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Background: The authors of several studies have recommended extracorporeal shock-wave therapy as an alternative to
surgical treatment for long-bone nonunions. This study was performed to compare the results of extracorporeal shock-wave
therapy produced by two different devices with those of surgical treatment in the management of long-bone nonunions.

Methods: One hundred and twenty-six patients with a long bone nonunion were randomly assigned to receive either
extracorporea! Shockwave therapy (Groups 1 and 2) or surgical treatment (Group 3). The patients in the shock-wave
groups received four treatments with 4000 impulses of shock waves with an energy flux density of 0.40 mJ/mm^
(Group 1) or 0.70 mJ/mm^ (Group 2). The patients in the three groups had similar demographic characteristics.
durations of nonunion, and durations of follow-up. Radiographic results (the primary outcome) and clinical results (the
secondary outcomes) were determined before and three, six. twelve, and twenty-four months after treatment.

Results: The radiographie findings did not differ among the three groups of patients. At six months. 70% of the
nonunions in Group 1, 71% ofthe nonunions in Group 2, and 73% ofthe nonunions in Group 3 had healed. Three and
six months after treatment, the clinical outcomes in the two shock-wave groups were significantly better than those in
the surgical group (p < 0.001). However, at both twelve and twenty-four months after treatment, there were no
differences among the three groups, with the exception of the DASH score, which differed significantly between Groups
1 and 3 (p = 0.038) and between Groups 2 and 3 (p = 0.021) at twelve months.

Conclusions: Extracorporeal shock-wave therapy is as effective as surgery in stimulating union of long-bone hyper-
trophic nonunions and yields better short-term clinical outcomes.

Level of Evidence: Therapeutic Level I. See Instructions to Authors for a complete description of levels of evidence.

Extracorporcai shuck-wave therapy has been investigated
as a nonsurgical means of achieving fracture-healing.
This therapy was first described by German authors' '.

Allhimgh the advantages of extracorporeal shock-wave therapy,
such as its noninvasiveness and a low complication rate, in the
treatment of nonunions have heen reported in various exper-
imeiUat' and clinical studies'"'", there is not yet conclusive

proof that extracorporeal shock-wave therapy is as effective as,
or hetter than, other forms of treatment". To our knowledge,
no prospective clinical studies have heen performed to assess the
effectivetiess of extracorporeal sliock-wave therapy, to compare
it with surgery, or to ascertain whether there are any differ-
ences in the effectiveness of different extracorporeal shock-
wave generators in the treatment of long-bone nonunions.

Disclosure: The authors did not receive any outside funding or grants in support of their research for or preparation of this work. Neither they nor
;.i mctiibcr of their immediate families received payments or other benefits or a comriiitnient or agreement to provide such benefits from a commercial
entity. No commercial entity paid or directed, or agreed to pay or direct, any benefits to any research fund, foundation, division, center, clinical practice.
or other charitable or nonprofit organization with which the authors, or a member of their immediate families, are affiliated or associated.

JBoneJolittSurgAin. 2009:91:2589-97 • dOi:10.21O6/iBJS.H.O0841



2590
THE JOURNAL OF BONE & JOINT SURGERY • [BJS.ORG

VotUME 91-A -NUMBER 11 -NOVEMBER 2009
EXTRACORPORF-AL S H O C K - W A V E T H E R A P Y COMPARED WITH

SURGERY FOR HYPERTROPHIC LONG-BDNF. NONUNIONS

We hypothesized that extracorporeal shock-wave ther-
apy is as effective as, or more effective than, surgical treatment
of long-hone nonunions.

The purposes of this double-blind, controlled study were
(I) to assess the effectiveness of extracorporeal shock-wave
therapy in the treatment of long-bone nonunions, (2) to com-
pare extracorporeal shock-wave therapy with surgical treatment
of long-bone nonunions, and (3} to ascertain any differences in
effectiveness between two different extracorporeal shock-wave
generators in the treatment of long-bone nonunions.

Materials and Methods

Between October 2001 and September 2004, we conducted
a prospective, randomized, multicenter trial using a ihree-

sample parallel-group design (Fig. 1). The study protocol was
approved by the local ethical committees at all of the par-
ticipating centers. Two shock-wave-therapy centers (the De-
partment of Physical Medicine and Rehabilitation, "San
Salvatore" Hospital, L'Aquila, Italy, and the Physical Medicine
and Rehabilitation Center, Nomentana Hospital, Rome, Italy)
and one orthopaedic surgery center (Division of Orthopaedic
Surgery, Department of Surgery, "San Salvatore" Hospital,
L'Aquila) were involved in the study. Both types of the shock-
wave device were used at both ot" the shock-wave-therapy
centers during the study period. Randomization of the patients
and monitoring of the data were performed in a university
hospital (Department of Physical Medicine and Rehabilitation,
School of Medicine, "La Sapienza" University, Rome) not in-
volved in the treatment procedures, according to the CPMP/
ICH (Committee for Proprietary' Medicinal Products/lnternalional
Conference on Harmonisation of Technical Requirements
for Registration of Pharmaceuticals for Human Use) Guideline
for Good Clinical Practice" and Guideline for Statistical
Principles for Clinical Trials". Patients were seen at one of
the three participating centers and then, on the basis of the
randomization, referred to one of the three institutions for
treatment.

In this study, nonunion was defined as a fracture that did
not show any progress toward healing on radiographs made at
one-month intervals for at least six months following treat-
ment. Before randomization, all patients were evaluated clin-
ically by two independent clinicians and the radiographs were
reviewed by two independent radiologists who were unaware
of the purposes of this study and made the final decision that
there was no progress toward union.

Inclusion criteria were a long-bone nonunion and
skeletal maturity. Both hypertrophie and atrophie nonunions
were considered for this study. Hypertrophie nonunions show
prolific callus formation, bone vascularity is present, and the
bone has a good healing potential. Atrophie nonunions are
characterized by an absence of callus and the presence of atro-
phie bone ends, which may be tapered and osteopenic or scle-
rotic; bone vascularit)' is deficient, and the bone has poor healing
potential.

Exclusion criteria were bone tumors, pathologic fractures,
infected nonunions, breakage of fixation devices, an implanted

pacemaker, blood coagulation disorders, use of anticoagulant
drugs, and pregnancy. The presence of bone fixation devices
was not a reason for exclusion.

The patients were informed of the possible advantages
and disadvantages of surgery and extracorporeal shock-wave
therapy for the treatment of nonunions. Signed informed
consent was then obtained from all of the patients before they
were assigned to a group. The treatment group was assigned
at a central location, with use of a separate random-assignment
list for each center; the lists were computer-generated with the
use of random permuted blocks of nine patients for each list.

One hundred and twenty-six patients satisfied the in-
clusion criteria and were randomized into fifteen blocks, with
assignment either to one of the two extracorporeal shock-wave
therapy groups (Group I and Group 2) or to the surgical group
(Group 3).

All patients had undergt)ne prior surgery, and twenty
patients had had more than one operation (Table I). One hun-
dred and eleven patients were noted to have signs of instability
such as pain, UK)sening of implants, or mobility of the fracture
site under fluoroscopy.

All patients voluntarily participated in the study.

Shock-Wave Therapy
Four extracorporeal shock-wave therapy sessions were per-
formed at one-week intervals, with 4000 impulses applied to the
center of the fracture gap at each session with one of two types
of extracorporeal shock-wave generator (as described below)
that satisfied the requirements for their use in the treatment of
muscuJoskeletal disorders. Both of tlie shock-wave generators
used in this study are licensed by the European Union and were
used exclusively within the bounds of their intended applica-
tions. Extracorporeal sh(Kk-wave therapy measurement was
carried out according to International Electrotechnicai Com-
mission (IEC) procedures'\

The head of the extracorporeal shock-wave generator
was positioned in the plane of the fracture (Fig. 2), which was
determined on the basis of previous radiographie images and
an outline or inline ultrasound positioning system. Once the
position and depth of the fracture site were located, the treat-
ment area was prepared with a coupling gel (Aquasonic 100;
Parker Laboratories, Fairfield, New lerscy) to minimize the loss
of shock-wave energy at the interface between the head of the
device and the skin. Each center was monitored to ensure ap-
propriate execution of the intervention. All of the physicians were
experienced in the use of extracorporeal shock-wave therapy to
treat various musculoskeletal disorders.

The treatment was administered with the use of regional
anesthesia in all patients. The patients received a peripheral
lower-limb (sciatic-femoral nerve) or upper-limb (axillary
brachial plexus) block with 1% mepivacaine with the aid of an
insulated atraumatic needle and a nerve stimulator. Almost all
of the patients recovered from the regional anesthesia within
two to three hours. No complications related to the regional
anesthesia were observed. No therapeutic cointervention was
administered in any group.
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The limb was ¡mniobitized in a plaster cast (a long leg
cast for the tibial and femoral fractures and a plaster cast for
the ulnar and radial fractures) or a brace for six weeks to three
months after ihe iherapy.

The patients were instructed to use nonsteroidal anti-
inflammatory medication (ibuprofen, 600 mg) once a day for
ihe first three days after each extracorporeal shock-wave treat-
ment. Moreover, we recommended that an ice pack be placed
over the treated area for fifteen to twenty minutes every hour
tlurini; the first three days after each extracorporeal shock-wave
treatniL-nt. Patients who hud treatment ofthe lower limb re-
turned to their pretreatment weight-bearing status three days
after the shock-wave treatment.

Group 1 consisted of forty-two patients (Table I), all of
whom had had surgery as the treatment of the initial fracture:

twenty-four had had intramedullnr)' nail fixation; eleven, plate
fixation; and seven, combined nail and pkue fixation. In this
group, an electromagnetic extracorporeal shock-wave generator
{Dornier Epos Ultra lith(ttripter; Hornier Medi/intechnik,
Wessling, Germany) equipped with an outline 7.3-Mllz linear
array ultrasound positioning system was used to provide four
extracorporeal shock-wave therapy sessions at one-week in-
tervals, with 4000 impulses applied to the center ofthe fracture
gap at each session with an energy flux density of 0.40 m|/mm-.

Group 2 consisted of forty-two patients (Tuble 1), all of
whom had also had surgical treatment of the initial fracture:
twenty had had intrameduiiary nail fixation; nine, plate fixa-
tion; and thirteen, combined nail and plate fixation. In Group
2, an electromagnetic extracorporeal shock-wave generaltir
(Modulith SLK; Storz Medical, Tägerwilen, Switzerland)

S did noi meet inclusion criifria
18 met exclusion criteria
4 refused to participate

42 received HSWT treatment
witti Domicr tithotriptcr

42 coniplclcd treatment

40 eompltfted 3-nionlh
assessment

2 refused fotlow-up visit

37 completed 6-montli
assessment

2 refused tbllow-up \isil
1 not Iraced

37 completed l2-nionih
assessment

36 completed 24-monlh
assessment

1 moved to other cily

42 analysed

Croup 1
Hit. '

im i/cd

42 received ESWT irealmejil
with Storz lithotripter

42 completed treatment

3Q completed 3-monlh
assessment

2 refused foltow-up visit
I moved to other eity

3H completed 6-month
assess men 1

1 refused follow-up visit

38 completed l2-mi)nth
assessment

38 compicied 24-mimth
assessment

42 analysed

Group 2

42 received surgical treatment

40 completed 3-month
assessment

2 refused follow-up visit

38 eomptcted 6-monlh
assessmeni

2 refused follow-up visit

38 completed l2-monlli
assessment

37 completed 24-momh
assessment
1 not traced

42 analysed

Group 3

Flow diagram of study. ESWT = extracorporeal shock-wave theraw.
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TABLE i Baseiine Characteristics of Randomized Patients

Group 1 Group 2 Group 3 Overall

Patients ("no.; 42 42 42 126

Male/female* 32/10 (76/24) 31/11 (74/26) 30/12 (71/29) 93/33 (74/26)

Aget (yr) 42.8 ± 6.3 43.1 + 5.4 42.5 ± 6.2 42.7 ± 5.9

Previous surgical proceduresf (no.) 1.4 ± 1.1 1.5 ± 1.2 1.4 ± 0.9 1.5 ± 0.8

Patients with >1 surgicai procedure fnoj 7 7 6 20

Duration of nonunionft (moj 11.5 + 4.9 10.8 ± 5.4 10.2 ± 6,1 10.7 ± 5.5

Site of nonunion*

Femur 11 (26) 11 (26) 12 (29) 34 (27)

Tibia 22 (52) 22 (52) 23 (55) 67 (53)

Ulna 5 (12) 6 (14) 4 (10) 15 (12)

Radius 4 (10) 3 (7) 3 (7) 10 (8)

Type of nonunion*

Hypertrophie 30 (71) 31 {74) 31 (74) 92 (73)

Atrophie 12 (29) 11 (26) 11 (26) 34 (27)

Pain scoretS ("cmj 4.3 ± 2.2 4.4 ± 2.0 4.2 ± 2.4 4.2 + 2.2

DASH scoret# (points) 44.8 ± 11.5 43.5 + 18.3 45 ± 14.7 44.4 ± 14.8

LEFS scoref** (points) 28.5 ± 8.9 29.3 ± 7.7 30.2 ± 10.6 29.3 ± 9,1

*The values are given as the number of patients, with the percentage in parentheses. fThe values are given as the mean and standard deviation.
tThe mean time from the original fracture to enroilment in this study, §The pain score was measured on a visual analogue scale ranging from 0 to
10 cm, with 0 indicating no pain and 10 indicating ''worst pain I ever had," #The DASH (Disabilities of the Arm. Shoulder and Hand questionnaire)
score ranges from 0 (no disability) to 100 (most severe disability) and was used only for patients with an upper-limb nonunion. * *The LEFS (Lower
Extremity Functionai Scale questionnaire) score ranges from 0 (most severe disabiiity) to 80 (no disability) and was used only for patients with
a lower-limb nonunion.

equipped with an inline ultrasound positioning system was
used to provide four extracorporeal shock-wave therapy ses-
sions at one-week intervals, with 4000 impulses applied to the
center of the fracture gap at each session with an energy flux
density oí" 0.70 mj/nim".

Surgical Treatment
Group 3 consisted of forty-two patients (Table !}, treated by
two senior surgeons. All forty-two patients had had surgical
treatment of the initial fracture, consisting of intrameduUary
nail fixation in twenty-one of them, plate fixation in ten. and
combined nail and plate fixation in eleven.

All of the surgical revisions of the nonunions were per-
formed with the patient on a fracture table and under general
anesthesia. Fixation with a locked intrameduUary nail was
performed in twenty-three patients, fixation with a locked
intrameduUary nail combined with autogenous bone graft was
done in twelve patients, and an external fixator was used for
seven patients. The choice depended on the fracture pattern
and the soft-tissue conditions as dictated by a standard pro-
tocol for the treatment of long-bone nonunions. This protocol
consists of removing the previous implant if there is one, de-
cortication of the fracture site, refreshing the fracture site
(removal of interposed soft tissue), recanalizing the medullary

canal, reducing and fixing the fracture, and. if necessary, ap-
plying a canceiloQS bone graft harvested from the ipsilateral
anterior iliac crest. Autogenous bone graft is indicated in cases
of large bone defects.

All patients received intravenously, once a day for the
first three days after the surgical procedure, a drug cocktail
with an anti-H2 receptor (50 mg/5 niL of riinilidine hydro-
chloride). a nonsteroidal anti-inflammatory drug (30 mg/l niL
of ketorolac), an analgesic drug (50 mg/l mL oí tramadol hy-
drochloride), and an antiemetic drtig (10 mg/2 mL of meto-
clopramide hydrochloride) in 500 mL of physiological solution.
Moreover, all of the patients received antibiotic prophylaxis
with ciprotloxacin (200 mg/100 mL) and teicoplanin (200 mg/
3 mL) twice a day for the first ten days after the surgicai
procedure.

Outcome Measures
Assessments of an tero poster i or and lateral radiographs and
clinical examination were performed at five time points—
before treatment and at three, six, twelve, and twenty-four
months after treatment—by two independent radiologists and
two clinicians who were blinded to the nature of the inter-
vention. Every discrepant decision was discussed, and a result
was arrived at by consensus.
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Fig, 2

Positioning of the extracorporeal

shock-wave therapy generator.

Primary End Point
I lu- primary end point of this study was healing ofthe nonunion
.IS tlett-nnined with i\ radiographie assessment at six months. A
nonunion w;is judged to be healed when callus bridged the
nonunion site on aU four cortices (two seen on the anteroposterior
radiogniph and two seen on the lateral radiograph).

Secondary End Points
The secondary end points were the patient's functional status
as assessed wiih one of two functional status questionnaires
and pain as assessed with a self-rated pain intensity scale. The
functional status questionnaires were the 100-point Disabilities
ofthe Arm. Shoulder and Hand (DASH) questionnaire"
I available in several languages al http://www.diish.iwh.on.ca)
ibr the patients with an upper-limb nonunion and the 80-
[loinl Lower Hxtremity Functional Scale (LEFS) questionnaire'"
lor the patients with a lower-limb nonunion. The selt-rated
pain intensity scale was a 10-cm horizontal visual analogue
scale with 0 cm labeled "no pain" and 10 cm labeled "worst
pain I have ever had." The subjects were asked to mark the scale
¡n answer to the question; "Rcterriiig to the worst pain you
have experienced in your life, what is the relative level of your
iimb pain?" Moreover, at the six-month foUow-up evaluation,
the overall estimate of the efficacy of the treatment was rated by
the patients as very good/good, satisfactory, or poor.

Al six months, the opportunity to have surgical treat-
ment was offered to the patients in the two extracorporeal
shock-wave therapy groups; however, none chose this option.

Statistical Analysis
The primary aim of this study was to compare the outcome
after shock-wave therapy with thai after surgical treatment.

The primary efficacy end point was prospectively defined
as the radiographie healing of the nonunion from baseline
to the six-month evaluation. All outcome analyses were per-
formed according lo the inlention-to-trcat principle. The
intention-to-treat analysis was carried out according to a "worst-
cast' scenario" analysis: subjects who did not complete the
treatment or did not undergo the post-treatment or (uial
follow-up assessments were assigned a poor outcome, with the
final follc)w-up evaluation considered to be the last observation
performed.

To test the primary end point, a two-sided chi-square
test was carried out to compare the success rate at six months
in the extracorporeal shock-wave therapy groups with tli.u in
the surgery group; the level of significance was 5%.

To test the secondary end points, a two-way analysis of
variance, with the group as the between-subjects factor and
time as the within-subjects factor, was used to assess whether
there were significant differences in the DASH. LEFS, and vi-
sual analogue scale scores among the three groups and between
the preoperative and scheduled follow-up time points within
each group. A Tu key post hoc comparison was used to assess
significant differences between mean values when a significant
main effect and interaction were found. The model for all of
the analyses included the main effects of treatment, time, and
the treatment x time interaction. Significance levels for mul-
tiple comparisons were adjusted with the Bonferroni pro-
cedure. The level of significance was set at p < 0.05.

It was determined that, in order to detect a difference of
30% in the success rates with a power of 80%, the necessary
sample size was thirty-five subjects in each group. Success rates
were assumed to be 65% and 95% in the extracorporeal shock-
wave therapy groups and surgery group, respectively.

Source of Funding
No funding or other assistance was obtained from either of
the manufacturers ofthe shock-wave generators or any other
source.

Results

A total of 126 patients with a diagnosis of nonunion (ninety-
two hypertrophie and thirty-four atrophie) caused by

failure of fracture treatment were enrolled in the study (Fig. I).
No bilateral or multipie nonunions were treated.

The baseline characteristics, which did not differ sig-
nificantly between groups, are shown in Table 1. The patients
were followed for a mean of 21.7 months (range, iwo to

TABLE II Healing of the Nonunions In the Shock-Wave and
Su^ical Groups at the Four Time Periods*

Group 1

Healed

Not healed

Group 2

Healed

Not healed

Group 3

Healed

Not healed

3 Mo

40

22 (55)

18 (45)

39

21 (54)

18 (46)

40

21 (521

19(48}

*The values are given as the
centage in parentheses.

6 Mo

37

26 (70)

11 (30)

38

27 (71)

11 (29)

38

28 (74)

10 (26)

number of

12 Mo

37

31 (84)

6(16)

38

31 (82)

7(18)

38

33 (87)

5(13)

patients, with

2-1

36

34

2

38

35

3

37

35

2

the

Mo

(94)

(6)

(92)

(8)

(95)

(5)

per-
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Figs. 3-A and 3-B Serial radiographs of a left

humeral nonunion in a twenty-five-year-old

woman. Fig. 3-A Before shock-wave treatment.

Fig. 3-B Three months after treatment, the

fracture had heated and the patient had no

pain and a fully functional upper limb.

twenty-four months). Fifteen patients were lost to follow-up:
seven were lost at three months; six, at six months; and two, at
twenty-four months (Fig. 1). Eleven of these patients refused
to undergo the follow-up examinations, while two could not
be traced and two had moved to another city. Therefore, a
follow-up examination was performed on 119 patients at three
months, 113 at six and twelve months, and 111 at twenty-four
months. Eleven ofthe iifteen patients who dropped out ofthe
study had an atrophie nonunion and four had a hypertrophic
type. Of the twenty-three atrophie nonunions that remained,
thirteen (seven in the surgical group iGroup 3j, four in ex-
tracorporeal shock-wave therapy Group I, and t\vo in extra-
corporeal shock-wave therapy Group 2) healed while ten (four
in Group 3 and three each in Group 1 and 2) did not.

The high number of drop-outs among the patients with
an atrophie nonunion necessitated a separate statistical analysis
of this group, but the number of patients with atrophie non-
union (twenty-three) was too small for this to be carried out.

Pritttary Fnd Point
Treatment was successful with regard to the primary end point
(radiographie evidence of healing at six months) (Table II;

Figs. 3-A through 4-C) in twenty-sbc (70%) ofthe thirty-seven
patients in Group I, twenty-seven (71%) ofthe thirty-eight in
Group 2, and twenty-eight (74%) ofthe thirty-eight in Group 3.
There was no significant difference in the rate of successful
treatment among the three groups (chi square = 0.08, p ^
0.95).

At twelve and twenty-four months (Table II), the healing
rates were substantially increased in all three treatment groups,
without significant differences among the groups.

Every radiographie assessment of cortical bridging was
repeated, after a one-week interval, by one ofthe radiologists,
who was blinded to the previously determined result. We then
evaluated the interobserver and inlniobserver correlation using
intraclass correlation coefficients (ICC|2,k| a'ld ICC^jj, re-
spectively), wbich range from 0 to I with 1 indicating perfect
reliability". Both the interobserver correlation (IGC|:.ki = f'-i*̂ )
and the intraobserver correlation (ICCi2.ij - 0.85) were high.

Secondary Fttd Points
Data t'or the secondary end points (scores on tbe DASH and
I.EFS questionnaires and visual analogue pain scale) are shown
in Table III. A two-way analysis of variance of these scores
demonstrated a significant effect of treatment (F - 23.8, p <
0.001) and a significant treatment-time interaction (F = 16.5,
p < 0.001). These significant variations in treatment effects
over time were greater in (iroups I asid 2 than in (¡roup3 up to
six months, but then these advantages diminished.

At three and six months, the pain, DASH, and LF.F.S
scores were significantly better in Groups 1 and 2 than in
Group 3 (Table III). At twelve and twenty-four months, the
differences between these groups were no longer significant,
with the exception ofthe DASH score at twelve months, which
differed significantly between Groups I and 2 (p = 0.038) and
between Groups 2 and 3 (p - 0.021).

At six months, 71% of tbe patients in Group 1, 73% of
those in Group 2, and 72% of those in Group 3 rated the
efficacy of treatment as very good/good; 11% in Group 1, 15%
in Group 2, and 16% in Group 3 rated tbe result as satisfactory;
and 18% in Group 1, 12% in Group 2, and 12% in Group 3
rated the result as poor.

-A Hi;, 'l-fi f-ig. -i-i

Rgs. 4-A, 4-B, and 4-C Serial radiographs of a right tibial nonunion in a thirty-eight-year-old woman.

Fig. 4-A Before shock-wave treatment. Fig. 4-B Three months after treatment. Rg. 4-C Six months

after treatment, the fracture had healed and the patient had no pain and a fully functional lower limb.
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TABLE ili Pain. DASH, and LEFS Scores in the Shock-Wave and Surgicai Groups Before and After Treatment

Group 1

Patients (no.)

Pain score*t (cm)

Difference vs. baseline (p value)

Difference vs. Group 2 (p value)

Difference vs. Group 3 (p value)

DASH score*t (points)

Difference vs, baseline (p value)

Difference vs. Group 2 fp value)

Difference vs. Group 3 (p value)

LEFS score "êipo/nlsj

Difference vs. baseline (p value)

Difference vs. Group 2 (p value)

Difference vs. Group 3 fp value)

Group 2

Patients (no.)

Pain score*t (cm)

Difference vs. baseline fp value)

Difference vs. Group 3 fp value)

DASH score*t (points)

Difference vs. baseline (p value)

Difference vs. Group 3 fp value)

LEFSscore*§ (points)

Difference vs. baseiine fp value)

Difference vs. Group 3 fp value)

Group 3

Patients fno.J

Pain score*t fcmj

Difference vs, baseline fp value)

DASH score* t fpoínís)

Difference vs. baseline (p value)

LEFSscore*§ fpoints)

Difference vs. baseline fp value)

Baseline

42

4.3 ± 2.2

0.823

0.835

44,8 ± 11,5

0.575

0,943

28.5 ± 8.9

0.646

0.406

42

4.4 ± 2.0

0,839

43.5 + 10.3

0.582

29.3 + 7,7

0.651

42

4.2 ± 2.4

45 ± 14.7

30.2 ± 10.6

3 Mo

40

1.8 ± 1.2

<0,001

0,680

<0.001

33.3 ± 9.8

0.001

0.825

<0.001

46.3 ± 9.8

<0.001

0.764

<0.001

39

1,9 ± 1.0

<0.001

•=0.001

32.8 ± 11.0

0.005

<0.001

45.7 ± 8.4

<0.001

<0.001

40

3.8 ± 2.5

0.446

42.4 ± 12.1

0.369

32.4 ± 11.3

0.349

6 Mo

37
1.1 ± 0.9

<0.001

0.600

<0.001

22,4 ± 10.1

<0.001

0.830

<0.001

52.8 + 10.0

<0.001

0.766

<0.001

38

1.2 ± 0.8

<0.001

<0.001

21.9 ± 10.8

<0.001

<0,001

53.4 ± 9.2

<0.001

<0.001

3S

3,6 ± 2.0

0.214

34.8 + 11.6

<0.001

44.2 ± 10.6

<0.001

12 Mo

37
0.8 ± 1.0

<O.OQ1

0.639

0.261

17.1 ± 8,9

<0.001

0.713

0.038

68.9 ± 8.5

<0.001

0.546

0.112

38

0.7 ± 0.8

<0.001

0.107

16.3 ± 9.6

<0.001

0.021

70.3 ± U . I

<0.001

0.056

38

1.1 ± 1.2

<0.001

21.9 ± 9.9

<0.001

65.5 + 9.0

<0.001

24 Mo

36

0.5 ± 0.4

<0.001

0.265

0,267

13.8 ± 9.3

<0.001

0.817

0.132

73.8 ± 9.2

<0.001

0.861

0.177

38

0.6 ± 0.3

<0.001

0.556

14.2 ± 10.2

<0.001

0.182

74.2 ± 8,8

<0.001

0.116

37

0.7 ± 0.9

<0.001

18.2 ±12,7

<0.001

70.7 ± 8.1

<0.001

*The values are given as the mean and standard deviation. tThe pain score was measured on a visual analogue scaie ranging from 0 to 10 cm.
with 0 indicating no pain and 10 indicating
ranges from 0 (no disability) to 100 (most

"worst pain 1 ever had.
severe disability) and

' tThe DASH (Disabilities of the Arm
was used only for patients with an

Shouider and Hand questionnaire) score
upper-limb nonunion, §The LEFS (Lower

Extremity Functional Scaie questionnaire) score ranges from 0 (most severe disability) to 80 (no disability) and was used only for patients with

a lower-iimb nonunion.

All patients returned to work, but 19% of those with an
upper-limb nonunion and 30% of those with a lower-limb
nonunion bad to reduce their work activity.

Adverse Effects
No neuromuscular, systemic, or device-related adverse effects
were observed in the extracorporeal shock-wave therapy
groups. Local complications included hematomas, which
lasted from four to six days and were observed in twenty-three
patients (27%); this problem resolved spontaneously after the

use of ice packs for a few days. No other adverse effects were
noted.

The rate of adverse effects in the surgical proup was 7%
(three of forty-two). Two cases of wound infection were ob-
served, both in the lower limb. The infections healed after
surgical débridenient and antibiotic therapy. There were no
deep infections in this series. A radial nerve neurapraxia was
noted in a patient in the surgical group with a nonunion ofthe
distal third ofthe humérus. The neurapraxia is likely to have
been due to inappropriate cast positioning. The patient re-
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covered completely after four months without any treatment
and with no fi.mctional impairment.

Discussion

On the basis of numerous trials showing effects that varied
greatly but were all positive, extracorporeal shock-wave

therapy has been used for the treatment of nonunions''•'"•'^ A
systematic review ofthe literature on the use of this therapy for
nonunions" identified ten high-quality clinical trials with
a total of 631 patients. Success rates ranged from 41% to 91%.
Schaden et al.'' reported a success rate of 74% with a single
shock-wave treatment in an uncontrolled study. Similarly,
Rompe et al.'" reported successful treatment in 72% of their
patients in an observational cohort study.

Similar results were reported by Xu et al.'^ who observed
a success rate of 76% in total and 91% for h)pertrophic non-
unions, and by Wang et al.\ who found a success rate of 40% at
three months, 61% at six months, and 80% at twelve months for
hypertrophie nonunions but only 27% for atrophie nonunions.
Beutler et al.'" reported a sueeess rate of 33% for hypertrophic
nonunions but only 25% for atrophie nonunions. Taken together
these data indicate that shock-wave treatment is more successful
for hypertrophic nonunions than for atrophie nonunions. A
direct comparison ofthe various study results with one another
is difficult because of the use of different devices with different
mechanisms of shock-wave generation and application of dif-
ferent energy flux densities. However, the results for the hyper-
trophic nonunions in the current study were comparable with or
better than those reported in the other series'""•'̂

In our study, the drop-out rate was greater for the patients
with atrophie nonunion (eleven of thirty-four; 32%) than it was
for those with hypertrophie nonunion (four of ninety-two;
4%). Therefore, there were too few atrophie nonunions to allow
us to draw any conclusions regarding the results of their treat-
ment We suggest that a future study focusing only on atrophie
nonunions should be performed.

We did not find any significant differences in the success
rate determined by the radiographie evaluation between the
extracorporeal shock-wave therapy groups (70% and 71% In
Group I and Group 2, respectively) and the group treated with
surgery (73%).

Although the clinical results in the shock-wave groups
were significantly better than those in the surgical group at
three and six months, there were no significant differences at
twelve or twenty-four months, with the exception ofthe DASH
score at twelve months.

The early (three and six-month) clinical differences may
be ascribable to the direct and indirect actions that shock waves
have on pain mechanisms, as reduced pain couid lead to im-
proved limb function. Although the mechanism by which
shock-wave treatment results in a elinieal improvement re-
mains unknown, it has been postulated that shock waves in-
duce hyperStimulation analgesia by raising the patient's pain
threshold and promote bone-healing by creating micro-
fractures that induce a healing reaction and increased vascu-
larity, as occurs during the natural bone-healing

Studies have demonstrated that shock-wave treatment
stimulates neovascularization in association with an increased
expression of angiogenic growth markers, including endo-
thelial nitric oxide synthase (eNOS), vessel endothelial growth
factor (VEGF), and proliferating cell nuclear antigen (PCNA)
in tendon and bone as well as at tendon-bone interfaces"'".

Some recent in vitro studies'"' have shown that the
ability of extracorporeal shock-wave iherapy lo enhance oste-
oblast metabolic activity, particularly the proliferation of
MG63 osteoblast-Iike cells, is greater when an energy level of
0.15 mj/mm', as opposed to a higher energy level, is used. Al-
though we used higher energy levels (0.40 and 0.70 ml/mm'), we
observed a high rate of successful healing of long-bone non-
unions without adverse efiects. Our results are in agreement with
those reported in other elinieal studies'" '".

Our study design has some inherent limitations. The
prineipai limitation was the laek of an untreated eontrol group,
which we did not include because ofthe restrictions defined by
our ethics committee, In addition, blinding was not complete
as the radiologist would have been able to sometimes recognize
that a patient belonged to tbe surgical group simply by de-
tecting a change in the implanted fixation device or a change in
the appearance of ihe nonunion gap due to surgery. U should
also be noted that tbe use of ketorolac in the surgically treated
patients could have impeded the healing process.

The generaiizability of our findings is limited by the facts
that the patient sample was conveniently selected (with ex-
clusion of patients with osteomyelitis or with breakage of
fixation devices), the extracorporeal shock-wave therapy pa-
rameters were empirically selected, and we did not use vali-
dated outcome measures for the assessment of nonunions (as
no such measures are available).

The results of this randomized controlled trial strongly
suggest that extracorporea! shock-wave therapy is a simple and
safe alternative to surgical treatment of by^iertroph ic long-bone
nonunions. The results need to be confirmed, and different
treatment protocols as well as treatment parameters should be
investigated; these include the number of shock waves used, the
energy levels applied, and the frequency of application.

Appendix
The L^wer Extremity Functional Scale is available with the
electronic versions of this article, on our web site at jbjs.org

(go to the article citation and click on "Supplementary Material")
and on our quarterly CD/DVD (call our subscription de-
partment, at 781-449-9780, to order the CD or DVD). •
MOTE: Ttie authors are grateful to Dr. John P. Furta ffom itie SUN onnopeecllc Group, Lewlsburg,
Pennsylvania, for his assistance in the pfeparatlon of tfijs manuscript.
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