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Abstract

Radial Extracorporeal Shock Wave Therapy (rESWT) is applied as a conservative treatment modality in orthopedics,
yet its effectiveness in addressing aseptic loosening of cementless joint prostheses remains unclear. Through animal
experimentation, we have revealed that in a titanium particle-induced osteolysis rat model, rESWT intervention
significantly increased periprosthetic bone density compared to untreated controls, concurrently reducing
osteolytic lesion area and lowering serum IL-1(3 levels. Histological analyses demonstrated a relative decrease in
osteoclast counts within the treatment group versus non-treated controls. These findings indicate that rESWT,
through mechanisms involving anti-inflammatory actions and suppression of osteoclastogenesis, may serve as a
non-invasive therapeutic strategy for preventing and managing periprosthetic bone loss, demonstrating clinical
potential to delay or eliminate the necessity for revision surgeries.
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Introduction

Osteoarthritis is a common cause of disability world-
wide. Local cartilage damage and inflammatory changes
gradually lead to joint pain, movement disorders and
loss of function [1]. Total joint replacement (TJA) is a
well-established intervention that effectively alleviates
pain and restores motor function in patients suffering
from osteoarthritis [2]. However, research indicates that
the rate of prosthetic revision can reach 10-15% within
a decade following TJA [3-4]. Post-implantation, joint
prostheses are subject to wear, resulting in the release of
micron-sized wear particles that incite chronic inflamma-
tory responses. This process can lead to aseptic loosening
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of the prosthesis due to osteolysis, which is a significant
contributor to the failure of total joint replacements [5—
7]. The disruption of the delicate equilibrium between
osteogenesis and the osteoblastic process is critical in
the pathogenesis of wear particle-induced osteolysis.
Wear particles have been shown to stimulate the release
of pro-inflammatory cytokines from immune cells, such
as IL-1B and TNF-a, while concurrently diminishing
the expression of osteoprotegerin (OPG) in osteoblasts.
This cascade of events promotes the expression of recep-
tor activator of nuclear factor B ligand (RANKL) and
nuclear factor kB (NF-«B), which, through the activation
of nuclear factor of activated T cells (NFAT), enhances
the expression of osteoclast-related genes. This ultimately
triggers the recruitment and maturation of osteoclast
precursors, thereby regulating osteoclast differentiation
and proliferation, which culminates in osteolysis [7—14].
Currently, there are no effective preventive treatments
available, with the only recourse being revision surgery in
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the advanced stages of the condition. However, revision
surgery is often complex, invasive, costly, and associated
with significant postoperative risks and suboptimal long-
term outcomes. Consequently, there remains a pressing
clinical need to investigate novel, cost-effective diagnos-
tic and therapeutic strategies aimed at preventing pros-
thetic aseptic loosening.

Extracorporeal shock wave therapy (ESWT), initially
developed for the treatment of urinary calculi, has been
repurposed as a non-invasive modality for address-
ing musculoskeletal disorders [15]. Evidence suggests
that ESWT is notably effective in treating various bone
and soft tissue conditions, including tendinitis, lateral
epicondylitis, complications related to fracture heal-
ing, bone defects, and osteonecrosis of the femoral head
[16-19]. ESWT has the capacity to activate bone mar-
row stem cells (BMSCs) and facilitate their differentiation
into osteoblasts, while also promoting neoangiogenesis,
enhancing callus formation, and accelerating fracture
healing [20]. Nevertheless, to date, no studies have defini-
tively established whether ESWT can mitigate peripros-
thetic osteolysis induced by wear particles or reduce the
risk of prosthesis loosening following arthroplasty. In this
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investigation, we developed a model of wear particle-
induced osteolysis to examine the effects of ESWT on
inflammatory factor levels, periprosthetic osteolysis, and
the activity and function of bone cells in a rat model. This
study aims to elucidate the inhibitory effects and poten-
tial mechanisms of ESWT on periprosthetic osteolysis,
thereby providing a theoretical and experimental founda-
tion for its clinical application.

Methods
Experimental animals and Materials
A total of thirty healthy male Sprague-Dawley (SD) rats,
approximately 6-8 weeks old, with a body weight of
300+ 20 g, were utilized for this study. All animal experi-
ments received approval from the Laboratory Animal
Ethics Committee of the First Affiliated Hospital of Har-
bin Medical University. The care and treatment of the
experimental animals adhered strictly to the Regulations
on the Management of Experimental Animals established
by Harbin Medical University.

The relevant equipment and materials are listed in
Table 1.

Name of experimental instruments and consumables

manufacturer

The extracorporeal shock-wave therapy apparatus(XY-K-MEDICAL-A)
automatic tissue dehydration apparatus
Paraffin embedding machine

Biological tissue stall chip baking machine
Paraffin slicing machine

Electric heating constant temperature blast drying box
microscope

Microscope camera system

Small animal live imaging system
superclean bench

refrigerated centrifuge

enzyme-labeled instrument

Ultra fine titanium particles

0.9% saline

pentobarbital sodium

carprofen

Dimethylsulfoxide (DMSO)

polyethylene glycol 300(PEG300)

Tween 80

Sodium penicillin for injection

phosphate buffer

absolute ethyl alcohol

dimethylbenzene

4% paraformaldehyde

EDTA decalcifying Fluid

Hematoxylin

Eosin Y water soluble

The TRAP staining kit

Rat IL -13 ELISA Kit

Xiangyu Medical, China
Junjie, China

Junjie, China

Junjie, China

Leica Biosystems, China

Leibo Terry, China

Nikon, Japan

Nikon, Japan

KUBTEC, USA

Thermofisher Scientific, USA
Thermofisher Scientific, USA
Bio-Rad, China

Jinchun Metal, China

SJZ No.4 Pharmaceutical, China
Sanjing Pharmaceutical, China
Aladdin, China

Solaibao, China

Solaibao, China

Solaibao, China

North China Pharmaceutical, China
Solaibao, China

Xilong Scientific, China

Xilong Scientific, China
Solaibao, China

Solaibao, China

Solaibao, China

Xiya Reagent, China
Sevierbio, China

Lianke Biotech, China
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Group Intervention measures Number of animals
Blank control group Distal femur implantation of titanium rod +injection of normal saline 10
Model group Distal femur implantation of titanium rod +injection of titanium particle suspension 10
ESWT treatment grou  Distal femur implantation of titanium rod +injection of titanium particle suspension + ESWT treatment 10
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Fig. 1 A: Photo of titanium rod implantation before the osteolytic rat model was constructed; B: Shock wave treatment site; C: Shock wave treatment

position

Titanium particle Preparation

The titanium particles were shaken and soaked over-
night in 75% ethanol to remove endotoxins. After that,
they were dried through a freezing method. An endo-
toxin detection kit was then used to ensure there was
no endotoxin contamination. The titanium particles
were disinfected by exposure to y - rays (2.5 MR) and
stored at -20 °C. Prior to use, 7.5 mg of titanium particles
were weighed out and added to 1.5 mL of PBS to form a
suspension.

Model construction and experimental grouping for
femoral wear particle-induced osteolysis

The thirty SD rats were randomly assigned to three
groups(Animals were randomly assigned to three groups
(n=10/group) using block randomization, with opera-
tors blinded to group allocation during outcome assess-
ments): a blank control group, a model group, and an
extracorporeal shock wave therapy (ESWT) treatment
group. (Table 2) Construct the animal model according
to the modeling method described in the reference [21].

Prior to the procedures, the rats were weighed and anes-
thetized with an injection of 2.5% pentobarbital sodium
administered via the tail vein at a dosage of 1 ml/kg. A
distal femoral periprosthetic osteolysis model was con-
structed following established methodologies. The right
knee joint of rats was selected for skin preparation, and
then POvidone iodine was selected for disinfection, and
the surgical field of the knee joint was fully exposed after
single placement. The patella was gently displaced to
locate the medial space of the patellofemoral joint. The
knee joint was flexed appropriately, and an incision of
suitable length was made to separate the joint capsule,
surrounding tissue, and skin, thereby accessing the joint
cavity.The patellar eversion was pushed out and dislo-
cated, and then the distal femoral fossa and other fields
were fully exposed. A needle was inserted into the femo-
ral intercondylar socket, positioned 5 mm from the dor-
sal aspect of the femur. Following proper positioning, a
bone tunnel(with a diameter of 1.5 mm and a length
of 1.5 cm) was drilled using an electric drill to ensure
alignment with the long axis of the femur. (Fig. 1) After
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achieving hemostasis, 50 pL of titanium particle suspen-
sion was injected, and pure titanium rods(with a diam-
eter of 1.2 mm and a length of 1.5 cm) were placed to
seal the bone tunnel, followed by hemostasis, reposition
the patella, and suture the joint capsule, tissues, and skin
layer by layer. Postoperatively, 2 mg/kg of carprofen and
6000 U/kg of penicillin were administered for three con-
secutive days to mitigate the risk of infection. On post-
operative days 4, 8, and 12, 0.1 ml of titanium particle
suspension was injected into the knee cavity of all rats,
with the exception of those in the control group, which
received 0.1 ml of isotonic saline. Four weeks post-inter-
vention, blood samples were collected from the main
abdominal artery, and bone tissue was harvested from
the distal femur for subsequent analyses.

Extracorporeal shock wave therapy

Two weeks following the successful establishment of the
osteolysis model, the rats were secured in a specialized
frame to extend the right hind limb, thereby exposing
the knee joint and surrounding tissues, and then apply
the coupling agent. Extracorporeal shock wave therapy
was administered as a form of intervention.Therapeutic
parameters were established with reference to the Chi-
nese Guidelines for Extracorporeal Shock Wave Therapy
in Musculoskeletal Disorders (2023 Edition) and prelimi-
nary experiments. This process revealed that the 0.2 m]/
mm?” protocol achieved optimal balance between osteo-
genic response and inflammatory suppression with-
out causing tissue damage, thereby confirming the final
treatment parameters. The treatment utilized a D15
probe (deep, with a diameter of 15 mm, tolerance + 15%,
energy density of 0.2 mJ/mm?, tolerance +20%, penetra-
tion depth of 7 mm, tolerance +20%, and pulse width of
200 ps, tolerance +10%). The treatment pressure for the
extracorporeal shock wave was set at 1 bar, with a fre-
quency of 5 Hz and a total of 1000 pulses per treatment
session. The treatment site was alternated after every 250
shocks to prevent the occurrence of local hematomas
or skin damage During treatment, attention should be
given to avoid important nerves and blood vessels around
the knee joint. The rats were treated once a day, and the
entire treatment lasted 10—12 min with intervention for 4
weeks (Fig. 1).

Sample collection and processing

Four weeks after shock wave intervention, abdominal
aortic blood and distal femoral bone tissues of rats were
collected for subsequent experiments. First, rats were
anesthetized by intraperitoneal injection of 2.5% pento-
barbital sodium (1 ml/kg). Then, the rats were fixed, lapa-
rotomy was performed to expose the aorta, and 3-5 ml
of arterial blood was collected into an EDTA anticoagu-
lation tube. After setting the centrifuge parameters, the
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abdominal aortic blood was centrifuged, and the super-
natant was aspirated and stored in a —80 °C refrigera-
tor. When using, repeated freeze - thaw cycles should be
avoided to prevent the inactivation of active substances
and reduce experimental result errors.

Rats were euthanized. First, press the rat’s head, lift its
tail, and quickly and forcefully pull it in a direction away
from the center of the body to dislocate the cervical ver-
tebra. After confirming the death of the rat, the entire
femur was completely removed with tissue scissors. Pay
attention to maintaining the integrity of the distal fem-
oral bone tissue where the titanium rod was implanted.
The specimen was immediately subjected to high - reso-
lution CT examination. After the examination, the mus-
cles and soft tissues of the distal femur were removed,
and the femur was cut along the long axis of the femur.
After removing the implanted titanium rod, the tissue
around the implant within 5 mm was sampled again, and
then placed in paraformaldehyde for fixation for 48 h for
subsequent staining.

High-Resolution computed tomography (CT) analysis
Following the fixation of femoral tissue from each rat in
4% paraformaldehyde for a duration of 48 h, high-reso-
lution CT imaging was conducted under the parameters
of 120 kV voltage, 128 mA current, and a slice thickness
of 0.7 mm. The spatial distribution of femoral cancellous
bone and osteolytic changes were examined, and a region
of interest (ROI) was delineated for subsequent evalua-
tion of bone mineral density, which was analyzed using
Image-Pro Plus 5.0 software.

Hematoxylin and Eosin (HE) staining

The femurs from each experimental group were similarly
fixed in 4% paraformaldehyde for 48 h, followed by decal-
cification using EDTA, which allowed for easy penetra-
tion into the bone tissue over approximately eight weeks.
The samples underwent dehydration, paraffin embed-
ding, and sectioning at a thickness of 4 um, after which
they were subjected to HE staining. Osteolytic areas were
assessed in four to five fields, and the extent of osteolysis
was quantified using Image-Pro Plus 5.0 software.

Tartrate-resistant acid phosphatase (TRAP) staining

The femurs from each group were fixed in 4% parafor-
maldehyde for 48 h, followed by EDTA decalcification,
which facilitated easy puncture into the bone tissue over
a period of approximately eight weeks. The samples were
then dehydrated, embedded in paraffin, sectioned to a
thickness of 4 um, and stained for TRAP. Osteolysis was
evaluated in four to five fields, and the number of osteo-
clasts was analyzed and quantified using Image-Pro Plus
5.0 software.
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Enzyme-linked immunosorbent assay (ELISA)

Blood serum samples were collected to quantify the con-
centration of interleukin-1 beta (IL-1P) using a Rat IL-1f
ELISA Kit, following the manufacturer’s instructions.
The optical density (OD) was measured at 450 nm, and a
fitted curve was generated from standard concentrations
to calculate the concentration of the test samples based
on the established formula.

Statistical analysis
Statistical analyses were conducted using Graph-
Pad Prism 6.0 software. Results are presented as

(2025) 20:282

Page 5 of 11

mean + standard deviation (xts). Comparisons among
three groups were performed using one-way ANOVA,
while pairwise comparisons were executed using t-tests,
with a significance threshold set at P<0.05 (¥, P<0.05; **,
P<0.01; ***, P<0.001).

Results

Effects of ESWT on bone cortical thickness and mineral
density

Following a 4-week treatment period, imaging data were
obtained around the distal femur prosthesis using high-
resolution computed tomography (CT) (Fig. 2). The
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Fig.2 High-resolution CT analysis of the periprosthetic BMD in each rat group. A: blank control group; B: model group; C: ESWT treatment group; D: Bone

mineral density in each group per unit area (**, P<0.01;***, P<0.001)
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findings indicated that the bone surrounding the distal
femur remained continuous and intact, exhibiting no sig-
nificant inflammatory responses or signs of osteolysis. In
comparison to the blank control group, the model group
demonstrated reduced bone density in areas of disrupted
bone continuity and osteolysis (P<0.01), suggesting a
detrimental effect of titanium (Ti) particles on the bone
adjacent to the implanted prosthesis. Conversely, in the
ESWT treatment group, the bone around the prosthesis
was continuous and intact, and the bone cortex was rela-
tively thick. Compared with the model group, the ESWT
treatment group had a significantly higher bone density
(P<0.001), and no obvious osteolysis was observed.

IL-1B expression can be suppressed by ESWT

Compared with that in the blank control group, the level
of IL-1B in the model group was significantly greater
(P<0.001), and compared with that in the model group,
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Fig. 3 IL-13 levels in the serum of rats determined via ELISA (* * *, P<0.001)
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the level of IL-1B in the ESWT group was significantly
lower (P<0.001, Fig. 3).

Inhibition of osteolysis and osteoclastogenesis by ESWT

In the model group, there was partial continuity of direct
contact between the prosthesis and bone, with visible
black titanium particles in the surrounding bone. This
area exhibited extensive osteolytic cavities that were
populated by numerous inflammatory macrophages and
osteoclasts (P<0.001), leading to a significant increase
in the osteolysis area (P<0.001). In contrast, the ESWT-
treated group displayed complete and continuous direct
contact between the prosthesis and bone, with only
minor osteolytic cavities surrounding the titanium par-
ticles. This group also showed a reduced presence of
inflammatory cells and a significant decrease in the num-
ber of osteoclasts (P<0.001), as well as a reduction in
osteolysis (P<0.05) (Figs. 4 and 5).
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Fig. 4 The area of periprosthetic osteolysis in each rat group was analyzed via HE staining. A: blank control group; B: model group; C: ESWT treatment
group; D: osteolysis area of each group per unit area (*P<0.05; **P<0.01; ***P<0.001)

Discussion

Joint arthroplasty is a key approach for joint injury and
reconstruction, and despite the increasing popularity
of its clinical use, postoperative complications such as
infections, aseptic loosening and peripheral fractures
still need to be focused on [22]. A retrospective study
revealed that in 23,269 patients who underwent hip revi-
sion, more than 50% of the secondary surgeries involved
aseptic loosening [23].

The bioactive particles released by micromovement
and wear between artificial joint components can pro-
mote osteoclast maturation and differentiation, lead to
osteolysis, and affect the metabolism of osteoclasts and
osteoblasts by triggering an inflammatory response. For
example, bone metabolism is affected by the ability of
macrophages, fibroblasts, osteoblasts and osteoclasts
to synthesize and release chemokines and cytokines,
including IL-1p blasts and TNF-a [7, 24]. Bone metabolic
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Fig. 5 TRAP staining analysis. A: blank control group; B: model group; C: ESWT treatment group; D: number of osteoclasts per unit area in each group

per unit area (*P<0.05; **P<0.01; ***P<0.001)

homeostasis is dependent on the balance between osteo-
clasts and osteoblasts. After joint prosthesis replacement,
wear particles disrupt this balance, leading to increased
bone resorption and decreased bone formation, the
main cause of aseptic loosening of the prosthesis [25].
Reducing osteoclast formation and activity in peripros-
thetic bone tissue through treatment and maintaining
local bone metabolic balance may be a key strategies for
preventing artificial joint loosening. In previous stud-
ies, we reported that inhibiting TNF-a and enhancing

OPG could effectively inhibit the periprosthetic oste-
olysis induced by Ti particles [26-28]. In addition, in
the presence of Ti particles, the expression of NFATc1
in periprosthetic tissue increased significantly, and
inhibiting RANKL could effectively inhibit the expres-
sion of NFATcl and the proliferation and differentia-
tion of osteoclasts [29], indicating that the regulation of
the RANKL/RANK/OPG/NFATcl pathway can effec-
tively prevent wear particle-induced osteolysis and fur-
ther prove the importance of regulating bone metabolic
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homeostasis for the prevention of aseptic loosening of
the prosthesis.

As the drug for the treatment of osteoporosis, bisphos-
phonates can inhibit osteoclast activity, reduce bone
resorption, increase bone density, reduce osteoblast
apoptosis and promote bone formation, with the poten-
tial to prevent or reduce osteolysis [30]. However,
Bisphosphonate drugs have relatively poor medium -
and long - term efficacy [31], and they carry the risks of
increasing the likelihood of atrial fibrillation and bone
fragility [32]. When combined with anti-inflammatory
drugs, a high blood concentration is needed to maintain
the local effective concentration, causing serious side
effects and delaying its application in clinical practice.
Gene therapy has also made some advances in peripros-
thetic osteolysis therapy, but it is still in its early stage and
cannot be used clinically in the short term [33]. There-
fore, finding safe and economical nonsurgical nondrug
treatments to intervene in and treat periprosthetic oste-
olysis remains an urgent clinical problem.

With the increasing application of ESWT in the medi-
cal field, researchers have explored the site of action
and treatment principles, and increasing evidence has
revealed the positive influence of ESWT on the bal-
ance between osteogenesis and osteolysis of bone tis-
sue. ESWT can promote the differentiation of BMSCs
into osteoblasts through the MAPK signaling path-
way and can inhibit the proliferation of osteoclasts and
reduce bone resorption [34—-36]. Moreover, the expres-
sion of ERK and P38 was significantly increased in some
bone defect areas, and an obvious osteogenesis process
occurred, which promoted bone formation [37]. Stud-
ies have shown that high-energy extracorporeal shock
wave therapy (ESWT) can be used at the interface
between muscle and bone. Due to differential acoustic
impedance, energy pulses act on bone tissue, stimulate
the biosynthetic response of cancellous bone and corti-
cal bone, activate mesenchymal stem cells, enable them
to transform into osteoblasts, and accelerate the growth
of bone tissue [38]. On the other hand, appropriate-
strength ESWT (0.08 mJ/mm?, 500 times) inhibited the
transcriptional activity of NFATcl and the differentia-
tion of mature osteoclasts and bone resorption through
the regulation of c-fos gene expression [39]. Of course,
extracorporeal shock wave is not completely without side
effects. Any treatment method needs to be applied within
an appropriate range. Moreover, different treatment
energy flux densities and frequencies of shock waves can
also have a significant impact on the treatment effect.
In an animal experiment, Martini et al. [40]. measured
the cell number and cell viability at 24 h and 48 h after
using different energy flux levels. It was found that com-
pared with the control group, the high - energy flux level
group showed cell damage and a general decrease in cell
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metabolism, while the control group showed an increase
in cell metabolism. Therefore, for various diseases in dif-
ferent parts of the body during shock wave treatment,
appropriate parameters should be selected.

The present study first confirmed via high-resolution
CT analysis that ESWT could decrease the occurrence
of titanium particle-induced periprosthetic osteolysis
around the distal femur in rats. Moreover, ESWT also
increased the periprosthetic BMD in the osteolysis
model, which is consistent with the conclusion of Shi et
al. [41], who reported that high-energy ESWT (0.28 m]/
mm?2, 4 Hz, 4000 times) was better at improving the local
BMD, demonstrating the potential of ESWT in treat-
ing periprosthetic osteolysis. ESWT helps reduce the
serum IL-1f levels caused by wear particles and sup-
presses systemic inflammation. As observed by staining,
ESWT reduced the number of osteoclasts and macro-
phages within the area of osteolysis, probably because it
reduced the level of inflammation and inhibited the dif-
ferentiation of osteoclasts, thereby inhibiting osteolysis.
ESWT may also act directly on bone marrow-derived
macrophages to prevent their differentiation into osteo-
clasts. However, this study has several limitations: Only
titanium particles were studied, while the wear particles
generated by prostheses in clinical settings also include
polyethylene, ceramic particles, etc.; the therapeutic
effect of ESWT on titanium particle-induced osteolysis
was preliminarily explored, but the osteogenic effect was
not verified at the protein level, and the ability of ESW'T
to inhibit the osteoclastic differentiation of BMSCs was
not evaluated. Although the inhibitory effect and under-
lying molecular mechanism of ESWT on osteolysis at the
in vivo level have been defined, the influence and regula-
tory mechanism of ESWT on BMSCs, BMMs and osteo-
clasts at the cellular level still need further investigation.
Meanwhile, in the experiment, we only took into account
the osteolysis near the body of the prosthesis. However,
in actual clinical situations, prostheses are not merely rod
- shaped structures. Therefore, this experiment still has
certain limitations. Moreover, subsequent investigations
should systematically address these constraints to estab-
lish a robust theoretical foundation that facilitates early-
stage clinical application of rESWT in preventing wear
particle-induced periprosthetic osteolysis.

Conclusion

Radial Extracorporeal Shock Wave Therapy (rESWT) sig-
nificantly attenuated titanium particle-induced peripros-
thetic osteolysis in a rat model, as evidenced by reduced
serum IL-1B levels and decreased osteoclast density.
These findings highlight rESWT’s dual mechanism of
suppressing inflammatory cascades and osteoclastogen-
esis, providing a non-invasive therapeutic strategy to
prolong prosthetic implant longevity. In clinical practice,
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rESWT could be integrated into postoperative manage-
ment protocols to mitigate risks of aseptic loosening,
thereby potentially reducing revision surgery rates.
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