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Abstract The aim of this article was to study clinical and radiographic outcomes following
treatment of bone healing disorders with a novel osteoinductive system that utilizes
poly (ethyl acrylate), fibronectin and an ultra-low concentration of recombinant human
bone morphogenetic protein-2. A case series of nine dogs and two cats were treated,
and clinical records and radiographs were reviewed. Radiographs were scored by two
blinded observers using the modified Radiographic Union Score for Tibial Fractures.
Long-term follow-up was obtained using the Canine Orthopaedic Index and Feline
Musculoskeletal Pain Index. Follow-up data were available for 11 treatments (10 cases).
Complications: three minor, three major, one catastrophic (non-union requiring
amputation). Lameness median 320 (range: 42–1,082) days postoperatively: ‘sound’
(three cases), ‘subtle’ (two), ‘mild’ (three), ‘moderate’ (one), and ‘non-weightbearing’
(one). The attending clinician judged 9 of 11 treatments achieved radiographic union;
modified Radiographic Union Score for Tibial Fractures observers 1 and 2 agreed with
the clinician in 8/9 and 5/9 treatments respectively. Long-term Canine Orthopaedic
Index scores for five dogs median 650 (range: 544–1,724) days postoperatively: 15/64
(median) for four dogs with acceptable outcomes, 30/64 in one dog with a poor
outcome. Feline Musculoskeletal Pain Index scores for two cats 433 and 751 days
postoperatively: 48/60 and 60/60. Eight of 10 cases were sound or showed subtle or
mild lameness in the short- or long-term, and radiographic union occurred in the
majority of treatments.
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Introduction

Fractures in an estimated 3.4 to 4.6% of dogs and cats fail to
heal.1–3 Recombinant human bonemorphogenetic protein-2
(rhBMP-2) is an osteoinductive growth factor used to treat
fracture non-union in dogs, cats and humans.4–9 In veteri-
nary reports, collagen sponges,4,6 ceramics,5 or combina-
tions thereof,7 were soaked in rhBMP-2 of concentration
200 µg/mL,6,7 500 µg/mL5or 1,500 µg/mL,4 and implanted at
the injury site. Schmoekel and colleagues8used 600 µg/mL
rhBMP-2 in a fibrin matrix. To put these concentrations
in perspective, in one experimental study 300 ng/mL
(0.3 µg/mL) represented a physiological concentration of
rhBMP-2.10 When rhBMP-2 is delivered using a collagen
sponge, the high initial concentration declines rapidly,11,12

and in human tibial fractures, superior clinical outcomes
were seen at 1,500 µg/mL rhBMP-2, versus 750 µg/mL,
suggesting a high concentration is needed.9 The incorpo-
ration of calcium phosphate into a carrier material prolongs
the rhBMP-2 retention profile, but high concentrations are
still required.12

Complications such as implant failure, infection, inci-
sional swelling and discharge have been reported in animals
treated with rhBMP-2.5,8 In humans, serious adverse effects
are well recognized, including exuberant or ectopic bone
formation causing neuroforaminal stenosis following verte-
bral fusion.13 In fractures, surgical site infection and ectopic

bone formation have been reported, and the latter can
require surgical removal.14 Reducing the dose of rhBMP-2
and preventing its diffusion from the treatment site may
reduce the incidence and severity of adverse effects.13

A novel osteoinductive system is under development. It
utilizes rhBMP-2, poly (ethyl acrylate) (PEA) and the protein
fibronectin (►Fig. 1). Poly (ethyl acrylate) is a non-toxic
polymer used in paints, and as a binder for textiles.15

Material surfaces, including the surfaces of osteoconductive
bone grafts, can be coated with PEA using plasma-enhanced
chemical vapour deposition16 (►Fig. 2). Fibronectin is a
component of the extracellular matrix, necessary for normal
development andwound healing. In body tissues,fibronectin
forms a network in a process called fibrillogenesis that is
triggered by cells.17 Fibrillogenesis can also be driven chem-
ically using polymeric materials such as PEA.18 PEA interacts
with fibronectin through its hydrophobic surface, promoting
fibronectin unfolding and assembly, exposing cell integrin
(FNIII9–10) and growth factor binding (FNIII12–14)
domains.18 The rhBMP-2 binds to fibronectin assembled
on the surface of PEA, which allows its efficient presentation
to bone-forming cells.16 Importantly, rhBMP2 binds to fibro-
nectin next to the integrin binding site which promotes
integrin-growth factor receptor synergistic signalling, en-
hancing cell response.19 By exploiting the unique interaction
between PEA and fibronectin, the concentration of rhBMP-2
can be ultra-low: in a murine experimental study efficacy

Fig. 1 Schematic of a novel osteoinductive system: An osteoconductive material (grey circle) is coated with poly (ethyl acrylate) (PEA, purple
ring). Fibronectin (orange line) is adsorbed to PEA and its cell and growth factor binding regions are exposed. Recombinant human bone
morphogenetic protein-2 (rhBMP-2) is bound by fibronectin. When introduced to a fracture site, the fibronectin presents rhBMP-2 to bone
forming cells, inducing osteosynthesis.
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was demonstrated at 50 ng/mL, and 50 µg/mL has been used
in a canine clinical case.16,20

This osteoinductive systemwas used to treat bone healing
disorders in a series of companion animals, and we aim to
describe the radiographic and clinical outcomes. The first
canine case has previously been reported, with a slightly
different methodology, alongside experimental validation of
the system.16,20 Further follow-up data on that first case are
given here, alongside new information on other cases.

Materials and Methods

Case Selection
Canine and feline cases with a bone healing disorder or
complication were treated where, considering prognosis
and standard treatment costs, amputationwas the only other
option. Any case with a complication following fracture
management or arthrodesis was considered.

Preparation of Graft Materials
Hydroxyapatite/tricalcium phosphate (HA/TCP) composite
granules 1 to 4mm in length (Ceramisys Reprobone, Sheffield,
UK) were selected as a suitable osteoconductive material for
delivery of the osteoinductive system. These synthetic HA/TCP
granules were more readily available than the allogenic bone
chips used in the first case reported.16 The granules were
coated with PEA using plasma-enhanced chemical vapour
deposition. Approximately 2cc of HA/TCP granules were
placed into a custom-madecapacitivelycoupledplasmacham-
ber (University of Glasgow, ►Fig. 2A), in a glass petri dish. Air
plasmawasgenerated using 100Wof power, applied at a radio
frequency of 13.56MHz, for 5minutes. Ethyl acrylate mono-
mer (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was
added to the chamber and plasma polymerization performed
at 100W for 15minutes, coating the HA/TCP granules with an
ultra-thin, invisible layer of PEA. Pressure within the plasma

chamber was maintained manually at 1.8 to 2.10�1 mbar. The
granules were then divided between Vacutainer collection
tubes, 0.2 to 0.3g in each, and sterilized using ethylene oxide.
The rhBMP-2 (Inductos, Medtronic Biopharma B.V., Earl Bak-
kenstratt 10, 6422 PJ Heerlen, the Netherlands) was reconsti-
tuted with sterile water according to the manufacturer’s
instructions to produce a 1,500 µg/mL solution. Aliquots of
20, 50, and 100 µL were stored frozen at �80°C. On the day of
treatment, human fibronectin from blood plasma (R&D Sys-
tems, Minneapolis, Minnesota, United States) and rhBMP-2
were sequentially adsorbed onto the PEA coated HA/TCP
granules (►Fig. 2B). Adsorption protocol: under aseptic (cell
culture) conditions, 2mL of Dulbecco’s Phosphate Buffered
Saline (DPBS, ThermoFisher Scientific, Waltham, Massachu-
setts, United States) was added to a Vacutainer containing PEA
coated HA/TCP granules. A vacuumwas created by evacuating
the air using a needle and syringe to allow diffusion of saline
through the pores of the granules. Fibronectin was added to
make a 20 µg/mL solution andwas adsorbed onto the granules
for 1 hour at room temperature. The fibronectin solution was
removed, and the granules washed with 2mL of DPBS. A final
2mL of DPBS was added, followed by rhBMP-2, creating a 50
µg/mL solution. The rhBMP-2 was adsorbed for a minimum of
1 hour, the granules remained in the solution until used in the
operating theatre. A single vacutainer of granuleswas used for
each clinical case, and the volume implanted was dictated by
bone defect size.

Operative Techniques, Clinical and Radiographic
Follow-Up
General anaesthesiawas inducedwith propofol or alfaxalone
and maintained with isoflurane, and cefuroxime (20mg/kg)
was administered intravenously preoperatively and intra-
operatively every 90minutes. A local anaesthetic nerve block
or epidural was performed at the discretion of the anaesthe-
tist. In each case a standard open approach was made to the

Fig. 2 Custom-made plasma chamber used to coat hydroxyapatite/tricalcium phosphate granules with the polymer poly (ethyl acrylate) by
plasma-enhanced chemical vapour deposition (A). Granules in solution during adsorption of fibronectin and then recombinant human bone
morphogenetic protein-2 (B).
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injury site and a bacteriology swab taken at the discretion of
the surgeon. Fracture surfaces were debrided of fibrous
tissue and necrotic bone using rongeurs, until small bleeding
osseous vesselswere visible (paprika sign). An air driven burr
was applied to joint surfaces to be arthrodesed, to expose
subchondral bone. Osteostixis of fracture or joint surfaces
was performed using a drill bit or K-wire. A radial mal-union
correction required a closing wedge ostectomy and ulnar
osteotomy, performed with an oscillating saw. All bones
were stabilized using standard internal or external skeletal
fixation techniques. The HA/TCP granules (as prepared
above) were then removed from the rhBMP-2 solution in
sterile fashion. Any additional bone graft wasmixedwith the
granules before implantation (►Fig. 3). Soft tissues were
closed routinely, and postoperative analgesia provided
according to current standard of care. Standard orthogonal
radiographs were taken under general anaesthesia postop-
eratively, and thereafter under sedation at clinically appro-
priate intervals, following clinical reassessment.

Clinical Record and Radiographic Review
Complications were categorized according to Cook and
others.21 The final subjective lameness assessment was
recorded: sound¼no visible lameness; subtle¼barely per-
ceptible lameness; mild¼ consistently weight-bearing but
obvious lameness; moderate¼ consistently weight-bearing
but very obvious lameness; non-weightbearing. Bone defect
size was taken from the surgical report or measured on a
radiograph. The author’s (W.G.M.) assessment of the final
radiographs was simplified to ‘union’, ‘progressing’ if the
implants appeared stable and there was evidence of callus
formation, or ‘non-union’. Two orthopaedic surgeons (B.F.
and P.Y.C.), blinded to patient and radiographic details,
scored the final set of radiographs using the modified
Radiographic Union Score for Tibial Fractures22 (mRUST).
The mRUST scores each of the four cortices: 1¼ fracture line,

no callus; 2¼ callus visible; 3¼bridging callus; 4¼ remod-
elled, no fracture line. The question ‘Is the fracture healed?’
(yes or no) is also answered. The question ‘Is there evidence
of exuberant or ectopic bone formation?’was added as this is
a known complication of rhBMP-2.13,14

Long-Term Owner Reported Outcome
Animal ownerswere contacted by telephonemore than a year
after treatment andasked to complete the CanineOrthopaedic
Index (COI, https://www.vet.upenn.edu/research/clinical-tri-
als-vcic/our-services/pennchart/canine-orthopaedic-index)
or the Feline Musculoskeletal Pain Index (FMPI; https://
novacatclinic.com/wp-content/uploads/2016/07/FMPI-V10-
w-instructions.pdf). The COI was expressed as score/possible
score, assigning scores to each answer as per Balzer and
Owen23: ‘none’, ‘no problems’, ‘never’, or ‘excellent’¼0.
‘Mild’, ‘mild problems’, ‘rarely’, or ‘very good’¼1. ‘Moderate’,
‘moderate problems’, ‘occasionally’, or ‘good’¼2. ‘Severe’,
‘severe problems’, ‘frequently’, and ‘fair’¼3. ‘Extreme’, ‘ex-
treme problems’, ‘constantly’, and ‘poor’¼4. The COI was
scored out of 64. The FMPI results were expressed as
score/possible score. Thehighest possible scorewas 68; there-
fore, 68/68 reflected normal function in cats. Questions an-
swered with ‘not applicable’ were not scored.

Histopathology
In one case in which the limb was amputated, sections were
examined following staining with haematoxylin and eosin,
von Kossa and Masson’s trichrome.

Results

Twelve treatments were performed in 11 cases. One dog
(case 6/6) developed atlanto-axial subluxation and was
euthanatized 28 days after treatment; therefore, data on
that case are not presented. The details of 11 treatments

Fig. 3 Atrophic non-union of the radius in a cat (case 3) with a 16mmdefect (A). Autogenous graft materials weremixed with the osteoinductive
system (B), and implanted within the defect following internal fixation (C, graft materials within black rectangle).
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performed in 10 cases are given in ►Tables 1 to 4. The first
clinical reassessment was 6 to 30 days postoperatively
(median: 13 days). The final subjective lameness assessment
wasmade (byW.G.M. or A.T. in case 5) between 42 and 1,082
days postoperatively (median: 320 days). Long-term COI or
FMPI scores were obtained for seven cases between 433 and
1,724 days postoperatively (median: 650 days; ►Table 5).
The four dogs that achieved bone union had a median COI
score of 15/64. The affected limb of case 9 was amputated
544 days postoperatively due to persistent non-union. His-
tology and bacteriology of the non-union site were per-
formed: A predominantly fibrocartilaginous reparative
processwas present with fibrous trabeculae delimiting small
cavities containing low numbers of birefringent particles
(interpreted as HA/TCP granules). Multinucleated cells
(interpreted as foreign body giant cells) were associated
with the fibrous trabeculae and occasionally contained
phagocytosed birefringent particles. Aerobic and anaerobic
cultures of a bacteriology swab were negative.

Discussion

Non-union is the classic indication for rhBMP-2 treatment in
dogs,5–7 but it has also been used for arthrodesis,8 delayed
union and simply difficult fracture cases where complica-
tions were anticipated.4 The cases of implant failure and
peri-implant fracture treated here may have healed with
revision of the fixation alone, but this novel adjunctive
treatment had the potential to accelerate bone healing and
was offered in the best interest of the animals.

This case series represents an early clinical translation of
the osteoinductive system, and to our knowledge the lowest
concentration of rhBMP-2 used clinically. Though there is
evidence of its safety and efficacy,16 it was felt prudent to use
this system to supplement, rather than replace, established
treatments. Eight treatments therefore included autogenous
cancellous bone graft. In three treatments, local bone frag-
ments provided some additional graft material. Human
surgeons have taken a similar approach with rhBMP-7 in
scaphoid fracture non-union, where adding a high dose
(3,500 µg) to autograft decreased healing time from 9 to
4 weeks.24,25 It should be noted that rhBMP-7 is no longer
commercially available for clinical use.

There were three minor complications and three major
complications that were successfully managed. In case 9, an
olecranon non-union failed to heal and the limbwas amputat-
ed. At revision of the fixation, an intraoperative bacteriology
swab was positive for Staphylococcus spp. Histopathology
performed post-amputation was consistent with a fibrous
non-union, but no neutrophils were observed. Although a
bacterium was cultured at the revision, it is impossible to
know if infection caused the persistent non-union as the
histopathologydoes not support that.Oneprevious case series
which used 500 µg/mL rhBMP-2 in a compression resistant
matrix reported minor and major complications in eight and
two out of 11 treatments respectively, and all bones healed.5

Long-term (> 1 year) follow-up data for six cases treated using
this system were recently published—all bones healed with

normal architecture (shownbycomputed tomography) and all
dogs were weight bearing on the affected limb.26 Another
series utilizing 600 µg/mL rhBMP-2 in a fibrinmatrix reported
10% failure of bone healing (two arthrodesis and two non-
unions from 41 treatments).8 The 9% rate of failure of healing
reported here (one of 11 treatments) is comparable, using a
rhBMP-2 concentration of only 50 µg/mL. In onehuman study,
only 65 of 142 open tibial fractures treated with 1,500 µg/mL
rhBMP-2 in a collagen sponge healed without the need for
a secondary intervention.9

In humans, infection is an important cause of non-union
and thorough preoperative testing is recommended.27 Five
deep tissue samples from the bone-implant interface should
be submitted for bacteriology and histology.28 In our case
series, preoperative bacteriology testing was performed in
cases of non-union, except in case 2 where the original
surgery had been performed more than a year prior, the
implants had been removed and there was no clinical or
radiographic evidence of infection. Preoperative bacteriolo-
gy was not performed in more straightforward cases (e.g., 7
and 10), but the positive intraoperative culture results do not
support that decision. In case 3, a preoperative deep tissue
sample was negative for bacterial growth, as was an intra-
operative swab; however, the explanted bone plate cultured
Staphylococcus spp. and Escherichia coli. A (single) preopera-
tive deep tissue sample was submitted for histology and did
not show any evidence of inflammation. Histologically, the
complete absence of neutrophils at a non-union site is highly
predictive of aseptic non-union, whereas more than five
neutrophils per high power field is strongly predictive of
infection.28 In case 3, active infection seems unlikely based
on the histology, and despite the positive culture the clinical
outcome was excellent.

Eight of 10 cases were sound or showed subtle or mild
lameness in the short- or long-term. Unblinded lameness
assessments are subject to bias, so this should be interpreted
with caution, alongside the other data. Because of the
diversity of cases, it is difficult to draw comparisons with
other publications, but the outcomes were perhaps not as
positive as those reported byMassie and colleagues, where 9
of 11 limbs regained full function.5

One previous retrospective review of canine tibial frac-
tures used mRUST scoring to determine the time to union.29

It is considered a reliable way of assessing fracture healing in
the human tibia, humerus, forearm and femur21,30–32 and in
tarsal arthrodesis.33 Reliability is greater with interlocking
nail or external skeletal fixation, compared with bone plates,
which can obscure the cortex.30 In 10 of the 22 scores given
here, the presence of bone plates prevented assessment of at
least one cortex sowe agree with Misir and colleagues30 that
platefixation imposes limitations on themRUST. However, in
eight out of nine treatments mRUST observer 1 agreed with
the attending clinician that the fractures had healed. Ob-
server 2 agreedwith the attending clinician that the fractures
had healed in five out of nine treatments, though the high
mRUST scores given in three treatments are perhaps at odds
with the subjective impression that the fracture had not
healed. The three cases in question hadmRUSTscores of 12 or
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Table 3 Subjective lameness outcome, complications and revision surgery

Case/
Treatment

FLA (days) FLA (grade) Recorded complications and revision surgery

1/1 1,082 Moderate Minor –moderate postoperative swelling for one week,
reduced range of movement in the shoulder and elbow

2/2 973 Subtle None

3/3 91 Sound Minor – swelling of foot for three days

4/4 650 Subtle Major – calcaneotibial screw breakage and gastrocne-
mius tendon pain – tenotomy and screw removal
338 days postoperative. Draining sinus over medial
plate, plate removal 656 days postoperative

5/5 95 Sound Major – incisional infection managed with oral antibi-
otic medications. Pelvic limb ataxia due to suspected
degenerative myelopathy may have impacted on gait
analysis

7/7 42 Mild None

8/8 42 Mild Minor – swelling of the foot for 6 days, loss of alignment
in frontal plane – increased proximal tibial valgus from
3 to 13 degrees

9/9 544 NWB Catastrophic – implant failure at 222 days, revised with
6-hole 1.5/2.0 LCP. Culture at revision – Staphylococcus.
Antibiotic medications – cephalexin 25mg BID 5 days
then 50 mg BID 20 days. Non-union treated by ampu-
tation at 544 days

10/10 545 Mild Major – implant failure 31 days postop, revised to
transarticular ESF Type 1B. Re-fracture through ESF
hole 237 days post treatment, repaired with 11-hole
2.0mm LCP

11/11 47 Sound None

9/12 544 NWB None related to this treatment but amputation per-
formed due to concomitant olecranon non-union

Abbreviations: BID, twice daily; ESF, external skeletal fixator; FLA, final lameness assessment; LCP, locking compression plate; NWB, non–weight-
bearing.

Table 4 Final radiographic outcomes

Case/
Treatment

Radiographic
reassessments
(d)

Clinician
opinion

mRUST
observer 1

Healed?
Yes/No
observer 1

Excess
bone?
Yes/No
observer 1

mRUST
observer 2

Healed?
Yes/No
observer 2

Excess
bone?
Yes/No
observer 1

1/1 50 Union 7/8a Yes No 13/16 Yes No

2/2 50 Union 7/8a Yes No 16/16 Yes No

3/3 65, 91 Union 6/12a No No 8/16 No No

4/4 42, 337 Union 10/12a Yes No 12/12a Yes Yes

5/5 54 Progression 6/16 No No 7/16 No No

7/7 42 Union 9/12a Yes Yes 13/16 No No

8/8 42 Union 16/16 Yes No 16/16 Yes Yes

9/9 56, 104, 222 Non-union 4/4a Unable to
interpret

No 6/8a Yes No

10/10 31, 54, 100 Union 13/16 Yes No 14/16 Yes No

11/11 47 Union 10/12a Yes No 13/16 No No

9/12 117 Union 6/8a Yes No 12/16 No No

Abbreviation: mRUST, modified Radiographic Union Score for Tibial Fractures.
aBone plate prevented assessment of one or more cortices.
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13/16 which, in one human study, equated to around 70%
confidence that a fracture has healed.34 In answer to the
question ‘Radiographically is the fracture healed?’, observers
1 and 2 agreed in 7/11 cases. Observers 1 and 2 said therewas
evidence of exuberant or ectopic bone formation in one and
two cases respectively, but there was no agreement between
observers. Ectopic bone formation was not diagnosed or
treated by the attending clinicians in our series, and previous
veterinary case series and reports4–8 do not describe it either.
In humans, 12 reports of ectopic bone were made to the U.S.
Food and Drug Administration over 7 years and 5 were
significant enough to require re-operation.14

The long-term COI gave case 9 the highest (worst) quality
of life and overall scores, which is explained by the persistent
non-union. Case 1 had a gait score of 18/20 because of
reduced range of movement in the elbow and shoulder,
but the dog had a normal quality of life. Cases 2 and 4
showed mild residual lameness, but again both had normal
or near-normal quality of life. By contrast, in dogswith elbow
dysplasia there is a strong link between COI lameness and
quality of life scores.35 It may be that the lameness here was
more mechanical than painful, hence the owner’s perception
of good quality of life. Case 3’s FMPI score suggests the cat
returned to normal in every respect. This case had a massive
radial defect that was filled with graft materials (►Fig. 3),
and on mRUST scoring neither observer was convinced of
radiographic healing. The clinician’s contrary radiographic
assessment was probably biased by an encouraging clinical
picture. It is reassuring that this cat achieved such excellent
function at home, 751 days after treatment. Case 8 was
considered ‘not quite normal’, or ‘moderately worse than
normal’ on FMPI items pertaining to walking, running and
jumping up and down. This tibial fracture radiographically
healed but a mild valgus deformity may have caused the
abnormal limb function.

Questions surrounding this system remain. The optimal
rhBMP-2 concentration or dose, the fate of PEA within the
body and safety and efficacy when compared with other
bone graft or rhBMP-2 systems are unknown. In this case
series, it is impossible to separate the effects of autogenous
graft, the osteoconductive granules and the system itself. The
COI and FMPI were used here to capture long-term outcome,
but are not yet validated for use in animals with fractures.

The time required for preparation of the novel system on the
day of surgery is a practical limitation of the current
methodology.

In conclusion, an osteoinductive system that utilizes PEA,
fibronectin and an ultra-low dose of rhBMP-2 has been used
to augment the treatment of bone healing disorders in
companion animals. Eight of 10 cases were sound or showed
subtle or mild lameness in the short- or long-term, and
radiographic union occurred in the majority of treatments.
Development of this system continues, and safety and effi-
cacy data could now be sought through a randomized
controlled clinical trial.
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