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Abstract

Focused high‐energy extracorporeal shockwave therapy (fhESWT) is used to improve

fracture healing in cases of nonunion. In addition, it has been shown to have direct

antibacterial effects. We evaluated fhESWT as an adjunct to conventional treatment in a

clinically relevant rabbit model of fracture‐related infection (FRI). A humeral osteotomy

in 31 rabbits was fixed with a seven‐hole locking compression plate. FRI was established

with a clinical Staphylococcus aureus isolate. After 2 weeks, a revision surgery was

performed with debridement, irrigation, and implant retention. Rabbits then received: no

further treatment (controls); shockwaves (4000 impulses with 23 kV at days 2 and 6

after revision); systemic antibiotics (rifampin and nafcillin); or the combination of

antibiotics and shockwaves. Treatments were applied over 1 week. Blood cultures were

taken before and after shockwave sessions. After another week without treatment,

rabbits were euthanized and quantitative bacteriology was performed on implants and

tissues to determine infection burden. Indicator organs (brain, heart, liver, lungs, kidneys,

and spleen) were cultured to assess possible bacteremia. All the rabbits were infected at

revision surgery as determined by the bacteriological culture of debrided materials.

fhESWT in combination with antibiotic treatment lowered the bacterial burden 100‐fold
compared with antibiotic treatment alone in all samples (P = .38). This effect was most

prevalent for the implant sample (P = .08). No significant effect was seen for fhESWT

alone compared with untreated controls. No signs of bacteremia occurred in blood

cultures and organs. fhESWT appears safe and could be a helpful adjunct to conventional

treatment in certain difficult‐to‐treat FRIs.
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1 | INTRODUCTION

Fracture‐related infection (FRI) is one of the most feared complications

in orthopedic trauma surgery, which can lead to failure to heal and
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nonunion of the fracture. Despite best practice in prophylactic antibiotic

therapy, infection rates still reach up to 5% in closed fractures and 30%

in open fractures.1-6 Modern prophylactic approaches such as anti‐
infective coatings on implants might decrease the infection rate in high‐
risk situations such as open fractures.7

However, once FRI is established, conventional treatment

comprising of surgical debridement and prolonged systemic antibiotic

therapy fails in approximately 10% to 30% of patients.8,9 Additional

strategies are, therefore, needed to improve treatment.

Focused high‐energy extracorporeal shockwave therapy

(fhESWT) has been shown to enhance bone healing due to osteo‐
and angio‐inductive effects in animal models10-12 and in human

clinical studies for treating cases of fracture nonunion with success

rates ranging from 70% to 90% after 6 months.13-17 At the present

time, acute FRI is regarded as contraindication for fhESWT due to

fear of inducing bacteremia.13,18-20

fhESWT has been shown to have antibacterial effects in vitro21,22

and in simple rat models of osteomyelitis.23,24 The mechanism behind

this phenomenon is still unknown, yet bacterial membrane disruption

was excluded as an explanation.22 Any direct antibacterial effect of

fhESWT could be beneficial as an adjunct to debridement and systemic

antibiotics in the treatment of FRI. Moreover, fhESWT has been shown

in a rabbit model byWang et al11 to improve vascularity, and this could

facilitate antibiotic penetration into infected tissue, and in addition,

improve bone healing. Therefore, contrary to current clinical concerns,

fhESWT may act as an adjunctive treatment alongside conventional

antibiotic treatment in acute FRI by increasing antibiotic penetration to

the site of infection and through direct antibacterial activity.

In the present study, our aim was to study the effect of fhESWT

in a well‐established rabbit model of FRI. fhESWT was evaluated as a

stand‐alone treatment, as well as in combination with systemic

antibiotic therapy. Control groups received either systemic anti-

biotics alone or no treatment after debridement. The primary

outcome measure was infection burden at euthanasia. The secondary

outcome measure was bacteriaemia after shockwave therapy.

2 | METHODS

The study was approved by the ethical committee of the canton of

Grisons in Switzerland (approval number GR 14_2018). All procedures

were performed in an Association for Assessment and Accreditation of

Laboratory Animal Care International approved facility and according to

the Swiss animal protection law and regulations.

2.1 | Animal model and study design

The animal model applied was a modification of the contaminated

plate model by Arens et al.25 It comprises a mid‐diaphyseal
osteotomy of the rabbit humerus, created with a 0.44‐mm Gigly

saw (RISystem, Switzerland). Humeral fixation was achieved with a

seven‐hole locking compression plate (LCP) and six 2‐mm locking

screws. The osteotomy was located directly underneath the unused

central combi‐hole. Inoculation was then performed by pipetting

three separate 34 μL injections of a freshly prepared bacterial

suspension of a clinical strain of Staphylococcus aureus onto the

central screw hole overlying the osteotomy and to the adjacent

proximal and distal screw holes (prepared as described below). The

number of bacteria was chosen based on previous studies where it

was found to result in a 100% infection rate.25 Postoperative

radiographs of the operated limb were taken in anteroposterior and

lateral view to assure adequate fixation and further radiographs

taken once a week thereafter for the remainder of the study.

In a modification to the original model,25 we performed a revision

surgery after 2 weeks of observation, during which time the infection

developed without any intervention. Revision comprised of debride-

ment and irrigation with implant retention. Each layer was debrided

systematically down to the level of the bone (Figure S1). Visible

necrotic tissue was removed, and only viable tissue remained. Viable

muscle tissue was assessed using the classic 4Cs: red color,

consistency, capillary circulation, and contractility. Irrigation was

then performed with 100mL of standard saline solution NaCl 0.9%

and low pressure (bulb syringe, pressure < 15 psi, 103.4 kPa).

Debrided tissue (subcutaneous tissue, muscle/fascia, and bone) and

irrigation fluid were collected separately for quantitative microbiol-

ogy in order to quantify the bacterial burden and to confirm all

rabbits were indeed infected prior to commencement of any

treatment.

Rabbits were randomly assigned to four groups after revision

surgery (see Figure 1): group 1: control group (no further

treatment, n = 7), group 2: fhESWT group (two sessions at days 2

and 6 after revision, n = 8), group 3: antibiotics group (systemic

nafcillin and rifampin for 1 week after revision, n = 8), group 4:

combined group (fhESWT at days 2 and 6 + systemic nafcillin and

rifampin for 1 week; n = 8). The control group was formed by seven

rabbits compared with eight rabbits in the intervention groups.

This was accepted because results in the control group were

consistent. The rabbits were euthanized 2 weeks after revision

(4 weeks after initial surgery and inoculation), allowing for 1 week

of antibiotic washout.

2.2 | FhESWT settings and application

FhESWT was applied on days 2 and 6 after revision surgery. Rabbits

were sedated, placed in supine position, and received earplugs (rolled

sterile gauze swabs). The fur was shortened with a clipper and the

plate was palpated through the skin. The location of the plate and the

central combi‐hole (location of osteotomy) was marked with a

surgical pen. Ultrasound gel was applied to allow coupling. The

fhESWT machine (LithoSpace Ortho; Jena Medtech) was placed next

to the operation table with the flexible therapy head directed onto

the fractured limb in anteroposterior direction (Figure 2). The water

cushion of the therapy head was then filled so that the focus of the

shockwaves lied directly in the osteotomy area. Treatment was
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F IGURE 1 Outline schematic of study design. Four groups of rabbits receive an initial surgery with humeral osteotomy, plate fixation and

inoculation of Staphylococcus aureus. All the rabbits (n = 31) develop infection over 2 weeks. After a revision surgery (debridement, irrigation,
and implant retention) systemic antibiotics and focused high‐energy shockwave therapy are tested either alone or in combination against a
control group that receives no further treatment. ESWT, extracorporeal shockwave therapy [Color figure can be viewed at

wileyonlinelibrary.com]

F IGURE 2 Experimental setup during fhESWT. A, Shockwaves applied in anteroposterior direction in order to reach the osteotomy gap, as

the plate shields the area underneath. B, Rabbit in sedation is placed in supine position. fhESWT machine (LithoSpace Ortho; Jena Medtech)
stands next to the operation table with therapy head aiming at the osteotomy. C, Application of 4000 impulses at 4 Hz with 23 kV. D, Petechia
at the target area after fhESWT application (arrow). *, incision from previous surgery; fhESWT, focused high‐energy extracorporeal shockwave

therapy [Color figure can be viewed at wileyonlinelibrary.com]
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performed with 4000 impulses perpendicular to the skin from

anterior to posterior, so that shockwaves reached the osteotomy

(Figure 2). The settings were: energy flux density 0.4mJ/mm2, 23 kV,

and 4Hz.

2.3 | Blood cultures

Blood cultures were taken 30minutes before and after the

shockwave session and before euthanasia. The skin was prepared

with alcoholic disinfectant and then 0.5 to 1mL of full blood was

taken from the ear vein directly into preautoclaved and labeled

Eppendorf vials. The resulting blood clot was transferred into a

Falcon tube with 15mL of sterile TSB (Oxoid Ltd, Basingstoke,

England) and incubated for 24 and 48 hours. Then, 200 μL were

plated onto blood agar and selective mannitol salt agar plates for

quantitative bacteriology.

2.4 | Antibiotic administration

Antibiotics were administered for seven full postoperative days,

starting on day 1 postrevision surgery with Nafcillin (SC 4 × 40mg/

kg/d) and Rifampin (po 2 × 40mg/kg/d). Rifampin was administered

orally mixed with food supplement (Critical Care).

2.5 | Animals

In total, 31 skeletally mature specific‐pathogen‐free female New

Zealand White rabbits (Charles River, Germany) between 28 and

39 weeks of age and a mean bodyweight of 4.11 ± 0.74 kg were

included. All animals were screened prior to entry into the study

and found to be healthy after standard clinical examination.

Approved animals were then allowed to acclimatize to their

surroundings for 2 weeks prior to the start of the study. During

this time, they were group‐housed with a 12‐hour dark/light cycle,
fed with hay, lettuce, and supplemental feed for rabbits (Biomill,

Switzerland). Rabbits were randomized into four treatment

groups and surgeons were blinded during the whole study period

in order to minimize the effects of subjective bias. After surgery,

the animals were single‐housed until the end of the observation

period.

2.6 | Implants

The seven‐hole LCP and locking screws were made of electropolished

stainless steel and are commercially available for human medicine

(plate: 52mm long, straight, seven‐hole, 2.0 mm LCPs, catalog

number: 247.347; screws: 2.0 mm diameter, catalog number:

201.360.97‐201.364.97; DepuySynthes, Somerville, NJ). All LCPs

and screws were steam autoclaved before surgery.

2.7 | Exclusion criteria and euthanasia

Exclusion criteria were set as described by Arens et al25 at a weight

loss exceeding 15% of the initial body weight within 2 weeks, local

infection with severe lameness, persistent swelling, and discharge or

signs of systemic infection such as fever, depression, and anorexia. In

addition, postoperative peri‐implant fracture of the operated bone,

and infection‐free status at revision were additional exclusion

criteria. After the observation period, all animals were humanely

euthanized using intravenously administered pentobarbital (Esconar-

kon; Streuli Pharma AG, Switzerland).

2.8 | Quantitative bacteriology

A clinical S. aureus strain (JAR060131), isolated from a patient with

an infected hip prosthesis, was used in the present study.26 The strain

is broadly antibiotic susceptible (including nafcillin and rifampin)

except for resistance to penicillin. It is available at the Swiss Culture

Collection, with accession number CCOS 890. The bacterial inocula

were individually prepared in phosphate‐buffered saline solution

(PBS; Sigma‐Aldrich, Switzerland) for each surgery as previously

described.27 The quantitative culture of each inoculum was

performed immediately after preparation to check the accuracy of

the prepared inoculum. The target average colony‐forming unit (CFU)

count was 2.0 × 106, with an acceptable range of 9.0 × 105 to

3.0 × 106.

Postmortem quantitative bacterial cultures were performed in all

animals for the soft tissue adjacent to the plate, the implants and the

humerus in three separate assessments according to the protocol

previously described.25 In addition, any abscesses that were found in

soft tissue not directly adjacent to the plate were also separately

collected and assessed for quantitative bacteriology. Bacterial

growth was checked to determine if it was S. aureus by latex

agglutination test (Staphaurex; Thermo Fisher Scientific).

2.9 | Organ harvesting

Rabbits were dissected with sterile instruments. Brain, heart, lung,

liver, kidney, and spleen were harvested separately, and samples

were transferred into glass vials containing sterile PBS. After

homogenization of the organs, 200 µL of the sample was placed on

blood agar plates and incubated at 37°C for 24 hours. S. aureus

growth was confirmed with latex agglutination test (Staphaurex Plus;

Remel Inc, Lenexa, KS).

2.10 | Statistical analysis

Results are presented as means of each group with the standard error

of the mean. Normally distributed data were analyzed by a one‐way
analysis of variance, followed by Tukey’s range test. In the case of
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nonnormal distribution Kruskal‐Wallis test and Dunn’s correction were

performed. In all cases, significance was set at P < .05. Prism 7 software

was used for all statistical tests (GraphPad Software Inc, La Jolla, CA).

3 | RESULTS

3.1 | Animal welfare

All 31 rabbits included in this study tolerated the surgeries, the

antibiotic administration, and the fhESWT sessions. No rabbits had to

be excluded from the study. Rabbits receiving fhESWT showed no

sign of pain or discomfort during or after the application. Small

petechia appeared as expected and confirmed the application of the

shockwaves at the correct target area (Figure 2). There was no sign

of wound breakage or delayed wound healing in these rabbits.

All rabbits experienced weight loss, with a maximum of 15% after

2 weeks, although differences between the groups were not

significant. The body temperature in all rabbits was within the

normal range throughout the study (38.3°C‐39.5°C) (data not shown).

3.2 | Microbiology

Inocula ranged from 1.45 × 106 CFU to 3.74 × 106 CFU (mean

2.15 × 106 CFU). As expected from previous studies,27 infection with

S. aureus was established in all animals with this inoculum. At the

revision surgery after 2 weeks (prior to any treatment), all debrided

material and irrigation fluid from the groups revealed high bacterial

counts that were confirmed as S. aureus with no differences in burden

between the groups (Figure 2).

At euthanasia, all animals from the control group were still infected

and almost all samples had high bacterial counts. Rabbits receiving

fhESWT were also all infected and displayed similar high bacterial

burden (total CFU: control: 2.60 × 107 vs fhESWT: 1.87 × 107CFU/mL).

Both the group receiving systemic antibiotics alone and the group

receiving antibiotics in combination with fhESWT, showed a significant

decrease of total bacterial load (P= .0008 each), and a reduced infection

rate compared with the control group, although there were no

differences between these two treatments (Figure 3). Treatment with

systemic antibiotic therapy over the course of 1 week achieved a

significant reduction of bacteria in our model in all investigated samples

but did not result in complete eradication in all animals. The total CFU

count of all samples was lower when antibiotics and fhESWT were

combined, compared with antibiotics only (4.44 × 104 vs 1.09 ×103CFU/

mL). However, this difference was not significant (P= .38). With regard to

the different samples bacterial burden was lower in every sample when

fhESWT was combined with antibiotics, with the greatest impact on the

implant sample (implant: 1.4 × 103 vs 13CFU/mL, P= .08; soft tissue:

3.6 × 102 vs 0CFU/mL, P= .3; bone: 4.2 × 104 vs 1.08 ×103CFU/mL,

P= .4) (Figure 3). A comparison of bacterial load between groups in the

bone, soft tissue andimplant is shown in Figure 4.

3.3 | Blood cultures and organ harvesting

All blood cultures taken before and after the shockwave sessions

were culture negative for S. aureus. Harvested organs resulted in

F IGURE 3 Colony‐forming units (CFU) of Staphylococcus aureus in the four study groups at three different time points: first bar: CFU in the
initial inoculum that rabbits receive after osteotomy and fixation, second bar, CFU in the debrided material and irrigation fluid retrieved during
revision surgery and finally in the third bar, postmortem CFU in the soft tissue, bone, and on the implants. Data are expressed as means and

standard error of the mean. *P < .05. ESWT, extracorporeal shockwave therapy
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bacterial growth in 36% of the samples. Especially in the lung, a

heterogenous bacterial spectrum was detected. However, all colonies

were found to be negative with the S. aureus latex agglutination test.

4 | DISCUSSION

FRI is one of the most feared complications in orthopedic trauma surgery

as it can lead to fracture nonunion, significant bone loss and protracted

treatment protocols. FRI requires stability,28 meaning implants often

cannot be removed completely in revision surgery but have to be

retained or at least exchanged by temporary implants. The implant,

however, facilitates biofilm formation, thus impeding curative antibiotic

treatment.28 In fact, conventional treatment often fails, with relapsing

infections in 10% to 30%,8,9 with biofilm believed to be largely

responsible for this. fhESWT was shown to have direct antibacterial

effects20,29 and osteo‐ and angioinductive effects.13-17 These properties

could facilitate antibiotic penetration into infected tissue and allow earlier

implant removal after bone healing, making this a promising candidate for

supplementary treatment. However, at the present time, acute infection

is regarded as a contraindication for ESWT since tissue damage and

microlesions might be a risk for bacteremia and potentially sepsis.13,20

In our model, the combination of fhESWT and systemic antibiotics

(rifampin and nafcillin) resulted in an average 100‐fold reduction of total

CFU compared with antibiotic treatment alone. Although not statisti-

cally significant, a bacterial reduction was found across all three

different samples (soft tissue, bone, implant). The reduction of bacteria

on the implants was most significant (1.4 × 103 vs 13CFU/mL, P = .08).

This effect on the implant is of special interest as it suggests that

shockwaves might facilitate in situ eradication of biofilm on foreign

bodies. This aspect warrants further investigation, particularly for cases

where implant retention is required.

In our model, we did not find bacterial spreading into the blood due

to the application of shockwave directly into the infected area. All blood

cultures and harvested indicator organs were culture negative for

S. aureus despite the high intensity and amount of impulses. This finding

is consistent with Gollwitzer et al,19 who also could not find any sign of

bacterial spreading due to fhESWT in a rabbit model of chronic

osteomyelitis. However, in that model, the energy of the shockwave was

lower (0.3 vs 0.4mJ/mm2) with less impulses (1500 vs 8000) and it

lacked the creation of an osteotomy. Therefore, our new data further

extend the indication that shockwave therapy may not be a risk for

bacteremia, even when given with higher energy/impulses.

The timing of shockwaves at days 2 and 6 was based on the clinical

situation, since human patients are commonly hospitalized for at least

10 days to receive IV antibiotics. Taking into consideration that fhESWT

sessions require general anesthesia, it appears feasible to organize two

sessions (45minutes each) and not more within this timeframe.

Additional treatments could, in theory, increase the impact fhESWT

may have on treating an infection, but such further applications may not

be clinically achievable. Previous in vitro studies by Gerdesmeyer et al.

demonstrated exponential increase in bacterial killing with increasing

impulses and energy level.22 The application of 4000 impulses at

0.59mJ/mm2 significantly reduced CFU count of S. aureus to 60% under

growth‐promoting conditions. In our in vivo model fhESWT alone,

although applied twice (8000 impulses in total) had no effect on

bacterial growth without additional antibiotics as measured at

euthanasia. Only in the “soft tissue” and “implant” sample were CFU

counts lowered on average by factor 100 and 10, respectively (Figure 4).

However, there was a huge variation across results and these

differences were not significant. Antibacterial effects due to fhESWT

alone without antibiotics appear to have no relevant effect in our model.

Our finding supports previous work from Inanmaz et al,23 who

also showed in an experimental rat model of implant‐related
osteomyelitis that fhESWT alone was not able to reduce CFU counts.

In that study, the combination of fhESWT with teicoplanin

significantly lowered bacterial burden compared with animals that

received teicoplanin only. However, in that study, the femoral

implant (K‐wire) was removed before the treatment began, rendering

this model not ideal to resemble the clinical case of acute FRI, or

cases where the implant must be retained.

Preclinical infection models that have an osteotomy, bone defect

or fracture are much more difficult to treat. Possible reasons are a

lack of stability, damaged and necrotic tissue, and impaired

F IGURE 4 Colony‐forming units (CFU) of S. aureus in the four study groups after euthanasia in three different samples. A, Soft tissue. B,
Bone. C, Implant (plate and screws). Data are expressed as means and standard error of the mean. *P < .05. ESWT, extracorporeal shockwave

therapy
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vascularity at the bone defect.28 Thus, therapies that eradicate

infection in simpler models can fail when a bone defect is present.

In our model, the application of a clinically relevant antibiotic regimen

(teicoplanin is used as reserve antibiotic) and using a model with implant

retention, offers greater clinical relevance to the present data.

Another study by Qi et al24 demonstrates that the combination of

gentamicin and fhESWT in a rat model is more effective than the use of

both treatments alone. The implant is in fact retained during fhESWT in

this model and 4 weeks of peritoneal gentamicin are administered, but

the model lacks the creation of a complete osteotomy and sufficient

stable osteosynthesis. The stabilization of the fracture is of utmost

importance since instability of the fracture promotes infection.28,30

Implant retention in this model could be a reason for failed

treatment success, as S. aureus rapidly forms biofilm on foreign

bodies and could potentially evade the immune system and

conventional treatment.31 However, the size of the rabbit humerus

does not allow exchange of the plates and screws without risking the

creation of additional fractures. Furthermore, from the clinical

perspective, 2 weeks after fracture fixation this would be deemed

as an “early” FRI, where biofilm is regarded to be immature and

suitable for debridement and systemic antibiotic treatment.32

Compared with the striking effect, the antibiotic treatment had

alone on lowering the bacterial burden, the potential additional

effect of fhESWT was not as pronounced. The clinical benefit of

fhESWT in the treatment of FRI could, in any case, extend beyond

infection control and influence bone healing. This was not an

outcome measure in this study, as we first wanted to determine

the effect soon after treatment, rather than let the osteotomy

progress for many weeks without treatment where the immediate

effects could be lost. In order to determine if fhESWT can have an

influence on fracture healing after FRI needs a different study design.

5 | CONCLUSION

FhESWT displayed a consistent trend of reducing bacterial numbers

in all tested tissues and on the implant but was not sufficient to be

statistically significant in this in vivo rabbit model. In certain difficult‐
to‐treat infections, the addition of fhESWT might be beneficial,

particularly in cases where the implant needs to be retained since

fhESWT seemed to have the greatest effect against biofilm on the

surface of the implant. Importantly, fhESWT appears to be safe in this

model as no signs of bacteremia occurred. These experimental results

cannot be directly generalized to human medicine, but they can give

an idea of what effect size one can expect with this intervention.
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