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Background and purpose   Extracorporeal shock wave 
treatment has been used successfully for the treatment 
of avascular necrosis of the femoral head. The pathway 
of biological events by which this is accomplished has 
not been fully elucidated. BMP-2 is a key mediator of 
bone development and repair, and is uniquely required 
for bone formation. We therefore examined the effect of 
extracorporeal shock waves on induction of BMP-2 in 
necrotic femoral heads.

Methods   Femoral head necrosis was induced in 
rabbits by treatment with methylprednisolone and 
lipopolysaccharide. BMP-2 expression was assessed by 
immunohistochemistry, quantitative real-time PCR, 
and western blot analysis. Histomorphometric analysis 
was performed to evaluate the rate of bone formation in 
femoral heads treated with extracorporeal shock waves. 

Results   Extracorporeal shock wave treatment was 
associated with a significant increase in expression of 
BMP-2 protein and mRNA in the subchondral bone of 
the necrotic femoral heads. Moreover, the most intensive 
immunostaining of BMP-2 was observed in the prolifer-
ative zone above the necrotic zone. Histomorphometric 
analysis showed that extracorporeal shock wave treat-
ment significantly increased the rate of bone formation 
in the subchondral bone. 

Interpretation   We conclude that extracorporeal 
shock wave treatment significantly upregulates the 
expression of BMP-2 in necrotic femoral heads. The 
process of repair of femoral head necrosis is accelerated 
by the use of extracorporeal shock waves.

■

Avascular femoral head necrosis is characterized 
by death of cells in the cancellous bone of the 
femoral head. It often leads to collapse of the load-
bearing segment of the femoral head, and even-
tually to severe osteoarthrosis (Schwarz Lausten 
1999). Different surgical methods have been used 
to prevent collapse, such as both vascularized and 
nonvascularized bone grafting procedures, cemen-
tation, muscle pedicle grafting, and rotational oste-
otomy. Most treatment methods have shown lim-
ited effects in selected series, and none have shown 
universal success (Wood et al. 2003, Zhang et al. 
2005). Accordingly, the development of an effec-
tive and noninvasive treatment would be of value. 

Extracorporeal shock waves are noninvasive 
acoustic waves. These have recently been shown to 
promote bone repair (Schaden et al. 2001). Applied 
to bone, shock waves delivered with the appropri-
ate energy and number of pulses can stimulate 
osteogenesis and angiogenesis (Wang et al. 2003, 
Ma et al. 2007). In Europe, shock waves are used to 
treat nonunions in humans (McClure et al. 2004). 
Recently, it was reported that extracorporeal shock 
wave treatment appeared to be more effective than 
core decompression and nonvascularized fibular 
grafting in patients with early-stage osteonecro-
sis of the femoral head, although the mechanism 
by which shock wave treatment results in clini-
cal improvement remains unknown (Wang et al. 
2005).

BMP-2 is a key mediator of bone development 
and repair, and is uniquely required for bone for-
mation (Li et al. 2007). Genetic manipulation of 
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transgenic mice has highlighted the importance of 
controlling the level of BMP-2 signaling during 
bone formation (Zhao et al. 2002). It would be 
advantageous to be able to stimulate endogenous 
tissues in a noninvasive way, to produce sufficient 
quantities of BMP-2 to locally effect or acceler-
ate in situ healing of skeletal deficiencies. One 
approach to accomplishing this may be the use of 
extracorporeal shock wave treatment in vivo. We 
examined the effect of extracorporeal shock wave 
treatment on induction of BMP-2 expression in 
necrotic femoral heads.

Material and methods

Experimental design

Our experimental study was approved by the 
local Animal Care and Use Committee (approval 
number 2005N000658). Using methylpredniso-
lone and lipopolysaccharide, we induced bilateral 
femoral head necrosis in New Zealand White rab-
bits (n = 36, average weight 3.4 kg) according to 
the method of Yamamoto et al. (1995). Shock wave 
therapy was applied to the femoral head of the left 
limb 6 weeks after injection of methylprednisolone. 
The right limb served as control, and received no 
shock wave therapy. On the left side, the femoral 
head received 2,000 shock wave impulses at 0.26 
mJ/mm2 using Orthospec equipment (MEDISPEC, 
Germantown, MD). The dosage of shock waves 
was based on the results of previous studies in ani-
mals (Wang et al. 2004). The treatment was applied 
to the femoral head for 20 min. The rabbits were 
sedated with intramuscular pentobarbital (30 mg/
kg) while receiving the shock waves. The animals 
were killed with an overdose of pentobarbital at 24 
h (n = 6) and 1 (n = 6), 2 (n = 6), 4 (n = 6), 8 (n = 
6), and 12 (n = 6) weeks after shock wave therapy. 
The femoral heads were harvested and freed of soft 
tissue and cartilage. They were bisected along both 
the coronal and sagittal plane. Then, the 4 parts of 
the femoral head were used for histomorphometry, 
immunohistochemistry, western blot analysis, and 
quantitative real-time reverse transcriptase PCR. 
The histological sections were cut in the coronal 
plane and stained with hematoxylin and eosin.

Rabbit model of avascular necrosis of the 
femoral head

As atated above, avascular necrosis of the femo-
ral head was induced with methylprednisolone and 
lipopolysaccharide according to Yamamoto et al. 
(1995). The rabbits were injected with 10 µg of 
lipopolysaccharide per kg, twice intravenously at 
an interval of 24 h, and after the second injection of 
lipopolysaccharide they were given 40 mg of meth-
ylprednisolone per kg, 3 times intramuscularly at 
intervals of 24 h. Avascular necrosis of the femoral 
head occurs 6 weeks after the injection of lipopoly-
saccharide and methylprednisolone. Histologically, 
the femoral head was considered necrotic when 
at least one of the following 3 signs was present: 
bone marrow cell necrosis, empty osteocyte lacu-
nae, or any evidence of repair—such as the pres-
ence of granulation tissue, fibrosis, or appositional 
bone formation. The necrotic area of the femoral 
head was examined with the semiautomatic Simple 
PCI image analyzer (Compix, 2-letter code for US 
state) and the rate of necrosis (necrotic area/total 
area examined) was calculated on the coronal sec-
tion at the maximal width (Yamamoto et al. 1995). 
In this study, subchondral insufficiency fracture of 
the femoral head was not found in any of the femo-
ral heads. So the femoral head necrosis was in its 
early stages (stages I, II) and the necrotic rate of 
the femoral heads was 45% (Figure 5).

Immunohistochemistry

For immunohistochemistry, the region studied in 
each specimen was the superficial subchondral 
bone from the weight-bearing surface, 1–5 mm 
deep to the cartilage surface. The specimens were 
fixed in 4% buffered formalin, decalcified using 
10% EDTA, embedded in paraffin, and cut into 
5-µm-thick sections in the coronal plane. These 
sections were dewaxed in xylene and rehydrated in 
a graded series of ethanol. Trypsin digestion was 
performed by immersing sections in 0.1% trypsin 
(Sigma) with 0.1% CaCl2 in PBS for 15 min at 
37ºC, and they were washed with deionized water. 
Endogenous peroxidase activity was deactivated 
by immersing sections in 3% hydrogen peroxide 
in 0.01M phosphate-buffered saline (PBS) for 10 
min at 37ºC. After incubation in 10% bovine serum 
for 30 min, sections were incubated with a mouse 
anti-BMP-2 monoclonal antibody (R&D Systems, 
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Minneapolis, MN) overnight at 4ºC. Sections were 
further incubated with biotinylated anti-mouse sec-
ondary antibody and streptavidin peroxidase for 30 
min at 37ºC. Immunoreactivity was determined by 
incubating the sections in a chromogen solution 
containing diaminobenzidine (DAB) and 0.1% 
hydrogen peroxide in the dark. The sections were 
counterstained slightly with hematoxylin. Nega-
tive-control sections were processed using steps 
similar to those described above, but they were 
incubated with PBS only or normal nonimmune 
mouse IgG. 

Total RNA extraction and real-time quantita-
tive polymerase chain reaction (qPCR)

The subchondral bone samples were harvested 
by dissection clean of surrounding tissue, quick-
frozen in liquid nitrogen, and stored at –80ºC for 
later protein and mRNA extraction. Total RNA was 
extracted using Trizol reagent (Life Technologies, 
Grand Island, NY) and precipitated in ethanol. 
Purity and concentration were assessed by agarose 
gel electrophoresis and UV spectrophotometry. 

Reverse transcription followed by quantita-
tive real-time PCR was performed as described 
previously (Niikura et al. 2006). TaqMan primer 
and probe pairs for the rabbit BMP-2 gene, and 
the glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) gene as an internal control, were based 
on database sequences (Genbank accession num-
bers NM001082650.1 and DQ403051.1, respec-
tively) and were designed using PrimerExpress 
software (Applied Biosystems, Foster City, CA). 
The probe sequences were as follows. Rabbit 
BMP-2: CAACTCCGTGAACTCTAAGATTCC-
GAAGGCAT; rabbit GAPDH: GGTCGTG-
GACCTGACCTG.. The primer sequences were 
as follows. Rabbit BMP-2, forward: CCATGC-
CATCGTGCAGACTT; reverse: TGGAGATAG-
CACTGAGTTCTGTTG; rabbit GAPDH, for-
ward: AAACTCACTGGCATGGCCTT; reverse: 
TTAGCAGCTTTCTCCAGGCG. Real-time quan-
titative PCR was done in triplicate with the ABI 
7300 Sequence Detector (Applied Biosystems) 
following recommended protocols. Results were 
normalized to GAPDH levels using the formula 

Ct (threshold cycle) = Ct of target gene – Ct of 
GAPDH. The comparative Ct method was used to 
investigate the amount of target gene relative to a 

calibrator. Of the 36 animals, an arbitrary animal 
was selected as calibrator. The Ct value was 
calculated as follows: Ct of an animal = Ct 
of an animal – Ct of the calibrator. The amount 
of target gene was given by the formula 2– Ct. 
The fold change between shock wave-treated 
femoral head and untreated control was calculated 
as the value of shock wave-treated femoral head 
divided by the value of untreated control at each 
time point. 

Western blot analysis

For western blot, proteins were extracted from 
the subchondral bone samples in a radioimmuno-
precipitation (RIPA) buffer (8 times the sample 
volume) containing a protease inhibitor cocktail 
(Protease Inhibitor Cocktail Set I; Calbiochem, 
Darmstadt, Germany) at 4ºC overnight. The pro-
teins were separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE; 
10% gels). A human recombinant BMP-2 (32-kDa; 
Wyeth, Madison, NJ) and SeeBlue Pre-stained 
Protein Standard (Invitrogen) were also loaded as 
positive control and as molecular weight markers, 
respectively. Proteins were transferred to a PVDF 
membrane (Invitrogen), blocked with 2% bovine 
serum albumin (BSA), and exposed to a 1:100 
dilution of the mouse anti-BMP-2 monoclonal 
antibody used for immunohistochemistry (R&D 
Systems, Minneapolis, MN) in 1% BSA overnight. 
After washing in 0.1% Tween in PBS, the mem-
brane was incubated in goat anti-mouse IgG horse-
radish peroxidase-linked antibody (1:5,000) for 1 
h at room temperature. Signals were detected by 
chemoluminescence reaction (ECL kit; Amersham 
Biosciences, Piscataway, NJ). Western blots to 
detect β-actin were performed on the same mem-
brane after a stripping procedure. Samples from 
each animal were repeated twice, and the results 
were found to be the same.

Deposition of new bone

To evaluate the rate of deposition of new bone, all 
rabbits were given intramuscular injections of tet-
racycline hydrochloride (30 mg per kg; Sigma) on 
days 7 and 2 before killing. The tetracycline hydro-
chloride was used as fluorochrome bone marker for 
histomorphometry. The specimens were fixed in 
70% ethanol solution at 4ºC for 2 days, run through 
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the alcohol series for dehydration, embedded in 
methylmetacrylate, and cut into 15-µm slices par-
allel to the coronal plane from the center of the 
specimen. The 15-µm slices were examined under 
a fluorescent microscope for tetracycline labeling. 
The mean tetracycline double-labeling interval 
was determined with a Simple PCI image analyzer 
(Compix, 2-letter code for US state), the interval 
was divided by the administration time interval 
(i.e. 5 days), and the mean value showed the rate of 
deposition of new bone per day. 

Statistics

The values for shock wave-treated femoral head 
and untreated femoral head were compared at each 
time point. Statistical differences between multiple 
groups were determined by ANOVA. Student-
Neuman-Keuls test was used to determine signifi-
cance between 2 groups. A p-value of < 0.05 was 
considered statistically significant.

Results 

Immunohistochemical analysis

In the subchondral bone of the necrotic femoral 
heads that were not treated with shock waves, a 
slight immunoreactivity against BMP-2 (BMP-2-
IR) was found in the osteoblasts and the fibroblastic 
cells (Figure 1A). BMP-2-IR was absent when the 
primary antibody was replaced with PBS or non-
immune mouse serum, indicating specific binding 
of the anti-BMP-2 antibody (Figure 1E).

2 and 4 weeks after shock wave therapy, the 
osteoblasts and the fibroblastic cells showed an 
increased level of BMP-2-IR (Figure 1B). At 8 
weeks, BMP-2-IR was increased in the fibroblastic 
cells of the vascular granulation tissue invading the 
necrotic bone. Bone matrix also showed BMP-2-IR 
(Figure 1C). At 12 weeks, BMP-2-IR was observed 
in the trabecular bone and the marrow. Osteoblasts 
adjacent to the newly formed woven bone showed 
intense expression of BMP-2 (Figure 1D).

BMP-2 mRNA expression

The gene expression of BMP-2 was markedly 
higher in shock wave-treated femoral heads than in 
untreated femoral heads throughout the time series. 

Statistically significant differences were observed 
at 24 h and at 1, 2, and 4 weeks after shock wave 
treatment. The maximum fold change was 47 at 1 
week after shock wave treatment (Figure 2).

BMP-2 protein expression

The human recombinant BMP-2 gave a protein 
band migrating at 32 kDa. The proteins extracted 
from the subchondral bone of the untreated control 
and shock wave-treated femoral heads also formed 
a single BMP-2-IR band migrating between 29 and 
34 kDa (Figure 3). An increase in both density and 
broadness of the band was consistently observed in 
the subchondral bone samples obtained from the 
shock wave-treated femoral heads at 1, 2, 4, and 8 
weeks after the shock wave treatment, in compari-
son with the samples from the untreated femoral 
heads. In the samples obtained 24 h and 12 weeks 
after the shock wave treatment, there was no differ-
ence between the results from the treated femoral 
heads and the untreated femoral heads.

Rate of deposition of new bone

The tetracycline double-labeling interval showed 
calcium deposition of the femoral heads. Since 
BMP-2 is known to increase bone formation, the 
rate of calcification was measured in the subchon-
dral bone of femoral heads treated with shock 
waves. The rate of calcification was markedly 
higher in the shock wave-treated femoral heads. 
Compared to untreated femoral heads through the 
different time points, statistically significant dif-
ferences were seen at 2, 4, 8, and 12 weeks after 
shock wave treatment (Figure 4).

Discussion 

In treating avascular femoral head necrosis, the 
high reported success rate of shock wave treatment 
makes it attractive (Wang et al. 2005). However, 
the precise mechanism by which shock wave treat-
ment results in clinical improvement is unknown, 
and little has been done to define the role of BMP-2 
expression in the process of repair of femoral head 
necrosis. Extracorporeal shock waves are acous-
tic waves of extremely high pressure and veloc-
ity. Shock waves can travel through fluid and soft 
tissue, and their effects occur at sites where there is 
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a change in impedance, such as the bone-soft tissue 
interface. When the shock wave meets an interface 
of different impedance, pressure and shear forces 
occur (McClure et al. 2004). When shock waves 
are directed at bone, multiple interfaces of cancel-
lous bone between soft tissue and bone result in 
reflection and deposition of shock wave energy. 
Because the energy is rapidly deposited at the mul-
tiple acoustic interfaces, disruption of cancellous 
bone occurs and a secondary osteoblastic healing 

response has been reported (Delius et al. 1995).
Promotion of new bone formation has been 

observed in patients with posttraumatic pseudar-
throsis after extracorporeal shock wave therapy; 
this has led some authors to hope that this therapy 
might also stimulate the formation of new bone 
in patients with avascular femoral head necro-
sis (Ludwig et al. 2001). Then studies were per-
formed to test the efficacy of shock wave therapy 
in patients with femoral head necrosis. The results 

Figure 1. Photomicrographs of subchondral bone immu-
nostained with anti-BMP-2. A. Subchondral bone of the 
necrotic femoral heads untreated with shock waves: slight 
BMP-2 immunoreactivity (BMP-2-IR) was found in osteo-
blasts and fibroblastic cells. B. 4 weeks after application 
of shock waves, the osteoblasts and the fibroblastic cells 
showed an increased level of BMP-2-IR. C. 8 weeks after 
shock wave application, BMP-2-IR was increased in the 
fibroblastic cells of the vascular granulation tissue invad-
ing the necrotic bone. Bone matrix also showed BMP-2-IR. 
D. 12 weeks after shock wave application, BMP-2-IR was 
observed in the trabecular bone and the marrow. Osteo-
blasts adjacent to the newly formed woven bone showed 
intensive expression of BMP-2. E. BMP-2-IR was absent 
when the primary antibody was replaced with PBS or non-
immune mouse serum. (All images ×200).
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of these studies were encouraging, and significant 
clinical improvement was achieved (Ludwig et al. 
2001, Wang et al. 2005). In our study, we found 
that extracorporeal shock wave treatment signifi-
cantly increased the rate of calcification of the sub-
chondral bone, which may result in a cascade of 
bone regeneration and the repair of avascular fem-
oral head necrosis. Our findings provide further 
evidence that physical shock wave treatment may 
be an effective noninvasive method for treatment 
of avascular necrosis.

BMP-2 expression has been detected in normal 
bone and in human osteosarcoma (Celeste et al. 
1990, Yoshikawa et al. 1994). The significance of 
BMP-2 lies in its capacity to mobilize osteopro-
genitor cells, thereby promoting osteoblastic dif-
ferentiation processes and resulting in bone forma-
tion (Harris et al. 1994). We found that expression 
of BMP-2 mRNA was upregulated as early as 24 
h after shock wave treatment of necrotic femoral 
heads, and that the upregulation was maintained 
2 and 4 weeks after treatment. In concert with 

the increase in mRNA, levels of BMP-2 protein 
showed a significant increase at 1, 2, 4, and 8 weeks 
after shock wave treatment. Immunohistochemical 
analysis showed intensive BMP-2 expression in 
fibroblastic cells and osteoblasts adjacent to the 
newly formed bone during the first 2 and 4 weeks 
after treatment. It is well established that BMP-2 
has a central role in initiating and regulating bone 

Figure 3 A. Western blot analysis of subchondral bone 
samples obtained from necrotic femoral heads at 24 h and 
1, 2, 4, 8, and 12 weeks after the application of shock-
wave treatment. (Lanes 24h, 1wk, 2wks, 4wks, 8wks and 
12wks  represent 24 hours and 1, 2, 4, 8, and 12 weeks, 
respectively). Western blot analysis consistently showed 
increased BMP-2 expression at 1, 2, 4, and 8 weeks com-
pared to the samples from the untreated control femoral 
heads. B. Graph showing densitometric analysis of west-
ern blot, normalized to the density of β-actin in each lane. 
The asterisks indicate statistically significant differences 
between shock wave-treated femoral heads and untreated 
femoral heads at each time point. SW: shock wave-treated 
femoral head. Control: untreated femoral head. 
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Figure 2. Gene expression of BMP-2 in shock wave-treated 
femoral heads (red bars) and in untreated femoral heads 
(blue bars) at 24 h and 1, 2, 4, 8, and 12 weeks after the 
application of shockwave treatment, as determined by real-
time quantitative RT-PCR. The graph demonstrates the fold 
change (and range) for each experimental group when 
the untreated femoral head of 24 h was normalized to 1. 
The asterisks indicate statistically significant differences 
between shock wave-treated femoral heads and untreated 
femoral heads at the indicated time point. SW: shock wave-
treated femoral head; control: untreated femoral head. 
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formation (Zhao et al. 2002). We found a signifi-
cant increase in the rate of calcification in the sub-
chondral bone of the treated femoral heads. It is 
possible that BMP-2 acts as a key regulator that 
promotes bone formation and repair of necrotic 
subchondral bone.

Our findings suggest that noninvasive physical 
shock wave treatment can cause local upregulation 
of BMP-2 expression. Since shock wave treatment 

Figure 4. A. Under epifluorescent light, the tetracy-
cline labels in shock wave-treated femoral heads 
were intense and the distances between two lines 
were wide (×100). 

B. Under epifluorescence, the tetracycline labels in 
untreated femoral head were weak and the distances 
between two lines were narrow (×100). 

C. Graph showing the calcification deposition rate 
of shock wave-treated femoral heads (red bars) and 
untreated femoral heads (blue bars). The asterisks 
indicate statistically significant differences between 
shock wave-treated femoral heads and untreated 
femoral heads at each time point. SW: shock wave-
treated femoral head; control: untreated femoral 
head. 
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Figure 5. Histological findings in the femoral head following injection of methylprednisolone and lipopolysaccharide in rab-
bits. Mid-coronal section from rabbit femoral head 6 weeks after the injection, stained with hematoxylin-eosin. A. Marrow 
necrosis (×100). B. Trabecular necrosis (×200). C. Trabecular necrosis and dense medullary fibrosis (×100).

is safe, noninvasive, and repeatable, it provides a 
useful alternative to surgery for treatment of avas-
cular femoral head necrosis. 
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