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Heterotopic ossification (HO) describes aberrant bone formation in soft tissue 

such as joints and muscle tissue, and is a complication of traumatic injury. The 

pathogenesis of HO is poorly understood, however, a common complication is chronic 

inflammation, which is also implicated in the osteogenic cascade. The current standard of 

care for trauma-patients with HO is excision and administering prophylactic radiation 

therapy and systemic non-steroidal anti-inflammatory drugs (NSAID). Treatments are 

based on several factors, including severity of trauma and ectopic bone formation 

potential.  Systemic NSAID delivery reduces the inflammatory response but interferes 

with wound healing, and results in gastritis which can contribute to patient non-

compliance. Following excision, HO recurrence is also a possibility. We hypothesized 

that local NSAID delivery would prevent primary ectopic bone formation when delivered 

at the time of injury in a rat tibialis anterior, and that local NSAID delivery would 

prevent recurrent HO following excision of established HO.  

The major findings of this study were that 1) locally delivered NSAIDs did not 

prevent primary HO when delivered at the time of injury, and 2) recurrence of HO was 

not observed in either the control or NSAID treatment groups following excision of 

established HO.  



 

We conclude that local NSAID delivery at the time of induction does not prevent 

primary HO formation. Additionally, recurrence is not observed in either control or 

treatment groups following partial excision of established bone treated with locally 

delivered NSAIDs. However, bone volume reduction is observed four weeks following 

NSAID delivery in both treatment and control groups. Further investigation into 

treatment timing, treatment dose, and delivery vehicle is warranted for both primary HO 

prevention and recurrence following excision.   
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Abstract 

Heterotopic Ossification describes aberrant bone growth in soft tissue and is 

accompanied by several complications including chronic inflammation, pain, and recurrence 

following excision.  Treatment for heterotopic ossification is excision; and currently the most 

common prophylactic practices are radiation and systemic delivery of non-steroidal anti-

inflammatory drugs.  These practices may not always be appropriate for trauma patients because 

the etiology, pathophysiology, and fully-characterized genetic contribution are not well 

understood. To address these issues, studies in prevention of primary heterotopic ossification and 

subsequent recurrence are underway via animal models.  Additionally, human studies in both 

military and civilian institutions have elucidated some of the translational barriers presented in 

basic science.  Understanding the trauma states, osteogenic environment, mechanisms of 

treatment interactions in different trauma states, complications and costs better equip basic 

scientists and clinicians in assessing the most appropriate course of action in individual cases.  

The purpose of this article is to review the state of the scientific and medical communities 

understanding of the current knowledge base. 

Introduction 

Heterotopic Ossification (HO) is derived from the Greek terms “heteros” (“other”), topos 

(“place”), and “ossification”, a Latin-derived term for “to turn to bone”. HO references lamellar 
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bone ossifying in aberrant locations such as in joints and muscle. It has been cited through 

medical history, dating  to 1000 C.E. when Al-Zahrawi described a complication of fracture as a 

“callus often occurs after the healing of a fracture…and sometimes there is limitation of the 

natural function of the limb...”
1
. Outside of rare genetic forms of HO, any state that causes local 

soft tissue damage, such as high-energy trauma injuries and surgical approaches, can cause HO
2
.  

Because of its correlation with trauma, HO is among the post-injury and iatrogenic complications 

that can cause pain and impact a patients recovery and rehabilitation efforts
3
.   

 

Injuries and Surgeries  

Heterotopic ossification manifests following certain surgical approaches, especially 

approaches to the pelvis and acetabulum.  Following total hip arthroplasty(THA), HO frequency 

has been reported to be between 2%-90% 
2
. Posterior approaches for acetabular surgery, such as 

the Kocher-Langenbeck approach, increase the risk of HO formation in the gluteus minimus 

muscle. This has been demonstrated by a decreased incidence of HO when necrotic gluteus 

minimus tissue is debrided after acetabular fracture fixation
4,5

. The upper extremity is also 

affected, especially following surgical approaches about the elbow.  Dual approaches to the 

proximal radius, commonly utilized for biceps tendon repair and reconstruction, result in 

proximal forearm synostosis.  Traumatic injury is also associated with HO formation from 

isolated limb fractures and fracture-dislocations of the joints due to polytrauma
6–10

.  

 

Trauma States 

The frequency of HO in civilian spinal cord injury patients is reported to range between 

20% and 30%, of which up to one-third will eventually experience limited mobility in their 
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affected joints.  Additionally, a reported 10%-20% of patients with closed-head injuries will 

likely develop HO.  Of those, 1 in 10 will experience joint mobility limitations
7
.  HO has been 

reported in at least 50% of patients that have suffered major burn injuries suggesting that severity 

and size of injury significantly contribute to the production of HO. Additionally, the ectopic bone 

can be found distant to the actual burn injury
11

. Recent military combat operations have 

heightened attention to war related wounds, 80% of which are caused by high-energy explosion 

mechanisms. Combat injuries tend to result in a higher Injury Severity Score (ISS) and also 

higher likelihood of HO development
12,13

. The formation of HO is reported in more than 63% of 

blast-injury patients requiring amputation
14–17

. HO occurring as a result of high-energy blast 

injury is most commonly reported  in males between twenty and forty years old
18

.  

Due to the complexity of blast-injury etiology, understanding the pathogenesis of HO 

resulting from multiple injury types which simultaneously affect several bodily systems is still 

under investigation
12

. Furthermore, though medical technology has improved the number of lives 

that can be saved after high-energy trauma injuries, this has also brought with it the opportunity 

for long-term complications, including HO, following life-saving surgery
15

.  Much of the 

research thus far largely focuses on the lower-limb; however there is a critical need for further 

research on upper-limb amputations and complications. 

 

Aberrant Bone Growth 

The formation of bone during skeletal development, fracture healing, and heterotopic 

bone formation, requires a highly organized cascade of molecular, cellular, and tissue events. 

The inciting pathophysiology of HO as opposed to normal skeletal development or fracture 

healing is not entirely understood. Multiple biological systems related to acute phase reactants 
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that are activated during trauma likely play some role, whether activated in attempt to maintain 

survival or to begin healing injured sites. Recent research has elucidated several candidate 

components to the pathogenesis of HO in traumatic states. 

 

Immune Response  

New findings suggest that both the innate and adaptive immune responses contribute to 

bone repair and remodeling following injury.  The interaction between immune cells and the 

inflammatory response that drives normal fracture healing also contributes to ectopic bone 

formation. Both adaptive and innate immune cells, such as neutrophils and TH17 cells are 

involved in the release of inflammatory cytokines which stimulate cell differentiation, including 

osteoblastogenesis.  Osteoblasts release inflammatory cytokines which then stimulate 

osteoclastogenesis.  The balance between osteoclastogenesis and osteoblastogenesis must be 

maintained for normal fracture healing.  However, an imbalance in these processes conducted 

away from the site of the fracture may be implicated in ectopic bone formation
19

. 

 

Acute Phase Response 

The Acute Phase Response (APR) signals the liver to modulate several genes that 

contribute to cytokine secretion and are involved in coagulation, inflammation, and tissue repair.  

The APR is critical to survival after large traumatic injury and disease states such as sepsis.  

However, elevated or dysregulated levels of inflammatory cytokines may influence the 

proliferation of HO in trauma and surgical patients. Reports demonstrate that Total Knee 

Arthroplasty (TKA) and Total Hip Arthroplasty (THA) patients exhibit different responses 

potentially due, in part, to the use of a tourniquet and in involvement of an another long bone in 
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TKA
20

.  An elevated APR may contribute to a prolonged inflammatory state that supports 

ectopic bone formation.  This is further supported by the association of HO with systemic 

inflammatory insults such as burn and neurological injury, suggesting that a combination of 

injuries permits an environment conducive the release of prolonged inflammatory cytokines
21

. 

Prolonged inflammation and APR dysregulation may also be the cause of recurrence following 

HO excision. Early excision patients, within three months of injury, have a higher incidence of 

return to the operating room for complications that are not associated with re-excision as 

compared to those with excisions after three months or more from the time of injury
22

. 

 

Trauma “Stem Cells” 

Normal fracture healing requires an initial inflammatory phase and interactions between 

bone, overlying muscle, and surrounding vasculature
23

.  As a result, the progenitor cells that are 

primarily responsible for aberrant bone growth could come from osseous, periosteal, muscle, or 

vasculature origin. Recent examination of progenitors cells from war-traumatized (i.e. high 

energy trauma) muscle tissues  present with similarities to mesenchymal stem cells (MSC) 

derived from marrow surrounding soft tissue
6
. Additionally, hematopoietic stem cells have the 

potential to differentiate into many tissue types, including bone
24

. Furthermore, histological 

features of osteogenic, adipogenic, and chondrogenic differentiation in the traumatized muscle-

derived multiprogenitor cells were similar to those in bone-marrow-derived mesenchymal stem 

cells, and were consistent in all ten multiprogenitor cell populations sampled
2
.  
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Understanding the HO environment  

Several animal models have been developed to facilitate a better  understanding of the 

pathogenesis and outcomes of various types of trauma and the occurrence of HO
25,26

. They are 

used to elucidate several aspects of HO formation including severity at specific locations, 

mechanism of injury, and timing of HO formation after injury and have been of great importance 

to furthering HO research efforts. See Table 1.  Outside of specific models aimed directly at 

studying war-time injuries such as the Walter-Reed polytrauma and  amputation models, few 

animal models focus directly on the contribution of blunt-force trauma to the formation of HO 

14,15,17,18,27
. Though small animal models cannot directly mimic the formation of clinically 

relevant HO, each type of animal study provides the opportunity to better understand the 

pathophysiology and pathogenesis under unique circumstances. A comprehensive evaluation of 

the mechanistic pathways of bone growth, healing and complications that may contribute to HO 

is beyond the scope of this review but some of the discussions are provided for further 

investigation
28–37

. With improved understanding better physical and pharmacological therapeutic 

protocols can be developed for use in human patients.   

 

Prevention & Treatment 

In certain surgical settings, such as immediately following an at-risk surgical approach to 

the pelvis, primary prevention strategies may be attempted. Currently, the prevention approaches 

available to clinicians include systemic Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) and 

radiation therapy to the surgical field within a short time-period post-surgery.  However, in 

trauma patients, the use of prevention strategies is challenging as practicality, safety, and 

efficacy of systemic NSAID therapy or radiation therapy is debatable and contingent upon 
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several factors including severity of trauma and ectopic bone formation potential
18,48–50

 . 

Additionally, polytrauma HO patients often present with concomitant injuries that may be 

adversely affected by the systemic NSAIDs or radiation
12,14,17

. NSAID delivery following acute 

trauma can complicate bleeding, exacerbate gastritis, and potentially impede fracture healing
51,52

. 

Radiation can compromise soft tissue healing, including surgical incisions, and affect beneficial 

immunologic functions.  As a result, few practical options for prevention are available under 

traumatic-injury circumstances.   

 

Treatment: Excision 

When HO is symptomatic such that standard prophylactic regimens are not effective, 

ectopic bone excision or re-excision is often necessary, especially in high-energy trauma 

patients.  Excision of ectopic bone is required in approximately 20-41% of combat-related 

amputees who have developed HO
22

.   This can be done as early as 6-8 months post-injury 

without risk of recurrence in some cases
12

. Excision of ectopic bone is not without complications 

however, and may include severe blood loss, infection, post-operative pain management, 

rehabilitation obstacles, and recurrence
22

.  Unfortunately, the risk of infection increases after 

resection as ectopic bone excised from an HO patient has been found to be highly vascularized 

despite its non-traditional placement and origin
53

. 

Timing of excision is also controversial. As surgery intervention itself may reintroduce 

an inflammatory state and increase the risk for recurrence, surgical removal of HO may not be 

advisable until it has fully matured
22

. In a recent retrospective study examining the symptomatic 

or radiographic recurrence rate of both partially and fully excised HO before or after 180 days 

post-injury, a higher risk of recurrence was reported if HO was removed prior to 180 days. 
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Likewise, partial excision was correlated with a higher likelihood of radiographic recurrence and 

higher potential for re-excision as compared with full excision patients
22

. Additionally, several 

studies have also documented the rate of recurrence after HO excision at the joints following 

TBI, but the results have been inconsistent in magnitude and timing
54–62

. The unpredictability of 

recurrence in a surgical setting is exponentially confounded in polytrauma patients, thus 

necessitating further research in recurrence prevention strategies.  

 

Prevention: NSAIDs 

Because HO patients tend to present with severe systemic and local inflammation, 

NSAIDs have long been used as part of the HO prophylaxis protocol
63

.  In some cases, NSAIDs 

are feasible to administer within the optimal 24-48 hour time-frame to aid in HO prophylaxis.  

However, priority in theater is placed on life-saving practices
15

. Several NSAIDs are commonly 

used, including ketorolac, ibuprofen, celecoxib, and indomethacin; however,  these are not 

without complications including hemorrhage, gastritis and patient non-compliance
22,27

. While the 

use of systemic NSAIDs has been shown to reduce inflammation and the risk for HO 

manifestation and proliferation, they have garnered notoriety for their propensity to impede 

fracture healing, especially with the use of indomethacin
64–67

. Because indomethacin is a COX2 

nonselective inhibitor, it works by inhibiting prostaglandin-mediated bone remodeling and also 

by directly inhibiting the differentiation of osteoprogenitor cells
63,66

.  Local administration of 

NSAIDs for the prevention of HO is currently under investigation. Small studies suggest that 

locally administered NSAIDs may not hinder wound healing
64

. This finding has now generated 

further interest in continuing research with the goal of becoming a clinically translatable 

treatment for current patients as it may be better tolerated. 
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Prevention: Radiation 

Localized radiation therapy (RT) in 7-Gy doses administered within 4 days of operation 

has succeeded in diminishing the effects of HO proliferation as long as no other factors 

obstructing drug administration. It does so by interfering with and suppressing mesenchymal-cell 

progression to osteogenic cells
15,22,68

. Preoperatively, radiation therapy delivery has shown varied 

reports of effectiveness
2
. Some animal studies suggest that the inhibiting effect on bone healing 

after the use of radiation therapy is more pronounced if it is administered closer to the time of 

actual injury
63

. However, high and frequent doses have the potential to cause cell death and be 

carcinogenic
63,69

.  As there may not be enough data to support radiation therapy’s long-term 

effects, especially on young individuals, it may be worth reconsidering it as an option when 

deciding to employ it on patients
63

 . To date there is no standard time-frame, whether pre-

operatively or post-operatively, that is universally accepted by all surgeons opting to initiate 

radiation therapy
18,63

.  

 

Complications and Costs 

From a patient’s perspective, frustration undoubtedly correlates with wait-time to 

excision of mature bone
18

. The financial and social cost of treating complications due to trauma-

induced HO can be substantial. For example, when comparing two of the most common 

treatments, radiation therapy or the use NSAIDs on HO patients after total hip arthroplasty, the 

cost of NSAIDs is considerably more cost-effective at face-value. Postoperatively, the 

management of HO can be financially costly as well. As NSAIDs are delivered systemically, 
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other complications to be considered include treatment failure or complications due to the drug 

side-effects.  In this regard, the cost of NSAID usage approaches that of RT
70

.   

When comparing high-risk HO patients of THA receiving RT and low-risk HO patients 

of THA receiving multiple oral doses of indomethacin (NSAID), the efficacy of each after a 2-

year follow up was effectively the same when defined by failure rates. However, the cost of 

Indomethacin treated patients was more than 10 times less than those treated with RT. In this 

case, it is appears that the risk-level of the patient is a factor to consider when deciding the best 

plan of action for treatment postoperatively
71

. Additionally, one study suggests that some critical 

patients with specific injuries may be more likely to produce HO after long-term care from 

extended limited mobility after a head injury
72

. The long-term costs of this complication may 

have considerable implications for the patients both financially and socially.  

Future Considerations  

Recent reports of acute treatment provide encouraging potential for prevention of primary 

HO.  Successful decreased inflammation, osteogenic and chondrogenic gene expression, and 

connective tissue progenitor cell proliferation with an oral-gavage delivered retinoic acid 

receptor-γ, Palovarotene, in an established HO blast-injury model has demonstrated promise in 

future studies
73

. Additionally, orally delivered Palovarotene demonstrated at least 50% decrease 

in polytrauma, infection-induced HO
74

. Intraperitoneal delivery of rapamycin on an established 

blast-injury model, has been reported to successfully inhibit HO formation with no reported 

wound-healing complications
75

. Finally, local delivery of vancomycin powder in a trauma-

induced HO rat model reports suppressed HO formation by 86% when delivered at the time of 

injury
76

.   
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Current treatment and prophylactic practices are not always appropriate or effective for 

polytrauma patients due to their complicated and unplanned nature.  Novel combinations of 

treatment, vehicle and delivery-time in established animal models suggest high success rates and 

potentially fewer complications when delivered early. These results provide promise for clinical 

implementation in other trauma-induced HO patients in the future.  Further investigation into 

timing and modes of prevention and treatment is warranted and should include trauma-relevant 

animal models. To address recurrence rates, following excision of established HO, timing seems 

to be a confounding factor as studies suggest that later excision is preferable to earlier excision. 

Local delivery of novel treatment options, such as NSAIDs, following excision may help 

decrease recurrence rates and wound healing complications. Additionally, reduced or eliminated 

delivery of radiation therapy may be a viable consideration for HO patients. 

Conclusion 

The multifaceted complexity of the mechanisms that drive HO in trauma patients is 

poorly understood.  As such, there is no universal treatment without some level of adverse 

effects to the patient.  To mitigate the proliferation and recurrence of this pathological, aberrant 

bone growth, studies in prevention strategies for trauma patients warrant further investigation 

into the pathways involved in its development.   
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Table 1. Current Heterotopic Ossification Animal Models  

 

Anatomical 
location of 

trauma 
Animal Purpose Advantage(s) Disadvantage(s) 

Achilles tenotomy 
model

38,39
 

Achilles tendon Mice 
Preventative strategies 

to reduce the occurrence 
of HO formation 

Simplicity & 
predictability 

Unclear relevance to 
clinical setting. 

 
 

Immobilisation-
manipulation model

40
 

Quadriceps 
muscles 

Rabbits 
Investigation of the role 
of inflammation in HO 

formation 

Supports role of 
inflammation as basis 

for HO formation 

Unclear relevance to 
clinical setting. 

Implantation/injection 
model

41,42
 

Rectus femoris 
muscle; 

Subcutaneous 

Rabbits 
Rats 
Other 

 

Therapy and prevention 
strategies; 

HO induction 

Straightforward, 
reliable, 

mechanistically 
relevant to humans 

 
 

Artificial increase in 
osteogenic factors & 
implantation is local 
and does not mimic 

systemic effects 

Direct trauma  
model(s) 

26,43,44
 

Hind and 
forelimbs 

Rabbits 
Dogs 

Attempting to induce HO 
formation 

Ability to produce HO 
as a result of 

mechanism of injury 

Not sufficiently reliable 
 
 

Irritant injection 
model

45
 

Muscle tissue Rabbits 
Attempting to induce HO 

formation 
Some success with 

alcohol injection 

 
Insufficient 

repeatability & unclear 
relevance to clinical 

setting 
 

Burn model
11

 

Partial-
thickness 

dorsum dermal 
burn 

Mice 

Demonstrate pro-
osteogenic contribution 

of burn to HO 
development 

Reproducible in 
singular mouse strain, 

corroborates the 
contribution of 

inflammation due to 
burn in HO production 

Amount of HO variation 
among species, 

supraphysiological 
levels of osteogenic 

factors 

Hip Arthroplasty
46

 Hip Rats 
Replicate response due 

to arthroplasty 
Reportedly 

reproducible 
Small sample size, 

unclear reproducibility 

Blast model(s)
26,47

 Hind limbs Rats 
Replicate wartime 

injuries 
Reproducible 

Relevant to specific 
population 
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SPECIFIC AIMS 

 

Our long term goal is to provide a template for a clinically translatable protocol for 

treatment of heterotopic ossification in human patients. The objectives of this study are to 

determine if dose, vehicle, and timing of NSAID delivery have an effect on 1) primary bone 

formation and 2) recurrent bone formation following excision.  

 

Specific Aim 1: Determine if locally delivered indomethacin can prevent primary 

heterotopic ossification in a small animal model when delivered at the time of initial injury.  

We hypothesize that locally delivered indomethacin will prevent primary ectopic bone 

formation in a small animal model when delivered at the time of initial injury. 

Specific Aim 2: Determine if locally delivered indomethacin can prevent recurrent 

heterotopic ossification in a small animal model following excision of established aberrant 

bone. 

We hypothesize that locally delivered indomethacin will prevent recurrent heterotopic 

ossification following excision of established heterotopic bone in a small animal model.
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Abstract 

  Heterotopic ossification (HO) is a complication that affects many polytrauma patients 

that experience a chronic inflammatory response to their initial injury. Current protocol for 

treatment is excision, but this is often accompanied by complications including the potential for 

recurrence that may be due to chronic inflammation. We hypothesized that local (non-steroidal 

anti-inflammatory drugs (NSAIDs) delivery would prevent recombinant human bone 

morphogenetic protein-2 (rhBMP-2) induced primary ectopic bone formation when delivered at 

the time of bone induction.  36 adult male Lewis rats were divided into 3 control groups (Vehicle 

Control, n=5; NSAID Control, n=5, and; rhBMP-2 Control, n=5) and 3 NSAID treatment groups 

(2ug rhBMP-2, n=7; 5ug rhBMP-2, n=7, and; 12.5 ug rhBMP-2, n=7).  All animals were 

evaluated for ectopic bone formation 4 weeks following a crush injury of the tibialis anterior and 

surgical implant of an absorbable collagen sponge (ACS) loaded with rhBMP-2. At 4 weeks 

following induction surgery, we quantified and compared bone volume, tissue volume, and bone 

volume fraction (mm
3
) in each group with a one-way ANOVA. One formation was observed 

following induction in all groups except the NSAD negative control group. There was a 

difference in bone volume (BV) between the Vehicle control and 3.5mg/ml NSAID dose (*, 

p=0.013<0.05); a difference in tissue volume (TV) between the Vehicle control and 3.5mg/ml 

NSAID dose (*p<0.05=0.006); and here was no difference in bone fraction (BV/TV) among any 

of the treatment or control groups (p=0.564). We conclude that locally delivered NSAIDS do not 
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prevent rhBMP-2 driven ectopic bone formation in rats following a traumatic injury. Additional 

consideration should be given to timing and vehicle of treatment delivery in a non-BMP driven 

model (i.e., arthroplasty model) in future studies.   

 

Introduction:  

Heterotopic ossification (HO) is defined as the formation of ectopic bone in soft tissue, 

and has been characterized by chronic inflammation, decreased joint mobility, and pain
1–6

.  

Trauma induced HO manifests as a result of both unforeseen  and iatrogenic circumstances, 

including combat-related injuries and arthroplasty
7,8

.  Following total hip arthroplasty (THA), 

HO incidence has been reported to be between 2-90%
8
; between 20-30% in civilian spinal cord 

injury patients
9
;  and more than 50% of major burn patients

10
. Additionally, a reported 10-20% 

of patients with closed-head injuries will likely develop HO distant to the head injury
9
. Of those, 

1 in 10 will experience joint mobility limitations in joints distant to their head injury
11

. More 

recently, HO has been reported in more than 63% of military injuries requiring amputation
4,12–14

. 

Understanding the complex pathogenesis of trauma-induced HO is still under 

investigation
5,6,15,16

. In humans, radiographic presence of HO has been detected as early as 4 

weeks following both surgical and non-surgical trauma
17

. Once HO has formed, excision is the 

only treatment. However recurrence following excision has been reported 
4,18

. Other 

complications accompanying HO excision include severe blood loss, infection, post-operative 

pain management, and rehabilitation obstacles
19

.  

As inflammation is implicated in the osteogenic pathway, systemic prophylactic non-

steroidal, anti-inflammatory drugs (NSAIDs) are administered. Clinically available NSAIDS 

such as indomethacin, ketorolac, ibuprofen, and celecoxib are routinely administered following 
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trauma in patients at high-risk for developing HO, but have been reported to cause hemorrhage, 

gastritis and, thus, lead to patient non-compliance
19,20

. While the use of systemic NSAIDs 

reduces inflammation,  they have also become notorious for their propensity to impede fracture 

healing by inhibiting prostaglandin-mediated bone remodeling, and differentiation of 

osteoprogenitor cells
21–24

. However, recent studies suggest that indomethacin does not hinder 

wound-healing when delivered locally to full-thickness wounds
25

.   

The goal of the current study is to evaluate the effectiveness of locally delivered 

indomethacin in preventing primary ectopic bone formation in a small animal model. As bone 

morphogenetic proteins (BMPs) are powerful growth factors involved in the osteogenic cascade, 

26 
a synthetically produced, commercially available, FDA approved BMP was developed for 

clinical use (INFUSE® Bone Graft Kit, Medtronic) and was used in this study. We hypothesize 

that locally delivered indomethacin will prevent primary ectopic bone formation induced by 

trauma and rhBMP-2 (henceforth referred to as BMP), in a rodent model when delivered at the 

time of initial injury. Previously published animal models informed the development of the 

model used in the current study as many shared common outcome measures including 

osteogenesis, inducing an inflammatory response, and inducing injury with trauma
26–33

.    

Methods 

The methods section is divided into two discrete sections.  The first section (Section A) 

describes Model Development.  The second section (Section B) describes primary ectopic bone 

prevention using local NSAID delivery. The experimental protocol for Model Development is 

presented in Figure 1. 
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A. Methods: Model Development  

A-1.  Animal Use and Care:  

All experiments were performed according to protocols approved by the Institutional 

Animal Care and Use Committees at the US Army Institute of Surgical Research, and the 

University of North Texas Health Science Center. All experimental procedures were conducted 

at the US Army Institute of Surgical Research.  In these experiments we used 10-12 week old, 

adult, 250-475 g, inbred Lewis rats (Rattus norvegicus) (Envigo Laboratories). Animals were 

individually housed in temperature and light controlled rooms. Food and water were available ad 

libitum. All surgeries were performed using sterile technique, and all animals were anesthetized, 

using 1-3% isoflurane in oxygen, after a preemptive, subcutaneous injection of the analgesic, 

slow release (SR) buprenorphine-HCl (1.2mg/kg) was provided for pain management. SR 

buprenorphine remains within the animal’s circulatory system for approximately 72 hours. 

Following all surgery/anesthetic procedures, animals were continually observed in their cages 

until recovered from anesthesia (ambulatory, grooming, stabilized weight, and consistent eating, 

drinking, and alertness). They were immediately offered food and water ad libitum. Animals 

were monitored twice daily for 72 hours post-surgery, then once a week throughout the duration 

of the study.  Subsequent SR buprenorphine for additional pain management was not needed as 

animals exhibited behavior and appearance consistent with recovery.   

A-2. Mechanism of Trauma Delivery:  

Direct and reproducible crush-injury trauma was delivered by releasing a 50g, stainless 

steel calibration weight (Ohaus) from a height of 35 cm through a stationary PVC Pipe (1.9 cm 

diameter) directly onto the shaved left limb above the tibialis anterior (TA) muscle. The 

calibration weight passed through the PVC pipe with minimal resistance. This design was 
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developed to most closely approximate the trauma delivered in a published HO-producing rodent 

model
27

. 

A-3. rhBMP-2 

Commercially available rhBMP-2 and absorbable collagen sponges (ACS; from the 

INFUSE® Bone Graft Kit, Medtronic) were used in this study. The BMP was reconstituted to 

1.5 mg/ml per the manufacturer’s instructions and stored in 100 ul aliquots in a -80̊ C freezer 

prior to experiments. The ACS were cut using sterile technique, under a ventilated laboratory 

hood, into 10 mm x 5 mm sections immediately preceding surgeries. The remaining ACS were 

stored in a sealed, sterile pouch for future use.  On the day of surgery, BMP was diluted with 

PBS (phosphate-buffered-saline) to deliver 5 ug of BMP per ACS.  In a sterile dish, 50 ul of 

BMP was delivered onto each ACS and allowed to soak for a minimum of 15 min prior to 

implantation. Three experimental groups in the Model Development stage (n=8 per group) were 

used to evaluate three experimental doses of BMP; “Low” (2 ug BMP), “Medium” (5 ug BMP), 

and “High” (12.5 ug BMP). Experimental doses were established from rodent models which had 

produced ectopic bone in muscle following BMP delivery
27,28,34

.  Due to the differences in 

species (rat vs. mouse), metabolism, vehicle (injection vs. ACS) and circumstance (BMP, trauma 

induced vs. high-energy, fracture, surgically induced), a low, medium, and high dose scale was 

evaluated to establish the most appropriate dose for the current study.   

A-4. Surgical Procedures:  

Under anesthesia, tail-vein blood-draws were performed for baseline complete blood 

count (CBC) evaluation immediately preceding induction surgery (data not presented as the 

results were used only to verify that there were no extreme outliers in the cohort). The left hind 
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limb of each animal was shaved and prepared aseptically. Using sterile technique, a 1-1.5 cm 

incision was made in the TA approximately mid-shaft of the tibia. The muscle and overlying 

fascia was bluntly dissected and a single 5 mm x10 mm ACS loaded with 50 ul of BMP solution 

was placed in the dissected muscle pocket to deliver each experimental or control solution. The 

fascia was then closed with one, interrupted, 5.0 Vicryl suture to mark ACS placement. The skin 

was closed with interrupted sutures and covered with New Skin® liquid bandage (Moberg 

Pharma, North America).  

A-5. In vivo Radiograph Evaluations:  

 Immediately following induction surgery, plain x-ray images were taken of the limb with 

an Ultrafocus machine (Faxitron Bioptics, LL; Tucson) at 30 kV exposure for a two-second 

interval in anteroposterior (AP), mediolateral (ML) and laterally-directed-AP (“Sloppy AP”) 

views for verification that no fractures occurred during trauma or ACS delivery. Plain radiograph 

x-rays were also performed at 4, 6, and 8 weeks following induction for visual inspection of 

progression of bone formation in the TA. Animals exhibiting aberrant bone on plain x-ray were 

an excision cohort, while those that did not exhibit aberrant bone were not. Clinically, 

visualization of ectopic bone is used in combination with tests for range of motion limitations 

and pain assessments to determine if it is symptomatic. The model development portion of this 

study focused on the visual observations of aberrant bone formation.  

A-6. Histology 

Following humane euthanasia at 8 weeks, representative muscle samples were submitted 

for histological analysis by a veterinary pathologist. The intact TA was harvested and fixed in 

10% natural buffered formalin. If bone was present in the sample, the tissue was decalcified for 3 
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weeks and embedded in paraffin. Samples were sectioned longitudinally and evaluation of 

inflammation, fibrosis and mineralization was performed using H&E and Masson’s trichrome 

staining. 

B. Methods: NSAID Treatment to Prevent Primary Ectopic Bone 

The experimental protocol for Primary Ectopic Bone Prevention is depicted in Figure 2. 

All methods and materials used in Model Development (A-1 through A-6) were identical in the 

following primary ectopic bone prevention study with the exception of the dose of BMP 

delivered to each group. The differences in evaluations and outcomes are as follows: 

B-1. rhBMP-2 and Indomethacin Delivery:  

On the day of surgery, BMP was diluted to deliver 5 ug (“Medium” dose) of BMP per 

ACS. In a sterile dish, 50 ul of BMP was delivered onto each ACS and allowed to soak for a 

minimum of 15 min prior to implantation. A commercially available, non-pharmaceutical grade 

NSAID, 1.5 mg/ml stock of indomethacin (Sigma Aldrich), was used in this study. The 

indomethacin was reconstituted with PBS and 100% ethanol to experimental doses immediately 

preceding ACS loading. The ACS were cut into 10 mm x 5 mm sections immediately preceding 

surgeries, and the remaining ACS were stored in a sealed sterile pouch for future use.   

Three control groups were tested (n=5 per group): vehicle control (saline + saline), BMP 

control (saline + BMP), and NSAID control (saline + indomethacin), and; three experimental 

groups (n=7 per group) with different doses of indomethacin (Dose 1: 1.75 mg/ml, Dose 2: 3.5 

mg/ml, and Dose 3: 5.25 mg/ml) were tested based on a previous small animal, wound healing 

study
25

 (Table 1).  
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B-2. In vivo Micro-CT Analysis 

If HO was observed on plain x-ray at 4 weeks following initial injury, the animal was 

placed under general anesthesia and an in vivo micro-CT scan was performed using a Viva CT40 

(Scanco Medical, Switzerland). Images of the limb were acquired at 4 weeks as well as at the 

time of euthanasia for bone volume quantification and analysis. The image voxel size was 35 μm 

and the x-ray energy was 55 kV. A global threshold of 55, based on a 0-255 grayscale, was 

applied to segment mineralized tissue from soft tissue using the Otsu method
35

. Datasets for both 

bone volume (BV) and tissue volume (TV) at 4 and 8 weeks following initial injury were derived 

from interpolating the entirety of the tissue containing bone using user-constructed regions of 

interests (ROIs). The data from the acquired images was analyzed using CTAn (Bruker 

MicroCT) software. 

B-3. Elution Studies in vitro: 

 To demonstrate the release kinetics of the BMP and NSAID doses over time, elution 

studies were performed. The results generated from these in vitro studies allowed us to evaluate 

the amounts of BMP and NSAID that were delivered to the animals. A 1 ml eluate was collected 

from each loaded ACS and compared to our radiographic and histological observations of 

aberrant bone formation. 

 Experimental doses of indomethacin were delivered onto an ACS and the quantity of 

NSAID in the expressed fluid from each group, and in the stock solution, were determined by 

liquid chromatography-tandem mass spectrometry (LC-MS/MS). The LC-MS/MS system is 

comprised of a Waters H-class ultra-performance liquid chromatography system (Waters, USA) 

coupled to a Waters Zevo G2-XS quadrupole time of flight mass spectrometer (Waters, USA) 
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equipped with electrospray ionization (ESI) source. Indomethacin concentration in eluate was 

interpolated from the standard curve using weighted least-squares linear regression curve fitting 

with a weighting factor of 1/x2.  

 A BMP-2 ELISA kit was purchased from R&D Systems (Catalog number SBP200, Lot 

P142343;Minniapolis, MN). Using the ACS as the vehicle, the concentrations of BMP in the 

expressed fluid from each experimental group and in the stock solution were determined per the 

manufacturer’s instructions. 

Statistical Evaluation 

 The primary outcome for this study was the presence or absence of bone formation on 

plain radiographs via visual inspection on x-ray. This primary outcome measure was chosen 

based on work performed during model development. The secondary outcome is comparison of 

bone volume between 0 and 4 weeks measured by micro-CT. Due to the small number of 

subjects in each experimental group, Kruskal-Wallis one way ANOVAs on Ranks were 

conducted for data as they failed the Shapiro-Wilk test for normality. Dunn’s Method was used 

for post-hoc multiple comparisons.  An alpha of 0.05 was used. Exact P values are reported. 

Results 

Radiograph Analysis: Model Development (Section A) 

 During model development, subjects were evaluated for ectopic bone via plain x-ray 

only. Overall, 7/8 (87.5%) of the low dose (2ug BMP-2) animals produced ectopic bone at any 

point through the study.  Additionally, 2/8 (25%) animals exhibited bone large and dense enough 

to warrant excision by 4 weeks. Though 4/8 (50%) animals produced bone by the 4 week time 
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point, it was immature and for the safety of the animal, it was not considered to be excisable until 

a later time point (either 6 or 8 weeks). Visual reduction of bone was apparent beginning at 6 

weeks following induction surgery regardless of being in the excision cohort or not.  

 Of the medium dose (5ug BMP-2), 7/8 (87.5%) animals produced bone at any time point 

through the study.  Of those, 6/8 (75%) made excisable bone by 4 weeks, but by 6 & 8 weeks 

noticeable resorption began taking place. Of the 7 animals that made bone, 1 completely 

resorbed by 8 weeks. A total of 1/8 (12.5%) animals never produced bone at any point in time.   

 Of the high dose (12.5ug BMP), 7/8 (87%) animals produced bone at any point during 

the study.  Additionally, 6/8 (75%) made excisable bone by 4 weeks and 1/8 (12.5%) never made 

bone at all by the end of the study. Following excision, 4/8 (50%) showed visible signs of 

resorption (less radiopaque on x-ray) starting at 6 week and 8 week time-points.  

 During model development, excisable bone formed in the majority of the high dose 

(12.5ug BMP) animals by 4 weeks. However, the amount of BMP was a supraphysiological dose 

and not as clinically translatable as the medium dose (5ug BMP).  Therefore, the 5ug BMP dose 

was used to induce osteogenesis in the NSAID treatment study (Section B). 

Radiographic Analysis: NSAID Treatment (Section B) 

Subjects were evaluated for bone formation on plain x-ray and micro-CT at 4 weeks 

following induction surgery (Figure 3 A-B). Between initial ACS-implant surgery and 4 weeks, 

ectopic bone formation was identified on plain x-ray in 3 of 5 Vehicle Control subjects (60%), 5 

of 5 BMP Control subjects (100%), 0 of 5 NSAID Control subjects (0%), 7 of 7 1.75 mg/ml 

NSAID (Dose 1) subjects (100%), 7 of 7 3.5 mg/ml NSAID (Dose 2) subjects (100%), and 6 of 7 

5.25mg/ml NSAID (Dose 3) subjects (86%). Of the 36 total subjects, 1 from the Dose 3 cohort 
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was excluded from all analysis due to a micro-CT reading error. As none of the NSAID Control 

subjects produced radiographic HO they were excluded from the statistical analyses.  

At 4 weeks following induction surgery, BV, TV, and BV/TV values were calculated 

from micro-CT analysis. There was an overall difference between control and experimental 

groups for BV (p=0.013). Post-hoc testing revealed that there was a difference in BV between 

the Vehicle Control and Dose 2 (3.5mg/ml NSAID) with BV in Dose 2 being higher (p<0.05) 

(Figure 4A). There was no difference between any of the other pairwise comparisons of BV 

(p>0.05). There was an overall difference between control and experimental groups for TV 

(p=0.006) There was also a difference in TV between the Vehicle Control and Dose 2 with TV in 

Dose 2 being higher (p<0.05) (Figure 4B).  There was no difference between any of the other 

pairwise comparisons of TV (p>0.05). There was no difference in BV/TV among any of the 

treatment or control groups (p=0.56) (Figure 4C). 

rhBMP-2 Elution Results 

The release kinetics of the three experimental doses of BMP used in model development 

are presented in Figure 5A. The cumulative quantity of BMP collected from the ACS eluate for 

the Low (2 ug), Medium (5 ug), and High (12.5 ug) BMP doses are presented in ng/ml. The 

eluate of the released BMP was collected at 1h, 2h, 4h, 8h, 24h, 2d, 3d, 4d, 5d, 6d, 7d, 8d, 10d, 

12d, and 14d post-delivery onto the ACS. The average cumulative quantity of BMP in the Low 

group ranged from 9.95 ng (0.48% total release) at 1 h to 104.88 ng (5.24% total release) at 14 

days. The average cumulative quantity of BMP in the Medium group ranged from 9.11 ng 

(0.45% total release) at 1 h to 255.17 ng (12.75% total release) at 14 days. The average 

cumulative quantity of BMP in the High group ranged from 19.80 ng (0.99% total release) at 1h 
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to 739.30 ng (at least 27% release of total) at 14 days. These results demonstrate a slow BMP 

release over time, regardless of concentration.    

Indomethacin Elution Results 

The release kinetics of the lowest experimental dose of indomethacin is presented in 

Figure 5 B&C.  87.5 ug of indomethacin was delivered to each animal by loading a collagen 

sponge with 50 ul of low dose solution (Dose 1, 1.75 mg/ml indomethacin).  This dose was 

chosen as the most clinically applicable dose as it most readily remained in solution once it was 

reconstituted. Indomethacin flux from the collagen sponge was extremely rapid: 1 h after 

delivery, 72.75 ug (83.1%) of available indomethacin had eluted into solution. By the 2-h time-

point, a total of 77.81 ug (88.9%) had been released with total release progressing to 79.49 ug 

(90.8%) by the 4-h time-point.  No indomethacin release was detected beyond 8 hours post-

delivery.    

Histological Results (Section B) 

Representative muscle samples from all groups (n=17) were analyzed for inflammation, 

fibrosis, and mineralization at the time of humane euthanasia (Figure 6 A-F). Normal muscle 

samples demonstrated no pathological activity (Figure 6 A&B). All samples were scored for 

inflammation based on the presence of neutrophils, macrophages, and lymphocytes. Figure 6 

C&D demonstrate inflammation associated with the muscle lesion on a 0-4 scale (none=0, 

minimal=1, mild=2, moderate=3, marked=4). All groups scored from 0-3 for inflammation: 

BMP Control (n=2) demonstrated none and minimal inflammation; Vehicle control (n=3) 

demonstrated minimal, mild, and moderate inflammation; NSAID control (n=2) demonstrated 

none and mild inflammation; 1.75mg/ml NSAID (n=3) group demonstrated no inflammation, 

3.5mg/ml NSAID group (n=3) demonstrated none or mild inflammation; and the 5.25mg/ml 
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NSAID group (n=4) demonstrated none or mild inflammation. Histological scoring (present=1, 

absent=0) demonstrated the presences of fibrotic activity in all groups (Figure 6 E&F). The 

major findings of these analyses are that 1) all groups, except the 1.75 mg/ml NSAID group, 

exhibit an inflammatory response and, that 2) all groups demonstrate a fibrotic response 4 weeks 

following ACS implantation. Due to the small number of subjects assessed, no statistical analysis 

was performed on these results. 

Discussion  

 In this study we examined the efficacy of locally delivered NSAIDs to prevent primary 

ectopic bone formation in a rat tibialis anterior. We hypothesized that local NSAID delivery 

would prevent primary ectopic bone formation following trauma and application of rhBMP-2. 

The key findings of this study are that 1) locally delivered indomethacin does not prevent trauma 

and BMP-induced, primary ectopic bone formation, and 2) a histological inflammatory response 

is detected at least 4 weeks following surgery. These findings do not allow us to accept our 

hypothesis. In the following sections I will examine the factors that contributed to our findings. 

Radiographic Analysis: 

By using the greyscale threshold between 0-255, bone volume (BV) and tissue volume 

(TV) serve as appropriate metrics in this project as they represent the density of mineralized 

bone formation that can be correlated to different degrees of ossification maturity
36

. Below the 

extrapolated threshold (i.e., 55), volume within the region of interest would not be detected as 

“bone”. On the other hand, as the threshold is based on an average across the entire cohort, there 

is potential for false-positive reporting of ossification. This may have been the case in the 

difference in bone volume between the vehicle control and Dose 2, however this does not 
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completely dispute the difference.  For example, the BV in dose 2 was higher, even as compared 

to Dose 3, based on volume alone. This difference between Dose 2 and any of the other groups 

may also be explained by the potential effect of the concentration of the drug on early 

osteogenesis and warrants further investigation in the future.  The over-representation of the 

difference in the bone volume (BV) and bone volume fraction (BV/TV) results as shown in 

Figure 4 can be justified by artifact interference on plain x-ray and micro-CT in the control 

subjects. Considering all of these factors, as the total tissue volume may change over time in HO 

patients, the use of a global threshold combined with an adaptive region of interest was deemed 

to be most clinically relevant and provide the least amount of stress on the animals. As each HO 

study is highly individualized, care should be taken when analyzing structures with mixed 

densities and adjusted to the parameters most appropriate to the outcomes of the study. 

Effect of BMP delivery 

The combined trauma of the crush injury and open surgery elicited a chronic 

inflammatory response that is more consistent with the human experience of HO formation than 

a non-invasive method of injury, such as injection of BMP. We hypothesized that local 

indomethacin delivery at the time of injury would prevent HO formation. However, despite 

immediate local NSAID treatment, bone formation was still observed on radiograph 4 weeks 

after injury. Studies have shown that the introduction of exogenous BMP, especially at 

supraphysiological concentrations, has the capacity to induce inflammation, modulate osteoclast 

activity, and produce ectopic bone
37–39

. Our data support these previous findings. 

First, the ELISA results from our model development doses show that the BMP 

concentrations in the eluate were low compared to the concentration of BMP that was delivered 

on each ACS (Figure 5A). Though traditional BMP-induced bone formation is a product of 
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quick-release activity
40

, our findings suggest a slow BMP release rate that was likely due to the 

ACS vehicle. These findings are supported in the literature as studies have demonstrated that the 

osteoinductive and osteoconductive properties of delivery scaffold-bound BMP remain intact in 

vitro and in vivo and can facilitate slow release
41,42

. A slow-release of low concentration BMP is 

consistent with our observed aberrant bone growth beginning at 4 weeks. 

Additionally, interactions between several pathways, including the Wnt (Wingless-related 

integration site) and BMP signaling pathways, contribute to bone growth via endochondral 

ossification during embryonic development as well as during bone healing following trauma
39,43

. 

Though the mechanisms are not fully understood, recent studies have demonstrated that bone 

growth can be affected by mediating the interactions between the Wnt and BMP signaling 

pathways
44–46

. In poly-trauma patients, de novo HO may follow a Wnt-driven signaling pathway 

of osteoinduction 
24,26,47,48

.  As HO forms via endochondral ossification in polytrauma patients, 

the relationship between aberrant bone growth and its inciting factors require recognition of both 

the Wnt and BMP signaling pathways 
43

. In our study, it is possible that the in vivo interactions 

between the NSAID and the powerful osteogenic properties of exogenous BMP were 

incompatible with supporting our hypothesis that local NSAIDs would prevent primary HO 

formation in a non poly-trauma model. However, it is conceivable that recurrence following 

excision of established bone may be formed via a signaling pathway that is not predominantly 

BMP-driven, and therefore, NSAIDs may be an effective and appropriate treatment.  

Effect of Indomethacin Delivery 

Inflammation is part of the osteogenic cascade
49

. As such, two variables that are widely 

debated in NSAID delivery as a prophylaxis or treatment option are 1) dose, and 2) timing of 



37 
 

delivery (see Chapter I). NSAIDs as HO prophylactics are enticing for their anti-inflammatory 

properties by blocking pro-inflammatory prostaglandins of the cyclooxygenase 2 (COX2) 

pathway
50

. As COX2 is inducible in pathologic conditions like HO following trauma, some small 

animal models have attempted to suppresses inflammation  by blocking the COX-2 pathway with 

systemic NSAIDs
50,51

. Attempts to inhibit HO in rats by administering either selective or non-

selective COX inhibitors via oral gavage (1.1 mg/kg/day and 2 mg/kg/day) have shown to be 

ineffective
51

.   

The experimental doses of locally delivered indomethacin in our study were purposefully 

chosen to be approximately 20 times greater than that needed to induce osteoblast apoptosis in 

vitro, and be within the local safety profile of previously published wound-healing 

experiments
25

. The medium dose of 3.5 mg/mL was chosen as this represents the upper limit of 

our anticipated safety margin. The lower dose of 1.75 mg/mL then allowed us to test a dose 

lower than the upper limit of our anticipated safety margin to determine if this was effective on 

reducing development of ectopic bone. The higher dose of 5.25 mg/mL then challenged the 

limits of our safety margin. By using these doses, we aimed to identify an effective prevention 

dose below the upper limit when delivered locally. We did not observe any differences between 

doses for successful prevention of primary, BMP-driven, ectopic bone (Figure 4A). 

Another factor to consider is timing of delivery. Histological results 4 weeks following 

surgery suggest that our locally delivered NSAID does not suppress chronic inflammation due to 

trauma (Figure 6 C&D). One possible reason for these observations may be that our 

indomethacin release kinetics results demonstrate that the NSAID is almost completely released 

within 4 hours of delivery (Figure 5 B&C). A recent review of literature presents compelling 

data for NSAID delivery within a short period of time (within 14 days post injury) for decreased 
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HO formation
52

. Our study demonstrates that indomethacin released within hours of injury is not 

sufficient to prevent primary HO. As such, consideration of an effective window of time for local 

delivery may be warranted. These results invite further investigation into appropriate NSAID 

dosing, timing and vehicle of delivery for trauma-induced HO prevention.   

Effect of Vehicle for Treatment Delivery 

To the best of our knowledge, the NSAID delivery method in this model has not been 

previously attempted in the tibialis anterior of a rat for the prevention of primary ectopic bone 

formation. We hypothesized that local NSAID delivery would inhibit primary ectopic bone 

formation. For consistency, we chose to deliver the NSAID via the same vehicle as the BMP. 

However, the release kinetics of indomethacin on the ACS demonstrates that, in comparison, 

BMP was being delivered more consistently over time than indomethacin with this vehicle. The 

indomethacin elution study demonstrated that after 15 min of drying, the residual ethanol in the 

sponge causes rapid solubilization and release. As a result, over 90% of the loaded indomethacin 

was released within the first 4 hours of delivery. Conversely, BMP was recovered throughout the 

duration of the 14-d elution study. A difference in release kinetics between BMP and 

indomethacin was expected as the ACS used in this model has been optimized for BMP delivery.  

Based on our elution study results, the ACS as a delivery vehicle may not be ideal for local 

NSAID delivery.  

Aberrant bone formation is accompanied by chronic inflammation in trauma patients and 

was observed in vivo and histologically in our subjects. An equal release of both indomethacin 

and BMP may not have resulted in primary ectopic bone prevention. However, the incompatible 

difference between their elution delivery rates may have contributed to the inefficiency of the 
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NSAID in decreasing the inflammatory response. The chronic inflammatory response may have 

provided an environment conducive to osteogenesis
53

. Other vehicles exist for BMP delivery 

with varied success in bone tissue engineering, and both growth and healing; however, an 

effective scaffold vehicle for slow, local indomethacin release has not been identified
54–56

.   

Conclusion 

 In conclusion, in this study, the delivery of BMP and indomethacin on ACS does not 

support the hypothesis that local indomethacin delivery prevents primary ectopic bone formation 

following a local traumatic injury. For clinical application, further investigations should be 

conducted to produce an optimal NSAID vehicle for local delivery in a non-BMP-induced (e.g. 

Wnt), poly-trauma, HO-forming model. The current study does not address another common 

problem associated with HO: recurrence following excision (Chapter I). Recurrence following 

excision of established HO may be driven more by trauma-induced inflammation than by a 

BMP-driven response, as was likely the case in the primary ectopic bone formation in this study. 

Future studies will be aimed at evaluating the effect of local NSAID delivery on partially 

excised, established HO to prevent recurrence by decreasing inflammation. 

 

Study Highlights 

 What is the current knowledge on the topic?  

o Indomethacin is currently a clinically available treatment for inflammation.  

Systemic NSAID delivery has been shown to impede wound healing and 

contribute to complications such as fracture non-union and gastritis.   

 What question did this study address?  

o When indomethacin is locally delivered, does it prevent primary, trauma and 

BMP induced, heterotopic ossification in a rat model? 
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 What does this study add to our knowledge?  

o That indomethacin can be delivered on an absorbable collagen sponge optimized 

for BMP delivery with rapid release in vitro but does not prevent primary ectopic 

bone formation in vivo. 

 How might this change clinical pharmacology or translational science? 

o Development of an appropriate delayed release delivery vehicle for local NSAID 

delivery to combat inflammation due to trauma without negatively affecting 

wound healing. 
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Tables and Figures 

Table 1. Experimental and Control Groups in Primary Ectopic Bone Prevention 

Control Groups n 

Vehicle Control: Trauma + saline ACS + saline ACS 5 

BMP-2 Control: Trauma + ACS/BMP + saline ACS 5 

NSAID Control: Trauma + NSAID ACS + saline ACS 5 

Treatment Groups n 

Dose 1: Trauma + ACS/BMP + ACS/I (1.75mg/ml) 7 

Dose 2: Trauma + ACS/BMP + ACS/I (3.5mg/ml) 7 

Dose 3: Trauma + ACS/BMP + ACS/I (5.25mg/ml) 7 

Total 36 

Each control group (n=5) received two ACS, one loaded with 50 ul of saline and one 

loaded with 50 ul of saline + 5ug rhBMP-2 or 1.75mg/ml of NSAID. Each Experimental 

group received two ACS; one loaded with 5 ug rhBMP-2 in 50ul solution, and one 

loaded with 50 ul of their respective experimental dose of NSAID (1.75 mg/ml, 3.5 

mg/ml, or 5.25 mg/ml).  I=Indomethacin. 
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Fig 1. Experimental Protocol for Model Development.  Under anesthesia, an 

absorbable collagen sponge (ACS) loaded with 2 ug, 5 ug, or 12.5 ug of rhBMP-

2 was surgically implanted in the left tibialis anterior of adult Lewis rats (N=8 

per group).  Subjects were evaluated for ectopic bone formation visible on plain 

x-ray at 4, 6 & 8 weeks. Subjects were humanely euthanized at 8 weeks. 
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Figure 2. Experimental Protocol for Primary Ectopic Bone Prevention.   Under 

anesthesia, absorbable collagen sponges (ACS) loaded with either saline or 

indomethacin were implanted into the left tibialis anterior of each subject.  Subjects 

were evaluated for ectopic bone formation visible on plain x-ray at 4, 6 & 8 weeks.  

Subjects were humanely euthanized at 8 weeks. uCT=micro CT. 
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Figure 3. Radiographic images of ectopic bone growth in 

TA muscle belly at 4 weeks (yellow arrows) following 

induction surgery.  A) Plain x-ray image of ectopic bone. B) 

3D micro-CT image. 
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Figure 4 A-C. Bone Volume, Tissue Volume, Bone Volume Fraction between time of surgery and 4 weeks post-

surgery.  Three control groups (n=5 per group) and three experimental groups (n=7 per group) were evaluated.  

 A) There was a difference in bone volume (BV) between the Vehicle control and Dose 2 (*, p<0.05).  There was no 

difference between any of the other groups.   

B) There was a difference in tissue volume (TV) between the Vehicle control and Dose 2 (*p<0.05).  There was no 

difference between any of the other groups.   

C) There was no difference in bone fraction (BV/TV) among any of the treatment or control groups (p=0.56).  

None of the NSAID control subjects produced radiographic HO and have been excluded from the statistical analyses.  

 

All data are presented as mean ± SE. 
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Figure 5 A, B & C.  Release kinetics profiles of 

rhBMP-2 and indomethacin. 

Panel A: BMP release kinetics performed by ELISA. 

Low = 2 ug BMP, Medium = 5 ug BMP, High = 12.5 ug.  

Panel B: Total indomethacin release over time. Analysis 

performed via liquid chromatography-tandem mass 

spectrometry.  

Panel C: Indomethacin release rate.  Analysis performed 

via liquid chromatography-tandem mass spectrometry.  

 

A 

B C 
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Figure 6 A-F. Sections of tibialis anterior (TA) muscle from a Lewis rat (H&E) at 8 weeks. 

 A-B) Normal skeletal muscle.  C) Inflammation surrounding (black arrow) and within the collagen sponge (red arrow). D) 

Collagen sponge has elicited a foreign body reaction (multinucleated giant cell macrophages (black arrow).  There is chronic 

inflammation (lymphocytic) within the collagen sponge (red arrow). The inset is a 400x image of a multinucleated giant cell 

macrophage and lymphocyte (yellow arrow). E) Formation of fibrous connective tissue within the collagen sponge (black arrow). 

F) Masson’s trichrome stain of image E.  Fibrous connective tissue stains blue (black arrow) and the skeletal muscle stains red 

(yellow arrow). 
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Abstract 

Heterotopic ossification (HO) is a complication of trauma that is often accompanied by 

chronic inflammation, pain, and recurrence following excision. Though the pathways and 

mechanisms involved are not well understood, inflammation is thought to be a factor driving 

osteogenesis. Systemic delivery of non-steroidal anti-inflammatory drugs (NSAIDs) following 

excision is not always appropriate for trauma patients as it may impede wound healing and result 

in gastritis. We hypothesized that local delivery of the NSAID indomethacin would prevent 

recurrent HO after partial excision of established aberrant bone in a rodent tibialis anterior 

trauma model. Heterotopic bone was induced in both NSAID treatment (n=30) and Saline 

control groups (n=11) via surgical implantation of a recombinant human bone morphogenetic 

protein (rhBMP-2) loaded absorbable collagen sponge (ACS). At 4 weeks following ectopic 

bone induction, all bone forming animals underwent partial excision and received an ACS loaded 

with saline (control) or 50 ul of 1.75 mg/ml of indomethacin (treatment). Bone volume (BV) was 

measured via micro-CT immediately following partial excision at 4 weeks and again at 8 weeks. 

At 8 weeks there was no HO recurrence. Between excision at 4 weeks and euthanasia at 8 weeks, 

BV decreased in both the NSAID treatment and Saline control groups (time effect, p=0.002). 

There was no difference in BV between groups at either the 4 week (p=0.53) or at 8 week 
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(p=0.56) time points. In conclusion, regardless of group, HO recurrence was not observed, and 

overall BV decreased over time.  

 

Introduction 

Heterotopic ossification (HO) is the growth of mature, lamellar bone via endochondral 

ossification in soft tissue
1
. It is often a complication following iatrogenic and combat-related 

trauma in both civilian and military arthroplasty, combat-related amputation, traumatic brain 

injury, and burn patients
2–8

. The pathways involved in precipitating HO are not fully understood.  

However, several symptoms of HO are common across patient groups including range of motion 

limitations, vascular entrapment, pain, interference with rehabilitation efforts, and a persistent 

inflammatory response 
2,9–14

. Current practices to reduce the incidence of HO following trauma 

include preventive measures such as prophylactic systemic delivery of non-steroidal anti-

inflammatory drugs (NSAIDs) to mitigate inflammation and, thereby, inhibit HO formation
7,14,15

. 

The use of the orally delivered NSAID, indomethacin, to prevent HO following total hip 

arthroplasty (THA) in humans has produced promising results
16

. Unfortunately, the oral mode of 

delivery of clinically available NSAIDs such as indomethacin, ketorolac, ibuprofen, and 

celecoxib following trauma in patients at high-risk for developing HO results in complications 

including hemorrhage, gastritis, fracture non-union, and patient non-compliance
7,14,15

. If 

symptomatic HO forms, excision is often necessary but is accompanied by several complications 

including recurrence 
3,12,17

. Appropriate timing for excision of recurrent HO is widely debated, 

and due to the variety of circumstances under which these data have been collected, there is no 

consensus on a finite set of predictive symptoms 
14,18

.   
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Radiographic HO recurrence rates following excision have been reported to be higher in 

those receiving partial and early excision (within 180 days following trauma) as compared to 

those receiving full and late excision (more than 180 days following trauma)
14

. Several in vivo 

and in vitro animal models have been developed to evaluate the effect of NSAIDs on HO and 

have focused on primary prevention rather than recurrence following excision 
19–21

. Additionally, 

studies in human cases following standard NSAID delivery procedures have also reported mixed 

results 
16,22

. Presently, a reproducible therapeutic protocol is needed that accounts for timing, 

dose, and delivery of prophylactic drugs to prevent recurrence of HO while decreasing the rate of  

gastrointestinal and wound-healing complications
8
. Recent findings in an animal model suggest 

support for locally delivered indomethacin in reference to wound healing complication 

concerns
23

. 

In the current study, we aim to evaluate the effectiveness of locally applied indomethacin 

at preventing HO recurrence following excision in a rat model. The model development study 

conducted in the USAISR laboratory (Chapter 2) provided preliminary data to indicate that there 

would be a 50% HO recurrence based on increased radiopacity on plain x-ray and/or elongation 

following excision of bone at 4 weeks after HO induction with 5 ug of rhBMP-2. Similarly, 

results from our previous study on NSAID treatment for prevention of primary HO informed our 

decision to use 1.75 mg/ml dose of indomethacin to assess its ability to prevent recurrent HO 

following excision (Chapter 2). Local NSAID delivery at the time of induction does not prevent 

BMP-induced, primary ectopic bone formation, but may prevent recurrence of established 

aberrant bone. We hypothesize that local application of indomethacin will prevent HO 

recurrence following excision of established aberrant bone by reducing the inflammatory 
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response. Figure 1 provides a brief outline of the model development stage previously reported 

in a prior study (Chapter 2).  

A. Methods and Materials 

The general methods for sections A1-A10 are previously described in Chapter 2 with 

differences noted in the following sections where necessary. The experimental protocol for 

Indomethacin Treatment Model is represented in Figure 2. 

A-1.  Animal Use and Care:  

All experiments were performed according to protocols approved by the Institutional 

Animal Care and Use Committees at the US Army Institute of Surgical Research and the 

University of North Texas Health Science Center. All experimental procedures were conducted 

at the US Army Institute of Surgical Research. In these experiments, we used 10-12 week old, 

adult, male, 250-475g, inbred Lewis rats (Rattus norvegicus) (Envigo Laboratories). Animals 

were individually housed in temperature and light controlled rooms. Food and water were 

available ad libitum. All surgeries were performed using sterile technique and all animals were 

anesthetized, using 1-3% isoflurane in oxygen, after a preemptive subcutaneous injection of 

analgesic, slow release (SR) buprenorphine-HCl (1.2 mg/kg) was provided for pain management. 

SR buprenorphine remains in the animal’s circulatory system for approximately 72 hours. 

Following all surgery/anesthetic procedures, animals were continually observed in their cages 

until recovered from anesthesia (ambulatory, grooming, stabilized weight, and consistent eating, 

drinking, and alertness). They were immediately offered food and water ad libitum. Animals 

were monitored twice daily for 72 hours post-surgery, then once a week throughout the duration 
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of the study. Additional SR buprenorphine for additional pain management was not needed as 

the animals displayed behavior consistent with recovery.   

A-2. Mechanism of Trauma Delivery:  

Direct and reproducible crush-injury trauma was delivered by releasing a 50g, stainless 

steel calibration weight (Ohaus) from a height of 35 cm through a stationary PVC Pipe (1.9 cm 

diameter) directly onto the shaved limb above the tibialis anterior (TA) muscle. The calibration 

weight fit into PVC pipe with minimal resistance. This design was chosen to most closely 

approximate the trauma delivered in a published HO producing rodent model
24

. 

A-3. rhBMP-2 

Commercially available recombinant human Bone Morphogenetic Protein-2 (rhBMP-2) 

and absorbable collagen sponges (ACS; from the INFUSE® Bone Graft Kit, Medtronic) were 

used in this study. The rhBMP-2 was reconstituted to 1.5 mg/ml per the manufacturer’s 

instructions, and stored in 100 ul aliquots in a -80
0
C freezer prior to experiments. The ACS were 

cut using sterile technique, under a ventilated laboratory hood, into 10 mm x 5 mm sections 

immediately preceding surgeries, and the remaining ACS were stored in a sealed sterile pouch 

for future use. On the day of surgery, rhBMP-2 was diluted with PBS (phosphate-buffered-

saline) to deliver 5 ug of rhBMP-2 per ACS. In a sterile dish, 50 ul of rhBMP-2 was delivered 

onto each ACS and allowed to soak for a minimum of 15 min prior to implantation. The BMP 

dose used in this study was previously described as “medium dose” (5ug/50ul BMP-2) in the 

model development section of Chapter 2. 
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A-4. Indomethacin (NSAID) 

A commercially available, non-pharmaceutical grade NSAID, indomethacin (Sigma 

Aldrich, 17378, North America), was used in this study. The indomethacin was reconstituted 

with ethanol and saline to an experimental dose of 1.75 mg/mg immediately preceding ACS 

loading. This experimental dose was chosen for its anti-inflammatory properties when 

administered following trauma and its clinical applicability based on model development elution 

studies performed and described in Chapter 2. 

A-5. Induction Surgical Procedure:  

Under anesthesia, tail-vein blood-draws were performed for baseline complete blood 

count (CBC) evaluation immediately preceding induction surgery (data not reported).  The left 

hind limb of each animal was shaved and prepared aseptically. Using sterile technique, a 1-1.5 

cm incision was made in the TA approximately mid-shaft of tibia. The muscle and overlying 

fascia was bluntly dissected and a single 5 mm x10 mm ACS loaded with 50 ul of reconstituted 

solution was placed in the dissected muscle pocket to deliver each experimental or control 

solution. The fascia was then closed with one, interrupted, 5.0 Vicryl suture to mark ACS 

placement. The skin was closed with interrupted, 5.0 Vicryl sutures and covered with New 

Skin® liquid bandage (Moberg Pharma, North America).  

A-6. Excision and Indomethacin Delivery:  

To assure that we were treating the minimum number of animals that will recur bone with 

a power of 0.8 (when bone forms to begin within 75% of animals) for the purpose of testing this 

treatment, we needed to account for both the 75% formation and 50% recurrent rate from the 

model development portion of our study. As such, one control group (n=11) and one 
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experimental group (n=30) were tested. Both control and experimental groups received one ACS 

loaded with 5 ug of rhBMP-2 at initial induction surgery.   

At 4 weeks, if bone was observed on plain x-ray, animals underwent a partial surgical 

excision procedure.  Following excision, an ACS loaded with either saline (control) or 1.75 

mg/ml of indomethacin (experimental) were implanted following the procedure outlined in A-5 

(Table 1).   

A-7. In vivo Radiograph Evaluations:  

Immediately following induction surgery, plain x-ray images of the limb were taken with 

an Ultrafocus machine (Faxitron Bioptics, LL; Tucson) at 30kV exposure for a two-second 

interval in Anteroposterior (AP), Mediolateral (ML) and laterally directed-AP (“Sloppy AP”) 

views for verification that no fractures occurred during trauma or ACS delivery. Plain x-rays 

were also performed at 4, 6, and 8 weeks following induction for visual inspection of progression 

of bone formation in the TA.  

A-8. In vivo Micro-CT Analysis 

If HO was observed on plain x-ray at 4 weeks, the animal was placed under general 

anesthesia and an in vivo micro-CT scan was performed using a Viva CT40 (Scanco Medical, 

Switzerland). Images of the limb were acquired of post-surgical excision as well as at the time of 

humane euthanasia at 8 weeks for bone volume quantification and analysis. The image voxel size 

was 35 µm and the x-ray energy was 55 kV. To optimize image quality, a global threshold of 46, 

based on a 0-255 grayscale, was applied to segment mineralized tissue from soft tissue using the 

Otsu method
25

. Datasets for both bone volume (BV) and tissue volume (TV) at 4 and 8 weeks 

were derived from interpolating the entirety of the tissue containing bone using user-constructed 
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regions of interest (ROIs). The data from the acquired images was analyzed using CTAn (Bruker 

MicroCT) software. 

A-9. Histology 

Following humane euthanasia at 8 weeks, representative muscle samples were submitted 

for histological analysis by a veterinary pathologist. The intact TA was harvested and fixed in 

10% formalin. If bone was present in the sample, the tissue was decalcified for 3 weeks and 

embedded in paraffin. Evaluation of inflammation, fibrosis and mineralization was performed 

using H&E and Masson’s trichrome staining. 

A-10. Elution Studies in vitro 

 To demonstrate the release kinetics of NSAID dose over time, an elution study was 

performed as described in Chapter II, Section B.3 

 The results generated from this in vitro study allowed us to compare the amount of 

NSAID that was delivered to the animals in the 1 ml eluate that was collected from each loaded 

ACS.  The data allowed us to make correlations between the rate of NSAID release and the 

presence of aberrant bone. 

Statistical Evaluation 

The primary outcome for this study is the presence or absence of bone formation via 

visual inspection on plain radiographs. This primary outcome measure was chosen based on 

work performed during model development (Chapter 2). The secondary outcome is comparison 

of bone volume between 4 and 8 weeks measured by micro-CT.  Two-way repeated measures 

ANOVAs (factor 1: time, factor 2: group) were used to compare the effect of the treatment 
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within and between groups at 4 weeks and 8 weeks. All data passed the Shapiro Wilk test for 

normality, and Tukey post-hoc tests were used for multiple comparisons. Exact P values are 

reported. 

Results  

Radiographic Results 

There was no radiographic evidence of HO recurrence in either group between partial 

excision at 4 weeks and humane euthanasia at 8 weeks. Figure 3 depicts a visual comparison of 

bone volume decrease between excision at 4 weeks (Figure 3A&B) and at humane euthanasia at 

8 weeks (Figure 3C&D). Between 4 and 8 weeks, TV also decreased in both the Saline and 

NSAID groups (both p<0.001), with no difference between groups (p=0.45) (Figure 4A). 

Following excision, BV decreased in both the Saline (control) and NSAID (treatment) groups 

between 4 weeks and 8 weeks (p=0.002), with no difference between groups (p=0.54).  There 

was no difference in BV between groups after excision at 4 weeks (p=0.53) or at euthanasia at 8 

weeks (p=0.56) (Figure 4B). Subsequently, following excision, there is an expected increase in 

bone fraction (BV/TV) in both the Saline and NSAID groups (p=0.003), with no difference 

between groups (0.17) (Figure 4C).  

Histological Reports 

Whole TA muscles representative of each group (n=9 per group) were sectioned 

longitudinally and analyzed for inflammation, fibrosis, collagen formation, and mineralization. 

Normal muscle sections (Figure 5A) were compared against pathological findings. Histological 

scoring (present=1, absent=0) demonstrated the presences of fibrotic activity in both the control 

and treatment groups. Inflammation associated with the muscular lesion (Figure 5B) was scored 
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on a scale of 0-4 (none=0, minimal=1, mild=2, moderate=3, marked=4). Both the saline control 

group (n=3) and the NSAID treatment group (n=5) demonstatrated none or mild inflammatory 

scores based on the presence of inflmmatory cells such as neutrophils, macrophages, and 

lymphocyte activty. Additionally, indications of initial bone marrow formation was found in one 

subject (Figure 5C).  

Indomethacin Elution  

The results of the release kinetics of the lowest experimental dose of indomethacin (1.75 

mg/ml) are presented in Chapter 2. The key findings of this elution study are that indomethacin 

is rapidly released from the ACS with more than 90% of the total indomethacin being released 

within 4 hours of ACS delivery (Chapter 2, Figure 5 B&C). This dose and vehicle were used in 

the current study to test the NSAID’s effect on recurrent HO following excision. 

Discussion  

In this study we examined whether locally delivered NSAIDs following partial excision 

of established HO would prevent recurrent HO in a rat tibialis anterior. We hypothesized that 

local NSAID delivery following excision of established HO would prevent recurrence. The key 

findings of this study are: 1) following excision of established HO, recurrence was not observed 

in either the saline control or NSAID treatment groups; and 2) overall, bone volume decreased in 

both the control and treatment groups (time factor, p=0.002) between excision at 4 weeks and 

humane euthanasia at 8 weeks. As such, our results do not support our hypothesis. In the 

following sections I examine the factors that contributed to our findings. 
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Radiographic Analysis 

We hypothesized that local delivery of NSAID would decrease recurrent bone formation 

by decreasing the inflammatory response.  Our results do not support this hypothesis as we did 

not observe recurrence in either the saline control or NSAID treatment group.   

Soft tissue and aberrant bone volume was delineated by constructing ROIs for each 

subject. In some bone healing models, a predetermined ROI is used to calculate bone volume as 

the bone defect location is standardized across the cohort 
26

.  This is not appropriate for HO 

studies as the total tissue volume, including bone, may vary over time and location in the soft 

tissue. To circumvent this limitation, we analyzed our data using interpolated ROIs that were 

unique to each subject. This allowed for aberrant bone volume to be more accurately reflected. 

Furthermore, the use of a global threshold rather than an adaptive threshold was used. The 

implications of a global threshold include over or under-representation of bone with different 

densities, e.g., aberrant bone.  For example, samples of the same material but with mixed 

densities, as with aberrant bone, may not present thin structures as accurately as thicker, more 

dense structures
27

. While this may be a limitation in our study, it was in the best interest of the 

animal (patient) to not perform adaptive thresholding as it requires longer processing time and 

likely exposes the subject to excess radiation
27

. Radiation has been shown to have a negative 

effect on wound and bone healing in HO subjects (Chapter 1), so future studies should assess the 

amount of radiation administered to each animal and whether or not it has any effect on wound 

and bone healing outcomes. 

Evaluation of bone volume using these methods of analysis demonstrated a decrease in 

BV by 4 weeks following excision, but with no difference between the groups. This response 

was likely influenced by the intrinsic process of bone resorption and remodeling following 
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trauma
20

. As the total bone fraction is a reflection of the relationship between BV and TV, the 

increasing BV/TV over time corroborates the findings of decreasing BV and TV.  

Role of NSAID in the Inflammatory Response 

In the current study, we aimed to prevent recurrent HO following excision of established 

aberrant bone by delivering local NSAIDs to decrease trauma-induced inflammation. Based on 

observations of our previous primary prevention study (Chapter 2), it was hypothesized that 

recurrent bone would be driven more by trauma-induced inflammation and not as a result of 

BMP-induced osteogenesis. As such, we hypothesized that locally delivered NSAIDs at the time 

of excision would prevent inflammation and therefore, prevent recurrent HO.  

As both the Saline (control) and NSAID (treatment) groups demonstrated histologically 

mild inflammation and decreased bone volume at 8 weeks this may suggest that body’s innate 

response to trauma is to decrease inflammation and to resorb bone. Since recurrence was not 

observed in either group, these findings generated another question: could the decrease in bone 

volume be a result of inflammatory suppression due at least in part to NSAID delivery after 

excision? To address this, future studies should quantify inflammatory markers as compared to 

BV in both the control and treatment groups. It is also possible that the decrease in BV in both 

groups was due to intrinsic bone resorption which is also influenced by inflmmation.  

Inflammation is a component in the osteogenic cascade following trauma
21

. In this study, 

indomethacin was delivered following excision on established ectopic bone. This approach 

differs from the previous primary prevention study (Chapter 2). In the current study, 

indomethacin may have been able to target trauma-induced, pro-inflammatory prostaglandins, 
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via the cyclooxygenase pathway (COX) rather than competing to suppress inflammation 

exacerbated by the powerful osteogenic properties of HO induced by BMP-2 
31,32,29

.   

Inflammatory stimuli, like trauma, induce COX2 activity, thus producing pro-

inflammatory prostaglandins. Indomethacin’s anti-inflammatory properties as a non-selective 

COX2 inhibitor works by blocking inflammatory prostaglandin production
28,29

. In this study, 

indomethacin following open surgery may have contributed in reducing the inflammatory 

response via the COX metabolic pathway and created an environment that was less permissive to  

osteogenesis
30

. Future studies will include an assessment of inflammatory cytokines at short time 

points to assess the impact of the NSAIDs on bone volume as a consequence of an inflammatory 

response.  It is also speculated that the timing of the second ACS (post-excision) with either 

NSAID or saline may have  minimized the inflammatory response, and therefore, expediting the 

resorption rate which was reflected in BV decreasing over time.  

Role of Treatment Timing and Vehicle 

Currently, physicians administering prophylactic systemic NSAIDs do so to prevent a 

chronic inflammatory state that may contribute to recurrent HO after excision 
22,33,34

. When 

NSAIDS are prescribed as part of the prophylactic regimen, there is not a clear consensus for the 

timing of delivery 
8,22,33,35–37

. Some in vivo studies have shown that chondrogenesis can begin as 

early as 7 days, and HO can begin forming by 14 days following injury
38

. Our indomethacin 

elution study suggests that after 15 min of drying, there was rapid solubilization and release of 

over 90% of the loaded indomethacin within the first four hours of delivery (Chapter 2). This 

vehicle’s rapid release does not appear to sufficiently subdue the chronic inflammatory state 

induced by excision, as evidenced by histological analysis both within and outside the remnants 

of the collagen sponge at 4 weeks after excision (Figure 5B). In humans, if the inflammatory 
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response following excision is not regulated, the resulting chronic inflammation could contribute 

to HO recurrence, and several other complications including impaired wound healing
8
. Future 

studies will evaluate optimizing the timing window of NSAID delivery on HO recurrence.  

Conclusion 

When using NSAIDs for treating HO patients, three main variables must be considered: 

dose of treatment, vehicle of delivery, and timing of delivery. The current study predominantly 

addressed timing of delivery. The key findings of this study were: 1) recurrence was not 

observed when saline or indomethacin was locally delivered following partial excision of 

established HO; and 2) overall bone volume decreased between excision at 4 weeks and 

euthanasia at 8 weeks in both treatment and control groups. Future studies will investigate 

expediting bone resorption following excision by optimizing the timing of local NSAID delivery 

in an appropriate vehicle. The clinical implications of this line of investigations include shorter 

recovery and rehabilitation times for symptomatic HO patients. 

Study Highlights 

 What is the current knowledge on the topic?  

o Indomethacin is currently a clinically available treatment for inflammation.  

Systemic NSAID delivery as a prophylaxis for recurrent HO following excision 

has been shown to be accompanied by several complications that can lead to 

patient non-compliance and, ultimately, recurrent heterotopic ossification. 

 What question did this study address?  

o Will locally delivered indomethacin prevent heterotopic recurrence following 

excision?  
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 What does this study add to our knowledge?  

o That locally delivered indomethacin and saline can be delivered locally in a rat 

model and demonstrate a decrease in total bone volume four weeks after excision.  

 How might this change clinical pharmacology or translational science?  

o The overall clinical implication of our findings is that current, post-excision HO 

patients that receive local NSAIDs or saline following surgery may have an 

opportunity to recover more quickly than those not receiving post-operative 

treatment.  Understanding the post-traumatic tissue environment may allow for 

more well-defined timing, dose and delivery vehicle parameters for post-operative 

treatment delivery.   
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Table 1. Treatment and Control Groups in Recurrence Prevention 
Control Group n 

Control (Saline): Trauma + ACS/rhBMP-2 (induction)  
+ ACS/saline following excision  

11 

Treatment Group n 

Treatment (NSAID): Trauma + ACS/rhBMP-2 (induction)   
+ACS/I (1.75mg/ml) following excision 

30 

Total 41 
Bone formers in the Control group (n=11) received two ACS; one ACS loaded 

with 50 ul of 5 ug rhBMP-2 at induction and one ACS loaded with 50 ul of 

saline following excision at 4 weeks. Bone formers in the Treatment group 

(n=30) received two ACS; one ACS loaded with 5ug rhBMP-2 at induction and 

one ACS loaded with 50ul of 1.75mg/ml of NSAID following excision at 4 

weeks.  (I=Indomethacin) 
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Induction 

• Trauma 

• ACS+rhBMP-2 
implantation 

4 weeks 

• Excision 

• xray for 
documentation
  

6 weeks 

• xray for 
evidence of 
recurrence 

8 weeks 

• x ray for  
evidence of 
recurrence 

Figure 1. Model Development in a rat model of HO recurrence following excision. 

Adult, male, Lewis rats were subjected to surgical implantation of 5 ug of rhBMP-2 on an 

absorbable collagen sponge (ACS) and radiographically evaluated for bone formation at 

four weeks following induction.  If ectopic bone was identified, the animal underwent a 

second surgical procedure of partial HO excision.  The animals were followed through eight 

weeks and evaluated for HO recurrence on radiograph.  By 4 weeks post excision, 

preliminary results indicate that 50% of the animals with partial HO excision exhibited 

evidence of recurrence.  
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Figure 2. Experimental Protocol for Indomethacin Treatment Model 

Fig 2. Experimental Protocol for Indomethacin Treatment Model: 

Under anesthesia, an absorbable collagen sponge (ACS) loaded with 5 ug of rhBMP-2 

was surgically implanted in the left tibialis anterior of adult Lewis rats (n=11 control, 

n=30 treatment).  Subjects were evaluated for ectopic bone formation visible on plain 

x-ray at 4, 6 & 8 weeks. At 4 weeks, bone forming animals in each group received a 

partial excision of ectopic bone and another ACS loaded with saline or 1.75mg/ml 

NSAID was implanted. Subjects were humanely euthanized at 8 weeks. 
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Figure 3A-D: Radiographic comparison of HO formation between 4 and 8 weeks. A) 

Plain x-ray of HO in TA post-excision at 4 weeks. B) Micro-CT 3D image of HO in TA 

post-excision at 4 weeks. C) Plain x-ray of HO in TA at 8 weeks. D) Micro-CT 3D image 

of HO in TA at 8 weeks. 
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Figure 4 A-C: Tissue Volume, Bone Volume, and Bone Volume Fraction comparisons between four and eight weeks.  

A) Following excision, TV decreased in both the NSAID and Control groups between four and eight weeks (p<0.001), but there was no 

difference between groups (p=0.45). Control Group, *p=0.006 for 4 weeks vs. 8 weeks; NSAID Group, *p<0.001 for 4 weeks vs. 8 weeks. 

B) Following excision, BV decreased between four and eight weeks in both the NSAID and Control groups (p=0.002), but there was no 

difference between groups (p=0.54).  Control Group, *p=0.06 for 4 weeks vs. 8 weeks; NSAID Group, *p=0.002 for 4 weeks vs. 8 weeks.  

C) Following excision, TV/BV increased in both the NSAID and Control groups between four and eight weeks (p=0.003), but there was no 

difference between groups (p=0.17). Control Group, *p=0.05 for 4 weeks vs. 8 weeks; NSAID Group, *, p=0.01 for 4 weeks vs. 8 weeks. 
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Figure 5A-C. Sections of the Tibialis Anterior (TA) muscle following H&E staining at 8 weeks.  A) Normal skeletal muscle. B) 

Inflammation surrounding (black arrow) and within (yellow arrow) the collagen sponge. C) Within the skeletal muscle, there is a section of 

heterotopic bone with formation of bone marrow in the center (black arrow).  There is also abundant fibrous connective tissue that expands 

through the skeletal muscle and fascia (red arrow). 
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CHAPTER IV 

 

 

 

SIGNIFICANCE, LIMITATIONS,  

AND FUTURE DIRECTIONS 

 

 

Heterotopic ossification (HO) is a complication often associated with traumatic injury
1
. 

The work presented here addresses two major challenges associated with HO: 1) prevention of 

primary HO, and 2) prevention of recurrent HO following excision. The first aim addressed 

primary HO prevention by delivering local non-steroidal anti-inflammatory drugs (NSAIDs) at 

the time of injury. The second aim addressed the efficacy of locally-delivered NSAIDs in the 

prevention of recurrent HO following excision. The current clinical standard of care includes a 

combination of systemic anti-inflammatory prophylaxis, excision, and radiation therapy. These 

measures are highly individualized and are not always effective or appropriate for all patients at 

risk for developing primary or recurrent HO. While the biochemical mechanisms of HO 

formation have yet to be fully elucidated, efforts in translational science, such as the work 

presented here, allow the scientific community to consider novel applications of commercially 

available NSAIDs currently administered by orthopaedists. The major findings from this study 

are outlined in the following sections. 
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Significance and Limitations of Primary HO Prevention in a Rat Tibialis Anterior (Study 1) 

In the first project, we aimed to address the hypothesis that local delivery of NSAIDs could 

prevent the development of primary HO when administered at the time of injury. Our findings 

demonstrate that, regardless of the experimental NSAID doses, osseous growth was visible on 

plain radiograph four weeks after injury. While these findings did not support our hypothesis of 

primary prevention through local NSAID delivery, they were not completely surprising. All  

animal models present limitations as their metabolism, anatomy, and immune responses are not 

directly comparable to human studies
2,3

. Connections between our findings and their 

applicability in a clinical setting, however, allow for useful correlations to be made between 

clinical and basic science. 

Additionally, in this study, the primary ectopic bone that developed was induced by 

implanting an rhBMP-2 loaded absorbable collage sponge (ACS) into a rat tibialis anterior 

following crush injury. As cited through the literature and demonstrated in our ELISA results, 

BMP-2 is a powerful and persistent osteoinductive agent. The inflammatory response following 

an open injury, coupled with direct BMP-2 delivery likely encouraged bone growth formed via a 

different pathway than blast-injuries and joint replacements seen in the military and civilian 

popuations
4
. Indomethacin inhibits inflammation, and subsequent bone growth, via the 

cyclooxygenase pathway and as such, bone growth due to BMP-2 induction is not unfounded
5,6

. 

At four weeks following induction, some animals exhibited either very small or no osseous 

formation distinguishable on plain x-ray. For histological verification, these animals’ TA muscle 

tissue was submitted to the veterinary pathologist for review. Interestingly, the histological report 

noted that a collagen sponge and fibrosis was present at humane euthanasia, but that there were 

no clear indications of fully- developed mineralization in any of those samples. The 



81 
 

indomethacin elution study shows that there is a rapid release of indomethacin following 

delivery. Combined with the histological findings, this may suggest that the indomethacin had a 

dampening effect on the inflammatory response in some capacity but was not able to overcome 

the beginning stages of fibrosis and ossification.    

 

Significance and Limitations of HO Recurrence Prevention in a Rat Tibialis Anterior (Study 2 

In the second project, we aimed to address the hypothesis that local NSAID delivery would 

decrease HO recurrence following excision. At four weeks after induction, an NSAID-loaded 

ACS was implanted above the excised bone directly following partial excision. At the time of 

humane euthanasia at eight weeks, we re-evaluated the subjects on plain x-ray and micro-CT for 

recurrence. In both the control and treatment groups, there was a no evidence of recurrence. 

Though the ACS allows for osteoconduction, the lack of recurrent HO following partial excision 

is not completely unexpected as the body naturally begins the process of resorption and 

remodeling following musculoskeletal trauma
7,8

. Furthermore, animal metabolism and in vivo 

interactions with a non-pharmaceutical grade NSAID was a limitation that did not allow for 

direct human comparison. That being said, heterotopic bone can be induced under traumatic 

conditions that do not involve direct skeletal trauma, furthering the potential for us to have seen 

excess aberrant bone after excision due to the crosstalk between inflammatory cytokines and 

bone progenitor cells
9–11

. As we did not observe any additional aberrant bone at eight weeks, it 

poses an interesting possibility the balance between pro- and anti-inflammatory cytokines 

involved in bone deposition was altered with the local delivery of NSAIDs. This perturbation 

may have aided in the reduction of HO proliferation following excision faster than the control 
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group despite rapid NSAID delivery
10

. While we were unable to study the effect of indomethacin 

on recurrent bone, our study provided an opportunity to consider future studies evaluating timing 

of NSAID delivery after excision and their effect on ectopic bone volume reduction.  

Future Directions 

Taken together, both projects demonstrate that trauma and the ensuing inflammatory 

response influences HO development. The main factors to consider in both primary prevention 

and recurrence prevention are 1) treatment timing and 2) treatment delivery vehicle. Heterotopic 

ossification is a complex pathology and can be induced under several circumstances. A recent 

review article outlines an interesting framework of biological connections that can lead to HO
12

.  

By following any of the pathways presented, both treatment timing and vehicle may be 

optimized. For example, continued research on upregulation of osteogenic markers and 

inflammatory cytokines at early time points after injury or excision may allow for a more direct 

approach to early treatment by targeting the trauma-induced inflammatory and osteogenic 

cascade and inhibiting their potential to produce HO
13

. The necessity for non-invasive, in vivo, 

early detection modalities, such as Raman spectrometry, has also demonstrated promise as early 

as five days post injury in a burn model
14

.  

Recent studies have also shown success in HO prevention by delivering antibiotics in powder 

form in an established combined infection-trauma animal model
15

. An interesting direction to 

take a future project would be to try to deliver powdered indomethacin to test the effects on 

tissue healing as well as recurrence prevention in a trauma model. Additionally, an optimized 

NSAID vehicle for slow-release treatment may permit increased bone resorption and compete 

against osseous deposition rates in surgical patients at high risk for recurrence.   
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The practical applications for a clinically available NSAID delivered locally and early in the 

healing process has the potential to translate into shorter recovery times, better rehabilitation 

outcomes, and higher quality of life for HO patients. Continued efforts in this growing field of 

research require a multidisciplinary approach from both basic scientists and clinicians.
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