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Shock Wave Therapy
as a Treatment of
Nonunions, Avascular
Necrosis, and
Delayed Healing of
Stress Fractures
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Shock wave therapy (SWT) is most commonly used to treat soft tissue conditions such
as tendinopathies and fasciopathies. However, SWT was originally described as
a treatment of pathologic conditions of bone. In 1988, German investigators observed
an increase in pelvic bone formation in patients treated with shock waves during lith-
otripsy procedures.1 Soon after, Valchanou and Michailov2 reported on successful
use of high-energy shock waves in the treatment of delayed fractures and nonunions.
Subsequent clinical trials performed at European and Asian centers have also yielded
favorable results.3–8

In the United States, SWT is rarely used to treat disorders of bone. Many of the land-
mark basic science and clinical trials have been performed in centers outside the
United States.3–30 Some of this work has been published in non-English journals.29,30

Perhaps for these reasons, many physicians in the United States are unfamiliar with
how SWT can be used to treat pathologic conditions of bone such as nonunions, avas-
cular necrosis (AVN), and delayed healing of stress fractures.
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At present, the Food and Drug Administration has approved shock wave generators
for use in soft tissue indications (plantar fasciopathy and lateral epicondylitis) only.31,32

The scarcity of shock wave generating devices, availability of other treatment options,
variations in treatment protocols, and reimbursement issues have also had a negative
effect on the adaptation of this procedure. Collectively, these obstacles explain why
SWT is rarely used in the United States to treat disorders of bone.
Yet SWT has many advantages over other forms of treatment, including its compar-

ative safety, low complication rate, and ease of patient compliance. Although there are
some conflicting reports, there are now many published clinical trials that support the
use of SWT as a treatment of nonunion, AVN, and stress fractures.3–6,26,33–40

The aim of this review is to describe some of the ways SWT can be used to treat
common disorders of bone. After a consideration of some basic concepts, this review
focuses on how SWT is currently used to treat nonunions, AVN, and stress fractures.

SWT BASIC PRINCIPLES

In physics, a shock wave is defined as an acoustic sound wave characterized by a high
peak pressure (up to 500 bar), a fast initial increase time of less than 10 ns, a short life
cycle (<10 ms), and a broad frequency spectrum (16–20 MHz).31,41,42

Shock waves are produced by commercially available shock wave generators.
Shock wave production is device specific. Depending on the device, electromagneti-
cally, electrohydraulically, piezoelectrically, or electropneumatically derived energy is
transformed into a shock wave.31,41,42 Each device concentrates the shock waves so
that theycanbeapplied in sufficient quantity to stimulate adesired tissue response.31,42

Such focused shock waves are transmitted to a small area (the focus), and the
maximum energy is delivered several centimeters below the skin.31,42

Radial shock waves are produced by more recently developed pneumatic devices.
Radial shock waves transfer their maximum energy more superficially, at or just below
the skin surface, and distribute the energy radially into the treated tissues.43

The physical properties of a shock wave are similar regardless of the method of
production. For clinical use, the shock waves are applied directly to tissues using
the shock wave generator’s targeting device. The waves are dispersed from the appli-
cation site and then may be absorbed, reflected, or dissipated depending on the prop-
erties of the particular tissue.31,42

Shock waves have both a direct and indirect effect on treated tissues.31,40 The
absorbed shock waves produce a tensile force, and this tensile force accounts for
the direct effect.31 Shock waves also stimulate the formation of cavitation
bubbles.31,42 The bubbles expand, contract, collide, and form other bubbles in the
treated tissues.31,44 The resulting energy also stimulates a biologic response, the
so-called indirect effect.31,42

PARAMETERS

The biologic effects of SWT on the musculoskeletal system are parameter
specific.27,28,44 SWT is generally safe. However, excessive shock wave energy can
result in irreversible cellular damage.27,28,44 Not all protocols are effective, and
a protocol that is effective for one indication may not be effective for another. For these
reasons, a working knowledge of the critical treatment parameters is paramount to
achieving a good result.
Before considering specific treatment parameters, it is first necessary to distinguish

betweenhigh-energy (>0.2mJ/mm2) and low-energy (<0.2mJ/mm2)SWT.High-energy
SWTusually consists of 1or 2 treatmentsperformed in anoperating roomor ambulatory
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surgical center with some form of anesthesia. High-energy treatments are usually used
when treating deeper structures, tend to be more painful than low-energy treatments,
and are commonly used to treat disorders of bone. Low-energy SWT is typically per-
formed in multiple sessions.2–4 Low-energy treatments are usually, but not always,
used for more superficial structures, need no form of anesthesia, and are commonly
used when treating tendinopathy, fasciopathy, and more superficially located bones.
At present, there are no published randomized controlled clinical trials comparing
outcomes of high- and low-energy SWT for the treatment of disorders of bone.
The critical treatment parameters include the total amount of energy per treatment,

number of shocks per session, frequency of shocks, energy per shock, number of
treatments, and interval between treatments. Each parameter can be manipulated
to modulate the clinical response.
The term energy flux density (EFD) refers to the amount of energy in a given amount

of tissue (usually mm2) at a given point in time.34,40 EFD is a standard method of quan-
tifying the total amount of energy delivered in a treatment session. EFD is simply the
product of the energy per shock and the number of shocks and is expressed in the unit
millijoule per area.
High- and low-energy sessions can yield equivalent EFD. For example, a high-

energy session using an energy level of 0.3 mJ/mm2 and 1000 shocks and a low-
energy session using 0.1 mJ/mm2 and 3000 shocks yield an equivalent EFD of 300
mJ/mm2 each.
The number of shocks, interval between shocks, number of treatments, and interval

between treatments are additional parameters that can determine the therapeutic
response.28,31,44 Like energy, the parameters are easily manipulated, and this manipula-
tion, inpart, explainswhyprotocolsused to treat thesameconditioncanvarysignificantly.

BIOLOGIC RESPONSE TO SWT

Recent histologic, biochemical, and immunologic basic science studies have greatly
advanced theunderstandingofhowshockwavesaffect treated tissues.9–11,13,14,18–25,44,45

These effects include enhanced neovascularity, accelerated growth factor release, selec-
tive neural inhibition, osteogenic stem cell recruitment, and inhibition of molecules that
havea role in inflammation.9–11,13,14,18–25,44,45Enhancedneovascularity, increasedgrowth
factor release, and accentuated osteogenic stem cell recruitment are probably the most
important effects on bone and are therefore the focus of this section.
SWT upregulates the expression of proteins and growth factors that are critical for

angiogenesis. Wang and colleagues20 reported on the effect of low-energy SWT on
neovascularization at the tendon-bone junction in rabbits. Bone-tendon junctions
treated with low-energy SWT had higher number of neovessels and angiogenesis-
related markers, including endothelial nitric oxide synthase, vascular endothelial
growth factor (VEGF), and proliferating cell nuclear antigen, than the untreated
controls.20 Of note, VEGF is an important mitogenic factor for vascular endothelial
cells,36 and endothelial cell proliferation is a critical aspect of angiogenesis.
Ma and colleagues,22 using a rabbit model, examined the effects of SWT on femoral

heads with AVN. They also noted enhanced VEGF and messenger RNA (mRNA)-VEGF
expression in the treated specimens.
In a subsequent animal trial by the same investigators, SWT was shown to upregu-

late the growth factor bone morphogenic protein 2 (BMP-2) and its mRNA. BMP-2 is
an important mediator of bone formation and bone remodeling.23

In regard to osteogenesis, Wang and colleagues19 noted increased BMD, increased
callus formation, increased ash content, and increase calcium content in specimens
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treated with high-energy SWT. Subsequent mechanical studies showed that the
treated bone had enhanced strength, significantly higher peak load to failure, higher
peak stress, and greater elasticity when compared with controls.19

The same investigators also noted selective destruction of osteocytes and micro-
fractures of bony trabeculae in rabbits treated with SWT.13 Approximately 3 weeks
after treatment, histologic and biochemical analysis revealed thickening of the cortex,
increase in the number of bony trabeculae, and a significant increase in the number
and activity of treated osteoblasts.13

In still another study, Maier and colleagues45 used a rabbit model to demonstrate
that application of shock waves with an EFD of 0.5 mJ/mm2 resulted in new periosteal
bone formation in treated femurs.
To summarize, SWT seems to produce its effects on bone by upregulating proteins

critical for angiogenesis, accentuating the release of growth factors important in
osteogenesis, and stimulating the production of osteoblasts. Additional studies are
necessary to sort out the relative importance of each of these effects.

PROCEDURE
Management of Disorders of Bone

The procedure for SWT in disorders of bone is similar to that used in soft tissues disor-
ders. Deeper structures are treated with high energy, whereas more superficial path-
ologic conditions may be treated with either a high- or low-energy protocol.
The pathologic area is carefully examined, and the area of maximal pain and tender-

ness is identified. This so-called clinical focusing, as opposed to simply relying on
image guidance, has been shown in clinical trials to improve outcomes of SWT.46,47

Clinical focusing is often, but not always, supplemented with image guidance to
assure that the shock waves are applied to the area of intended treatment.
Ultrasoundgel is applied to the skin overlying the bone. The targeting armof the shock

wavegenerator is thenplaced in contactwith the gel-preparedskin. The targeting device
isaimed in suchaway that theadministeredshockwavesaredirectedat the fracture site.
The shock waves are applied in a dynamic manner. Treatment usually begins cen-

trally, at the point of maximal tenderness, and then proceeds circumferentially, so that
all the pathologic tissues are treated. The average size of the treatment area varies
with the size of the bone and is usually several centimeters in length and width.

Specific Disorders of Bones

Nonunions
Evenwith the recent advances in fracture care, fracture nonunion remains a challenging
clinical problem. Treatment is often highly individualized, complex, and demanding.
Nonoperative management using some type of immobilization, restricted weight

bearing, pharmacologic intervention, pulsed electrotherapy, or a combination of all
can be successful. However, compliance with these forms of treatment is often diffi-
cult. Other potential problems include continued pain in spite of radiographic osteo-
synthesis, significant muscle atrophy, disuse osteoporosis, increased susceptibility
to reinjury, and perhaps most significantly, persistent fracture nonunion.48–53

Although attractive, more novel procedures such as bone growth stimulation with
pulsed electric therapy, low-intensity ultrasonography, and orthobiologic enhancement
with recombinant osteogenic protein and growth factors have yielded inconsistent
results.54–58 For this reason, most clinicians recommend a surgical approach.50–52

Usually, surgical approach involves some type of autogenous or allogenic bone grafting
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procedure with some form of internal or external fixation. These procedures can be
lengthy and difficult; significant morbidity and complications are not uncommon.49,51,53

Warren and Brooker59 reported an infection rate of 13% in patients undergoing
surgical treatment of chronic nonunion. Younger and Chapman60 reported a 9% inci-
dence of serious complications including deep infection, persistent drainage, hema-
toma, neurovascular injury, and pain persisting for more than 6 months postoperation.
Acknowledging the prolonged healing time and prevalence of persistent nonunion

associated with some forms of traditional nonoperative management as well as the
potential complications and morbidity associated with surgical intervention, additional
treatment methods are desirable. SWT has shown some promise. In a systematic
review of the use of SWT as a treatment of nonunion, Birnbaum and colleagues33 iden-
tified 10 high-quality studies involving a total of 631 patients and reported a healing
rate of 75% to 91%.33

Procedure The procedure is typically performed on an outpatient basis with a high-
energy protocol using monitored anesthesia care, sedation, or a regional block.
Patients are positioned in a supine position on a radiolucent fracture table. The frac-

ture site is localized with an image intensifier or ultrasonographic device. Ultrasound gel
is applied to the skin overlying the site of the nonunion. The center of the shock wave
targeting device (the focal point) was positioned in such a way that the administered
shock waves are directed at the fracture site. The targeting device is then docked to
the skin overlying the nonunion site. Shock waves are applied to the fracture nonunion
site and the adjacent cortical structures from an anteroposterior direction. The average
size of the treatment area varies with the size of the bone, but is usually several centi-
meters in width and length. The procedure is guided using the image intensifier.
Nonunions are usually treated with 2000 to 6000 shocks using an EFD between 0.3

mJ/mm2 and 0.6 mJ/mm2. The total number of impulses is usually divided along the
proximal and distal margins of the nonunion. Treatments typically last approximately
10 to 20 minutes. The total number of treatments (typically ranging from 1–4) and the
interval between treatments (typically ranging from 1–4 weeks) vary from center to
center.
After completion of the procedure, the extremity is assessed for swelling hematoma

and ecchymosis, which are rare. Fracture pattern, location, stability, and discretion of
the physician often determine if and how a treated limb will be immobilized. Patients
are usually monitored the same day in the surgery recovery area and then discharged
later that day.

Results Animal nonunion models have been used to study the effects of high-energy
SWT on cortical bone.12 In a canine nonunion trial, all of the treated subjects reached
radiographically observable bony union 12 weeks after the shock wave treatment,
whereas untreated control subjects had radiographically persistent nonunions at
termination of the study.12

Several large European and Asian trauma centers routinely use SWT to treat
nonunions.3–6 Results of uncontrolled clinical trials have been promising.3,4,6 Schaden
and colleagues3 reported on 115 patients with nonunions or delayed unions of various
fractures who were treated with high-energy SWT and immobilization. Follow-up
ranged from 3 months to 4 years.3 Overall, 87 patients (75.7%) were reported to
have healed fractures.3

Rompe and colleagues6 reported their experience using high-energy SWT to treat
43 patients with either a tibial or femoral diaphyseal nonunion. They noted bony
consolidation in 31 of 43 cases (72%) after an average of 4 months posttreatment.6
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Wang and colleagues4 used high-energy SWT as a treatment of 72 nonunions of
long-bone fractures. A 12-month follow-up was available for 55 patients.4 For the
entire cohort, an overall healing rate of 80% (44 of 55 patients) was noted.4

Cachio and colleagues,5 in a randomized clinical trial, compared 3 groups of
patients. Groups 1 and 2 received SWT (4 treatments of 4000 shocks) with an EFD
of 0.4 mJ/mm2 and 0.7 mJ/mm2, respectively.5 Patients in group 3 were treated
with surgery.5 The patients in the 3 groups had similar demographic characteristics.5

At 6 months postintervention, 70% of nonunions in group 1, 71% of nonunions in
group 2, and 73% of nonunions in group 3 had healed.5 It was concluded that SWT
was as effective as surgery in stimulating union of long-bone nonunions.5

The efficacy of SWT as a treatment of nonunions depends on the type of nonunion
(atrophic or hypertrophic).4,7 Haupt7 reported a 100% healing rate among 27 patients
with hypertrophic nonunions compared with only 23% (3 of 13 patients) with atrophic
nonunions. Wang and colleagues4 reported a success rate of 80% for patients with
hypertrophic nonunions versus only 27% for patients with atrophic nonunions.
Xu and colleagues8 reported an overall healing rate of 75.4% in their series of 69

nonunions (22 femurs, 28 tibias, 13 humeri, 5 radiuses, and 1 ulna) treated with high
energy (6000–10,000 shocks; 0.56 mJ/mm2–0.62 mJ/mm2 EFD). None of the atrophic
nonunions14 healed, whereas 50 of 55 (90.9%) atrophic nonunions were healed at 3
and 4 months posttreatment.8

Complications Complications resulting from SWT are infrequent, and when they
occur, they typically require minimal, if any, treatment. None of the 631 patients
reviewed by Birnbaum and colleagues33 had a serious complication. The most
common adverse effects include mild ecchymosis, petechiae, hematoma, slight
swelling, and transient reddening of the skin and are usually avoidable with accu-
rate targeting, appropriate positioning, and strict adherence to the treatment
protocol.33

AVN
AVN is a progressive condition characterized by death of bone due to vascular insuf-
ficiency.61 AVN primarily affects weight-bearing joints, most commonly the hip and
knee.61 Although AVN can occur in any age group, it typically occurs in a relatively
young population in the third and fourth decades of their life.61

The precise cause of AVN remains unclear. Risk factors include trauma, surgery,
steroid usage, alcoholism, coagulopathy, systemic lupus erythematosus, and
lipidemia.61

Traditional nonoperative therapies include administration of bisphosphonates and
statins, anticoagulation, and activity modification.62 Surgical options include core
decompression, vascularized and nonvascularized grafting procedures, osteotomy,
and arthroplasty.62–65 Results are variable.15,16,63–65

Procedure The procedure of SWT for AVN follows the same principles as discussed
earlier. Because the hip is a relatively deep structure, it is important to use a high-
energy technique and a relatively high number of shocks. Fluoroscopy is critical for
accurate targeting.
Wang and colleagues15,16 have reported their experience using SWT as a treatment

of AVN of the femoral head. A summary of their technique is as follows:
The patient is induced with a general or regional anesthetic and positioned on a frac-

ture table in the supine position. The affected hip is adducted and internally rotated.
The location of the femoral artery is identified using digital palpation, so that the artery
can be avoided during application of the shock waves. Fluoroscopy is used to identify
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the junctional zone between the viable and avascular bone of the femoral head. The
skin overlying this junctional zone is marked with a marking pen. Ultrasound gel is
applied to the skin in the area of intended treatment. The shock wave targeting device
is then positioned in contact with the skin and gel. High-energy shock waves are then
applied using predetermined parameters (ie, number of shocks, energy per shock, and
frequency of shocks) based on the procedure and center-specific protocol.
The vital signs are monitored throughout the procedure by a member of the anes-

thesia team. On completion of the procedure, the groin is inspected for hematoma,
swelling, and ecchymosis. The integrity of the femoral pulse and vascular status of
the extremity are assessed.
Patients are transferred to the surgery recovery area where they are monitored and

usually discharged later that day. Oral, nonnarcotic analgesics, such as acetamino-
phen, are typically recommended for anyposttreatment pain. Patients are usuallymain-
tained on partial weight bearing on the affected leg for approximately 4 to 6 weeks.

Results Lin and colleagues38 reported successful treatment of a 19-year-old patient
with lupus who developed bilateral avascular necrosis of the femoral head. At 3 years’
follow-up, the investigators noted that both hips had improved pain, Harris hip scores,
and range of motion.38 Imaging showed substantial reduction in bone marrow edema
and no collapse of the subchondral bone.38

Wang and colleagues15 compared the results of SWT with those of core decom-
pression and bone grafting in patients with AVN of the femoral head. Patients with
stage I, II, and III AVN were randomized to be treated with either high-energy SWT
(single treatment, 6000 shocks, 28 kV) or core decompression and nonvascularized
fibular strut grafting.15 The groups were similar in regard to demographics, degree
of pain, and function.15

At an average of 25 months posttreatment, the pain and Harris hip scores in the
SWT group were significantly improved compared with their baseline scores, whereas
the corresponding scores in the surgical group were unchanged from baseline.15

Overall, for the SWT group, 79% of the hips were improved, 10% were unchanged,
and 10% were worse.15 Of the hips treated with a nonvascularized fibular graft,
29% were improved, 36% unchanged, and 36% worse. In the SWT group, 2 stage
II and 2 stage III lesions progressed.15 In the surgical group, 15 of the stage I or stage
II lesions progressed.15 The investigators concluded that SWTwasmore effective than
core decompression and nonvascularized grafting in patients with early stage AVN of
the femoral head.15

Using histopathologic and immunohistochemical techniques, the same investiga-
tors studied 14 patients (14 hips) who underwent hip arthroplasty for AVN of the
femoral head.17 Among the 14 patients, 7 received SWT before surgery, whereas
the remaining did not.17 The histopathologic examination of the femoral head revealed
significantly more viable and less necrotic bone, higher cell concentration, and more
cellular function in the group that received SWT.17 The immunohistochemical analysis
revealed greater concentrations of growth factors such as VEGF and von Willebrand
factor, which are critical to angiogenesis, in the SWT group than the control group.17

The investigators suggested that SWT promotes neovascularity and enhances regen-
eration and remodeling in avascular necrotic bone.17

Stress fractures
Stress fractures are overuse injuries of bone and are among the most common sports
injuries. These fractures, which may be nascent or complete, result from repetitive
subthreshold loading that, over time, exceeds the bone’s intrinsic ability to repair itself.
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Most stress fractures heal with relative rest and activity modification. Some may
require a period of immobilization and protected weight bearing. High-risk stress frac-
tures such as those involving the femoral neck, anterior cortex of the tibia, and tarsal
navicular are frequently treated with surgery.66–68 However, complications are not
uncommon, and recovery is often prolonged.66,67

Some have proposed using low-intensity pulsed ultrasonography (LIPUS) to treat
stress fractures.55 LIPUS is safe and noninvasive.55,69 However, as was discussed
with nonunions, results have been inconsistent.55,69 In a recent review of the literature,
Busse and colleagues69 concluded that the available evidence does not support
improved healing of stress fractures treated with LIPUS.
SWT, having been shown to have a positive influence on osseous biology, has some

promise as a treatment of stress fractures. SWT has several potential advantages over
other forms of nonoperative treatment.
Unlike LIPUS that requires daily prolonged (up to 8–10 hours per day) use of an

external coil device over the fracture site, SWT can be applied in just 1 to 2 treatment
sessions.54 The noninvasiveness of SWT makes it a particularly attractive option for
individuals with open growth plates. Also, SWT can be applied safely to recalcitrant
stress fractures with retained hardware that have failed surgical intervention.
At present, there are no published prospective, randomized, blinded studies that

have evaluated SWT as a treatment of chronic stress fractures. That said, recent
case reports have been encouraging.
Taki and colleagues36 reported on their experience using focused SWT to treat 5

athletes with chronic stress fractures who had failed 6 to 12 months of traditional
therapy. The fractures included the middle third of the tibia,2 the base of the fifth meta-
tarsal,1 the inferior pubic ramus,1 and the medial malleolus of the ankle.1,36 A single
high-energy treatment (0.29 mJ/mm2–0.4 mJ/mm2) was used in each case.36 All frac-
tures healed after SWT with time to radiographic union ranging from 2 to 3.5 months
posttreatment.36 All athletes were able to return to their sport.36 Time to return to sport
ranged from 3.5 to 6 months posttreatment.36 There were no complications or recur-
rent stress fractures in any of the 5 cases.36

Moretti and colleagues37 reported on 10 athletes with stress fractures of either the
fifth metatarsus or tibia who received 3 to 4 sessions of low-middle energy SWT. At
a mean of 8 weeks posttreatment, a 100% healing rate was noted.37 All athletes
were able to return to their preinjury level of completion.37

Coupled with the mechanistic studies that revealed enhanced biomechanical prop-
erties (increased bone mass and strength) and enhanced angiogenesis, these 2 case
series suggest that SWT may have a role in the treatment of delayed healing of stress
fractures.18–20,27,37,38 Obviously, controlled clinical trials, ideally limited to one bone
and a homogenous patient population, are necessary to confirm or refute this
hypothesis.

SUMMARY

Numerous basic science and animal model studies have shown that SWT can
enhance neovascularity, increase bone mass, and stimulate osteogene-
sis.9,11,13,14,18–21,44,45 Clinical trials have shown that SWT can be an effective treat-
ment of nonunions, AVN, and delayed healing of stress fractures.3–6,33–40 The
procedure is noninvasive, safe, well tolerated, easily administered, and has a high
patient satisfaction rate. Recent studies have shown that SWT is as effective as
surgery in some instances.5 For these reasons, SWT should be a part of a surgeon’s
treatment armamentarium for these challenging clinical disorders.
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