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Abstract: A 1.5 cm unilateral rabbit ulna defect model was performed in 18 adult NZ white

rabbits. The defects were filled with a b-tricalcium phosphate bone graft substitute (JAX

TCP). The surgical site in half the animals was treated daily with 20 min of low intensity

pulsed ultrasound (LIPUS). Animals were sacrificed at 4 weeks (n 5 3 per group) or 12 weeks

(n 5 6 per group) following surgery for radiographic and histologic endpoints. Radiography

revealed some resorption of the JAX TCP by 12 weeks in the control and LIPUS treated

groups. LIPUS treatment did not accelerate this resorption. Some new bone formation was

noted in the control groups at the defect margins while little bone formed in the center of the

defect at 4 and 12 weeks. In contrast, radiographs revealed more new bone at 4 and 12 weeks

in the LIPUS treated animals throughout the section. Bone mineral density (DEXA) revealed a

statistically significant difference at 4 weeks with LIPUS while no differences were found at

12 weeks. Histology of the LIPUS treated sections demonstrated new woven bone formation on

and between the JAX TCP bone graft substitute particles across the defect. VEGF expression

was increased with LIPUS treatment at 4 weeks and remained elevated at 12 weeks compared

with controls. CBFA-1 expression levels were elevated with LIPUS treatment at both time

points. LIPUS treatment increased bone formation in ulna defect healing with a b-tricalcium
phosphate bone graft substitute. ' 2007 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl

Biomater 86B: 74–81, 2008
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INTRODUCTION

Healing of bone defects continues to be a challenge in

orthopaedic surgery. Osteoconductive bone graft substitutes

provide an ‘‘off the shelf’’ option to treat bone defects

alone or in combination with local autograft. While many

of these materials have demonstrated that they are capable

of supporting new bone formation in vivo, this is often lim-

ited to areas where the substitute is in close proximity to a

bony bed supporting their osteoconductive nature.

Low intensity pulsed ultrasound (LIPUS) has been

shown to augment bone healing in a variety of animal and

clinical settings.1–7 LIPUS has also been shown to improve

cartilage healing8 as well as endochondral ossification.9 In

the case of bone defects and ultrasound treatment, the

results of animal studies remains controversial.7,10,11 Duarte

reported a positive effect following LIPUS treatment in

noncritical size (1.5 mm) cortical defects in rabbit

femurs.11 Similarly, Yang and Park reported a positive

effect of LIPUS in small and large ulna defect in dogs7

although these defects were not a critical size. Schorting-

huis et al. reported no effect of LIPUS treatment in a criti-

cal size mandible defect in rats.10 In vitro cell culture

studies support the use of LIPUS in cartilage matrix pro-

duction12 as well as VEGF expression13 and nitric oxide

and prostaglandin E2 production from local tissues14 and

osteogenic activity of human periosteal cells.15

Healing of a critical size defect requires some type of

bone graft material to act as a scaffold for the repair along

with some cellular or inductive molecules to work in con-

cert for healing to occur. The potential synergistic effect of

low intensity pulsed ultrasound with a bone graft substitute

to improve bone defect healing remains unclear. Bone graft

substitutes provide a means to fill large defects in surgery
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but are often limited by their osteoconductive nature.

LIPUS offers the potential to improve healing by increasing

bone formation through a noninvasive treatment regime.

We hypothesized that the addition of LIPUS treatment to a

critical size defect filled with an appropriate bone graft

substitute would aid in healing. A 1.5 cm ulnar defect in

NZ White rabbits was used to compare healing with a b-
tricalcium phosphate bone graft alone (JAX TCP; Smith &

Nephew, Memphis, TN) and in conjunction with low inten-

sity pulsed ultrasound (LIPUS) treatment daily at 4 and 12

weeks following surgery. Endpoints in this study included

Faxitron radiographics, dual energy X-ray absorptiometry

(DEXA), routine histology, and protein expression using

immunohistochemistry.

MATERIALS AND METHODS

Ethical approval for the study was obtained from the Uni-

versity of New South Wales. The study design (Table I)

encompassed a control group and a treatment group where

low intensity pulsed ultrasound (LIPUS) was performed

daily for 4 or 12 weeks. All surgery was performed by

experienced orthopedic surgeons. A 1.5 cm defect was

made in the right ulna of 18 adult NZ White Rabbits.16,17

The surgical site was referenced from the elbow to allow

standard placement of the defect. A pneumatic powered

oscillating saw was used to section the bone at both ends.

The 1.5 cm bone fragment and periosteum was removed

using a pair of forceps. The defects were filled with 12 b-
tricalcium phosphate bone graft substitute particles (JAX

TCP; Smith & Nephew, Memphis TN). JAX TCP is a com-

mercially pure beta tricalcium phosphate that comes in par-

ticles 4 mm in length which have six arms emanating from

central part of the particle. In half of the rabbits, the ulna

defect site was treated with low intensity pulsed ultrasound

(LIPUS) (Exogen; Smith & Nephew, Memphis TN) for

20 min per day (n 5 9). The 1.5 MHz ultrasound signal

provided 30 mW/cm2 SATA with a pulse width of 200 ls
and a pulse frequency of 1 kHz. Animals designated for

LIPUS were treated over the surgery site by placing a

small amount of ultrasound gel over the surgical site as

well as on the transducer.

Control and LIPUS treated animals were sacrificed at 4

weeks (n 5 3 per group) and 12 weeks (n 5 6 per group)

after surgery. The harvested forelimbs were radiographed

using an HP Faxitron (Wheeling, IL) and high-resolution

mammography film (settings 24 kV for 45 s). These radio-

graphs were evaluated for evidence of implant resorption

and new bone formation by two blinded observers. A time

zero radiograph of the JAX TCP material in a rabbit

cadaver ulna defect was for radiographic comparison of

resorption. A qualitative grading scale of 0 to 3 (Table II)

was used to assess new bone formation within the defect

itself at four sites; the proximal and distal ends, the middle

of the defect, and the interface with the radius. The maxi-

mum radiographic score for a defect was set at 12. The ra-

diographic scores were analyzed with a non-parametric

(Mann–Whitney test) using SPSS for Windows (SPSS,

Chicago, IL).

The samples were fixed in phosphate buffered formalin.

Bone mineral density (BMD) was calculated for a defined

region of interest (ROI) within the defect site using a

Norland pDEXA Sabre scanner (Norland Medical Systems,

New York, NY). DEXA scanning was performed on the

operated (right side) in the lateral plane to allow visualiza-

tion of the defect on the DEXA scan. The ROI excluded the

adjacent radius and the bony margins of the defect in the

scan. DEXA data was analyzed with a two-way analysis of

variance using SPSS for Windows (SPSS, Chicago, IL).

The samples were decalcified in formic acid-formalin,

embedded in paraffin and sectioned for routine histology

using hemotoxylin and eosin (H&E) and Trichrome stains.

The sample was split into two and sectioned along the

long axis of the ulna and radius. Five-micron thick sec-

tions were cut using a Lecia microtome. Sections were

placed on saline-coated slides for protein expression using

immunohistochemistry (IHC). IHC was performed for

VEGF and CBFA-1 expression using standard techni-

ques.18,19 The primary antibodies specific to VEGF (mono-

clonal from mouse) and CBFA-1 (polyclonal from goat)

were purchased from Santa Cruz (CA) using final concen-

trations were 1 and 5 lg/mL, respectively. To rule out

nonspecific binding, nonimmunized mouse and goat IgGs

(Santa Cruz, CA) were tested at the same concentration as

the primary antibodies simultaneously. The secondary anti-

bodies and the visualization systems were purchased from

DAKO (Glostrup, Denmark). The horseradish peroxidase

and a liquid diaminobenzidine substrate-chromogen system

were used to produce a brown end product at the site of

the target proteins. The immuno-stained sections were

counterstained with Harris haematoxylin and mounted with

EUKITT medium and cover slips. Three blinded observers

qualitatively assessed histology and immunohistochemistry

for new bone formation, tissue reaction, and protein ex-

pression.

TABLE I. Study Design

Group 4 Weeks (n) 12 Weeks (n)

Control 3 6

LIPUS 3 6

TABLE II. Radiographic Scoring

Site Description Grade

1 New bone formation at the proximal margin 0–3

2 New bone formation at the distal margin 0–3

3 New bone formation in the middle of the defect 0–3

4 New bone formation at the interface with the radius 0–3

Score 0 5 no new bone formation; Score 1 5 less than 25% of the defect site

demonstrating new bone formation; Score 2 5 less than 50% of the site demonstrat-

ing new bone formation; Score 3 5 less than 75% of the site demonstrating new

bone formation.
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RESULTS

No adverse events were encountered during surgery, post-

operatively or during LIPUS treatment. Faxitron radio-

graphs revealed some softening of the edges of the JAX

TCP at 4 and 12 weeks in both control and LIPUS treated

animals although no major loss of material was observed

(Figures 1 and 2). LIPUS did not appear to alter the resorp-

tion rate of the JAX TCP based on the radiographs. New

bone formation at the defect margins was consistently

found where the JAX TCP particles were in direct contact

with the adjacent bone. In contrast, defects filled with JAX

TCP and treated with LIPUS demonstrated new bone for-

mation compared with controls at 4 and 12 weeks at the

host bone margins and within the defect itself between the

JAX TCP particles. A statistical difference between the

control and LIPUS treated animals was found at 12 weeks

(p \ 0.05) (Figure 3). The radiographic scores increased in

the both groups between 4 and 12 weeks although no sta-

tistical differences were found (Figure 3).

The X-rays demonstrate the increased bone formation

using LIPUS at 12 weeks. New bone formation was noted

particularly when the TCP material was in direct contact

with bone supporting the osteoconductive nature of this

material. LIPUS treatment increased the amount of new

bone formation compared with the control (untreated)

defects filled with JAX TCP alone. DEXA values increased

in the control group between 4 and 12 weeks (p \ 0.05).

A significant increase in bone mineral density was noted

with ultrasound treatment at 4 weeks (p \ 0.05) (Figure 4)

while no difference was observed at 12 weeks based on

DEXA.

New woven bone was found in the LIPUS treated ani-

mals at 4 and 12 weeks compared with controls 12 weeks

Figure 1. Representative faxitrons of control (A) and LIPUS (B) rab-
bit ulnas at 4 weeks. Unoperated limb shown for comparison.

Figure 2. Representative faxitrons of control (A) and LIPUS (B) rab-
bit ulnas at 12 weeks. Unoperated limb shown for comparison.

Figure 3. Radiographic analysis. A statistical difference was noted

at 12 weeks between the control and ultrasound treated animals
(*p\ 0.05).
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[Figure 5(a–d)]. Soft tissue was noted between the TCP

particles in the control group at 4 weeks [Figure 5(a,b)]

while the addition of LIPUS treatment resulted in new wo-

ven bone between the TCP particles penetrating into the

defect [Figure 5(c,d)]. New bone was noted in the control

group only when the JAX TCP was in direct contact with a

bony bed at 4 weeks. Histology of the TCP control at

12 weeks again demonstrated primarily fibrous and fatty tis-

sue within the defect [Figures 6(a,b)] with some new bone

formation when the JAX TCP was in contact with host bone.

In contrast, histology of the JAX TCP with LIPUS at

12 weeks [Figures 6(c,d)] presented abundant bone between

the JAX TCP particles with noted remodeling [Figure 6(d)].

Bone formation between the JAX TCP particles in the mid-

dle of the defect as well as the host bone was noted through-

out the sections with LIPUS treatment at 12 weeks.

Immunohistochemistry

Immunohistochemistry for protein expression of VEGF-1

and CBFA1 was performed. VEGF-1 expression at 4 weeks

was mainly observed in the osteoblast-like cells in the host

bone adjacent to the JAX TCP particles. VEGF expression

was elevated in the LIPUS treated animals compared with

controls. The VEGF expression remained elevated at

12 weeks in the LIPUS treated group compared with controls

(Figure 7). The elevated VEGF expression was associated

with increased vascularity in the LIPUS treated animals.

CBFA1 expression was found at actively forming bone

fronts at 4 and 12 weeks and the staining intensity and dis-

tribution were greater in the LIPUS treated animals com-

pared with controls which is a reflection of more bone

formation in the treatment groups. CBFA1 expression was

most noted in active osteoblasts and mesenchymal cells ad-

jacent to new bone formation (Figure 8).

DISCUSSION

Healing of large bone defects remains a clinical challenge.

While osteoconductive bone graft substitutes provide a sur-

gical means of filling large defects, they are often limited

by their lack of any inductive molecules to stimulate heal-

ing.20–25 New bone formation is often limited to areas

where the bone graft substitute is in contact with native

bone considering they are osteoconductive and not osteoin-

ductive. This study examined if LIPUS, which is known to

influence bone healing in vivo1–7 could improve or influ-

ence bone formation in a critical size ulna defect filled

with a b-tricalcium phosphate bone graft (bTCP).
Radiographs, DEXA, and histology demonstrated a sig-

nificant improvement in bone formation when LIPUS was

applied to the defect sites filled with the bTCP particles

compared with no LIPUS treatment at 4 weeks. Histology

at 12 week histology revealed more bone which was

remodeling in the LIPUS treated group compared with the

control, no treatment group. VEGF and CBFA-1 expression

was increased with LIPUS treatment, reflecting the

increased healing response and degree of new bone genera-

tion. The mode of action of LIPUS is uncertain, but would

appear to involve stimulation of osteoblast differentiation

and of calcified matrix production14 along with increased

expression levels of CBFA-1 as found in the current study.

Studies on human periosteal cells have shown that LIPUS

produces a dose-dependent increase in osteocalcin secre-

tion, alkaline phosphatase activity, VEGF secretion, and

calcium nodule formation, without an increase in cell num-

ber, suggesting that LIPUS stimulates differentiation toward

osteogenic lineage.15

A b-tricalcium phosphate bone graft substitute (JAX

TCP; Smith & Nephew, Memphis, TN) was chosen in the

current study considering it is an osteoconductive scaffold.

A number of studies have examined the in vivo response in

bony sites for a variety of calcium phosphate based bone

grafts20,21,24,26–36 in a variety of experimental sites demon-

strating TCPs osteoconductive nature. In vivo resorption

rates of b-TCP bone grafts have also been reported to be

slower than that of hydroxyapatite31 but more rapid than a-
TCP.36 The ulna defect model is challenging with respect

to bone healing as well as implant resorption considering

the lack of local bone encompassing the defect site.

Resorption of the b-TCP in the ulna defect model had not

progressed very far at 12 weeks. Implant resorption was

minimal at 4 weeks and agreed with the work of Wiltfang

et al. for a different b-TCP bone graft (Cerasorb).36 These

authors reported 40% of Cerasorb remained in the defect at

16 weeks. Based on their data �75% of the Cerasorb

would have remained at a 12 week time point. Differences

in anatomical sites, local blood supply, and the amount of

surrounding bone between the ulna defect model compared

with the cancellous defect in the proximal tibia36 may

account for the differences in resorption. The b-TCP in the

current study did provide a scaffold for new bone ingrowth

and ongrowth in the ulna defect model. Clarke et al.37

recently reported ulnar defect using a JAX b-TCP bone

graft substitute combined with autologous osteogenic cells

and growth factors. Their observations suggest including

osteogenic cells alone was insufficient to enhance bone

Figure 4. Bone mineral density. A statistical difference in DEXA

density was observed at 4 weeks (*p \ 0.05) between the control

and ultrasound treated ulna defects. No differences were found at

12 weeks.
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Figure 5. Histological specimens (H&E) of control (A, objective magnification 3 1.25; B, objective
magnification 3 10) and LIPUS (C, objective magnification 3 1.25; D, objective magnification 3 10)

in 4 week rabbit ulna defects. Soft tissue was noted between the b-TCP particles while new bone

was found with the addition of ultrasound treatment at 4 weeks. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Figure 6. Histological specimens (H&E) of control (A, objective magnification 3 1.25; B, objective

magnification 3 10) and LIPUS (C, objective magnification 3 1.25; D, objective magnification 3 10)

in 12 week rabbit ulna defects. Soft tissue was noted between the b-TCP particles while new bone

was found with the addition of ultrasound treatment at 12 weeks. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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healing using this b-TCP and that additional factors are

required to initiate the healing process. It appears based on

the results of our study that LIPUS treatment may provide

the osteogenic signal in combination with the b-TCP even

without including cell or growth factor based strategies.

LIPUS also did not accelerate resorption of the b-TCP in

the rabbit ulna defect model. This supports that LIPUS

may be used without altering the resorption profile of this

b-TCP and improve bone formation.

A limitation of the current study is the short follow up

of 12 weeks. Whilst some evidence of resorption of JAX

TCP was noted, 12 weeks was not long enough to allow

Figure 7. Immunostaining of VEGF-1 in LIPUS treated and control groups. At 4 weeks, the VEGF

expression was mainly in the osteoblast cells in the host bone adjacent to the JAX TCP particles

(A, C). The expression was elevated in the LIPUS treated animals (C, D) compared with the controls
(A, B) at 4 weeks (A, C) and 12 weeks (B, D). The high expression of VEGF is positively correlated

with new bone formation (D) (objective magnification 3 20). [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]

Figure 8. Immunostaining of CBFA1 in LIPUS treated sections. CBFA1 expression was found at
actively forming bone fronts at 4 (A) and 12 weeks (B) and the staining was noted in active osteo-

blasts and mesenchymal cells adjacent to new bone formation (objective magnification 3 20).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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for sufficient implant resorption in the ulna defect for this

material. The JAX TCP material did however provide a

scaffold for new bone formation in an osteoconductive

fashion as well as avoiding muscle and soft tissue prolapse.

The absolute value of the bone mineral density measure-

ments using DEXA must also be treated with care consid-

ering the presence of TCP particles in the defect as well as

new bone formation. The TCP particles artificially

increases the bone mineral density measurements, however

considering the same number of particles were placed in

each defect the comparison remains valid with the above li-

mitation. We also did not include an empty defect alone

and LIPUS treated empty defect groups. However, based

on the work of Schortinghuis et al.,10 LIPUS treatment did

not provide any improvement in a critical size mandible

defect. The combination of a bone graft substitute scaffold

and LIPUS treatment may be a viable treatment option in

the case of large, critical size type defects whereby the

bone graft substitute provides a suitable scaffold for bone

ingrowth and ongrowth along with the positive aspects of

ultrasound treatment.

CONCLUSION

The use of low intensity pulsed ultrasound in combination

with a b-TCP bone graft substitutes may offer a viable

treatment option in the repair of bony defects, thus avoid-

ing the morbidity associated with the use of autograft bone

and the limited supply of donor allograft bone.
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