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Abstract
Purpose Legg-Calve-Perthes disease is a paediatric condition
encompassing idiopathic osteonecrosis of the femoral head
(ONFH). Preventing collapse and the need for subsequent
joint replacement remains the major goal of clinical manage-
ment. This exploratory study utilises a porcine model of
surgically induced ONFH.
Methods rhBMP-2 with and without zoledronic acid (ZA) was
delivered by intra-osseous injection in the phase-transitioning
sucrose acetate isobutyrate (SAIB) in an attempt to prevent
femoral head collapse. Epiphyseal quotient (EQ) at eight weeks
post-surgery was the primary outcome measure. Heterotopic
ossification in the joint capsule and bisphosphonate retention in
the femoral head were key secondary outcomes.
Results Femoral heads with ONFH and no treatment all col-
lapsed (3/3, EQ<0.4, P<0.05 compared to no ONFH). Local
delivery of rhBMP-2/SAIB into the femoral head prevented
collapse by EQmeasurement one of four samples; however, this
specimen still showed evidence of significant collapse. In con-
trast, the combination of local rhBMP-2 and local ZA prevented
collapse in two of four samples. Confocal fluorescence

microscopy showed locally dosed bisphosphonate entered and
was retained in the femoral head. This group also showed strong
Calcein signal, indicating new bone formation. Treatment with
rhBMP-2 was associated with a limited amount of heterotrophic
ossification in the joint capsules in some specimens.
Conclusions Operators reported SAIB to be an efficient way
to deliver rhBMP-2 to the femoral head. These data suggest
that rhBMP-2 is ineffective for preventing femoral head col-
lapse without the addition of bisphosphonate. Further research
will be required to validate the clinical efficacy of a combined
local rhBMP-2/bisphosphonate approach.
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Introduction

Legg-Calve-Perthes disease is a condition that describes an idio-
pathic osteonecrosis of the femoral head (ONFH) in children,
typically between the ages of four and ten [1]. Non-operative
interventions such as bracing are the frontline of treatment, but
osteoarthritic degeneration and/or femoral head collapse can still
result. In these cases total hip arthroscopy or resurfacing is advised
[2]. While a single total hip arthroplasty may suffice for treatment
of ONFH in older patients, it is not an adequate treatment option
in the paediatric field. These interventions typically require mul-
tiple revisions over a lifetime, which leads to depletion of bone
stock and the need for further hip replacements.

It has been proposed the use of bisphosphonate therapy may
ameliorate the risk of collapse by preventing bone loss while
the vasculature becomes re-established and bone anabolism
recovers [3, 4]. Previous preclinical studies have shown
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improvements with systemic bisphosphonates in a spontane-
ously hypertensive rat model [5] and a surgical model of
induced avascular necrosis [6]. In a piglet model that involves
using ligature to disrupt blood supply to the femoral head,
resulting in tissue necrosis [7, 8], systemic dosing with
ibandronate led to significant improvements [9].

However, there is limited clinical evidence that systemic
intravenous bisphosphonate treatment can reduce the defor-
mity of the femoral head in this condition [10–12]. The
presence of a vascular insult at the vascular head draws
question as to whether systemic bisphosphonate treatments
can adequately penetrate the femoral head suggesting a local
dosing system may yield superior results. In addition, it was
speculated that therapeutic augmentation of bone formation
using recombinant human bone morphogenetic proteins
(rhBMPs) may also reduce the risk of collapse.

In 2011, Vandermeer et al. published a seminal report
describing a combination of rhBMP-2 and the bisphosphonate
ibandronate being co-delivered locally to the femoral head by
percutaneous intraosseous injection [13]. This led to a signif-
icant increase in epiphyseal quotient with this intervention
compared to saline controls.

We hypothesized that superior infiltration and drug deliv-
ery could be achieved in the femoral head using an alternative
injectable carrier to saline. Sucrose acetate isobutyrate (SAIB)
is a highly viscous, mixed sucrose ester that can be lowered to
a working level with the addition of a solvent, such as ethanol
[14]. Following implantation, the solvent rapidly disperses
leaving a semi-solid depot for slow release of agents, a prop-
erty that has been utilized for the delivery of anti-psychotics
(clinicaltrials.gov NCT015921100) and for local anaesthetics
(clinicaltrials.gov NCT01052012, NCT00974350).

In this paper we describe the results of a pilot study for
treating avascular necrosis in the pig with rhBMP-2 and
bisphosphonate via intra-osseus injection of SAIB. A mixture
of the potent third-generation bisphosphonate Zoledronic acid
and fluorescently labelled Pamidronate for biodistribution
were utilized. The model was examined at an endpoint of
eight weeks by a range of measures including X-ray, dual-
energy X-ray absorptiometry (DEXA), tissue histology, and
fluorescent bisphosphonate tracking.

Materials and methods

Pharmaceuticals

SAIB was purchased from SAFC, a branch of Sigma Aldrich
(Missouri, USA). rhBMP-2 was purchased as part as of the
INFUSE bone graft kit from Medtronic (Minnesota, USA).
Purified ZA was sourced from AXXORA, LLC (San Diego,
USA). Pamidronate (Cipla, Bombay, India) was fluorescently
labelled with a AlexaFluor 555 labelling kit (Life

Technologies, Victoria, Australia) using the manufacturer’s
instructions to generate AlexaPAM. While the covalent at-
tachment of dye moiety could compromise the anti-resorptive
activity of Pamidronate, the ‘bone hook’ region responsible
for mineral avidity is unable to be labelled.

SAIB preparation

SAIB was prepared as an 80:15 stock solution and allowed to
spin on a rotary spinner overnight. Prior to surgery, rhBMP-2
was mixed into the SAIB solution in ethanol to yield an 80:20
SAIB/ethanol ratio. This solution was then loaded into a 1 mL
syringe prior to surgery.

Surgical procedure

Twelve large white/Landrace cross piglets with weights rang-
ing from 10 kg to 15 kg (six to eight weeks old) were allowed
to acclimatize for one week in the vivarium. Animals were fed
twice daily, and allowed free access to water but were fasted
overnight prior to surgery. Animals were pre-anaesthetized
using Zoletil 4.4 mg/kg, Atropine 0.05 mg/kg, and Xylazine
2.2 mg/kg delivered intramuscularly and maintained under
general anaesthesia via Isoflurane following intubation. Pigs
underwent the operative procedure described byKim et al. [7].
Briefly, the joint capsule was opened, the ligamentum teres
was cut and a suture was tied around the base of the femoral
head. An EZ-IO cannula (Vidacare, Texas, USA) was used to
deliver the treatments to the femoral head (Fig. 1). Three
groups (n=4/group) received treatment as outlined in Table 1.
The first group received saline, the second group
SAIB/rhBMP-2 and the third group SAIB/rhBMP-2/bisphos-
phonate. All animals were randomised into treatment groups.

At the completion of surgery, animals were given saline
and the antibiotic Enrofloxacin 50 mg/kg intravenously. Pig-
lets were allowed to recover on a heat mat. Post-operatively,
animals received the analgesic Buprenorphine 0.01 mg/kg
two to three times daily. Calcein was delivered via subcuta-
neous injection at weeks six and seven post surgery. Calcein
labelling is a commonly used technique that becomes incor-
porated into new bone, and is used to identify newly
mineralised bone. Pigs were culled at eight weeks. All exper-
iments were carried out with approval from the South
Western Area Health Service (SWAHS) Animal Ethics
Committee (Protocol number 5086, issued April 2011).

Epiphyseal quotient (EQ) and area analyses

Area calculations were taken using Image J from flatbed
scanned images of bisected femoral heads. The value for each
sample was an average of three separate measurements of the
femoral head, bounded by the growth plate. Epiphyseal quo-
tient was calculated as described byGong et al. as a ratio of the
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height of the femoral head from the centre of the growth plate
to the length of the growth plate [15]. In a healthy femoral
head this ratio is ~0.5, with a value of <0.4 representing
significant collapse.

Radiography

Samples were digitally X-rayed (FaxitronX-ray Corp, Illinois,
USA) at 25 kV, 1.5× magnification. X-rays were used to
image the hard tissues and identify collapse of the femoral
head. Soft tissues of the joint were imaged using dual-energy
absorptiometry (DXA, Piximus, Wisconsin, USA) to identify
any instances of heterotrophic ossification (HO).

Confocal imaging

Imaging was conducted on a Leica SP5 confocal microscope
(Leica Microsystems, Wetzlar, Germany) using the 488 nm,
and 633 nm laser lines and with 500–560 nm, and 640–
720 nm emission bands, respectively. Bone surfaces were

scanned with a 5× objective using the Tile Scan (300–400
images)and Z stack (four to five slices at 150 μm intervals)
functions, and images were processed with Leica Application
Suite Advanced Fluorescence software (Version 2.5.1-6757)
and Adobe Photoshop.

Results

Ease of percutaneous injection of SAIB into the femoral head

Following cannulation, manual infusion of SAIB-containing
agents was a rapid and simple procedure (Fig. 1). Injection of
the SAIB:solvent solution did not require excessive pressure
to infuse the head. After removal of the cannula, no leakage of
SAIB into the operative space was observed. In contrast,
saline was poorly contained after removal of the cannula.

One pig from the control group was culled early due to
excessive limping. All of the SAIB infused animals survived
without complications during monitoring for the eight-week
duration of the study.

Prevention of femoral head collapse
with SAIB/rhBMP-2/bisphosphonate

Based on calculations of EQ, the three surviving saline treated
animals all showed an EQ<0.4 in the operative side indicating
collapse at eight weeks after surgical intervention. In contrast,
the contralateral hips of all groups retained their sphericity
(Fig. 2).

In the rhBMP-2 intervention group, one hip showed an
apparent prevention of collapse with an EQ value of 0.42.
However, subsequent analysis showed that this corresponded
to the hip with the lowest 2D cross-sectional area and that this
hip showed histological evidence of significant collapse. In
comparison, two pigs from the SAIB/rhBMP-2/bisphospho-
nate treatment group showed a lack of collapse both histolog-
ically and by EQ>0.4. This group demonstrated a higher
mean EQ and femoral head area than the saline and rhBMP-
2 treated groups.

X-rays of the operated femoral heads showed clear radio-
logical evidence of collapse and deformity, and this was
reduced with SAIB/rhBMP-2/bisphosphonate treatment
(Fig. 3a–d). An acute effect of bisphosphonate treatment is a
horizontal line of radiodense sclerotic bone at the metaphysis,
termed bisphosphonate lines, and these were seen in ZA/
AlexaPAM-treated specimens. Flatbed scans of the bisected
femoral heads revealed thickened articular cartilage, particu-
larly in the saline and SAIB/rhBMP-2 groups (Fig. 3e–h).
These groups were also the most irregular with respect to
shape of the femoral head and growth plate. The
SAIB/rhBMP-2/bisphosphonate treated hips were the most
similar to the non-operated side.

Table 1 Experimental design

Group N rhBMP-2 (200 μL) Local BP (200 μL)

1. Saline 4 SAIB only Saline only

2. rhBMP-2 4 200 μg Saline only

3. rhBMP-2+local BP 4 200 μg 250 μg

Fig. 1 Surgical procedure to induce osteonecrosis of the femoral head. a
Division of the short abductor muscle. bThe joint capsule is opened, the
ligamentum teres cut, and a suture placed around the base of the femoral
head c Sutures tied. d EZ-IO cannula is used to deliver bisphosphonates
and SAIB containing rhBMP-2 into the femoral head
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Fluorescent tags for new bone growth and local
bisphosphonate delivery

Fluorescent labelling of new bone formation using
Calcein and the distribution of bisphosphonate in the
femoral head were examined by confocal microscopy
(Fig. 3i–l).

Bisphosphonate was only observed in the SAIB/rhBMP-2/
bisphosphonate group, and a robust signal was observed

in the hip at eight weeks after injection indicating long-
term retention in the hip. Systemic Calcein dosing
demarking bone formed between six and eight weeks
after operative insult showed a limited signal the saline
and rhBMP-2 treated groups; this indicated minimal
new bone formation. In contrast, the SAIB/rhBMP-2/
bisphosphonate group revealed a strong Calcein signal
peripheral to the bisphosphonate line indicating robust
new bone formation.

Fig. 2 Quantification of femoral
head collapse in the porcine
model of Perthes disease, with
and without interventions.
Epiphyseal quotient (a) and
femoral head area (b) as
determined from bisected samples
of either non-operated or operated
femoral heads. Circles represent
un-collapsed samples; diamonds
represent collapsed samples

Fig. 3 Visualisation of femoral
head collapse in a surgical model
of Perthes disease in the pig.
Samples from each group are
shown as X-ray (a–d), flat bed
scan (e–h), and confocal images
(i–l). In the confocal images:
Green, calcein; blue, local BP.
Arrows indicate collapsed head,
arrowhead indicates
bisphosphonate line

1530 International Orthopaedics (SICOT) (2014) 38:1527–1533



SAIB/rhBMP-2 induces limited heterotrophic ossification
in the joint capsule

HOwas observed in the soft tissues of the joint in a number of
specimens treated with rhBMP-2. The bone area of the soft
tissues was quantified by DEXA and a bimodal distribution
was noted corresponding with the presence of heterotopic
bone by X-ray (Fig. 4). HO was absent in 50 % of animals
receiving SAIB/rhBMP-2, suggesting that further optimiza-
tion of this procedure may be able to minimize this potential
complication.

Discussion

In this study, we were able to replicate a surgical model of
avascular necrosis of the femoral head in the pig [16] and
demonstrate that the local delivery of rhBMP-2 and
bisphosphonates in the sugar-based carrier SAIB was able to
prevent collapse in half of the cases. Clinically, the severity
and prognosis of Perthes disease correlates with the sphericity
of the femoral head [17]. A femoral head with an EQ≤0.4
commonly progresses to osteoarthritis [18], and treatments
therefore, aim to maintain the sphericity.

Injectable solutions have been previously investigated for
the treatment of ONFH, where an injectable calcium-based
ceramic combined with core decompression showed promis-
ing results clinically [19]. The injectable carrier SAIB has
been previously employed to delay rhBMP-2 release from a
collagen-chondroitin scaffold by infusing it into the scaffold
similar to our injection into the femoral head [20]. More
recently, we have proposed direct injection of SAIB contain-
ing rhBMP-2 and rhBMP-2/bisphosphonate as a novel system
for bone tissue engineering [21]. This system was selected
based on its capacity to phase transition allowing it to both be
injected and infuse the femoral head, but minimize its leakage
into the joint capsule. While some heterotopic bone was
observed with the SAIB/rhBMP-2 groups, we predict that this
would be a more substantive issue if rhBMP-2 was delivered

via saline and was poorly contained within the femoral
head as previously reported by Vandermeer et al. who
injected rhBMP-2 and ibandronate in saline [13]. HO is
a major concern with the use of rhBMP-2, especially in
joint spaces, as they can decrease the flexibility and
structural properties of the soft tissues surrounding the
joint. It is possible that further optimization of the SAIB
system and/or injection technique may reduce or elimi-
nate this potential adverse event.

We demonstrated that labelled Pamidronate injected in
SAIB was retained within the femoral head out to
eight weeks at the experimental end point. In a comparable
pig model, bisphosphonate distribution was examined at
one week after surgery [22] and showed that 14C tagged
ibandronate delivered locally to the femoral head was
retained. We hypothesize the release of rhBMP-2 may be
more advantageous from a slow release carrier such as SAIB;
however, as bisphosphonates can bind the bone of the femoral
head it is unclear whether there is a specific advantage to
delayed release. Nevertheless, rapid loss of bisphosphonate
into the join capsule would likely be less favourable than
remaining in the femoral head, thus we speculate that use of
a phase-transitioning carrier such as SAIB may be advanta-
geous in this regard.

Treatment of femoral head osteonecrosis typically targets
preventing resorption of the dead bone that can result in col-
lapse. In this study, we noted that anabolic intervention with
SAIB/rhBMP-2 was unable to restore femoral head sphericity.
Treatment with rhBMP-2 has been associated with increased
osteoclast activity and bone catabolism [23]. Clinically,
rhBMP-2 has been associated with inflammation, which has
been associated with adverse events [24]. In a segmental defect
model in a rat, high doses of rhBMP-2 were seen to cause a
significant inflammatory response with an associated increase
in osteoclast-like cells [25]. These data suggest that combined
anabolic and anti-resorptive treatments may yield improved
outcomes. Our group has previously described a synergistic
relationship between rhBMPs and bisphosphonates in other
animal models [26–28].

Fig. 4 Quantification of
heterotrophic ossification in the
joint capsule in treated hips. aX-
ray example of bone formation in
the soft tissue of the joint.
Arrowheads highlight bone
nodules. bQuantification of bone
area in the soft tissue of the joint
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The selected growing pig model reflects the intention of
developing a superior intervention for Perthes disease, and the
results of this study could also be applicable to traumatically
induced or adult onset ONFH. Adult onset ONFH has many
causes [29, 30]; however, much like Perthes disease, the
femoral head presents with necrosis of the bone that may lead
to collapse. In such a setting our system could be used on its
own, or perhaps in combination with a surgical procedure
such as core decompression.

In conclusion, this study uses an established porcine model
of avascular necrosis to examine the novel use of SAIB to
deliver rhBMP-2 and/or bisphosphonate. We demonstrate the
feasibility of this carrier system and also note that two out of
four of the SAIB/rhBMP-2/bisphosphonate treated hips were
able to maintain sphericity with an EQ>0.4. This study dem-
onstrates that with this dosing regimen bisphosphonate is
retained in the femoral head eight weeks after a single dose,
and that this treatment results in new bone formation.
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