brown adipocytes and form endochondral bone
when implanted in vivo [43, 44]. MSCs were found in the debrided extremity mus-
cle of combat-injured patients, and were found to have increased alkaline phospha-
tase (ALP) expression and mineralised matrix production compared to bone
marrow-derived MSCs, and did not terminally differentiate [45, 46]. Additionally,
MSCs were found to be fewer in number and less able to differentiate with increased
age, correlating with the decrease in HO seen with age [47, 48]. When pretreated in
hypoxic conditions, MSCs displayed an enhanced angiogenic capacity, increased
VEGF production, and decreased apoptosis, showing that MSCs thrive in the
hypoxic conditions seen in HO [49].

There are a number of other cell types that have the potential to produce
HO. Skeletal muscle cells, myoblasts, have been shown to dedifferentiate and
progress through an osteochondral route when exposed to transforming growth
factor beta (TGFp), an inflammatory cytokine [50]. In response to bone morpho-
genetic protein 2 (BMP2), muscle cells were found to produce ALP and partici-
pate in HO formation, producing similar amounts of bone to MSCs [51, 52]. In
addition to mature muscle cells, muscle stem cells, termed satellite cells, can also
differentiate into adipocytes and osteocytes given the proper molecular cues, such
as BMP2 [53]. There is also some evidence of these cells undergoing osteogenic
differentiation even without BMP2 [54]. However, other studies suggest that sat-
ellite cells are terminally differentiated and that these results are due to co-con-
tamination of other cell types [55]. A FOP model showed that smooth muscle cells
don’t contribute to HO, and the contribution of skeletal muscle progenitors was
<5% [56].

A recently proposed source of cells is from the endoneurium. These cells have
been shown to express osteogenic factors and to travel through the general circu-
lation to the site of HO in a mouse model [57]. Either direct trauma, for example,
from blast, or BMP2 can initiate the neuroinflammatory cascade. This involves
the release of pain mediators, substance P (SP) and calcitonin gene-related pep-
tide (CGRP), which recruit mast cells that in turn degranulate to release chemo-
kines and recruit cells that open the blood-nerve barrier (BNB) [58]. This
opening, which may be controlled by histamines secreted by mast cells or MMP9,
allows the perineurial and endoneurial cells to cross the BNB [59]. SP has been
found to be upregulated in both traumatic HO and FOP lesions, and preventing
the SP signalling pathway at any point has been shown to inhibit injury-induced
HO [60].

Additional potential contributors include epithelial cells, endothelial cells,
and pericytes. Epithelial cells can transform into MSCs, which are known to
occur during embryonic gastrulation and triggered by BMP and TGFp [61, 62].
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Both of these factors were found to be overexpressed by the epithelial cells in the
HO lesions of transgenic mice [63]. Endothelial cells are similarly able to trans-
form into MSCs when exposed to TGFp [64]. Chondrocytes and osteoblasts in
FOP lesions were found to express endothelial markers, suggesting a vascular
endothelial origin, and brown adipose tissue may share this origin [65, 66]. A
different study suggested that cells of endothelial origin contributed 40-50% of
cells in a FOP model [56]. However, the role of these cell types may be less
direct. Some studies suggest that epithelial cells do not differentiate into osteo-
blasts, but instead secrete factors that induce osteochondral differentiation in
other cells [67]. Endothelial cells release paracrine factors that induce chondro-
cyte hypertrophy, which are not secreted by myoblasts, fibroblasts, or other
hypertrophic chondrocytes [68]. Further, the angiogenic growth factor Angl
enhances BMP2 signalling, osteoblast differentiation, and ectopic bone forma-
tion [69]. Endothelial cells are further important in their own right, as angiogen-
esis is a key requirement for HO formation. Pericytes, cells which line the outside
of capillaries, have been shown to display osteogenic differentiation in vitro and
in vivo [70]. However, these cells have a similar phenotype, gene expression, and
differentiation potential to MSCs, making these cells and their potential role dif-
ficult to distinguish [71].

Endochondral HO lesions contain several tissue types, in addition to the soft
tissue(s) it is formed in, including bone, cartilage, brown fat, and vasculature. The
formation of HO thus requires all of the cell types found in these tissues, precisely
located in both spatially and temporally. For example, the hypoxic conditions
required for chondrogenesis and neovascularisation must precede and be separate
from the normoxia required for osteogenesis. It is clear that several cell types have
the potential to differentiate into HO forming cells, given the proper cues; however,
elucidating which cells play a part in blast-related HO is far more complicated.
There may be more than one source for the cells found in HO, and the different cell
types that make up HO may have the same of differing precursor cells. It is also
important to consider the cells that do not give rise to HO tissue, but have an indirect
role by secreting paracrine factors. The cell types required for HO, and potential
progenitor cells, are summarised in Table 14.2. Overall, it is clear that HO is a com-
plex biological process, and it is likely that there are several pathways that can
lead to it.

Table 14.2 ‘Summafy of cell Cell types found in HO | Potential progenitor cells
;}:)]i:itleugfo:gnerfilt(grt::sesllll: and Osteoblasts Mesenchymal stem cells
Osteoclasts Myoblasts
Osteocytes Satellite cells
Chondroblasts Perineurial cells
Chondrocytes Endoneurial cells
Brown adipocytes Epithelial cells
Endothelial cells Endothelial cells
Pericytes
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Diagnosis, Prevention, and Treatment
Diagnosis

The initial stages of HO diagnosis are rooted in clinical examination, which can
provide some important information. Swelling, stiffness, warmth, and redness are all
early signs of HO; however these symptoms are not specific to the condition, and
may also indicate thrombophlebitis, cellulitis, myelitis, or a tumour [72]. Once HO
is suspected, plain X-ray radiographs are the most common modality to image and
monitor lesions. X-ray computed tomography (CT) is more expensive and time-
consuming, but provides a more detailed 3D picture, which is a valuable periopera-
tive tool. However, both X-ray modalities can only detect mineralised tissue and thus
can only detect HO once mineralisation has begun [73]. Bone scintigraphy is a cur-
rently used technique for diagnosis, which can detect HO within 3 weeks of injury,
several weeks earlier than radiographs. This technique can also be used to detect
lesion maturity in order to correctly time excision surgery and to detect recurrence
[74]. Elevation of serum ALP has been suggested as a marker of HO; however, ALP
levels are dependent on hepatic and renal function, which may differ in blast-injured
patients [75]. In HO caused by SCI, it was found that less than half of patients dis-
played elevated ALP levels [76]. It has also been proposed that the serum cytokines
upregulated in HO may be used for early detection. However, these cytokines may
differ by patient and wound type, and may be upregulated by the severe injury expe-
rienced by blast-injured patients, rather than specifically indicating HO [20].

New techniques are thus required in order to detect HO earlier, in order to begin
a prophylactic regime as soon as possible. Given the issues with detecting serum
markers of HO, focus is instead placed on imaging modalities. In Achilles tenotomy
plus burn models, ultrasound, near-infrared, and Raman modalities were able to
detect HO within a week of injury, which was only visible in microCT after several
weeks [77-79]. Ultrasound was found to detect HO in 88.9% of afflicted SCI
patients; however, at 62 days the mean interval was similar to confirmation of the
condition by CT at a mean interval of 64 days [80]. Near-infrared imaging, though
useful, requires the injection of a fluorescent tracer that may make it less attractive
than Raman, which does not. In an ex vivo study of tissue from combat-wounded
patients, Raman spectroscopy was able to differentiate between uninjured and
injured muscle, unmineralised and mineralised HO lesions [81]. This technique can
thus measure mineral maturity to aid surgical timing, but also may be used during
the operation to identify lesion boundaries.

Current Preventions

Given the historical lack of mechanistic insight into HO formation, current preven-
tions are based around non-specific anti-inflammatories. The exceptions to this are
bisphosphonates, molecules with a P-C-P bridge that imitate the role of pyrophos-
phate in vivo but are not broken down by ALP. This is the only FDA-approved
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medication to prevent or treat HO [31]. Bisphosphonates prevent the formation and
aggregation of calcium phosphate crystals, and act as crystal poisons after adsorb-
ing to the surfaces, in addition to interfering with biochemical processes when inter-
nalised by osteoclasts [82]. However, their efficacy in preventing HO is inconsistently
reported. Etidronate, a first-generation bisphosphonate, was reported to lower the
rate of HO following TBI and SCI [20]. However, etidronate was also shown to
increase incidence of HO in burns patients [83]. A more consistent report, however,
is that bisphosphonates only delay mineralisation, which recommences when treat-
ment is stopped [84]. Another consideration is that bisphosphonates may delay frac-
ture union, a common complication following blast injury [85]. However, this only
appears to be following prolonged use of the drug, e.g. for osteoporosis, and rarely
affects fracture healing when used for the first time following injury [86]. One inter-
esting finding is that nitrogen-containing bisphosphonates hastened HO maturity,
leading to prompter surgical excision [87]. However, due to the lack of clear evi-
dence for efficacy, bisphosphonates are rarely administered for prevention of HO.

Commonly utilised prophylaxes for HO include non-steroidal anti-inflammatory
drugs (NSAIDs) and radiotherapy. Both of these modalities are most commonly
studied, and frequently administered clinically, for the prevention of HO in the hip.
NSAIDs inhibit cyclooxygenase-2 (COX2), a key factor required for endochondral
ossification, regulating the differentiation of MSCs and preventing angiogenesis
[88]. Additionally, NSAIDs have been shown to suppress proliferation and induce
apoptosis in osteoblasts and chondrocytes [89]. The efficacy of NSAIDs in prevent-
ing HO in the hip is generally taken to be good, though some studies dispute this
[90, 91]. However the side effects of NSAIDs, including postoperative bleeding,
hepatic and renal toxicity and failure, haematochezia, asthma, gastrointestinal
bleeding, and other effects, often lead to discontinuation even in relatively healthy
patients [91-94]. Blast-injured patients typically display severe systemic poly-
trauma, complex contaminated wounds, skeletal fractures, TBI, renal impairment,
gastritis, and bleeding, which make the side effects of NSAIDs intolerable [95].
Primary prophylaxis against HO is therefore utilised rarely in combat-related ampu-
tees. However, there are attempts to curb these side effects. Local delivery of indo-
methacin, the most commonly prescribed NSAID for HO prophylaxis, was shown
not to inhibit wound healing [96]. Local delivery allows a high concentration at the
site, but a low systemic drug concentration, reducing side effects. The majority of
NSAIDs utilised, including indomethacin, are non-selective, in that they inhibit
both COX1 and COX2. Celecoxib is a selective COX2 inhibitor, which displayed
equal efficacy to indomethacin but with fewer gastrointestinal side effects [97].
However, there are concerns about the effect of selective COX2 inhibitors on the
cardiovascular system. Despite this, a small clinical trial of celecoxib in blast-
injured patients showed a decrease in HO formation [21].

Radiotherapy is the other primary prophylaxis for HO, inhibiting proliferation
and inducing terminal differentiation of MSCs [98]. In the hip, pre- and postopera-
tive radiotherapy are equally as effective, though the total dose is usually higher
when given in several fractions postoperatively compared to the single preoperative
dose [99-101]. Preoperative radiotherapy is usually preferred as it reduces patient
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burden following the procedure. However, radiotherapy in the elbow has been
shown to have no effect on HO formation, but significantly increased non-union
[102]. Additional side effects of radiotherapy include compromised soft tissue heal-
ing and detrimental effects on immunological functions [103]. There are also logis-
tical limitations to the use of radiotherapy. Though timing guidelines are inconsistent,
it is generally accepted that radiotherapy must be administered within 48—72 hours
of injury. This may be unfeasible for blast-injured patients, particularly in combat
where radiotherapy is not available in far-forward medical facilities [31]. Another
concern of radiotherapy is carcinogenesis. There is thus far no evidence of carcino-
genesis following radiotherapy in the hip [104]. However, given the discrepancy in
the average age between combat-wounded patients and those who undergo proce-
dures in the hip, and the potentially decades-long latency period following radio-
therapy, this is a risk which must be considered in younger patients [105].

Comparisons between radiotherapy and administration of NSAIDs for HO pro-
phylaxis in the hip reveal near-equal efficacy, with a slight leaning towards radio-
therapy because of dose-dependent efficacy, fewer side effects, and greater patient
compliance [106—-108]. However, neither are suitable for the majority of blast-
injured patients. In addition, neither modality showed prophylactic efficacy in a
rodent blast model of HO [109, 110]. There is a clear need for new prophylaxes for
HO with greater efficacy and fewer side effects which, combined with improved
early diagnosis, can successfully be implemented in combat-injured patients.

Current Treatment

Thankfully, HO is often asymptomatic, even with large lesions, or only transiently
symptomatic after prolonged activity or mechanical irritation, which may subside
with maturation of the HO and the associated inflammation. The first line of treat-
ment is always conservative and includes rest, physical therapy, stretching, dynamic
splinting, injections, nerve ablations, pain medication, and prosthetic sock adjust-
ment and padding [31, 73]. However, if symptoms persist, excision surgery is the
only current treatment for HO; this is required for 41% of transfemoral and 15% of
transtibial combat-related amputees [111]. Complete marginal excision of the ecto-
pic bone lesions is recommended, and surgery should take place at least 180 days
post-injury to allow the HO to mature, to reduce the risk of recurrence and re-
excision [112]. In addition to HO excision, amputation revision, quadricepsplasty,
contracture release, and excision of neuroma or skin graft are often required [95].
Excision surgery is technically demanding, with risk of haemorrhage, infection,
wound complication, and neurovascular damage [112]. This surgery can be made
more difficult by the HO changing the native anatomy and incarcerating important
nerves and blood vessels [73]. Because of this preoperative planning is crucial, and
CT is often utilised for both planning before and reference during surgery [95].
NSAIDs are routinely used as secondary prophylaxis to prevent recurrence; radio-
therapy is only used in high-risk cases, because of concerns about impairment of
wound healing [31].
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Novel Therapies

Given the lack of safe and effective prophylaxes against HO for combat-injured
patients, it is clear that new therapies are needed to prevent patients having to go
through surgical excision. As the biological mechanisms behind HO are being
elucidated, new druggable targets are emerging. Perhaps the most exciting poten-
tial new prophylaxis is through retinoic acid receptor y (RARY) agonism. Retinoid
signalling is a strong inhibitor of chondrogenesis, and thus endochondral bone
formation. RARYy agonists were shown to prevent chondrogenic differentiation
in vitro and prevent HO in traumatic animal models [113]. The treatment was
shown to inhibit BMP2 signalling and to stop cells from differentiating into
chondroblasts even when subsequently exposed to BMP2 or implanted into oth-
erwise osteogenic environments in vivo. However, a delay in fracture repair was
seen, a clear contraindication for blast-injured patients, though the investigators
suggest a window of opportunity for treatment after stabilisation but prior to
healing [113].

Palovarotene, a RARYy agonist, was examined further; while not the most potent
of the molecules studied, palovarotene was already in clinical trials for emphysema
[114, 115]. In a FOP model, palovarotene was shown to prevent HO and restore
long bone growth, and in a complex combat blast injury model, it also significantly
reduced HO but may delay wound healing especially in the presence of bacteria
[116, 117]. However a further study, while confirming that palovarotene prevents
chondrogenic differentiation and reduces HO, showed deleterious effects on the
skeleton including overgrowth of synovial joints and long bone growth plate abla-
tion [118]. Regardless, palovarotene was taken to clinical trial for FOP. A 28%
reduction in HO was seen in phase two; 65% was the benchmark, though there was
some dispute as the drug was only administered for flare-ups above a certain thresh-
old [119]. Despite this, a phase three trial is ongoing, which is scheduled to end in
2020 [120].

Another potential strategy is inhibition of activin receptor-like kinase-2 (ALK?2),
a BMP receptor. Activated receptors phosphorylate the SMAD 1, 5, and 8 pathways
that lead to bone formation; constitutive ALK2 activation is the genetic defect that
leads to FOP. Thus, by inhibiting ALK2 with LDN-193189, a study has shown inhi-
bition of HO formation in a FOP model [121]. The same ALK?2 inhibitor also inhib-
ited HO in an Achilles tenotomy plus burn model of HO [122]. Interestingly this
study also showed that, by applying apyrase to the burn site, remote hydrolysis of
ATP also inhibited HO, by decreasing extracellular ATP and increasing intracellular
cyclic adenosine monophosphate (cAMP), an inhibitor of SMAD 1, 5, and 8
phosphorylation.

As discussed above HIF1a plays a crucial role in osteochondral bone forma-
tion, by upregulating VEGF and SOX9, which are critical for angiogenesis and
chondrogenesis, respectively. It has also been shown to increase the intensity
and duration of BMP signalling and that inhibiting it restores normal BMP2
signalling and reduced HO formation in a FOP model [123]. In addition to a
genetic model, treatment with PX-478 or rapamycin was shown to inhibit HIFl
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and prevent HO in a trauma model [124]. Another HIF 1« inhibitor is the antibi-
otic echinomycin, which was shown to prevent HO in an Achilles tenotomy
model [125]. Other antibiotics have also been shown to inhibit HO; vancomycin
was shown to prevent HO in a complex blast with infection model [126]. Though
presumed that this was due to antimicrobial action, vancomycin also inhibited
HO even in the absence of MRSA infection. The authors postulate that this is
due to upregulation of tissue necrosis factor alpha (TNFaw), IL-6, and IL-10 and
thus that vancomycin alters the immune response pathway to reduce HO.

Several other potential prophylaxes are also under investigation. Macrophages
contribute to the inflammatory process and release factors, including BMP, which
support differentiation and maturation of osteoblasts. By utilising clodronate to
deplete macrophages, HO has been shown to be reduced in genetic and spinal cord
injury plus cardiotoxin injection models [127, 128]. Cells transduced to produce
Noggin, a BMP antagonist, decreased HO in Achilles tenotomy and demineralised
bone matrix implantation models [129]. Pulsed electromagnetic fields, by increas-
ing blood flow and preventing hypoxia, have been shown to reduce HO in hip and
SCI patients [130, 131].

Outlook

Despite being described for over a millennium, HO is still a significant problem
today. The increasing frequency of terrorist incidents and the growing prevalence
of high-energy extremity injuries in combat mean that blast-related HO is likely to
continue to be an issue in the future. Inconsistent efficacy and side effects that are
intolerable in a blast-injured population mean that current prophylaxes for HO are
unsuitable, leaving excision surgery as the only option for many. Promisingly, the
biological processes behind blast-related HO are gradually being elucidated,
revealing the critical biological pathways and new druggable targets. Many of
these new therapies have shown great success in various animal models of
HO. Nevertheless, the translation of new prophylaxes into the clinic is thus far
lacking. This is, in part, due to the currently diminished combat leading to low
numbers of new blast-related HO patients. However, there is still work to be done
in order to illuminate the entire biological network behind blast-related HO. In
addition, few studies utilise blast-injury models for HO, and it may be that new
models are required in which to test potential therapeutics. A multidisciplinary
approach is thus called for, in order to fully uncover the pathways behind the con-
dition, design therapeutics to target these pathways, develop delivery systems and
models to test these therapies, and finally to translate these therapies through trials
and into the clinic. This work is ongoing, in the hope that when a major conflict
next occurs, there will be a therapy waiting so that blast-injured patients do not
have to suffer HO.
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