
Injury, Int. J. Care Injured xxx (2016) xxx–xxx

G Model

JINJ-6681; No. of Pages 8
Extracorporeal shockwave therapy (ESWT) ameliorates healing of
tibial fracture non-union unresponsive to conventional therapy

Nicolas Haffner a, Vlado Antonic b, Daniel Smolen d,e, Paul Slezak d,e, Wolfgang Schaden c,d,e,
Rainer Mittermayr c,d,e,*, Alexander Stojadinovic f,g

a Orthopaedic Hospital Gersthof, Vienna, Austria
b University of Maryland School of Medicine, Department of Radiation Oncology, Division of Translational Radiation Sciences, Baltimore, MD, United States
c AUVA Trauma Center Meidling, Vienna, Austria
d Ludwig Boltzmann Institute for Experimental and Clinical Traumatology, Vienna, Austria
e Austrian Cluster for Tissue Regeneration, Vienna, Austria
f Uniformed Services University for Health Sciences, Bethesda, MD, United States
g Bon Secours Cancer Institute, Richmond, VA, United States

A R T I C L E I N F O

Article history:

Accepted 11 April 2016

Keywords:

Non-union

Pseudarthrosis

Tibia

Extracorporeal shockwave therapy

ESWT

A B S T R A C T

Tibial non-unions are common cause of demanding revision surgeries and are associated with a

significant impact on patients’ quality of life and health care costs. Extracorporeal shockwave therapy

(ESWT) has been shown to improve osseous healing in vitro and in vivo. The main objective of present

study was to evaluate the efficacy of ESWT in healing of tibial non-unions unresponsive to previous

surgical and non-surgical measures. A retrospective multivariant analysis of a prospective open, single-

centre, clinical trial of tibia non-union was conducted. 56 patients with 58 eligible fractures who met the

FDA criteria were included. All patients received 3000–4000 impulses of electrohydraulic shockwaves at

an energy flux density of 0.4 mJ/mm2 (�6 dB). On average patients underwent 1.9 times (�1.3 SD)

surgical interventions prior to ESWT displaying the rather negatively selected cohort and its limited therapy

responsiveness. In 88.5% of patients receiving ESWT complete bone healing was observed after six months

irrespective of underlying pathology. The multivariant analysis showed. Patients achieving healing received

ESWT earlier: mean number of days between last surgical intervention and ESWT (healed – 355.1

days � 167.4 SD vs. not healed – 836.7 days � 383.0 SD; p < 0.0001). ESWT proved to be a safe, effective and

non-invasive treatment modality in tibial non-unions recalcitrant to standard therapies. The procedure is

well tolerated, time-saving, lacking side effects, with potential to significantly decrease health care costs.

Thus, in our view, ESWT should be considered the treatment of first choice in established tibial non-unions.

� 2016 Elsevier Ltd. All rights reserved.
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Introduction

Non-unions of the tibia are a common cause for challenging
revision surgery in traumatology. Reaching an incidence of almost
one-third of long bone fractures, tibia is the most commonly
fractured among this entity and with a 2.5% combined prevalence
also the most frequent long bone non-union [1–4]. Definition of
tibia non-unions is still controversial and frequently discussed in
the literature. Authors used many different classifications to
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distinguish delayed osseous healing from non-unions which
significantly hampers the outcome comparisons between different
studies.

According to the definition of worldwide recognised agencies,
including but not limited to The Food and Drug Administration [5],
a non-union is evident, when a fracture fails to demonstrate
cortical continuity despite operative and non-operative interven-
tions over a period of nine or more months and fails to demonstrate
any radiographic signs towards osseous healing within the last
three months of the follow up. This broad definition of non-union,
found in contemporary, peer reviewed literature, as well as some
health insurance agencies, is criticised because of an arbitrary cut
off time point that fails to take into account any biological and
clinical relevant aspects of bone healing. These include the degree
kwave therapy (ESWT) ameliorates healing of tibial fracture non-
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of soft tissue damage, fragment alignment, vascularity, and quality
of the remaining bone stock. Acknowledging this criticism, we
applied the current and generally accepted definition of non-
unions for this study, in the absence of a more precise
characterisation.

Non-unions are a remarkable burden to both individuals and
their families as well as healthcare system and government.
Patients’ inability to walk significantly impairs their quality of life,
affects their working capacity and everyday activities. Moreover,
the socio-economic burden to healthcare system, of tibia non-
unions is significant, reaching over $50,000 per patient in
accumulated costs (direct and indirect costs) [6]. Due to
discrepancies in direct and indirect costs reported to the relevant
health care systems, however, makes comparative analysis of
expenses in different countries difficult to conceive. Nonetheless,
in sequence to relieve patients and the community in an equal
amount there is a compelling necessity in effective and economic
treatment modalities.

The causes of non-unions have been shown to be multifactorial
including local conditions, such as fracture morphology (closed
versus open, single versus comminuted), local changes in homeo-
stasis such as inadequate blood supply, periosteal stripping,
fracture distraction and trauma-associated enveloping soft tissue
damage and systemic factors such as infection, smoking or
inadequate calorie intake which all may contribute to an
unfavourable outcome. Additionally, failure to sufficiently immo-
bilize the fracture is important contributing factor in the
development of tibia non-unions [1,7–11].

Given that non-unions typically have lost the endogenous
potential to heal without further intervention, many surgical
treatment options were introduced to achieve bony union in a
timely manner. Available techniques consist of intramedullary
nailing, exchange reamed nailing, and compression plating to
address fracture stability and autologous bone grafting as an
adjunct osteoinductive and -conductive mean. Furthermore,
external fixation systems (e.g. Illizarov technique) are feasible
treatment options [12]. However, the invasiveness inherent to
each surgical intervention potentially complicates healing and
therefore may negatively interfere with outcome. In particular,
the high incidence of donor site morbidity after autologous bone
graft harvesting (e.g. from the iliac crest) considerably affects
patients’ quality of life [13]. Recombinant osteogenic growth
factors such as bone morphogenetic proteins (BMP) [14–16],
low intensity pulsed ultrasound (LIPUS) [17–20] or the
application of pulsed electromagnetic fields (PEMF) [20–23]
have either shown inconsistent results or an unreasonable cost
to benefit ratio.

Extracorporeal shock wave therapy (ESWT) has shown to be a
promising approach to successfully treat non-unions (and other
musculoskeletal diseases), reaching success rates equal to
surgery, but with a significantly better functional short term
outcome [2,24–30]. Moreover, ESWT is completely lacking serious
adverse events [26,28,30]. Other than the clinical efficacy of
extracorporeal shockwave application, extended basic research
activities exhibit essential cellular and molecular mechanism
potentially involved in ESWT. Via a mechanism known as
mechanotransduction [31] shockwaves are transduced into
biochemical signals affecting multiple endogenous pathways.
To illustrate, ATP triggered ERK1/2 pathway activation improves
cell proliferation and wound healing [32,33], and modulation of
the inflammatory process via TLR3 [34] and other molecular
signals [35,36] seem to accelerate wound healing. Biological
responses induced by ESWT include angio- and lymphogenesis
[36–43]; recruitment, proliferation and differentiation of endog-
enous stem cells [42,44–47]; osteogenesis [48–53]. All of these are
essentially involved in the initiation of the healing response, thus
Please cite this article in press as: Haffner N, et al. Extracorporeal shoc
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implicating ESWT as a highly effective modality due to its
multisided target systems.

The main objective of the present research was to further
investigate the clinical potential of ESWT in the treatment of tibia
non-unions. Here, we conducted a retrospective analysis of a
prospective open clinical trial of 56 patients, with 58 eligible
fractures (irrespective of the aetiology of the fractures) using
success of healing at six months post treatment as the primary
outcome.

Material and methods

We conducted a retrospective multi-variant analysis of an open
prospective, single armed clinical study to investigate the
effectiveness of ESWT in the treatment of tibial non-unions. The
study was approved by the institutional (AUVA) ethical committee,
Vienna, Austria.

Definitions

According to the definition of non-union, in our local
institution as well as worldwide recognised agencies including
but not limited to The Food and Drug Administration, United
States Department of Health and Human Services Technology
Assessment of bone growth stimulating devices, non-union is
established when a [1] fracture fails to demonstrate cortical
continuity despite operative and non-operative interventions for
a period of 9 or more months; and, [2] fracture fails to demonstrate
any sign of healing on radiographic assessment of the fracture in
the following 3 months. According to this definition, a non-union
fracture will NOT heal on its own without further therapeutic
intervention. In the absence of a more precise definition, we
applied the current and generally accepted definition of non-
union for this study. Therefore, the inclusion criteria for this study
included patients with fractures of the tibia that had failed to
respond to any previous treatment for a period exceeding 9
months after trauma, and lacking radiological signs of osseous
healing for the following period of 3 months, who were referred to
the AUVA-Trauma Center by attending orthopaedic surgeons for
consideration of alternative treatment.

The primary endpoint for this study is healing of the tibia non-
union at 6 months after enrolment and ESWT.

Demographics

During the period September 2005 to December 2009, 56
patients suffering from 58 tibial non-unions who were referred to
the AUVA Trauma Center Meidling, Vienna, Austria, and met the
FDA criteria for non-unions. Patients provided informed written
consent to participate in the study prior to enrollment. Patients of
both genders ageing between 15 and 85 years old at the time of
initial presentation for ESWT were included in the study. After
enrollment, patients received ESWT according to a pre-deter-
mined schedule and were followed-up for a minimum period of 6
months.

Assessment of tibia non-union

All initial fractures occurred as a consequence of non-
surgical trauma. Fracture non-union was clinically defined as a
painful weight bearing as well as pressure soreness over the
fracture. Radiologically, non-unions were characterised. In
almost all cases an additional CT-scan was performed to
precisely evaluate the non-union. Taking into account anatomi-
cal location of the fracture, tibia non-unions were grouped as
metaphyseal or diaphyseal. We radiographically assessed
kwave therapy (ESWT) ameliorates healing of tibial fracture non-
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underlying pathophysiological processes correlated with frac-
ture healing, and grouped fractures into one of the three
pathological categories: [1] atrophic/oligotrophic, non-union
that showed diminished callus formation or osteopenia; [2]
hypertrophic, non-unions that had seemingly well perfused,
viable bone ends but inadequate mechanical stability; and
[3] infected, non-unions that showed signs of infection in
either clinical, laboratory or radiologic assessment of the
patient.

Patient demographics and fracture details

[1] age, [2] gender, [3] primary presentation, [4] involved tibial
segment, [5] number of previous orthopaedic surgeries, [6]
presence of external fixators and [7] type of fixation were recorded
(Table 1). Additionally, we documented [8] time periods from
injury and/or last surgery to ESWT, [9] number of treatments as
well as treatment characteristics, [10] in situ implants (due to their
possible interaction with shockwaves), [11] concomitant inter-
ventions, [12] immobilisation and [13] additional measures, such
as weight bearing (Table 2).

Patients were followed for a period of 6 months and assessed for
complete healing of the tibia non-union, the primary endpoint of
the study. We additionally evaluated effectiveness of the ESWT at
Table 1
Patients demographics, fracture details, and postinterventional measures (contin-

ued).

Characteristic Healed-46

(88.46%)

Not healed-6

(11.54%)

p-Value

Age

Mean [years] 46 (50.34 � 14.6) 6 (38.66 � 6.2) 0.073

Gender

Male 35 (76.09%) 5 (83.33%) 0.682

Female 11 (23.91%) 1 (16.67%)

Tibia location

Methaphysis 13 (28.26%) 3 (50%) 0.357

Diaphysis 33 (71.74%) 3 (50%)

Fracture type

Open 20 (43.48%) 5 (83.3%) 0.094

Closed 26 (56.52%) 1 (16.7%)

Pathology

Hypertrophic 17 (36.96%) 1 (16.67%) 0.551

Oligo-/a-trophic 14 (30.43%) 2 (33.33%)

Infected 15 (32.61%) 3 (50.00%)

Primary immobilisation

Yes 19 (41.30%) 3 (50.00%) 0.689

No 27 (58.70%) 3 (50.00%)

Intramedular stabilisation

Yes 22 (47.83%) 24 (52.17%) 0.210

No 1 (16.6%) 5 (83.33%)

Extramedular stabilisation

Yes 18 (39.13%) 28 (60.87%) 0.382

No 4 (66.67%) 2 (33.33%)

External fixator

Yes 11 (23.91%) 35 (76.09%) 0.632

No 2 (33.33%) 4 (66.67%)

Cancellous bone

Yes 6 (13.04%) 3 (50%) 0.057

No 40 (86.96%) 3 (50%)

No. of cancellous bone grafts

Mean 46 (0.152 � 0.06) 6 (0.50 � 0.17) 0.071

Number of previous orthopaedic operations

Mean 46 (1.74 � 1.41) 6 (1.5 � 0.57) 0.696

Please cite this article in press as: Haffner N, et al. Extracorporeal shoc
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intermediate time point 3 months after the first ESWT. Complete
healing was assessed on the basis of clinical and radiological data
collected during the follow-up.

Extracorporeal shockwave treatment

All treatments were conducted under general or regional
anaesthesia (spinal block) using the electrohydraulic shockwave
device OrthoGold280 (MTS Medical UG, Constance, Germany).
Patients were positioned in supine orientation on the operating
table. Once anaesthesia was initiated, the extremity was fixated in
flexed hip and 908 knee flexion. Visualisation of non-union was
done under fluoroscopic projection in the anterior–posterior and
lateral view. Thereafter, the non-union gap was marked on the skin
with a surgical marker concomitant with the axis of the tibia. ESWT
trajectory was selected in a manner that neurovascular structures
were out of the focus. Sterile coupling gel (Aquasonic 100; Parker
Laboratories, Fairfield, New Jersey) was applied to the marked
areas and the therapy head positioned accurately. In cases of
complementary surgery the surgical site was draped aseptically.
Special care was taken to avoid air bubble formation within the
coupling gel to avoid energy losses due to different impedances
between air and gel. Correct focusing of the fracture site was
confirmed by manually manipulating therapy applicator head.
All treatments were performed with an energy flux density of
0.4 mJ/mm2 (�6 dB), a frequency of 4 Hz, and application of
3000–4000 impulses. Shockwaves were equally applied from at
least 2 different directions (range 2–4). In cases of extramedullary
implants, ESWT was applied sparing those implants in order to
assure full energy delivery the fracture site. Mean intervention
time was 23 � 8 min. After removal of the residual coupling gel,
alterations at the application site were recorded according to the
study protocol. During the shockwave treatment and follow-up
period, we did not observe any major adverse events related to the
treatment and no systemic complications (cardiac, respiratory). No
progress of the already established infections due to shockwave
treatment and no de novo infections attributable to treatment were
observed.

Post intervention measures

Almost all patients were provided with a plaster cast
immobilisation between 4 and 12 weeks after injury along with
partial or no weight bearing based on fracture location, stability,
tibial axis alignment and presence of infection. In the selected
cases where cast immobilisation was not possible (e.g. co-
morbidities, age, and disorder of contralateral leg) patients were
instructed to avoid full weight bearing (completely or partially) for
3–6 weeks. All patients were provided with crutches and received
low molecular heparin to prevent potentially thrombo-embolic
events due to plaster cast fixation and weight unloading. Patients
without concomitant surgery were all discharged one day after
ESWT.

Statistical analysis

Study relevant data were recorded using study specific data
sheets and collected using the Microsoft1 Office Access 2010
databank software. Data summary and manipulation was per-
formed using Microsoft1 Office Excel 2010 software (Microsoft
Corporation, USA). Final statistical analysis of the data was
performed using JMP software (Version, 9.0; SAS Institute Inc.,
USA). Categorical factors and their associations were studied using
Fisher exact test (for small expected values) and Pearson x2 test as
appropriate. For statistical analysis of the continuous variables, we
kwave therapy (ESWT) ameliorates healing of tibial fracture non-
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Table 2
Patients demographics, fracture details, and post-interventional measures (continued).

Characteristic Healed – n = 46 (88.46%) Not healed – n = 6 (11.54%) p-Value

Time from injury to first ESWT

Mean [days] 46 (446.24 � 244.15) 6 (687.667 � 526.75) 0.057

Time from last orthopaedic surgery to first ESWT

Mean [days] 46 (355.065 � 167.38) 6 (836.667 � 382.98) <0.0001

Time from injury to last orthopaedic surgery

Mean [days] 46 (91.17 � 162.0) 6 (94.5 � 91.43) 0.424

Number of ESWT cat

1 32 (69.57%) 3 (50.00%) 0.379

2 and more 14 (31.43%) 3 (50.00%)

Number of ESWT cont

Mean 46 (1.45 � 0.78) 6 (1.5 � 0.55) 0.896

Hardware in situ

Yes 36 (78.26%) 3 (50.00%) 0.157

No 10 (21.74%) 3 (50.00%)

Type of hardware

Intramedular nail 12 (33.33%) 0 (0%) 0.723

Plates 5 (13.89%) 1 (33.33%)

Plate + screws 8 (22.22%) 1 (33.33%)

Screws 2 (5.56%) 0 (0%)

Unreamed tibial nail 9 (25.00%) 1 (33.33%)

Additional surgery

Yes 7 (13.22%) 0 (0%) 0.580

No 39 (84.78%) 6 (100%)

Immobilisation

Yes 29 (63.04%) 5 (83.33%) 0.651

No 17 (36.96%) 1 (16.67%)

Type of immobilisation after ESWT

Cast or orthesis up to 6 weeks 20 (41.67%) 2 (50.00%) 0.235

Cast or orthesis 6+ weeks 9 (18.75%) 3 (33.33%)

None 17 (35.42%) 1 (16.67%)

Additional measure

Yes 45 (97.83%) 5 (83.33%) 0.219

No 1 (2.17%) 1 (16.67%)

Type of additional measure

No or partial weight bearing up to 3 weeks 16 (34.04%) 2 (40.00%) 0.235

No or partial weight bearing 4+ weeks 30 (63.83%) 2 (40.00%)

None 1 (2.13%) 1 (20.00%)
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performed analysis of variance. Data are presented as mean-
s � standard deviation (SD). Results were considered statistically
significant when the ‘‘p’’ value was lower than 0.05 (p < 0.05).

Results

Demographics

The study population consisted of 56 individuals with 58
eligible fractures that were referred to a single trauma centre
(AUVA-Trauma Center Meidling, Vienna). Six patients with six
fractures of interest were excluded from further analysis due to
incomplete data during the 6 month follow-up, thus analysis of 52
non-unions are presented.

According to the study protocol a minimal lag of nine months
(range 272–1702 days) between initial trauma and the first ESWT
was applied for the entire study population. Mean time between
trauma and ESWT for the analysed patient population was
474.1 � 293.0 days. Mean time from the last surgical intervention
and ESWT was 410.6 � 251.5 days (range 98–1458 days). The patient
population consisted of 76% males and 24% females with a mean age
of 47.7 � 15.1 years (range 16–82 years).
Please cite this article in press as: Haffner N, et al. Extracorporeal shoc
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Non-union analysis

Subgroup analysis of the non-union site revealed that nearly
one-third were metaphyseal (30.8%) and the remainder were
diaphyseal (69.2%). Two patients suffered from two level fractures
in which one patient had 2 fractures at the diaphyseal level and the
other bi-level fracture being both meta- and diaphyseal. The
distribution of hypertrophic, oligotrophic/atrophic and infected
non-unions was almost equal (n = 18, 34.6%; n = 18, 34.6%; and
n = 16, 31.8%, respectively).

In cases of osteosynthetic supply previous to ESWT (whether
initially at the time of fracture or within a surgical revision surgery)
intramedullary stabilisation was present in 23 patients whereas 24
patients had some type of extramedullary stabilisations at the time
of shockwave treatment.

Co-morbidities

In our cohort only 6 patients suffered from diabetes.
Interestingly, all of these non-unions resulted in bony consolida-
tion although half of them had to be treated twice. At study
inclusion 8 patients reported to smoke. One-third (n = 2) of the
patients with non-unions which failed to heal after ESWT were
kwave therapy (ESWT) ameliorates healing of tibial fracture non-
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smokers (p = 0.226). Further relevant co-morbidities found in the
study cohort include hypertension, coronary heart disease (� stent
implantation), cardiac infarction, osteoporosis, peroneal nerve lesion,
and cortisol therapy due to either peripheral chronic polyarthritis
(PCP) or chronic bronchial asthma. However, only the long-term
cortisol treatment in a patient suffering from PCP resulted in a
refractory non-union whereas all others showed healing in response
to ESWT.

Surgical interventions and extracorporeal shockwave treatment

Patients were referred to ESWT because they failed to respond
to either surgical or non-surgical (conservative) standard
orthopaedic treatment. Only 9.6% (n = 5) of the fresh fractures
were treated conservatively and had no further surgical
intervention until presentation to ESWT. The vast majority
(n = 47; 90%) of the patient population had one (n = 25) or more
previous orthopaedic surgeries (mean 1.9 � 1.3; range 1–7) prior
to ESWT. In fact, 12 patients had one, 5 received two, and 3 were
subjected to 3 revisional surgeries. One patient even ended up in 5
and another one in 6 surgical interventions beforehand ESWT.
Interestingly, only 42% were initially instructed to immobilize the
affected limb. According to our compiled medical history, 10
patients had additional surgery previous to ESWT during the
consecutive follow-up after trauma, being flap surgery in 4 cases,
osteotomy of the fibula in 2 patients, and dynamisation, negative
pressure wound therapy, implantation of antimicrobial beads and
arthroscopy in one case each.

Fractures with concomitant soft tissue trauma (open fractures)
were initially present in 21 cases (40.4%) graded from I to III
according to the classification of Gustilo and Anderson [54]. The
relatively low healing rate 80.9% (n = 17) of this sub-category at 6
months after ESWT generally reflects the challenging management
of open tibial fractures.

Three quarters of patients (n = 39) had some type of implant
in situ during shockwave treatment. Of those, 56.4% (n = 22) had
an intramedullary nail, 35.9% (n = 14) had plates and screws,
5.1% (n = 2) had screws only, and one fracture (2.6%) was
treated with Prevot nails which was additionally stabilised with
a plate.

The majority of patients (n = 35 corresponding to 67.3%)
received only one ESWT. Of those patients received multiple
shockwave treatments (17 patients; 32.7%), 62.5% (n = 11) were
treated twice, 31.3% (n = 5) underwent ESWT three times and one
patient (6.2%) received four treatments. Non-unions which were
treated more than once were diagnosed not healed after 6 months
following ESWT by X-ray or/and CT scan. In most cases these
patients refused a surgical revision and were therefore offered a
further ESWT. Patients who received 2 treatments still showed
healing in 73% (n = 8), and those receiving 3 or 4 treatments healed
in 100% clearly showing the feasibility and efficacy of multiple
applications.

Concomitant with ESWT, seven patients (13.5%) had additional
surgery related to the same limb at the same time, predominantly
dynamisation of the intramedular nail achieved by selective screw
removal. In all cases, surgery was done prior to ESWT and the
wound was covered with a sterile drape (Opsite, Smith & Nephew,
Hamburg, Germany). Thereafter, sterile gel was administered on
top of the drape and extracorporeal shockwave treatment was
performed in the same manner as in the other cases without
additional surgery. No further intervention except immobilisation
was implemented.

Once extracorporeal shockwave therapy was completed, 65.4%
of all patients (n = 34) were provided with a plaster cast from 4 to
12 weeks with weight unloading for a minimum of 3 weeks (range
3–6 weeks). The residuary part was introduced for either no weight
Please cite this article in press as: Haffner N, et al. Extracorporeal shoc
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bearing between 3 and 6 weeks (n = 15; 28.8%) or partial loading
for 4 weeks (n = 3; 5.8%).

Healing rate

The primary goal of the conducted study was to evaluate
success of the ESWT to induce healing in the tibial non-unions.
Clinical and radiological evaluation of shockwave treated non-
unions 3 months following ESWT revealed that already at 3
months after ESWT, 71.1% of the fractures showed signs of bony
healing. Contrary to them, 23.1% were judged as not healed and
5.8% demonstrated inconclusive radiological appearance, hence
categorised as uncertain at this time point. However, examination
of the treated non-unions 6 months after ESWT evidenced
successful healing in 88.5% (46 patients) (Fig. 1). Interestingly, 7
non-unions previously (3 months) ascertained as not healed
progressed to healed fracture at the 6 months follow up. All 3 non-
unions categorised as uncertain at 3 months after inclusion
achieved bony consolidation 6 months following ESWT.

Regarding the different etiologies analyses showed a compa-
rable distribution in numbers of healed versus not healed tibial
non-unions irrespective of the underlying aetiology. Hypertro-
phic non-unions healed in 94% following ESWT whereas 87%
oligo-/atrophic non-unions and 83% of infected non-unions
completely healed.

One way analysis of variance showed marginal statistically
significant differences (p = 0.056) in mean number of days between
trauma and ESWT between patients with positive and negative
outcome, 446.2 � 244.2 and 687.7 � 526.8, respectively. Important-
ly, we found strong statistical correlation between healing outcome
and time period between last surgery and date of first ESWT. Mean
number of days for patients that showed complete healing was
355.1 � 167.4 and 836.7 � 383.0 for patients who did not heal after 6
months follow up (p < 0.0001).

Surprisingly, prior autologous cancellous bone grafting had a
significant negative impact on the success of ESWT. Even though
this result reached statistical significance, interpretation of these
results be done with caution.

Discussion

The primary objective of our study was to evaluate efficacy of
extracorporeal shockwave treatment in tibia non-unions six
months after conduction. Our results show that complete, full
weight bearing with no pain was achieved in 88.5% of the patients
who initially failed to respond to one or more previous surgical
and non-surgical interventions. Importantly, herein we found
strong correlation between the timing of application and
complete fracture healing suggesting that ESWT should be
applied earlier in the treatment schedule in order to achieve
shorter healing time and faster return to normal everyday
activities of the patients.

Surgical treatment, can reach a healing rate of up to 86–94%
[29]. However, surgical interventions are accompanied with
inherent risk of infection and surgical complications that can
affect ultimate goal, complete healing. Therefore, any treatment
should be at least in the same range of efficacy to prove its efficacy
and to have better risk-to-benefit ratio in order to be competitive
with the revisional surgery.

The current literature, comparing ESWT with surgical treat-
ment shows an equivalent outcome between the two methods yet
exhibiting less short term complications in the ESWT groups [55].
In accordance to that, our present study revealed no major side
effects of the treatment and patients tolerated ESWT well. If no
other intervention was needed, patients left our clinic the
following day, giving ESWT advantage over the other treatment
kwave therapy (ESWT) ameliorates healing of tibial fracture non-
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Fig. 1. A 47-year-old male who was injured during work by a truck and suffered from a polytrauma including a 3rd degree open 2 level fracture of the left tibia (A). He was

initially treated with an intramedullary nail (B) as well as wound revision followed by negative pressure wound therapy. Wound was then covered by a meshed autologous

split thickness skin graft. Mobilisation was performed with partial weight bearing initially when full weight bearing. The radiological FU revealed delayed osseous healing on

both levels and dynamisation was performed (C). While the distal fracture healed the proximal fracture persisted over 9 months (D). ESWT was performed accompanied with

no weight bearing for 6 weeks. The FU X-rays showed progressive healing of the proximal non-union with bony consolidation 6 month after ESWT (E).
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options in terms of hospital stay and associated costs, as well as
lower risk to benefit ratio. We achieved a healing rate of 88.5%
excluding six patients lost to follow-up. If these six patients were
included in the study as not healed, we would still have achieved a
high healing rate of 79.3%, matching the results of surgical
intervention. Previously published studies using ESWT in non-
unions, achieved a healing rate ranging from 52% to 91%
[2,26,28,56,57]. We have also recently shown that ESWT is a
feasible method to treat tibial non-unions as complete healing was
evident in 80.2% (138/172 non-unions) [2].

Three months after ESWT, our healing rate already reached
71.1%. Another 23.1% of fractures were judged as not healed and
5.8% were considered uncertain at this time point. Beutler et al.
[58], pointed out that 3 months follow up will be sufficient to
conclude success of ESWT and in case of failure at three month only
little time is lost for further treatment including revision surgery.
As in our study the healing rate increased with further follow-up,
we strongly believe in a follow-up of six months to finally
determine osseous healing.

According to the definition of Weber and Czech [59] we also
differentiated between atrophic/oligotrophic and hypertrophic non-
unions. Generally, atrophic non-unions perform worse [60,56],
acknowledging the caveat that atrophic/avascular non-union might
not be avascular, as shown by Reed [61]. Furthermore, infections are
a major contributor to delayed and non-healing of tibial fractures.
Interestingly, in our patient population, we saw no significant
difference in outcome among the currently differentiated types of
non-union (atrophic/oligotrophic, hypertrophic and infected). Our
results suggest that classification and identification of these
subtypes, which is clinically challenging, might be unnecessary
for ESWT. Our results are supported by the experimental results of
Gollwitzer et al. [65] showing bactericidal effects of ESWT in the
Please cite this article in press as: Haffner N, et al. Extracorporeal shoc
union unresponsive to conventional therapy. Injury (2016), http://d
rabbit model of osteomyelitis. However, effects of the ESWT on the
infected fractures/wounds are yet to be fully elucidated. In general,
the diaphysis is more prone to develop a non-union than the
metaphysis, which can be confirmed in our patient population
(81.25% in the metaphysis and 91.66% in the diaphysis). Regardless
of the fracture location, application of the ESWT showed equal
success rate.

According to our data there was generally no association
between number of preceding surgeries, as a potential predictor of
severe cases of non-unions and ultimate outcome of the fracture
and ESWT. However, we did observe strong statistical correlation
between time of ESWT application and last surgical procedure. In
the patients that received ESWT within one year after the last
surgery we observed a 100% healing rate (data not shown).
Therefore we conclude that a longer period between surgical
intervention and ESWT, negatively affects osseous healing after
ESWT.

The ESWT is not the only minimal invasive therapeutic option
available to treat non-unions. Peer-reviewed publications exist for
low-intensity pulsed ultrasound (LIPUS) and pulsed electromag-
netic field therapy (PEMF). While Gryphon et al. in a Cochrane
review reported some beneficial effects of PEMF [62], other studies,
investigating LIPUS in non-unions, reported healing rates of up to
75% with an average ultrasound treatment duration for all treated
cases of 188 days (ranging from 52 to 739 days) applied once daily
for 20 min [63,64] comparing to a 89% healing rate in our study. In
contrast to PEMF and LIPUS, ESWT is only applied once in most of
the cases with more favourable success rates, probably due to
better patient compliance. The long treatment schedule of LIPUS
and PEMF significantly affects their feasibility, as it requires far
more adherence and significantly affects patient’s everyday
activities. In contrast 66% (n = 38/58) of our study population
kwave therapy (ESWT) ameliorates healing of tibial fracture non-
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received only one ESWT, 22% (n = 13/58) where treated twice, 10%
(n = 6/58) three times and 2% (n = 1/58) four times, including the
six patients lost to follow up. Xu et al. [56] concluded that a second
ESWT is not indicated if there is no radiological evidence towards
osseous healing unless there are contraindications for surgery. Our
own data only partially supports this, showing a 60% healing rate
after a single ESWT, yet cases with multiple ESWT’s (29%) still
showed osseous healing even after several months after primary
ESWT application. Looking closely at our results this might also be
a reason for multiple prior operations, since we saw some
correlation between the number of operations and the number
of applied ESWT.

Limitation to the current, and all other studies concerning non-
union, is its actual definition. Although not uniformly agreed on,
our use of the 9-month criterion for defining non-union was based
on several factors. The local treatment practice guidelines in the
standardised healthcare system in Austria limit the non-operative
management of non-union to 6 months, therefore limiting our
referral population to this time point. In addition, the 9-month
definition of non-union has been adopted by some regulatory
bodies and provides further substantiation of the 9-month defining
threshold used by our group. Finally, as a result of the nature of our
referral population, the antecedent treatment course was not
controlled for but followed national standards of practice focused
on surgical intervention and/or immobilisation of the long-bone
non-union.

Other limitations of this study include those inherent to
retrospective, non-randomised study designs; however, its
primary limitation is the lack of a control group to distinguish
the effect of immobilisation from the shock wave treatment itself.
Due to the retrospective nature of the study is the loss of 6 patients
to follow-up. Although these patients were demographically
similar to the remaining 52 patients, bias can be introduced in the
statistical analysis, bias that might be avoided by a prospective
study design. In order to overcome some of the limitations of this
study, mainly its retrospective design, we are currently conduct-
ing another, open, prospective clinical trial. We do recognize
limitations of this study design; however, it is our opinion a
control group with no further treatment is unethical and therefore
not included.

In the current peer-reviewed literature there is no consensus
concerning treatment parameters such as energy flux densities,
different devices, applications and frequencies to treat musculo-
skeletal disorders, making it difficult to draw correlations between
different studies and ultimately to compare success rates of ESWT
for particular indications. Essentially, there is an urgent need for
generally accepted guidelines for ESWT in various indications to
allow better comparison of studies.

In conclusion, extracorporeal shockwave therapy is effective,
safe, with virtually no negative side effects for the treatment of
tibial non-unions. It is equally successful to surgical revision
regardless of the underlying pathophysiological processes or
location. It is a non-invasive, well tolerated treatment option for
patients suffering tibial non-unions, which is easy to perform,
inexpensive to use and virtually does not affect patient’s everyday
activities.
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