
Am J Transl Res 2017;9(4):1720-1731
www.ajtr.org /ISSN:1943-8141/AJTR0045015

Original Article
Medial tibial subchondral bone is the key target for  
extracorporeal shockwave therapy in early  
osteoarthritis of the knee

Ching-Jen Wang1,2*, Jai-Hong Cheng1,3*, Chien-Yiu Huang2, Shan-Ling Hsu1,2, Fan-Yen Lee1,4, Hon-Kan Yip1,5

1Center for Shockwave Medicine and Tissue Engineering, 2Department of Orthopedic Surgery, 3Medical Research, 
4Division of Thoracic and Cardiovascular Surgery, Department of Surgery, 5Division of Cardiology, Department of 
Internal Medicine, Kaohsiung Chang Gung Memorial Hospital, College of Medicine, Chang Gung University, Kaoh-
siung, Taiwan. *Equal contributors.

Received May 19, 2016; Accepted March 21, 2017; Epub April 15, 2017; Published April 30, 2017

Abstract: Extracorporeal shockwave therapy (ESWT) is a new non-invasive method to induce tissue regeneration 
and repair the damaged osteoarthritis (OA) of knee. Previous studies suggested subchondral bone as the key target 
for OA treatment. However, the relationship of the effect and different locations of subchondral bone is unknown. 
The purpose of the study was to investigate whether the subchondral bone of medial tibia as the target for ESWT 
in early OA knee treatment and compared with various locations on lateral tibia and femur condyles. Application of 
ESWT on the medial tibial subchondral bone ameliorated 38% in gross pathological OA changes (compared to OA, 
P < 0.001), 94 % in OARSI score (compared to OA, P < 0.001) and 45% in cartilage defect (compared to OA, P < 
0.001), 17% in bone mineral density (compared to OA, P < 0.001) than lateral tibia and femur. In micro-CT analysis, 
ESWT on medial tibial subchondral bone increased bone volume (61% vs 44% in tibia and 62% vs 53% in femur, P 
< 0.05), yield stress (6 MPa vs 4 MPa in tibia and 4 MPa vs 2 MPa in femur, P < 0.05) and decreased bone porosity 
(38% vs 53% in tibia and 37% vs 46% in femur, P < 0.05) than OA. The TUNEL, PCNA and osteocalcin significantly 
influenced the levels of molecular expression in different locations of ESWT application. Our results confirm that 
application of ESWT to the medial tibial subchondral bone has more effective therapy for OA knee than lateral loca-
tions of joint knee.
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Introduction

The pathophysiological changes of osteoarthri-
tis of the knee can occur in synovial fluid, joint 
capsule, subchondral bone, and other joint tis-
sues [1, 2]. Synovial inflammation plays an 
important role in OA knee, particularly in the 
early stage [3]. As osteoarthritis progresses, 
the level of proteoglycans decreases, and 
results in softening of the cartilage, decreased 
elasticity and further compromising joint sur-
face integrity osteoarthritic joint [4]. The loss of 
cartilage results in narrowing of joint space. 
Erosion of the damaged cartilage causes the 
underlying bone is exposed as osteoarthritic 
joint progresses. Continuously, the subchon-
dral bone responses with vascular invasion and 
increases cellularity to becoming eburnation at 

pressure area. Finally, the damaged subchon-
dral bone may undergo cystic degeneration, 
which is caused from osseous necrosis or the 
intrusion of synovial fluid [5]. Until now, there is 
no cure for osteoarthritis, although treatments 
can reduce pain and improve joint movement.

As previous description, osteoarthritis joint is a 
progressive in cartilage loss and joint space 
narrowing [3]. The central pathological feature 
of OA has long been considered a cartilage  
disease that involves in the destruction and 
loss of articular cartilage [6-9]. However, It is 
now accepted that the whole knee is involved, 
including synovial inflammation, cartilage dam-
age and subchondral bone alterations [10]. 
Recently, the role of subchondral bone in the 
pathophysiology of the disease has been sug-
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gested in some studies that subchondral  
sclerotic bone increases in OA changes and is 
associated with the disease progression [7, 11, 
12]. According to the animal model of osteoar-
thritis, the subchondral bone remodeling level 
has been significantly emphasized [13]. These 
observations suggested a role of subchondral 
bone changes to regulate cartilage metabo-
lism. It may be a critical therapeutic target to 
control the initiation and progression of osteo-
arthritic changes of the knee [11, 14-17].

ESWT is a new, noninvasive treatment modality 
for musculoskeletal disorders. The Food and 
Drug Administration (FDA) of the Unite States 
had approved ESWT to treat pain on heels  
and muscles in the year 2000 [18]. Recently, 
ESWT was reported to have prevention, im- 
provement and regression in osteoarthritis of 
various joints in animals and human studies 
[19-24]. ESWT can be the most effective treat-
ment for osteoarthritis. Our previous study 
demonstrated that ESWT had chondroprotec-
tive effects in the OA knee [25]. We also showed 
that established OA changes regressed after 
ESWT in knee of the rats [26]. In addition, the 
site-specific effects of ESWT were demonstrat-
ed in OA rat knees [27]. In this study, we applied 
ESWT on the medial tibia condyle of the knee 
for the treatment of OA disease in animal 
model. However, we still did not know which 
location of OA knee was the best target for 
ESWT application.

In the present study, we compared the effec-
tiveness of ESWT on medial tibia condyle and 
the lateral tibia and femur locations of OA knee. 

SCO, Taipei, Taiwan). The rats were housed at 
23 ± 1°C with a 12 h light and dark cycle and 
were given food and water at the Center for 
Laboratory Animals in Kaohsiung Chang Gung 
Memorial Hospital. The Animal Care Commit- 
tee of the Center for Laboratory Animals in 
Kaohsiung Chang Gung Memorial Hospital 
approved this IACUC protocol of animal study 
followed guidelines for the use of animals in  
the laboratories abiding by the principles  
of 4 R’s (replacement, reduction, refinement 
and rehabilitation). The IACUC chairperson is 
Professor Yur-Ren Kuo and reference number is 
2012041001.

Following was the study designs and the experi-
ments (Figure 1A, 1B). The rats were randomly 
divided into seven groups with 8 rats in each 
group (Figure 1A). Group 1 was the sham that 
received sham arthrotomy of left knee without 
anterior cruciate ligament transection (ACLT) 
and medial meniscectomy (MM). Group 2 was 
the OA that received ACLT and MM of left knees, 
but without ESWT. Group 3 was the T(M) group 
that received ACLT and MM of left knee and 
treated with ESWT to medial (M) tibia (T) con-
dyle. Group 4 was the F(L) group that received 
ACLT and MM of left knee and treated ESWT to 
distal lateral (L) femur (F) condyle. Group 5 was 
the T(L) group that received ACLT and MM of 
left knee and treated ESWT to the proximal lat-
eral tibia plateaus. Group 6 was the F+T(L) 
group that received ACLT and MM of left knee 
and treated ESWT to proximal lateral tibia pla-
teaus and distal lateral femur condyles. Group 
7 was the F(M+L) group that received ACLT and 
MM of left knee and treated ESWT to medial 
and lateral femur.

Figure 1. The locations of shockwave application and the study design. 
A. The knee sketch outlined the locations (green color dots) of shock-
wave application in different groups of animals (n = 8 in each groups). B. 
Graphic scheme depicted the study design of the experiment including 
knee surgery, shockwave application and sacrifice of animals.

Furthermore, we found that ES- 
WT application on lateral tibia 
and femur sites of knee did not 
prevent the cartilage and bone 
damage in OA rats. The purpose 
of our study was to investigate 
the best target site of OA knee 
for ESWT in the initiation of 
osteoarthritic changes of the 
knee in animal model.

Material and methods

Study design

The fifty-six 8-week-old Sprague-
Dawley rats were purchased and 
used in the study (from BioLA- 
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Anterior cruciate ligament transection and 
medial meniscectomy

In order to create an OA model, the left knee of 
rat was transected with a scalpel by using 
medial parapatellar mini-arthrotomy, the ante-
rior cruciate ligament. Then medial meniscec-
tomy was performed through removing the 
entire medial meniscus. The knee joint was irri-
gated and the incision was closed. Prophylactic 
antibiotics with ampicillin 50 mg/Kg were given 
for 5 days after surgery. Postoperatively, a vet-
erinarian cared for the animals. We observed 
the surgical site and the activities of all animals 
every day.

Shockwave application

The dose was optimized for ESWT on OA knee 
of rats as in previous studies [25-27]. In ESWT 
groups [T(M), F(L), T(L), F+T(L) and F(M+L)], 
ESWT was applied when the surgical wound 
healed at 1 week after surgery. The animals 
were anesthetized with 1:1 volume mixture of 
Rompun (5 mg/kg) and Zoletil (20 mg/kg) while 
receiving ESWT. Ultrasound guide (Toshiba Me- 
dical Systems Corporation, Tokyo, Japan) was 
used for localizations of ESWT application. The 
source of shockwave was from an OssaTron 
(Saunwave, Alpharetta, GA). Application of 800 
impulses of shockwave at 0.22 mJ/mm2 energy 
flux density was given to the assign locations as 
described above. After ESWT, the animals were 
returned to the housing cage and were cared 
for by a veterinarian. The animals were eutha-
nized at 12 weeks and the harvested knee 
specimens were examined and analyzed.

Gross pathological analysis

The gross pathological findings of OA changes 
of the knee (n = 8) were observed and semi-
quantified by magnification scope (Carl Zeiss, 
Oberkochen, Germany). The severity of joint-
surface damage was categorized and scored as 
follows: (a) Intact surface or normal appear-
ance = 0 point, (b) rough surface with minimal 
fibrillation or a slight yellowish discoloration = 1 
point, (c) cartilage erosion extending into super-
ficial or middle layers = 2 points, (d) cartilage 
erosion extending into the deep layers = 3 
points, (e) complete cartilage erosion with sub-
chondral bone exposed = 4 points [28].

OARSI scores and cartilage degradation

The degenerative changes of the cartilage were 
stained with Safranin O and scored with the 
Osteoarthritis Research Society International 
(OARSI) cartilage OA grading system [29]. The 
scores were obtained on a 0 to 24 scale  
by multiplying the index of grade and stage.  
For cartilage area measurement, eight non-
consecutive sections at 100 μm intervals were 
measured per knee joint. The whole cartilages 
were delimited and area was automatically 
calculated by ImageJ software [30].

Bone mineral density

The bone mineral density (BMD) with region of 
interest in medial proximal tibia and distal 
femur condyle was performed using dual ener-
gy X-ray absorptiometry (Hologic QDR 4500W, 
Hologic, Bedford, MA) to scan in all knees 
before the animals were sacrificed. BMD was 
used to assess the changes in bone density 
around the knee in different conditions.

Micro-CT analysis

The proximal part of tibia and distal part of 
femur were scanned by a micro-CT scanner 
(Skyscan 1076; Skyscan, Luxembourg, Bel- 
gium) with isotropic voxel size of 36 × 36 × 36 
μm3 as previously described [31, 32]. In brief, 
the X-ray voltage was set at 100 kV, and the 
current, at 100 μA. X-ray projections were 
obtained at 0.75 degrees angular step with  
a scanning angular range of 180 degrees. 
Reconstructions of the image slices were per-
formed with NRecon software (Skyscan), and 
the process generated a series of planar trans-
verse gray value images. Skyscan CT-Analyser 
Software (Skyscan) selected volume of interest 
(VOI) of bone morphometry with a semiauto-
matic contouring method. Three-dimensional 
cross-sectional images were generated by 
CTVol v2.0 software (Skyscan). The micro-CT 
parameters of percentage in bone volume and 
porosity, trabecular thickness and number in 
subchondral compartment regions were deter-
mined [31, 32].

Mechanical compression tests

The block specimens containing cartilage and 
trabecular bone were excised from the central 
weight-bearing regions of medial femur con-
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dyles and tibia plateaus according to previous 
methods with little modification [32, 33]. In 
brief, the bones were excised marked and  
cut into blocks by a bone cutter (Roboz, 
Gaithersburg, MA, USA) and trimmed by an 
electric grinder pen (Chi-tai Inc., Kaohsiung, 
Taiwan) at the volume of 105 mm3 (7 mm for 
length × 3 mm for width × 5 mm for height) 
were subjected to the mechanical compression 
test. The osteochondral blocks were placed 
between the upper and lower platens until 
crash and then analyzed by a compression test 
machine and the upper plate was set to move 
at strain rate at 0.5 per min. (MTS, Synergie 
200, Eden Prairie, MN, USA) and the yield 
stress (MPa) of bone blocks were determined 
by the associated software (TestWorks4, MTS).

Immunohistochemical analysis

The harvested knee specimens were fixed in 
4% PBS buffered formaldehyde for 48 hours 

and decalcified in 10% PBS-buffered EDTA 
solution. Decalcified tissues were embedded  
in paraffin wax. The specimens were cut longi-
tudinally into 5-μm-thick sections and trans-
ferred to polylysine-coated slides (Thermo 
Fisher Scientific, Waltham, MA, USA). The TU- 
NEL analysis was accomplished by In Situ  
Cell Death Detection Kits (Roche Diagnostic, 
Mannheim, Germany) followed by a manufac-
ture instruction provided. TUNEL color stains 
were performed by using NBC/BCIP substrate 
(Sigma-Aldrich, St. Louis, MO, USA). The immu-
nohistochemical stains were done by following 
the protocol provided in the immunostaining  
kit (Abcam, Cambridge, MA, USA). In brief, tis-
sue sections were deparaffinized in xylene, 
hydrated in graded ethanol, and treated with 
peroxide block and protein-block reagents. 
Sections of the specimens were immunos-
tained with specific antibodies for PCNA (Ther- 
mo Fisher) at 1:300 dilution and osteocalcin 
(GeneTax, Irvine, CA, USA) at 1:200 for over-

Figure 2. The photographs showed 
macroscopic pathological osteoar-
thritic lesions of knee including the 
areas of osteophyte formation. A. 
The knee photos demonstrated the 
gross pathological osteoarthritic le-
sions in distal femur and proximal 
tibia. The scale bar represented 5 
mm. B. the panel showed the gross 
pathological lesion score. The T(M) 
group showed significantly lower 
lesion scores as compared to OA 
and other ESWT groups. Red rect-
angle indicated OA inspection. **P 
< 0.001 compared with sham. #P < 
0.05, ##P < 0.001 compared with 
OA. ※P < 0.05, ※※P < 0.001 com-
pared with T(M). All rats were n = 8.
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night to identify the cell proliferation and osteo-
genesis biomarkers. The immunoreactivity in 
specimens was demonstrated by using a goat 
anti-rabbit horseradish peroxidase-conjugated 
and 3’,3’-diaminobenzendine, which were pro-
vided in the kit. The immunoactivities were 
quantified from five random areas in three sec-
tions of the same specimen by using a Zeiss 
Axiolmager M2 microscope (Carl Zeiss, Got- 
tingen, Germany). All images of each specimen 
were captured by using a cool CCD camera 
(Media Cybernetics, Silver Spring, MD, USA). 
Images were analyzed by manual counting and 
confirmed by using an Image-Pro Plus image-
analysis software (Media Cybernetics).

Statistical analysis

SPSS ver. 17.0 (SPSS Inc., Chicago, IL, USA) 
was used in statistical analysis. Data were 
expressed as mean ± SD. One-way ANOVA and 
Tukey tests were used to compare sham versus 
T(M), F(L), T(L), F+T(L) and F(M+L) (designated 
as *P < 0.05 and **P < 0.001). One-way ANOVA 
and Tukey tests were also used to compare OA 

versus T(M), F(L), T(L), F+T(L) and F(M+L) (desig-
nated as #P < 0.05 and ##P < 0.001). The intra-
group evaluations of T(M) versus F(L), T(L), 
F+T(L) and F(M+L) were determined by Student 
-t Test (designated as ※※P < 0.05 and ※※P < 
0.001).

Results

ESWT improves the pathologic lesions

The gross pathology and pathological lesion 
score were measured in the experiments 
(Figure 2). Photographs of the knee showed 
macroscopic pathological osteoarthritic lesions 
of distal femur and proximal tibia for pathologi-
cal analysis (Figure 2A). The results showed 
that all ESWT groups had significantly different 
lesion scores as compared to sham (P < 0.001). 
Whereas T(M) and F(M+L) had significantly bet-
ter scores as compared with OA (2.000 ± 0.201 
and 2.244 ± 0.169 vs 3.219 ± 0.140, P < 
0.001) than other locations (2.844 ± 0.169 to 
3.156 ± 0.156, without significant). In ESWT 
groups, the graphic illustrations of T(M) group 

Figure 3. The microphotographs of the knee showed cartilage degradation of the knee in different groups. A: Mi-
crophotographs of cartilage and subchondral bone demonstrated cartilage damage in OA changes. The scale bar 
represented 200 μm. B and C: Showed graphic illustrations of OARSI score and cartilage area in histopathological 
examination. The T(M) and F(M+L) groups showed significant decrease in OARSI score and increase in cartilage 
area as compared with sham, OA and other ESWT groups. *P < 0.05, **P < 0.001 compared with sham. #P < 0.05, 
##P < 0.001 compared with OA. ※P < 0.05, ※※P < 0.001 compared with T(M). All rats were n = 8.
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showed significantly lower lesion scores as 
compared to other ESWT groups (Figure 2B). 
The results indicated that ESWT on T(M) (2.000 
± 0.201, P < 0.001) position which was major 
in subchondral bone of medial tibia reduced 
lesions formation and tissue damage than F(L) 
(3.156 ± 0.156), T(L) (3.094 ± 0.158), F+T(L) 
(2.844 ± 0.169) and F(M+L) (2.244 ± 0.169) in 
OA knee.

Comparing cartilage degeneration and sub-
chondral bone changes after shockwave treat-
ment on different locations of knee

Articular cartilage degeneration is an important 
progression in the OA disease. We measured 
the level of cartilage lesions after ESWT on dif-
ferent treated locations of OA knee. We sur-
veyed the cartilage injuries by OARSI score and 
sectional cartilage area (Figure 3). The surface 
of articular cartilage and change of subchon-
dral bone were compared in sham, OA and 
ESWT groups after shockwave treatment on 
different locations (Figure 3A). The cartilage 
damage, subchondral bone loss and cyst for-
mation were obviously in OA, F(L), T(L) and 
F+T(L) groups by Safranin-O staining. We used 
OARSI score system and cartilage area assess-
ment to measure the damage of cartilage in OA 
knee after shockwave treatment (Figure 3B, 
3C). The T(M) and F(M+L) groups were low 
OARSI score (1.188 ± 0.834 and 5.583 ± 
2.577 vs 18.751 ± 4.158 and 0.250 ± 0.463, P 
< 0.001) and increase in cartilage area (0.588 
± 0.140 and 0.659 ± 0.118 vs 0.228 ± 0.143 
and 0.847 ± 0.076, P < 0.001) as compared to 
OA and sham groups. Therefore, ESWT on T(M) 
and F(M+L) reduced cartilage degeneration, 
bone loss and cyst formation than other sites of 
OA knee. 

Micro-CT and BMD analysis by ESWT in early 
OA of rat joint

In order to observe the changes of subchondral 
bone at the onset of sham, OA, and OA with 
various locations by shockwave, micro-CT scan 
were proceed on distal femur and proximal tibia 
in different groups (Figure 4A). The transverse 
planes of distal femur and proximal tibia were 
used to monitor the actual situation of bone 
remodeling by micro-CT examinations (Figure 
4A). The fractured bone and cyst formation 
were observed in OA, F(L), T(L) and F+T(L) 
groups in femur and tibia, however, the data 

were in contrast with T(M) and F(M+L). The 
edges of bone became thicker in distal femur 
but were not in proximal tibia in all ESWT 
groups.

Further, BMD was measured from each experi-
mental group by DEXA scan at 12 weeks after 
ESWT (Figure 4B). BMD was significantly im- 
proved in T(M) and F(M+L) groups (0.393 ± 
0.018 and 0.434 ± 0.035, P < 0.001) compar-
ing with OA in contrast to a decrease in groups 
of OA, F(L), T(L) and F+T(L) comparing with sham 
(0.325 ± 0.01, 0.333 ± 0.013, 0.329 ± 0.009, 
0.362 ± 0.019 vs 0.413 ± 0.005, P < 0.001 
and P < 0.05). Using the pair sample t test  
analysis, BMD was significantly higher on T(M) 
and F(M+L) positions after ESWT than ESWT on 
F(L), T(L) and F+T(L) positions. It showed that 
shockwave treatment on T(M) and F(M+L) posi-
tions improved BMD significantly.

The locations of ESWT application affected the 
subchondral bone changes

The graphic illustrations of bone volume and 
bone porosity in different groups were shown in 
Figure 4C-F. T(M) and F(M+L) groups (P < 0.05) 
showed significant increase in bone volume 
and decrease in bone porosity as compared to 
sham and OA groups in tibia and femur. Notable, 
the area of sclerotic bone lesion in F(M+L) 
group was larger than T(M) group (Figure 4A). 
Amongst ESWT groups, T(M) and F(M+L) groups 
demonstrated the most striking changes than 
other groups in subchondral bone and sup-
pressed aberrant bone formation. The results 
indicated that ESWT on T(M) and F(M+L) loca-
tions improved the subchondral bone remodel-
ing and ameliorated the bone damage.

The bone strength in subchondral bone im-
provement by ESWT

ESWT improved the bone volume and bone 
microstructure to maintain the bone architec-
ture. The bone strength was measured and 
compared after ESWT on different treated loca-
tions of OA knee (Figure 5). In bone strength 
test, the yield stress (Figure 5A, 5B) of the 
femur (2.766 ± 0.791, 2.658 ± 0.677, 2.986 ± 
0.674, 3.173 ± 0.795 and 4.269 ± 0.575, 
5.287 ± 0.581 vs 4.712 ± 0.606, P < 0.05 and 
without significant) and tibia (4.317 ± 0.689, 
4.062 ± 0.631, 4.037 ± 0.499, 4.287 ± 0.653 
and 6.018 ± 0.604, 6.555 ± 0.826 vs 5.741 ± 
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0.367, P < 0.05 and without significant) signifi-
cantly decreased in OA, F(L), T(L) and F+T(L) but 
increasing in T(M) and F(M+L) relative to sham. 
Amongst ESWT groups, T(M) and F(M+L) signifi-
cantly improved the yield stress than other 
groups. Further, the bone strength of F(M+L) 
was significantly better than T(M) in femur  
(P < 0.05) but no difference as noticed in  
tibia. Our data demonstrated that ESWT can 
improve architectural changes and apparent-
level strength of subchondral bone in OA knee 
after ESWT on T(M) and F(M+L) positions.

The lateral locations for application of ESWT 
influence the expression of favorable factors

Immunohistochemical analysis of TUNEL and 
PCNA were shown in subchondral bone and 
cartilage as well as osteocalcin measured in 
subchondral bone from femur and tibia in 
groups of sham, OA, and OA with various treat-
ment sites by ESWT (Figure 6). The representa-
tive images of microscopic features (right)  
and quantification (left) were shown in Figure  
6. TUNEL activity was significantly decreased 

Figure 4. Micro-CT scan of distal femur and proximal tibia and BMD measuring in different groups. A: The result 
showed photomicrographs of the knee in sagittal and transverse views from micro-CT. The subchondral bone medial 
compartment of each group was marked (red box). The scale bar represented 1 mm and rats n = 8. B: The BMD 
values were measured from the region of interest in knee. C-F: Showed the graphic illustrations of bone volume 
and bone porosity of tibia and femur in different groups. T(M) and F(M+L) groups showed significant increases in 
bone volume, and decrease in bone porosity as compared with sham, OA and other ESWT groups. *P < 0.05, **P 
< 0.001 compared with sham. #P < 0.05, ##P < 0.001 compared with OA. ※P < 0.05, ※※P < 0.001 compared with 
T(M). All rats were n = 8.
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after ESWT in T(M) groups (13.97 ± 4.121, P < 
0.001) rather than F(M+L) group (39.144 ± 
6.589), OA (80.335 ± 7.675) and ESWT groups 
(78.172 ± 10.558, 76.008 ± 13.452 and 
74.308 ± 12.478) (Figure 6A). The PCNA and 
osteocalcin were dramatically increased in  
the T(M) and F(M+L) groups (PCNA: 56.941 ± 
8.403 and 18.499 ± 10.649, P < 0.001 and P 
< 0.005; osteocalcin: 20.637 ± 1.290 and 
28.648 ± 1.191, P < 0.001 and P < 0.05) as 
compared to sham, OA and other ESWT groups 
(Figure 6B, 6C). The effectiveness of lateral 
locations for application of ESWT were not sat-
isfying than T(M). These results suggested that 
correct location for ESWT application was very 
important in modulation and promotion of the 
key factors for joint repair in OA knee.

Discussion

The present study demonstrated that subchon-
dral bone was the key target to regulate the 
inflammatory, bone remodeling, cartilage pro-
tection and metabolic markers in response to 
ESWT in OA knee. We compared the effects on 
medial tibial subchondral bone to other laterial 
locations of joint with ESWT on OA treatment. 
To the best of our knowledge, these findings are 
the first to document the detailed site specific 
effects of ESWT in vivo. Pathological and bio-
logical responses of ESWT on different loca-
tions of knee provide a novel insight into the 
changes of cartilage and bone remodeling as 
well as mechanisms underlying the effect of 
ESWT when it is used for OA knee.

For many years, researchers hypothesized that 
subchondral bone may play an important role in 
the development of OA pathology [14]. Prior 
studies demonstrated that the changes in sub-
chondral bone characteristics might play an 
important role in the development of osteoar-
thritis of the knee [14, 16, 34]. Other studies 
emphasized the fact that subchondral bone 
might be the main target for treatment of pain 
and disease progression in osteoarthritis knee 
[17]. The results of the current study showed 
that application of shockwave to the subchon-
dral bone was effective to ameliorate the knee 
from developing osteoarthrisis of the knee 
after ACLT and MM in rats. Furthermore, appli-
cation of ESWT to the subchondral bone of the 
medial tibia condyle of the knee resulted in the 
most chondroprotective effects as compared 
to other locations that may prevent the knee 
from developing osteoarthritis in ACLT and MM 
animal knee models.

The major findings in this study confirmed that 
ESWT is chondroprotective, and the effects 
appear to be treatment location sensitive. 
Overall, application of ESWT to the medial tibia 
showed the best chondroprotective results as 
compared to other locations of the knee in this 
experiment. The results of this study were in 
agreement with the previous studies that ESWT 
could effectively ameliorate the progress of 
early osteoarthritis in correct location of knee 
[25, 32, 35-37]. However, the exactly location-
sensitive effects of ESWT in osteoarthritis of 
the knee were not previously reported. Our find-
ings provided the basic data in the use of ani-

Figure 5. Bone strength tests included load at yield and yield stress of inertia with ESWT. The yield stress of inertia 
in tibia (A) and femur (B) demonstrated significantly higher values in T(M) and F(M+L) groups than OA and other 
ESWT groups. *P < 0.05, **P < 0.001 compared with sham. #P < 0.05, ##P < 0.001 compared with OA. ※P < 0.05, 

※※P < 0.001 compared with T(M). n = 8. 
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mal model in research and offer the guidance 
in clinical application when ESWT was chosen 
for knees with early osteoarthritis.

Bone remodeling and homeostasis are the key 
progress in OA disease and treatment [38]. In 
the current study, we observed that ESWT regu-
lated the bone volume and porosity in subchon-
dral bone as well as correlated with the expres-
sion of osteocalcin from various locations. The 

bone mineral homeostasis of T(M) group is  
the better than F(M+L) group and others com-
paring with sham. However, it is unknown how 
different locations of ESWT application influ-
ence to bone homeostasis. More evidences 
suggested that numerous factors are involved 
in the maintenance of bone homeostasis in- 
cluding growth factors, humoral factors, cyto-
kines, osteoblast and osteoclast [39-41]. Many 
factors are reported to induce by ESWT after 

Figure 6. Immunohistochemical analysis for molecular changes on lateral locations by ESWT. Immunohistochemi-
cal stains (left) and quantification (right) were showed the effect of TUNEL assay (A) and the expression levels of 
PCNA (B) and osteocalcin (C) after ESWT on different locations. TUNEL and PCNA were surveyed in cartilage and 
subchondral bone as well as osteocalcin was surveryed in subchondral bone from femur and tibia. *P < 0.05, **P 
< 0.001 compared with sham. #P < 0.05, ##P < 0.001 compared with OA group. ※P < 0.05, ※※P < 0.001 compared 
with T(M). The red arrowhead indicated the expression pattern. The scale bar for TUNEL and PCNA are 50 μm and 
osteocalcin is 200 μm. All rats were n = 8.
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treatment in osteogenic factors such as TGF-β, 
IGF1, BMP2, osteocalcin, and alkaline phos-
phatase [42].

The exact mechanism of ESWT remains un- 
known. Prior studies showed that ESWT may 
act as a mechanotransduction that produced 
biological responses to the target tissues by 
stimulation of the ingrowth of neovasculariza-
tion, that in turn, results in tissue regeneration 
and repair such as osteoarthritis of the knee 
[43]. Other studies also reported that ESWT 
reduced pain and improved function of the 
knee by suppression of substance P positive 
nerve fibers from dorsal neuron ganglion to  
the knee and calcitonin-gene related peptide 
around the knee [20]. The results of the current 
study confirmed that application of ESWT to the 
subchondral bone of the medial tibia yields the 
most effects in the initiation of osteoarthritis of 
the knee. 

ESWT is effective for knee osteoarthritis pre-
vention. In our current study, the effects of 
ESWT application on the medial tibia of sub-
chondral bone was better than lateral and other 
locations in early OA knee of rat. ESWT on sub-
chondral bone significantly improved cartilage 
damage area, BMD value, bone microarchitec-
ture and bone strength. ESWT also reduced 
apoptosis, increased chondrocyte proliferation, 
and regulated bone remodeling through osteo-
calcin. In particular, further investigations into 
the cartilage and bone homeostasis of ESWT 
on medial tibia of subchondral bone in OA knee 
treatment are necessary. 
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