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Tissues in the musculoskeletal system have a wide variety of healing proper-
ties, that give our specialty a particular need of understanding each organ in fields
as different but yet important as molecular biology or biomechanics. Muscle and
ligament tend to heal completely most of the time, while nerve and cartilage seem
to heal only as functionally sufficient scar tissues. Most medullary lesions result in
irreversible paralysis and cartilage loss in joint replacements. Bone is somehow in
the middle of these two scenarios, having a good rate of healing in most of the
cases, but with many biological and biomechanical variables that can change the
final outcome in terms of healing and functional recovery. Nature has designed a
nearly perfect system of bone healing, that involves bleeding, cell migration, dif-
ferentiation and activation, and finally the delicate process of bone remodeling,
matrix maturation and biomechanical stabilization[1-3].  If one of these steps is
disturbed, bone healing is in jeopardy. It is well known that poorly vascularized
bone heals slowly and has more chances of delayed unions. High energy trauma,
open fractures, infection or unstable fixations may also result in difficult healing
environments[4-6].

The best opportunity an orthopaedic surgeon has to treat a difficult fracture
is his first approach and intervention. Science and technology have provided the
tools to give biomechanical stability in most of the cases, and the knowledge of
cellular and molecular biology has also changed the vision of our interventions in
the past two decades. However, even the best possible treatments sometimes fail,
and the biological consequences of our interventions can result in non-healing.
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This is a real problem that opened research lines for many groups in the world,
trying to prevent and treat delayed unions and pseudoarthrosis[7].

Successful bone healing in delayed unions and nonunions is a challenge for
the orthopaedic surgeon. There are many treatment options ranging from simple
immobilizations to open fixation and grafting. Treatment is based in the biologi-
cal and biomechanical “re-stabilization” of the fracture. It requires a particular
approach in every case, analyzing the causes of the nonunion, the type of fracture,
the anatomical and biomechanical considerations of the lesion, and the best treat-
ment option available for each situation[6].

Surgical interventions in delayed fracture healing and nonunions involve
large operations that significantly increase pre and postoperative risk factors, and
also represent a longer, more difficult recovery period and rehabilitation process.
Bone grafts are commonly used as osteoconductors in fracture defects[8,9]. The
use of non biological osteoconductive elements such as hydroxyapatite has also
served the purpose of defect filling[10]. However, the osteoinductive properties of
grafts are fully dependent on the host’s capability to create a proper healing envi-
ronment allowing bone graft substitute incorporation[9]. The vascularity, the
amount of undifferentiated cells and the third messengers that activate the heal-
ing processes are probably as or more important than the physical filling of a tis-
sue gap. The modulation of bone remodeling is a primary function of hormones
and growth factors that could be used potentially as osteoinductors in cases where
the natural process of bone healing is endangered[11,12]. Surgical procedures are
necessary when the biomechanical stabilization is required. Surgery is also useful
when tissue stimulation is needed to complete bone healing. It creates a new trau-
matic environment with bleeding, growth factor liberation, cell migration and
differentiation that stimulates new bone formation. Partial decortication proce-
dures, as the ones described by Judet [13], have been used widely in many situa-
tions. Grafting and tissue healing augmentation with Autologous Growth Factors
(AGF) are currently used in surgery to provide adequate osteoinduction and
osteoconduction in order to solve the clinical situation[14-18].

In cases where the biomechanical stability of a fracture has been reached, but
the biological status of bone healing is delayed, many non-invasive techniques
have been described in order to obtain bone callus[6]. These techniques apply
biophysical enhancement elements to increase bone healing in difficult circum-
stances. Electrical stimulation and magnetic fields have been used successfully in
some cases [19-24], but the most documented and widespread system currently
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used is the stimulation of endogenous growth factors by focalized high energy
ultrasound single pulses, or shockwaves[25,26].

ESWT and Bone Healing

Extracorporeal Shock Wave Therapy (ESWT) has been studied in both
experimental [27-39] and clinical [40-49] fields, showing good and excellent
results in bone healing for delayed unions and pseudoarthrosis.  The use of
shockwaves focalized on the fracture site increases bone formation by means of
vascular stimulation, periosteal reaction and osteoblast activation, probably due
to the endogenous liberation of Nitrous Oxide, growth factors and free radi-
cals[25]. These have been proven experimentally by Wang et al. [50,51], showing
significant differences in animal models. Clinical trials of Shaden, Rompe, and
Wang [45-47] have shown bone healing in delayed unions and pseudoarthrosis
using high energy ESWT devices in single sessions with excellent results.  There
are several recent clinical studies on the effect of ESWT for nonunion and
delayed union. Schaden et al. [45] reported their experience with ESWT for the
treatment of delayed osseous union and nonunion in 115 patients with a success
rate of 75.7%. In a prospective study, Rompe et al. [47] evaluated the effect of
high-energy extracorporeal shock waves in the treatment of 43 patients with tib-
ial or femoral nonunions. They showed 72% of bony consolidation after an aver-
age of 4 months with no adverse events besides transient local hematoma. Wang
et al. [46] reported a success rate of 80% at 12 months follow-up in the treat-
ment of 72 nonunions of long bones with ESWT. These studies, with a success
rate range of 70% to 80% in the achievement of bony union, showed moreover
an adequate relief of symptoms, a functional recovery and no systemic complica-
tions. Therefore, the use of ESWT in the treatment of nonunion is highly recom-
mended.

We have used both techniques in delayed unions, having as a primary indica-
tion for surgery the biomechanical instability of the fracture, and for ESWT the
biological instability of the delayed union. We have used high energy ESWT for
five years and our results show a 79% rate of healing without surgery, a number
that reproduces the data from our colleagues in Europe and Asia. According to lit-
erature data and the recommendations of the ISMST, the energy required for
bone healing treatments using ESWT must exceed 0.3mJ/mm2, and must be done
in one single session of at least 2000 shockwaves. This requires a high energy
ESWT electromagnetic, electrohydraulic or piezoelectric generator that can
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deliver this amount of energy. These high energy shockwaves are painful and the
procedure must be done under sedation or anesthesia. We have used shockwaves
in a protocol with 1000 impulses of progressive energy that create an anesthetic
area on the field of treatment, and then we can apply the 2000 high energy shock-
waves we consider necessary on therapeutic levels. We believe using lower flux
densities in a larger number of impulses does not increase bone stimulation,
because reaching the target areas is difficult with devices that deliver these ener-
gies. One may apply >10,000 low energy shockwaves to a bone and never be able
to reach cell stimulation in the fracture site. Rompe, Wang and Schaden have
shown excellent results with high energy in one session, and there are no reports
of similar results with lower energy protocols.

Radial shock waves have been ruled out for bone treatments because of the
low energy they deliver and the depth of the tissues that need to be treated[52].
Radial shock waves spread from the contact point in the skin and lose power as
they go deeper.  Furthermore, due to its physical properties, this type of shock
wave is not able to be focused on a deeper point[25,26]. However, the vascular
and cellular effects of radial shockwaves on insertional tendinosis have proven
superficial and periosteal revascularization in bone, and probably the good results
of this technology in soft tissues is also caused by the stimulation of endogenous
growth factors[50,51]. Using radial shockwaves should also create proper envi-
ronments for healing stimulation in certain areas of bones close to the application
site, but probably not on the whole fracture, especially in large bones like the
femur or tibia.

AGF and Bone Healing
One of the turning points in orthopaedic surgery has been the growing inter-

est in biological enhancement and orthobiologic procedures to improve bone
healing.  Ever since Marshal Urist described Bone Morphogenetic Protein in 1965
[53, 54], orthopaedists have been aiming for the “holy grail” of a substance that
could easily and rapidly consolidate a fracture. Research in PTH, PTHrp, OP1
and AGF is growing, and an important number of papers and presentations today
deal with this particular line of research[5, 55, 56]. Many forms of bone healing
enhancers are commercially available, and the experience is getting stronger in
evidence worldwide. The use of stem cells and haematopoietic concentrates are
also very popular in many other tissues, and slowly growing into bone healing as a
therapeutic tool[6]. The traditional enhancement factor used in the treatment of
nonunions has been the autogenous bone graft in spite of its limited availability
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and the high rate of morbidity in the donor site (10 to 30%)[5,16]. Now, bone tis-
sue engineering based therapies are emerging and increasing the current treat-
ment choices[11]. 

AGF is a preparation of autologous plasma with a very high platelet concen-
tration. The alpha granules in these platelets contain several biologically active
growth and differentiation factors known by their important effect on bone tissue
regeneration and neovascularization[57,58,5]. Moreover, the local hematoma
produced with AGF activation serves as an osteoconductive scaffold to the repair
process[59]. The uses of native growth factors offer various advantages to recom-
binant ones. Even if AGF contains a higher concentration of native growth fac-
tors, their biological proportion remains unchanged as well as their possible
interactions[57,16]. Because of its autologous origin, AGF is safe from transmissi-
ble diseases and is free from immunological reactions[57]. The only possible
adverse event with the use of AGF is the development of antibodies against bovine
thrombin[16]. Therefore, we prefer the activation of human thrombin to avoid
this undesirable complication.

We obtain our AGF from the own patient’s blood, prepare it in a cell saver in
order to obtain the PRP (platelet rich plasma) and the puffy coat, and then con-
centrate platelets rich in alpha granules to at least 1,000,000 platelets/µL[57]. This
concentrate of PRP/AGF is then ready to prepare in the operating room in the
consistency that the surgeon requires for each particular procedure[57]. In mix-
tures with powder grafts or with bone chips it is used in a liquid form, and in
arthroscopic procedures it is concentrated to a thick gel that can be managed eas-
ily inside the joint. In bone reconstructive surgery like total hip revisions it is also
gelled with grafts so the handling of the AGF is easy and delivered into the proper
site the surgeon desires. The gellification process is aided with calcium gluconate
that reacts with the patient’s blood and thrombin to create the gel in the form we
need. This concentration varies according to the surgical needs and is a simple
procedure.

Using AGF in percutaneous applications should be able to enhance the heal-
ing process in bone.  However, the vascular stimulation and the local bleeding is
absent in percutaneous procedures, and is probably a key factor in the stimulation
of bone formation.  ESWT has proven a vascular stimulation and the generation
of endogenous growth factors, and could be used to create the proper environ-
ment for AGF to act as osteoinductors in percutaneous procedures.
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Our experience with autologous growth factors (AGF) in surgical procedures
for delayed unions and pseudoarthrosis is very encouraging. Using the osteoin-
ductive power of AGF with bone grafts has reduced bone healing time and
resulted in stable consolidations. On the other hand, our experience with ESWT
in delayed unions has reproduced the data from the literature, and our protocols
for each treatment are well defined and followed. However, we would like an eas-
ier scenario for certain fractures that are stable, in superficial bones and show
signs of delayed union.  We came up with the idea of using a combined therapy of
low energy shockwaves and the percutaneous application of AGF and wanted to
determine if this approach would have similar results to those obtained from
open surgery or high energy ESWT. With solid scientific background, it seemed
feasible to obtain good results with this protocol, reducing treatment time and
costs.

ESWT & AGF Combined Therapy

For stable delayed unions in superficial bones, we have used a combined
therapy of radial shockwaves followed by the injection of percutaneous AGF. If
delayed unions are seen as unfertile soil, shock waves would act as a plow and
AGF as a seed. We believe the combination of these therapies can result in the
stimulation of bone healing in the same way high energy ESWT or surgical proce-
dures do.  The potential advantages are a short minimally invasive procedure with
low cost.  Having this in mind we started a pilot trial in voluntary patients booked
for surgery for delayed stable non unions in 2004.  The patients selected to receive
the treatment with radial shock waves and injection of AGF were skeletally
mature with nonunions or delayed unions of long bones not deeper than 1.5
inches, like tibia, ulna, fibula, distal femur and humerus.  The contraindications
to undergo this treatment were basically the same of high-energy shock wave
treatments but since anesthesia is not required, criteria are less demanding. A
patient was not treated with radial shock waves and AGF if he met one of the fol-
lowing criteria: inadequate stabilization, local bone infection, pathologic fracture,
tumor within the shock wave field, coagulopathy, use of anticoagulants or preg-
nancy.

We have treated 16 delayed unions since February 2004. They were 5 females
and 11 males with an average age of 39 years (range, 17 to 61 years). One patient
received treatment for two delayed unions: a supracondylar fracture of the
humerus and an olecranon osteotomy from the original surgical approach. Five
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fractures had delayed healing (3 to 6 months from the initial injury or the last
operation), and 11 fractures had an established nonunion with an evolution of
more than 6 months (range, 6 to 13 months). We treated 6 tibias, 4 humeri, 5
ulnas, and 1 metatarsal. All nonunions were atrophic and did not show signs of
established pseudoarthrosis or hyperthropic radiological changes, and had
defects under 3 mm. (Table 1)

We have developed a protocol for the application of radial shock waves sup-
plemented with AGF. This single ambulatory procedure is done in an operating
room under aseptic conditions and takes between 30 and 40 minutes. 

Our process to prepare AGF is the standardized autologous procedure. With
a double centrifugation technique, a platelet rich plasma with at least 1,000,000
platelets/µL in a 5ml volume is obtained[57]. This procedure requires a sterile
management and pyrogen free disposable materials. Since the technique lasts
approximately 1 hour, the patient blood sample (25 cm3) has to be taken at least
one hour before the shock wave application. 

We do not use local anesthesia in these cases, and we prefer to use our pro-
gressive shockwave protocol to generate a reasonable anesthetic level to both
apply therapeutic shockwaves and inject the AGF.  With the patient placed on a
standard operating table, the fracture site is localized with an X-Ray image inten-
sifier.

With no anesthesia, we applied the following protocol: 4000 continuous
impulses with 1 to 4 Bar, equivalent to 0.03 to 0.18 mJ/mm2 energy flux density at
a frequency of 6 to 10 Hz.  In all cases we have used the Swiss Dolor Clast® radial
shockwave generator produced by EMS in Switzerland.  Once the fracture is local-
ized in position and depth, a lubricating gel is applied over the skin. The shock
waves are delivered with a 15mm hand applicator in direct contact with the skin,
with circular movements in order to achieve stimulation in all the fracture area.
The initial pressure of wave application is 1 Bar (<0.03mJ/mm2) at 10 Hz, and it
is gradually increased. Then, at 500 impulses the pressure is raised to 2 Bar (0.06
mJ/mm2) and at 1000 impulses to 3.5 Bar (0.16mJ/mm2). Simultaneously, the
frequency is decreased initially to 8 Hz and then to 6 Hz. After the first 2000 shock
waves that are used for analgesia, we start the treatment with 2000 continuous
impulses with 3.5 to 4 Bar (0.16 to 0.18 mJ/mm2) at 6 Hz. During the procedure
the patient can experience some pain that is used to check the positioning of the
device. Major vascular and neural structures and areas with metallic internal fixa-
tion are avoided.
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M = male; F = female; Fx= Fracture

Table 1. The epidemiological data of our patients.  Only one did not show signs of
radiological healing after 12 weeks of radiological follow up.  Three of them were
complications of osteotomies in previously healthy bones. 

When the application of shock waves finished, 10 ml of the previously pre-
pared AGF is activated with calcium gluconate and injected percutaneously under
fluoroscopy in different points of the fracture soft callus. In the fractures with a
gap larger than 3 mm,  the AGF is mixed with lyophilized cryopreserved 300
micron bone allografts.

Patient Age Gender Site Type of Fracture Months 
Post Fx 

Rx Healing 
at 12 weeks

1 30 F Ulna Transverse single dyaphiseal – 
No hardware

5 Yes

2 43 M Tibia Segmentary & Double plate 10 No

3 42 F Tibia Macquet osteotomy -  Allograft & 
screw

5 Yes

4 24 F Tibia Diaphyseal oblique & IM nail 13 Yes

5 26 M Ulna Diaphyseal segmentary & 3.5 
DCP plate

5 Yes

6 24 M Tibia Diaphyseal transverse & IM nail 11 Yes

7 52 M Humerus Diaphyseal transverse & IM nail 6 Yes

8 20 M Ulna Transverse single diaphyseal – 
No hardware

4 Yes

9 61 F Humerus Supracondylar & double plates 12 Yes

9 61 F Ulna Trans-olecranon approach & K 
wires

12 No

10 55 M Tibia Distal metaphyseal & MIS plate 10 Yes

11 17 M Humerus Diaphyseal & no hardware 5 Yes

12 36 F 4th 
Metatarsal

Proximal osteotomy & no hard-
ware

10 Yes

13 42 M Humerus Diaphyseal & 3.5 DCP plate 12 Yes

14 26 M Tibia Diaphyseal prox. third trans-
verse & 4.5 Plate

13 Yes

15 24 M Ulna Transverse dyaphiseal & 3.5 LC-
DCP plate

6 Yes
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The rehabilitation process starts from the first day after treatment.  All
patients were immobilized for at least two weeks, and weight bearing was allowed
in tibial fractures using leg braces.  Patients clinical follow-up was made weekly
during the first month and monthly during the first year. The intensity of pain
before and after the treatment was assessed with a visual analogue scale from 0 to
10,  having 0 for no pain and 10 for worst pain. Radiologic images were taken to
assess callus formation, fracture defects and the presence of bone union at 6
weeks and  3, 6, and 12 months after treatment.

Bone union after delayed fracture healing or established nonunion was
assessed by clinical and radiological evaluations. Clinical assessment included
pain intensity, fracture stability and range of motion. Radiologic evolution was
determined by defect size, callus formation and stability. We considered an excel-
lent result when both clinical and radiological stability has been achieved at 12
weeks after the treatment.  We considered a good result when radiological stabil-
ity is incomplete at 12 weeks, but the clinical and radiological evolution shows
improvement during the follow-up. Bad results are patients with clinical or radio-
logical instability or those who required surgical treatment.

Patients were evaluated blindly by a group of radiologists to determine the
evolution of the healing process. The clinical follow-up was not blinded due to
the nature of the procedure and the patient’s knowledge of the type of treat-
ment he received.  We had excellent results in 14 cases (87.5%). This group had
both clinical and radiological stability of the fracture at 12 weeks, even after
periods as long as 17 months with no response to previous treatments. Most of
the patients had stable delayed unions or nonunions that were on the limit for
surgical revision. (Figure 1) We performed this treatment even in patients with
serious conditions around the fracture, like vascular grafts and skin flaps. (Fig-
ure 2)

We had no healing in one tibia, originally an open segmentary high energy
fracture treated with double plates and grafts. One of the fractures healed and the
other one did not. We treated the nonunion, but the patient showed no signs of
bone callus after six months. A revision surgery was performed and the stabiliza-
tion was done with an IM nail. The other bone that did not heal was an olecranon
osteotomy that had a 3 mm gap. Even though the elbow was immobilized, the K
wires broke, a sign interpreted as fracture instability. The patient required surgical
revision and grafting. (Figure 3)
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Figure 1. Patient # 8, 20 year old male, sports related accident with single dia-
physeal mid-third ulnar fracture. Initially treated with closed reduction and immo-
bilization.  Four months after injury there is pain in prono-supination and X-Rays
show no signs of healing (Upper Left).  An open procedure is proposed with
open reduction and internal fixation with a 3.5 DCP plate.  Instead, we per-
formed our protocol with rESWT (Upper Right) and AGF (Lower Left). Twelve
weeks after the procedure there is a stable callus and the patient is pain free
(Lower right).

Our preliminary results were so encouraging that we have stopped the treat-
ments of delayed unions with high energy  ESWT on these particular indications:
stable delayed unions or nonunions in superficial bones.  However, we must be
sure if the effect of one of our treatments is enough by itself, or if the combination
of rESWT and AGF is the one that is giving us these promising results. We have
already started an experimental study in an animal model of nonunions in dogs,
to determine the differences between groups treated only with rESWT, only with
AGF, a third group treated with a combined therapy, and a control group. This
study will tell us the role of each therapeutic variable in order to go further in its
use.

The development of effective and safe methods to enhance the complex pro-
cess of bone healing is one of the most important research questions in present
orthopaedics. Biophysical stimulation of bone by means of extracorporeal shock
waves induces regenerating responses in bone tissue[25]. The use of recombinant
or autologous growth factors in bone is also well documented and widely used
today.
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Figure 2. Patient # 7, 52 year old male, motor vehicle accident with massive skin
loss that required grafting. Open GIIIC  fracture with loss of humeral artery that
required Dacron graft. Six months after stabilization with an IM nail shows no
signs of healing and the patient has permanent pain (Left). Infection is ruled out by
labs and bone scans. rESWT&AGF is performed. Six weeks after treatment there
is no pain and X Rays show signs of healing (Center). Twelve weeks after treat-
ment there is a stable mature callus and the patient is painless (Right).

Figure 3. Patient # 9,  61 year old female, motor vehicle accident. The initial
diagnosis was an inter-supracondylar fracture treated with double plates. The sur-
gical approach required an olecranon osteotomy that did not heal. The Supra-
condylar fracture did not heal as well. rESWT&AGF was done in both
Supracondylar and olecranon nonunions (Left). The humerus healed properly
after 12 weeks post treatment, but the olecranon did not show any signs of bone
callus. There is probably a mechanical instability left because the K wires were
broken in the 12 week X Ray control (Right).
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We propose the use of a combined therapy of low energy radial shockwaves
and autologous platelet derived growth factors in the treatment of biomechani-
cally stable delayed unions and nonunions in superficial bones, as another min-
imally invasive tool that represents lower costs and in our experience is giving
similar results as of those obtained with open grafting procedures or high
energy ESWT. Further research is absolutely necessary, not only in the animal
model we are currently working on, but also in multicentric clinical trials.  Not
everything new is always good, but one must remember that everything good
was new once.

Literature

1. Einhorn TA. The Cell and Molecular Biology of Fracture Healing. Clin Orthop Rel
Res 1998 Oct;355(Suppl):S7-S21

2. Miclau T, Helms JA.  Molecular aspects of fracture healing. Curr Opin Orthop 2000
Oct;11(5):367-371

3. Bostrom MP, Yang X, Koutras I.  Biologics in bone healing. Curr Opin Orthop 2000
Oct;11(5):403-412

4. Einhorn TA. Clinically Applied Models of Bone Regeneration in Tissue Engineering
Research. Clin Orthop Rel Res 1999 Oct;367(Suppl):S59-S67

5. Lieberman JR, Daluiski A, Einhorn TA. The role of Growth Factors in the repair of
bone: biology and clinical applications. J Bone Joint Surg Am 2002;84:1032-1044

6. Rodriguez-Merchan EC, Forriol F. Nonunion: General Principles and Experimental
Data. Clin Orthop Rel Res 2004 Feb;419:4-12

7. Rodriguez-Merchan EC. Editorial comment. Clin Orthop Rel Res 2004 Feb;419:1

8. Perry CR. Bone Repair Techniques, Bone Graft, and Bone Graft Substitutes. Clin
Orthop Rel Res 1999 March;360:71-86

9. Bauer TW, Muschler GF. Bone Graft Materials: An Overview of the Basic Science.
Clin Orthop Rel Res 2000 Feb;371:10-27

10. LeGeros RZ. Properties of Osteoconductive Biomaterials: Calcium Phosphates. Clin
Orthop Rel Res 2002 Feb;395:81-98

11. Boden S. Bioactive factors for bone tissue engineering. Clin Orthop Rel Res
1999;367(Suppl):S84-S94

12. Beasley LS, Einhorn TA. The role of growth factors in fracture healing. In: Canalis
E. Skeletal Growth Factors. Philadelphia: Lippincott Williams & Wilkins. 2000:311-
322

13. Judet R, Judet J. [Osteo-periosteal decortication. Principle, technic, indications and
results]. Memoires de l´Académie de Chirurgie 1965 May; 91(15):463-70

14. Anitua E. Plasma rich in growth factors: preliminary results of use in the
preparation of future sites for implants. Int J Oral Maxillofac Implants. 1999 Jul-
Aug;14(4):529-535

15. Hom DB, Thatcher G, Tibesar R. Growth factor therapy to improve soft tissue
healing. Facial Plast Surg 2002 Feb;18(1):41-52

16. Sanchez AR, Sheridan PJ, Kupp LI. Is platelet-rich plasma the perfect enhancement
factor? A current review. Int J Oral Maxillofac Implants 2003 Jan-Feb;18(1):93-103

Chapter 33.fm  Page 342  Thursday, November 23, 2006  12:52 PM



RADIAL SHOCK WAVES AND AUTOLOGOUS GROWTH FACTORS 343

17. Tozum TF, Demiralp B. Platelet rich plasma: a promising innovation in dentistry. J
Canadian Dental Association 2003 Nov;69(10):664

18. Thorn JJ, Sorensen H, Weis-Fogh U, Andersen M. Autologous fibrin glue with
growth factors in reconstructive maxillofacial surgery. Int J Oral Maxillofac Surg
2004 Jan;33(1):95-100

19. Day L. Electrical stimulation in the treatment of ununited fractures. Clin Orthop
Rel Res 1981 Nov-Dec;161:54-57

20. Jorgensen TE. Asymmetrical slow-pulsating direct current. Clin Orthop Rel Res
1981 Nov-Dec;161:67-70

21. Sharrard WJ. A double blind trial of pulsed electromagnetic fields for delayed union
of tibial fractures. J Bone Joint Surg Br 1990 May;72B(3):347-355

22. Scott G, King JB. A prospective, double-blind trial of electrical capacitive coupling
in the treatment of non-union of long-bones. J Bone Joint Surg Am 1994
Jun;76A(6):820-826

23. Rogozinski A, Rogozinski C. Efficacy of implanted bone growth stimulation in
instrumented lumbosacral spinal fusion. Spine 1996 Nov;21(21):2479-2483

24. Aaron RC,  Ciombor DM,  Simon BJ. Treatment of Nonunions With Electric and
Electromagnetic Fields. Clin OrthopRel Res 2004;419:21–29

25. Ogden JA, Alvarez R, Levitt R, Marlow M. Shock Wave Therapy (Orthotripsy(R)) in
Musculoskeletal Disorders. Clin Orthop Rel Res 2001 June;387:22-40

26. Thiel M. Application of Shock Waves in Medicine. Clin Orthop Rel Res 2001
June;387:18-21

27. Yeaman LD, Jerome CP, McCollough D. Effects of shock wave therapy on the
structure and growth of the immature rat epiphysis. J Urol 1989; 141:670-674

28. Van Arsdalen KN, Kurzweil S, Smith J, Levin RM. Effect of lithotripsy on immature
rabbit bone and kidney development. J Urol 1991;146:213-216

29. Rompe JD, Kirkpatrick CJ, Kullmer K, Schwitalle M, Krischek O. Dosed-related
effects of shock waves on rabbit tendo achillis. A sonographic and histological
study. J Bone Joint Surg Br 1998 may; 80-B(3):546-552

30. Ikeda K, Tomita K, Takayama K. Application of extracorporeal shock wave on bone.
J Trauma 1999; 47(5):946-950

31. Wang FS, Wang CJ, Huang HJ, Chung H, Chen RF, Yang KD. Physical shock wave
mediates membrane hyperpolarization and Ras activation for osteogenesis in
human bone marrow stromal cells. Biochem Biophys Res Com 2001
Sep;287(3):648-55 

32. Wang FS,Yang KD,Chen RF,Wang CJ,Sheen-Chen SM. Extracorporeal shock wave
promotes growth and differentiation of bone-marrow stromal cells towards
osteoprogenitors associated with induction of TGF-beta1. J Bone Joint Surg Br 2002
Apr;84(3):457-61 

33. Wang FS, Yang KD, Kuo YR, Wang CJ, Sheen-Chen SM, Huang HC, Chen YJ.
Temporal and spatial expression of bone morphogenetic proteins in extracorporeal
shock wave-promoted healing of segmental defect. Bone 2003 Apr;32(4):387-96

34. Maier M, Averbeck B, Milz S, Refior HJ, Schmitz C. Substance P and Prostaglandin
E2 Release After Shock Wave Application to the Rabbit Femur. Clin Orthop Rel Res
2003;406:237-245

35. Martini L, Giavaresi G, Fini M, Torricelli P, Pretto M, Schaden W, Giardino R. Effect
of Extracorporeal Shock Wave Therapy on Osteoblastlike Cells. Clin Orthop Rel Res
2003;413:269–280

36. Chen YJ, Kuo YR, Yang KD, Wang CJ, Sheen Chen SM, Huang HC, Yang YJ, Yi-Chih
S, Wang FS. Activation of extracellular signal-regulated kinase (ERK) and p38

Chapter 33.fm  Page 343  Thursday, November 23, 2006  12:52 PM



344 EXTRACORPOREAL SHOCK WAVE THERAPY

kinase in shock wave-promoted bone formation of segmental defect in rats. Bone
2004 Mar;34(3):466-77 

37. Chen YJ, Wang CJ, Yang KD, Kuo YR, Huang HC, Huang YT, Sun YC, Wang FS.
Extracorporeal shock waves promote healing of collagenase-induced Achilles
tendinitis and increase TGF-beta1 and IGF-I expression. J Orthop Res 2004
Jul;22(4):854-61 

38. Chen YJ, Wurtz T, Wang CJ, Kuo YR, Yang KD, Huang HC, Wang FS. Recruitment
of mesenchymal stem cells and expression of TGF-beta 1 and VEGF in the early
stage of shock wave-promoted bone regeneration of segmental defect in rats. J
Orthop Res 2004 May;22(3):526-34

39. Wang CJ, Yang KD, Wang FS, Hsu CC, Chen HH. Shock wave treatment shows
dose-dependent enhancement of bone mass and bone strength after fracture of the
femur. Bone 2004 Jan;34(1):225-30 

40. Haupt G, Haupt A, Ekkernkamp A, Gerety B, Chvapil M. Influence of shock waves
in fracture healing. Urology 1992;39:529-532

41. Haupt G. Use of extracorporeal shock waves in the treatment of pseudoarthrosis,
tendinopathy and other orthopedic diseases. J Urol 1997;158:4-11

42. Vogel J, Hopf C, Eysel P, Rompe JD. Application of extracorporeal shock-waves in
the treatment of pseudarthrosis of the lower extremity. Preliminary results. Arch
Orthop Trauma Surg 1997;116(8):480-3 

43. Vogel J, Rompe JD, Hopf C, Heine J, Burger R. [High-energy extracorporeal shock-
wave therapy (ESWT) in the treatment of pseudarthrosis]. Zeitschrift fur
Orthopadie und Ihre Grenzgebiete 1997 Mar-Apr;135(2):145-9 

44. Beutler S, Regel G, Pape HC, Machtens S, Weinberg AM, Kremeike I, Jonas U,
Tscherne H. [Extracorporeal shock wave therapy for delayed union of long bone
fractures - preliminary results of a prospective cohort study]. Unfallchirurg. 1999
Nov;102(11):839-47

45. Schaden W, Fischer A, Sailler A. Extracorporeal Shock Wave Therapy of Nonunion
or Delayed Osseous Union. Clin Orthop Rel Res 2001 June;387:90-94

46. Wang CJ, Chen HS, Chen CE, Yang KD. Treatment of Nonunions of Long Bone
Fractures With Shock Waves. Clin Orthop Rel Res 2001 June;387:95-101

47. Rompe JD, Rosendahl T, Schollner C, Theis C. High-Energy Extracorporeal Shock
Wave Treatment of Nonunions. Clin Orthop Rel Res 2001 June;387:102-111

48. Birnbaum K, Wirtz DC, Siebert CH, Heller KD. Use of extracorporeal shock-wave
therapy (ESWT) in the treatment of non-unions. A review of the literature. Arch
Orthop Trauma Surg 2002 Jul;122(6):324-30 

49. Schoellner C, Rompe JD, Decking J, Heine J. [High energy extracorporeal
shockwave therapy (ESWT) in pseudarthrosis]. Orthopade 2002 Jul;31(7):658-62 

50. Wang CJ, Huang HY, Pai CH. Shock wave-enhanced neovascularization at the
tendon-bone junction: an experiment in dogs. J Foot Ankle Surg 2002 Jan-
Feb;41(1):16-22

51. Wang CJ, Wang FS, Yang KD, Weng LH, Hsu CC, Huang CS, Yang LC. Shock wave
therapy induces neovascularization at the tendon-bone junction. A study in rabbits.
J Orthop Res 2003 Nov;21(6):984-9

52. Ogden JA,  Tóth-Kischkat A, Schultheiss R. Principles of Shock Wave Therapy. Clin
Orthop Rel Res 2001;387:8-17

53. Urist MR. Bone: Formation by autoinduction. Science 1965;150:893-899

54. Gibble JW, Ness PM. Fibrin glue: the perfect operative sealant? Transfusion 1990
Oct;30(8):741-7

Chapter 33.fm  Page 344  Thursday, November 23, 2006  12:52 PM



RADIAL SHOCK WAVES AND AUTOLOGOUS GROWTH FACTORS 345

55. Geesink RGT, Hoefnagels NHM, Bulstra SK. Osteogenic activity of OP-1 bone
morphogenetic protein (BMP-7) in a human fibular defect J Bone Joint Surg Br
1999;81B:710-8

56. Friedlaender GE, Perry CR, Cole JD, Cook SD, Cierny G, Muschler GF, Zych GA,
Calhoun JH, LaForte AJ, Yin S. Comparing rhOP-1 with Fresh Bone Autograft of
Tibial Nonunions : A Prospective, Randomized Clinical Trial. J Bone Joint Surg Am
2001; 83(Suppl 1):151-158

57. Marx RE. Platelet-Rich Plasma (PRP): What Is PRP and What Is Not PRP? Implant
Dentistry 2001 Dec;10(4):225-228

58. Glowacki J. Angiogenesis in fracture repair. Clin Orthop Rel Res 1998
Oct;355(Suppl):S82-S89

59. Watson JT. Autologous growth factors combined with demineralized bone matrix
used as an alternative to autograft for the treatment of recalcitrant nonunited
fractures of long bones: a report of six cases. Depuy Orthopaedics, Inc. 2002

Chapter 33.fm  Page 345  Thursday, November 23, 2006  12:52 PM



Chapter 33.fm  Page 346  Thursday, November 23, 2006  12:52 PM


