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Abstract—To study the efficacy of low-intensity pulsed ultrasound (US), or LIPUS, of 85 treated nonunion cases
with a minimum fracture age of 8 months, 67 cases met the study criteria. These were: no surgical intervention
during 4 months before US treatment and radiographically ceased healing for 3 months before US. In a
self-paired control study, the mean fracture age of the 67 patients was 39 � 6.2 months. After a daily 20-min US
treatment at home for an average of 168 days, 85% (57 of 67) of the nonunion cases were clinically and
radiographically healed. The study did not include any cases that were malaligned, grossly instable, actively
infected or that had extensive bone loss. The results demonstrate that the specific US can effect heal rates similar
to those achieved by surgical means, without the associated risks and complications, and to those achieved by
electrical bone growth stimulation or by extracorporeal shock-wave therapy. (E-mail: dieter.gebauer@lva-
landshut.de) © 2005 World Federation for Ultrasound in Medicine & Biology.
Key Words: Nonunion, Low-intensity, Pulsed ultrasound, Bone healing stimulation.
INTRODUCTION

This study was aimed at assessing whether or not low-
intensity pulsed ultrasound (US), or LIPUS, is an alter-
native to surgery, electrical bone growth stimulation and
extracorporeal shock-wave therapy for treating non-
unions.

Open surgical intervention with debridement of the
nonunion site and application of internal or external
fixation, in most cases with bone grafting, is considered
to be the “gold standard” of nonunion treatment. The
range of treatment methods available to the surgeon
varies from conservative cast immobilization to one or
more surgical procedures with heal rates ranging from
68% to 96%, depending on the bone location and surgi-
cal method (Table 1).

Several different treatment methods have been pro-
posed in recent years to achieve a heal rate similar to that
of surgery in nonunion cases where surgery may not be
required because there is acceptable alignment and limb
length discrepancy. These choices include electrical
stimulation, extracorporeal shock-wave therapy and, re-
cently, low-intensity pulsed US.
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Electrical stimulation can be induced by direct cur-
rent (Brighton et al. 1981), pulsed electromagnetic fields
(PEMFs) (Gossling et al. 1992) and capacitive couplings
(Scott and King 1994). For nonunions, extracorporeal
shock-wave therapy is usually performed as middle- or
high-energy shock-wave therapy, but the application pa-
rameters, such as energy flux density, impulse rate, fre-
quency, etc. are different.

The efficacy of LIPUS has been demonstrated in
accelerating fresh fracture healing (Heckman et al. 1994;
Kristiansen et al. 1997). For nonunions, some clinical
studies were published (Duarte 1983; Xavier and Duarte
1983; Frankel 1998; Mayr et al. 1999). More detailed
inclusion/exclusion criteria of the studies were intro-
duced in recent reports (Mayr et al. 2000; Nolte et al.
2001). A study of more cases using more rigorous inclu-
sion criteria, especially for the time between last surgical
treatment and US, seemed to be reasonable, to ensure
that the successful treatment of the nonunion can be
attributed to LIPUS. The problem of nonunion studies is
that the studies cannot be realized as placebo-controlled
studies. In Germany and Austria, it would be unethical to
have a placebo group in a study of nonunions because it
would result in denying treatment of a nonunion for a
further 6 to 12 months. In the USA, the U.S. Food and

Drug Administration (FDA) guidance document for bone
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growth stimulator studies accepts a study design where
the control is the patient’s own history of failed treat-
ments (US FDA 1998). The state of nonunion, because
of the previous failure to unite and the intervention
necessary to obtain healing, does present the ideal ex-
ample of paired comparison analysis because there is a
basis for assessing comparative effectiveness when the
patient serves as his or her own control. This self-pairing
offers the advantage of controlling extraneous sources of
variability, minimizes biologic and other sources of vari-
ability and, thereby, permits an accurate comparison
between treatment and control.

In the orthopedic literature, the various authors vari-
ably define the time when nonunion can be declared; at
15 weeks with no callus or no callus that has bridged
(Sarathy et al. 1994), at 3 to 5 months (Healy et al. 1990;
Silva 1972), at 6 months (Barquet et al. 1989; Rosen
1979; Sakellarides and Freeman 1964; Trotter and
Dobozi 1986; Tucker et al. 1990), at 8 to 9 months
(Garland et al. 1991) or at 12 or more months from injury

Table 1. Surgical treatment of nonu

Author Year publ. Location/procedure

Ballmer et al. (1992) Femoral intertrochanter/neck/v
osteotomy

Webb et al. (1986) Femoral shaft/IM nailing
Barquet et al. (1989) Humeral shaft/ORIF and bone
Ackerman and Jupiter (1988) Distal humerus
Healy et al. (1987) Humeral shaft
Healy et al. (1990) Proximal humerus with fixatio
Boyd et al. (1961) Bone graft alone or with inter
Boyd et al. (1965) Bone graft alone or with inter
Marsh et al. (1997) Ilizarov fixation
Watson et al. (1993) Scaphoid/dorsal approach bon
Cooney et al. (1980) Scaphoid/Bone graft (volar, do
Vossman et al. (1983) Scaphoid/percutaneous screw
Webb et al. (1981) Scaphoid/bone graft with vola
Broderson and Sim (1981) Tibia/Bone graft alone or with
Fromm and Niethard (1992) Tibia/fibula osteotomy
Rosen (1979) Long bone and clavicle/most

w/compression plates
Mandt and Gershuni (1987) Tibia
Sakkelarides and Freeman (1964) Tibia/bone graft w/ plate or ro
Spier et al. (1983) Tibia/IM nail
Wu and Shih (1996) Tibia/intramedullary reaming

external fixation
Zaslav and Meinhard (1988) Tibia/IM rod; plate and bone

External fixation and bone g
Jupiter and Leffert (1987) Clavicle (dynamic compressio
Ebraheim et al. (1997) Clavicle (ORIF and bone graf
Total

Average

* na, not available;
† 12 open reduction internal fixation cases only;
‡ median time; n � total number of cases; average healed rate � w
§ based on 49 cases with only bone graft;
� based on seven cases with bone graft and rod.
(Sarmiento et al. 1989; Slatis and Rokkanen 1967; Urist
et al. 1954). The US FDA requires a minimum period of
9 months from initial injury for nonunion studies. Al-
though the time at which nonunion is declared varies, as
shown above, nearly all of the above authors require that
all repair processes have stopped in addition to meeting
the time requirements. Brashear (1965), Mandt and Ger-
shuni (1987), Nicoll (1964) and Forsted et al. (1978) all
indicate that an established nonunion will not heal with-
out intervention.

MATERIALS AND METHODS

In this study, an established nonunion was defined
as being a minimum of 8 months from the fracture date
using a German reference book for orthopedic trauma
(Rüter et al. 1995). There were two more inclusion
criteria: radiographic assessments before and at the start
of LIPUS indicate that the fracture healing process had
not progressed or had stopped for at least 3 months
before the start of LIPUS, the fracture line was clearly

esults from the reference literature

n Healed (n) Healed (%)
Average heal

time (d)
Fracture age

(months)

30 21 70% na* 10

105 101 96% 140 10
25 24 96% 180 13
20 17 85% na 20
26 24 92% 168 15
25 17 68% 144† 14

tion 122 99 81% na na
tion 842 741 88% na na

46 40 87% 276‡ 18
36 32 89% na 30
90 68 76% 132 �12
65 62 95% na na

ach 13 11 85% 150 22
n 126 88 70% 220 �10

32 28 88% na na
122 113 93% 8.2 mos. 18

21 20 95% 210 10
100 85 85%† 261§ 368� 6 mos. to 22 yrs.
128 118 92% na na
17 13 76% 156 22

15 13 87% 105 23

19 16 84% na 19
16 15 94% na 30

2041 1766 – Approx. 200
days
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months
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assessed for an independent determination of a healed or
failed outcome. The third inclusion criterion was a min-
imum period of 4 months without surgical intervention
before LIPUS. This additional requirement (the US FDA
minimum period is 3 months) essentially removed bias
that might be introduced by a surgical procedure near the
start of LIPUS.

The initial injury or fracture management was not a
consideration in study inclusion criteria. In addition, the
study did not include patients who were not skeletally
mature, women who were pregnant or nursing, patients
who could not comply with their physicians’ instructions
and cases that were malaligned, grossly unstable, ac-
tively infected or had extensive bone loss. The study
nonunions were a subgroup of a consecutively entered
German and Austrian population of fractures, of all frac-
ture ages, who had been prescribed the use of LIPUS by
one of the three principal investigators (PIs), D. Ge-
bauer., E. Mayr, E. Orthner, or other prescribing physi-
cian investigators during the period of July 1995 to April
1997 as an alternative to surgery, based on the patient’s
decision.

There was no selection process. All the fractures
treated by the PIs and the other physicians that turned
into a nonunion, were consecutively entered into the
study, provided that the patient did not decide for a
surgical revision of the nonunion. There were 85 non-
unions who met the time postfracture criterion of 8
months. Of the 85 cases, 5 were excluded because 1
patient was deceased, 2 were noncompliant with device
use or orthopedic management instructions and 2 were
early withdrawals from treatment. The balance of 80
patients completed treatment with an outcome of healed
or failed. In addition, 13 patients were excluded because
their last surgical procedure was less than 4 months
before the start of LIPUS (all 13 cases healed during the
treatment period). The remaining 67 nonunion cases in
66 patients were considered to be the study group non-
unions, whose only change in fracture management in
the prior 4 or more months was the initiation of LIPUS.
Therefore, there were no surgical or physician techniques
that could affect the response to US therapy.

The PIs reviewed the radiographs of the prior failed
treatment period and the follow-up radiographs after the
start of US and were able to validate that all the addi-
tional inclusion criteria were met for 72% (48 of 67) of
the study group cases. These were considered to be the
completely validated subset A of the study group. The
remaining 28% (19 of 67), who could not be completely
validated with available radiographs, were placed in sub-
set B. For subset B, the PIs were able to document that
the case was an established nonunion based on the pre-
scribing physician records or the fracture age of the case.

In addition, the PIs documented a healed or failed out-
come of treatment from the case records and verified a
healed outcome by long-term follow-up with the patient
showing that the fracture remained healed. Clinically
relevant information relating to the initial fracture treat-
ment and subsequent surgical or other interventions dur-
ing the prior period to achieve union are presented for the
67 study group cases in Table 2. The demographics
section includes gender and age. The prior orthopedic
and surgical history data section includes the initial in-
jury type, involved bone and the location within the
bone, the treatment record from the initial procedure at
the time of fracture and all subsequent surgical proce-
dures to the start of US (a semicolon separarates each
procedure). Furthermore, the table presents the smoking
status, the nonunion type, the interval in days from the
last failed surgery to the start of US (last surgical inter-
val) and the fracture age (time in days from the initial
injury date to the start of US treatment). The outcome
section of the table records the outcome of healed and
failed and the time to a healed fracture.

The low-intensity pulsed US device (Fig. 1a, b) has
both the CE (Council of European Communities quality
designation) and GS (German product safety) marks of
approval (Exogen GmbH, Diessen, Germany). The de-
vice consists of the three components, these are a plastic
retaining and alignment fixture (RAF), a battery-operated
treatment module (TM) that supplies the US signal to the
skin at the fracture site and a 110/220 V AC powered
main operating unit (MOU).The RAF was used with a
strap arrangement to position the TM on the skin over the
fracture site. The TM and the MOU were connected by
fiberoptic cables that allowed for communication of con-
trol and sensing signals by means of light pulses and, in
addition, provided electrical isolation for the patient from
the electrical line-operated MOU. The prescribing phy-
sician indicated the treatment site based on radiographic
evaluation. Patients applied approximately one teaspoon
(5 ml) of ultrasonic coupling gel to the transducer surface
of the TM before placing it on the treatment site. Cou-
pling gel is necessary to ensure the proper transmission
of US. Audible and visual signals alerted the patient if
the device was not operating properly. The effective
radiating area of the transducer is 3.88 cm2. The US
pressure wave signal is characterized by a 200-�s burst
of 1.5-MHz acoustic sine waves that repeats at a modu-
lation frequency of 1 kHz. The intensity of the pressure
wave, applied to the skin at the nonunion site, was 30
mW/cm2 (spatial average-temporal average or SATA).
This intensity is equal to a force of less than 3 mg/cm2

(peak pressure of 0.3 pascals). The main operating unit
monitored treatment time and automatically turned off
the treatment session after 20 min. The device incorpo-
rated a patient-compliance monitor that registered each

use in a microprocessor module. The patients used their



Table 2. Patient, fracture and nonunion characteristics

Case no. Gender Age
Initial fracture

type Bone
Fracture
location

Prior failed surgical
procedures

Smoking
status

NU
type

Last surg
interval (d)

Fracture
age (d)

Treatment
outcome

Heal
time (d)

11 F 45 Osteotomy Tibia Plateau Cast; Ost; BG; Ext fix Never A 240 1189 Healed 275
21 F 17 Closed Clavicle Middle Brace Never H 349 349 Healed 140
31 M 28 Closed Femur Distal DCS; BG Smoker A 125 264 Healed 126
51 F 51 Osteotomy Metatarsal Middle Plate; Plate; BG Never H 970 1476 Healed 129
61 M 56 Open Tibia Middle IM rod; IM rod; Ext fix Never A 651 1012 Healed 184
71 M 23 Closed Tibia Middle IM rod; Dynam; Shockwave Smoker H 316 324 Healed 119
81 F 22 Closed Ulna Epicondyle Cast; Screws Smoker A 313 4740 Failed 572
91 F 42 ns Femur Middle ns Never ns 1767 1767 Failed 334

101 M 31 Open Tibia Proximal Ext Fix; IM rod Smoker ns 208 398 Healed 88
111 F 35 Open G-I Tibia Distal IM rod Never A 301 301 Healed 97
121 M 41 Closed Ulna Proximal Plate; BG Smoker H 163 277 Healed 121
131 M 42 Open Tibia Distal IM rod; BG Stopped H 193 239 Healed 137
141 F 66 Closed Ulna Proximal Plate Never ns 558 559 Healed 319
161 F 32 Open comm. Tibia/Fibula Middle Cast; Plate; Ext fix Smoker A 283 376 Healed 258
171 M 53 Closed Humerus Subcapital Cast Smoker ns 269 269 Healed 99
181 M 46 Arthrodesis Ankle na ns; Screws; BG; Plate Smoker ns 204 452 Failed 121
191 F 73 Closed transv. Metatarsale Middle Cast Never A 275 278 Healed 222
201 M 49 Closed Ulna Proximal Plate; BG; Stopped A 247 429 Healed 238
221 F 67 Closed Fibula Distal Cast Never A 354 354 Healed 200
231 M 26 Closed-seg. Tibia Proximal ns; IM rod Smoker A 278 4737 Healed 194
232 M 26 Closed-seg. Tibia Distal ns; IM rod Smoker A 278 4737 Healed 315
241 M 62 ns Humerus Middle ns Never ns 272 272 Failed 222
261 F 39 Closed Metatarsal Proximal Cast; Screws; Never A 155 257 Healed 88
271 F 62 Open Ulna Proximal Plate; Wires; BG Never A 124 263 Healed 369
311 M 39 Open comm. Femur Proximal IM rod Stopped A 399 399 Healed 182
321 F 62 ns Tibia Middle ns Never ns 1079 1079 Healed 117
331 M 33 Closed Femur Middle IM rod; BG Never A 503 1158 Healed 212
341 M 25 Closed Metatarsal Proximal Cast; Orthotic Smoker H 246 246 Healed 98
351 M 54 Osteotomy Femur Middle ns Never ns 298 298 Healed 114
361 M 59 ns Tibia Plateau Cast; Antibiotic;

Debridement
ns ns 642 1478 Healed 150

371 F 46 Closed Fibula Distal Plate; Plate; BG; Ext fix;
BG

Never A 129 719 Healed 145

381 M 42 Open comm. Tibia/fibula Middle Ext Fix; BG ns ns 778 778 Healed 143
391 M 24 Closed Scaphoid Proximal ns; BG; Screws Smoker A 235 485 Failed 213
401 M 37 Osteotomy Femur Intertroch. Plate; Plate; BG; Plate Smoker H 178 407 Healed 96
411 M 44 Arthrodesis Ankle na ns Smoker ns 991 991 Healed 133
421 M 32 Closed Scaphoid Proximal Cast Stopped A 3690 3690 Failed 232
431 M 27 Open G-III Tibia/Fibula Distal Ext Fix; BG; Ext fix; Ext

fix; BG
Smoker ns 261 585 Failed 118

441 M 54 Closed Tibia Distal IM rod Smoker H 269 497 Healed 210
451 M 86 Stress Femur Middle Cast Never ns 1415 1415 Healed 296
461 M 41 Open Tibia/Fibula Distal IM rod; IM rod; Curretage;

IM rod
Smoker ns 224 4067 Healed 375

481 M 33 Closed Scaphoid Distal Cast Smoker A 5093 5893 Failed 141
491 M 41 Open G-II Humerus Distal Plate; BG; Plate Never H 319 474 Healed 118
501 M 37 Closed Scaphoid Waist Cast Never A 4808 4808 Failed 280
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Table 2. Continued...

Case no. Gender Age
Initial fracture

type Bone
Fracture
location

Prior failed surgical
procedures

Smoking
status

NU
type

Last surg
interval (d)

Fracture
age (d)

Treatment
outcome

Heal
time (d)

511 F 45 Closed Tibia Distal Cast; Brace Never A 252 252 Healed 188
531 M 55 Closed Femur Trochanter Nail; THR; Reconstruction Stopped A 158 420 Healed 280
541 M 64 Closed Tibia Plateau Ext Fix Stopped ns 3006 3006 Failed 178
551 F 46 Osteotomy Femur Proximal Plate Smoker A 1290 1290 Healed 249
561 F 47 Closed Pelvis Acetabulum Cast Stopped ns 6011 6011 Healed 92
581 M 33 Open Fibula Middle ns Smoker A 506 506 Healed 105
601 F 14 Osteotomy Femur Distal Plate Never ns 240 240 Healed 98
611 F 61 Open Tibia Middle IM rod; Dynamization; IM

rod
Never H 125 310 Healed 182

621 M 54 Closed comm. Calcaneus Middle Plate Never ns 316 323 Healed 118
631 M 26 Closed Scaphoid Middle ns; BG; Cast; Screws Smoker A 132 298 Healed 157
641 M 60 Closed Rib Anterior Cast Never A 511 511 Healed 148
661 F 71 Open Knee na TKR; Arthrodesis; Ext fix Never ns 149 255 Healed 108
671 F 55 Open comm. Tibia Distal Ext Fix; Plate Smoker A 314 421 Healed 211
681 F 62 Closed Metatarsal Metaph-

prox
Screws; Cast Never A 232 521 Healed 57

691 M 59 Closed Tibia Distal Plate; Plate; Ext fix; IM rod;
BG; our tage; Ext fix

Smoker A 122 490 Healed 245

711 F 67 Closed Knee na ns Never ns 417 417 Healed 69
721 M 48 Closed Femur Middle IM rod; BG; IM rod; BG;

shockwave; IM rod; BG
Stopped A 463 1263 Healed 216

731 M 49 Closed Scaphoid Waist Cast Never A 402 402 Healed 180
751 M 24 Open Tibia/fibula Middle IM rod; Dynamization Never H 992 992 Healed 230
761 F 73 Closed Femur Middle ns Never ns 1111 1111 Healed 113
771 M 37 Closed Clavicle Middle Brace Smoker A 256 356 Healed 117
791 M 35 Open Radius/ulna Middle Plate; BG; Plate; BG Never A 132 431 Healed 90
801 F 76 Closed Clavicle Middle Brace Never A 553 553 Healed 102
811 F 59 Open Tibia/Fibula Distal Screws; BG; Screws; BG;

BG; IM rod
Never A 308 4752 Healed 86

ns � not specified; na � not applicable; BG � bone graft; TKR � total knee arthroplasty; Ost. � osteotomy; Ext fix � external fixator; DCS � dynamic condylar screw; THR � total hip replacement;
Seg. � segmental; comm. � comminuted; Shockwave � electrical shockwave therapy; IM rod � intrameduallary nail; NU � nonunion; A � atrophic; H � hypertrophic.
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device for one continuous 20-min treatment per day at
home. Anterior/posterior and lateral radiographs were
taken at 1- to 2-month intervals after the start of LIPUS.
Oblique views sometimes were necessary for more frac-
ture details. Clinical examination of the level of pain
upon palpation, and weight-bearing if applicable, and
motion at the fracture site were performed at each fol-
low-up visit to determine the extent of healing, by the
prescribing physician.

The nonunion was judged as healed when the frac-
ture was both clinically (no pain or motion upon gentle
stress, and weight-bearing if applicable) and radiograph-
ically healed (three of four bridged cortices for long
bones and bridging callus for flat bones). Clinical and

Fig. 1. (a) US device with the transducer fixed at a nonunion
site of the radius. (b) The new version of the device with a
battery-powered, instead of 110/220 VAC powered, main op-

erating unit.
radiographic assessments were performed by the pre-
scribing physician. The PIs independently assessed and
validated the final outcome and the date of that outcome
in a radiographic review, except for those subset B cases
where the prescribing physicians’ records and the long-
term follow-up were used to determine final outcome of
healed or failed. Nonunions were categorized as a failure
of LIPUS when it was apparent to the prescribing phy-
sician that they were not responding to LIPUS; the PIs
concurred with all determinations of failed outcome.

The patient demographics for the study group show
a distribution by gender of 39% (26 of 67) women and
61% (41 of 67) men. At the start of the US treatment
period, the average patient age was 46 � 1.9 years. The
mean fracture age was 39 � 6.2 months (median of 15.9
months), with a range of 8 to 198 months. The mean
months without surgery before the start of low-intensity
US therapy was 24.2 � 4.9 (median of 10.1 month), with
a range of 4 to 197 months. The study group had a mean
of 2.0 � 0.3 prior failed surgical procedures.

An analysis between subsets A and B for patient
and fracture characteristics demonstrated no clinically
meaningful differences. Combining the data from the
prescribing investigators for evaluation of safety and
efficacy was justified, based on this analysis that did not
identify systematic differences across investigators; it
was also justified because of the common inclusion/
exclusion criteria and uniform evaluation definitions that
were used by all investigators. In addition, the PIs con-
firmed the presence of an established nonunion at the
start of treatment and confirmed the outcome determina-
tions; and long-term follow-up established that the non-
union remained healed.

The statistical significance of the LIPUS treatment
vs. the paired comparison control of prior failed ortho-
pedic treatment was determined by computing the p
value to assess the superiority of treatment with the US
device for the percent of nonunions healed. Because
nonunion cases have essentially a zero probability of
achieving a healed state without intervention, we as-
sumed that the heal rate without US therapy during the
time period of this study was 5% rather than 0%. There-
fore, the null hypothesis was that the heal rate was less
than or equal to 5% and the alternative hypothesis was
that the heal rate was greater than 5%. This one-sided test
(Conover 1980) could be used because a nonunion can
only remain failed or heal and because the effectiveness
of US therapy was hypothesized a priori based on the
nonunion clinical studies of Xavier and Duarte (1983)
and Duarte (1983). Fisher’s exact test (Fisher 1934;
Fleiss and Everitt 1971) was used to contrast the strata in
Table 5. All times to a specific response or event were
calculated in the number of days. Months, if reported,
were calculated by dividing days to event by 30.44. This

paper reports averages as the mean � standard error of
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the mean (SEM). All statistical analyses were performed
with Proc-Stat Xact statistical software and statistical
analysis systems software (SAS Institute, Cary, NC,
USA).

RESULTS

Table 3 presents the statistical analysis assessing the
primary efficacy of the low-intensity US treatment for all
of the completed study cases with a 0% (0 of 67) heal
rate in the control period of prior orthopedic treatment
vs. 85% (57 of 67) heal rate for the same nonunions
treated by US, a highly significant (p � 0.00001) effect.
Table 3 also presents the secondary efficacy parameter of
heal time for the 57 healed nonunions, with a mean heal
time of 168 � 10.2 days, a median of 143 days and a
range of 57 to 375 days. Of the patients, 25% were
healed by 108 days and 75% were healed by 212 days.
The fracture age for the healed cases was an average of
31.2 months, with a median of 14.1 month and a range of
8 to 197 months. Of the healed cases, 10% had fracture
ages of greater than 48.6 months, and 25% had fracture
ages of greater than 33.2 months. In addition, Table 3
presents the same analyses for the failed cases. Table 4
shows the healed results for the 67 completed cases
(85%) and compares it with the 85% (41 of 48) heal rate
for subset A and to 84% (16 of 19) heal rate for subset B.
Table 4 also presents the results of an intention-to-treat
analysis that combined the 10 failed cases with the 5
excluded cases (1 deceased, 2 withdrawals and 2 non-
compliant) into a group as “not healed.” The intention-
to-treat heal rate for all nonunion cases was 82% (70 of
85). Of 10 ten failures, 4 were scaphoid nonunions (av-
erage fracture age of over 10 years), 2 were tibia non-
unions (average fracture age of 4.9 years) and the re-
maining 4 were an ulna epicondyle nonunion (fracture
age of 13.9 years), a femoral nonunion (fracture age of
4.8 years), a nonunion of an ankle arthrodesis (fracture
age of 1.2 years), and a humerus nonunion (fracture age
of 9 months).

The LIPUS-treated cases were also stratified by
covariates of patient and fracture characteristics (Table
5). With the numbers of cases available, no significant
differences were found for the comparisons of gender,
age groups, number of prior surgical procedures, dis-
placed at the start of therapy, long bone type, initial
injury type, fixation present at the start of and during
treatment, prior failed shockwave therapy and smoking
status. A significant comparison was found across frac-
ture age strata where the heal rates were 95%, 86% and
93% for the three fracture age strata of � 1 year, � 1
year to � 2 years, and � 2 years to � 5 years, respec-
tively; however, cases with fracture ages of over 5 years

had a healing rate of 50% (5 of 10) and, therefore, the
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comparison across fracture age strata was significantly
different at p � 0.015. The last procedure interval (time
from the last surgical procedure to the start of LIPUS
therapy) was stratified and the 120 to 365 days and 366
to 730 days strata had similar heal rates at 88% (37 of 42)
and 100% (11 of 11), respectively; these heal rates, when
compared across strata with the 64% (9 of 14) of the �
731 days stratum, show a significant comparison at p �
0.04. The significant comparisons for fracture age, last
surgical procedure interval, for bone (p � 0.02) and long
bones vs. other bones (p � 0.05), were a result of the
failed scaphoid cases, 3 of which were atrophic, with
each having a fracture age and last surgical procedure
interval of over 10 years. Nonunions of the tibia and
femur accounted for 55% of the study nonunions and had
a 92% heal rate. Although there was not a significant
comparison across smoking strata, smokers and past
smokers had the lowest heal rates at 79% and 75%,
respectively, vs. 91% for those patients who never
smoked.

The microprocessor (patient compliance monitor)
that stored the compliance data in the US device was
downloaded for a printout of daily use when the devices
were returned upon completion of treatment. The aver-
age 20-min daily device use for the returned devices was
143 � 9.4 days; that is an average of 89% of the time the
cases were treated with US.

The long-term healed status of all healed patients
was verified in a telephone follow-up conducted in Feb-
ruary and March of 1998. Long-term follow-up, verify-
ing a still healed status, was obtained for 52 of the 57
healed patients, with only 5 who could not be reached for
long-term follow-up. The average long-term follow-up
time from the date that the patient was healed to the date
of the verification of a still-healed status was 402 � 20.8
days (median � 381 days), with 25% over 469 days,
50% over 381 days and 25% over 289 days.

There were no reports of any device-related adverse
effects in this study.

DISCUSSION

In clinical applications, low-intensity pulsed US

Table 4. Effectiveness summary for the study group a

Study group:
Subset A (completely validated by Pls from radiographs)
Subset B (documented by Pls with clinical records, fracture age, and
Intention-to-treat analysis (all cases including excluded cases)

* p value for comparison against prior orthopedic treatment results
† Combines 10 failed and 5 incomplete cases into “Not healed” out
therapy was first reported by Xavier and Duarte (1983),
with results that demonstrated a 70% heal rate in a series
of 28 nonunions. In a review paper of LIPUS use, Duarte
et al. (1996) reported an 85% heal rate in 380 nonunions
with an average healing time of 77 days. A similar heal
rate of 86% was noted by Mayr et al. (1999). Romano et
al. (1999) presented the results in 15 patients with septic
nonunions of 10 tibias, 2 femurs and 1 each of the
humerus, ankle and ulna. They reported a 90% heal rate
(9 of 10) in the completed cases, with the remaining 5
patients demonstrating progressive signs of healing.
Frankel (1998) assessed the overall heal rate in non-
unions at different bone sites and reported a heal rate that
was 70% in the humerus, 86% in the femur, 81% in the
metatarsal, 96% in the radius, 86% in the scaphoid and
83% in the tibia. Mayr et al. (2000) assessed the effect of
comorbidity factors on the heal rate when using LIPUS
in treating nonunions. They demonstrated a heal rate
reduction of 5% to 10% in patients taking calcium chan-
nel blockers, nonsteroidal anti-inflammatory drugs and
steroids, in patients under renal treatment and in patients
with vascular insufficiency at the nonunion site. Smokers
also had heal rates that were several percent lower than
the overall result that was found in the presented study.
In the same report, a study group of 16 cases had the
inclusion criterion of last change of treatment 2 months
before beginning US, to exclude healing influences other
than US. The heal rate was 94% (15 of 16). Nolte et al.
(2001) reported a study with 41 cases of nonhealing
fractures. The criteria used to define a nonunion were a
failure of fracture to unite at a minimum of 6 months
from fracture, the fracture line is visible in two orthog-
onal views, radiographic healing had not progressed or
had stopped for a minimum period of 3 months and the
last surgical procedure had to be performed prior 3
months before the start of US treatment. Of the 41 cases,
29 met these inclusion criteria. Comparing the report of
Nolte et al. (2001) with the study presented here, the
number of those analyzed cases was 85. All the fractures,
consecutively treated by the investigators that turned into
a nonunion were suitable for the study on principle. The
inclusion criterion to minimize the possible bias of the
effects of surgery on the resulting heal rate was no

ubsets A and B and for the intention-to-treat analysis

Total Healed Failed % Healed p value*

67 57 10 85 0.00001
48 41 7 85 0.00001

m follow-up) 19 16 3 84 0.00001
85 70 15† 82 0.00001

failed cases;
r intention-to-treat analysis.
nd its s

long-ter
surgical procedure during the 4 months before the start of
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US. The required minimum fracture age for inclusion as
nonunion was 8 months. With these more-rigorous cri-
teria, 57 of the 67 established nonunion cases healed,
which means nearly the same heal rate of 85%, in com-

Table 5. Stratification of patient an

Strata Healed

Bone
Tibia/tibia-fibula 23
Femur 11
Radius/radius-ulna 5
Humerus 2
Metatarsal 5
Ankle 1
Scaphoid 2
Other 8

Long bones vs. other bones
Long bones 46
Other bones 11

Nonunion type
Hypertrophic 11
Atrophic 30

Initial fracture type
Closed 32
Open 17
Arthrodesis 1
Osteotomy 6
Stress 1

Fixation in place at start and during US treatment
IM rod (only for long bone cases � 51)
No 33
Yes 13
Open reduction, internal fixation
No 42
Yes 15
External fixation (only for long bone cases � 51)
No 40
Yes 6
Conservative (cast)
No 42
Yes 15

Patient age
17 2
18–29 7
30–49 24
50–64 16
65 8

Gender
Males 33
Females 24

Smoking status: (missing � 2)
Smoker 19
Never smoked 30
Stopped prior to start 6

Fracture age
9 mos–1 year 20
�1 year to �2 years 19
�2 to �5 years 13
�5 years 5

Days from last surgical procedure to start
120–365 days 37
366–730 days 11
�731 days 9
parison with 86% in the study of Nolte et al. (2001).
Another difference between the two studies is that the
presented study reports about 67 surgically treated frac-
tures but, in Nolte and colleagues’ study, 8 cases of 29
were treated conservatively and 21 fractures were oper-

ure characteristics (67 study cases)

iled % Healed p value
Mean heal
time (d)

Healed cases
mean fx. age

(months)

2 92 185 42.9
1 92 180 24.7
1 83 0.02 227 12.9
1 67 109 12.2
0 100 119 18.3
1 50 133 32.6
4 33 169 11.5
0 100 111 39.7

5 90 0.05 178 31.2
5 69 124 31.2

0 100 144 11.5
5 86 0.32 185 31.7

8 80 164 31.0
1 94 0.32 174 31.0
0 50 133 32.6
2 100 160 21.8
0 100 296 46.5

5 87 174 20.0
0 100 0.32 187 59.8

7 86 163 36.4
3 83 1.00 181 16.6

4 91 173 32.2
1 86 0.54 208 25

7 86 174 32
3 83 1.00 150 29.1

0 100 119 9.7
3 70 177 54.4
5 83 0.53 164 31.4
2 89 169 29
0 100 179 20.3

8 81 0.30 171 31.9
2 92 163 30.7

5 79 0.30 175 36.2
3 91 160 24.4
2 75 191 48

1 95 145 9.5
3 86 0.015 165 15.4
1 93 188 38.5
5 50 212 160

5 88 167 27.4
0 100 0.04 170 24.7
5 64 167 53.3
d fract

Fa
ated.
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This study reports on the successful use of low-
intensity pulsed US for the treatment of nonunions. A list
of surgical reference literature is presented in Table 1 and
indicates a range of heal rates for surgical treatment of
nonunion from a low of 68% (Healy et al. 1990) to a high
of 96% (Barquet et al. 1989; Webb et al. 1986), with the
surgical heal rate varying by the bone location and sur-
gical method. For those surgical literature references that
provided the data, the mean heal time was approximately
200 days (range of 105 to 368 days) and the mean
fracture age was approximately 15 months (range of 10
to 30 months). Table 6 compares the heal rates, average
heal time and average fracture age of the surgery refer-
ences of Table 1 (86%), the study group results of this
study (85%), eight electrical bone-growth-stimulator ref-
erences and nine extracorporeal shock-wave therapy
studies.

The results achieved in this study show an equal or
better heal rate in comparison with literature reports of
electrical bone-growth-stimulator studies that used a
similar study design, with each case serving as his/her
own control. Gossling et al. (1992), in their review of
ununited tibia fractures, compared literature results for
treatment of tibia nonunions by surgery vs. pulsed elec-
tromagnetic fields. They reported a heal rate of 80% for
tibial nonunions treated with pulsed electromagnetic
fields and 91% with surgical treatment. Garland et al.

Table 6. Comparison of heal rates among study group n
wave

Nonunion treatment
Total
(n)

Healed
(n)

Study group 67 57
Surgery references (Table 1) 2041 1766
PEMF

Hinsenkamp et al. (1985) 272 199
Garland et al. (1991) 135 108
Gossling et al. (1992) 817 654

Capacitive coupling
Brighton and Pollak (1985) 22 17
Scott and King (1994) 10 6

Direct current
Brighton et al. (1981) 178 149
Heppenstall (1983) 40 32
Longo (1997) 84 51

Extracorporeal shock wave
Schleberger (1995) 45 41
Ekkernkamp (1996) ns ns
Rompe et al. (1997) 52 27
Diesch (1997) 172 114
Russo et al. (1997) 125 84
Wirsching et al. (1998) 115 81
Beutler et al. (1999) 27 11
Rompe et al. (2001) 43 31
Wang et al. (2001) 72 58

ns � not specified.
(1991) had an 80% success rate (108 of 135) when using
a modified PEMF device for 3 h daily. Hinsenkamp et al.
(1985) published a European multicenter study of non-
union treatment by pulsed electromagnetic field. Of 272
cases, 199 (73.2%) healed by this type of stimulation.
Scott et al. (1994) presented the only double-blind clin-
ical trial of nonunions using electrical stimulation with-
out additional conservative or surgical treatment. Of 21
patients, 11 received a placebo unit and 10 patients were
actively managed by an electrical capacitive coupling
device. Of the 10 actively managed patients, 6 healed,
but none of the placebo group united. Brighton et al.
(1981) reported on a heal rate of 84% in treating 178
nonunions by constant direct current. The study of Brigh-
ton and colleagues (1985) showed a solid osseous union
in 17 of 22 nonunions (77%) after treatment with capac-
itive coupling. Heppenstall (1983) used direct current
and obtained a healed nonunion in 80% (32 of 40) of his
established tibial nonunion cases, which compares favor-
ably with the 92% heal rate obtained in this study for
tibial nonunions. Longo (1997) reported the results of a
larger multicenter study in 116 nonunion cases that were
a minimum of 9 months from fracture with no visibly
progressive signs of healing for a minimum of 3 months.
Of the 84 cases that completed combined magnetic field
treatment, only 61% (51 of 84) healed.

Extracorporeal shock-wave therapy has also been
proposed as a treatment for nonunion. Schleberger

ons, surgery references, electrical references and shock
nces

ate for treated
unions (%)

Mean heal time
or range
(weeks)

Healed fracture mean
fx. age or range

(months)

85 24.0 39.2
(68–96) 27.0 15.0

73 ns ns
80 ns ns
80 9–76 2–20

77 22.5 40.0
60 21.0 23.0

84 ns 33.0
80 ns 26.4
61 25.0 28.8

91 ns ns
67 ns ns
52 15.0 13.0
66 ns ns
67 ns ns
69 24–340 34.0
41 ns 9.0
72 18.0 ns
81 ns ns
onuni
refere

Heal r
non

86
(1995) was the first to report on treating nonunions by
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extracorporeal shock waves. The heal rate of his study of
45 patients was 91%. Ekkernkamp (1996) reported 67%
of nonunions significantly improved by the shock-wave
therapy, with some reported side effects. Rompe et al.
(1997) did not verify such a high rate and reported 52%
in 52 nonunions. The study of Diesch (1997) demon-
strated a heal rate of 66% in 172 nonunion cases. Russo
et al. (1997) presented a study of various nonunions with
a heal rate of 67% in 125 cases, 64 of them concerned
with carpal scaphoid. Wirsching et al. (1998) treated 115
nonunions by one to four shock wave applications, with
a heal rate of 81%. Beutler et al. (1999) reported a heal
rate of 41% in 27 nonunions treated by standardized
shock wave therapy. Rompe et al. (2001) described bony
consolidation in 31 of 43 (72%) nonunions of fractures
and osteotomies. Wang et al. (2001) presented a bony
union in 81% of 72 nonunions of long bone fractures
treated with specific shock-wave inductions for each
bone type.

The nonunion therapy results of the presented LI-
PUS study have shown healing in different bones, dif-
ferent fracture types, fractures that have had many prior
surgical procedures that have failed, in patients who
smoked, stopped smoking or never smoked, in fractures
with different fixation, in fractures with bone graft, in
male and female patients and in all patient age groups.
All of these data, including the stratifications by patient
and fracture covariates, demonstrate the clinical potential
of low-intensity pulsed US. This study also demonstrated
that specifically programmed US can affect heal rates
similar to those achieved by surgical means, without the
associated risks and complications associated with sur-
gery and anesthesia. Of course, surgery may be a require-
ment because of unacceptable angulation and leg length
discrepancy of the nonunion, and low-intensity US
should not be expected to replace all surgery. However,
low-intensity US treatment can become another impor-
tant technique in the healing armamentaria that the phy-
sician can use in the treatment of challenging nonunions.

In conclusion, this study demonstrated a highly
significant treatment effect for low-intensity US by heal-
ing 85% of nonunions that had the ideal comparative
group (i.e., their own prior failed orthopedic treatments).
The use of low-intensity US for the healing of nonunions
has no known contraindications, risks or side effects.
When appropriately used, this treatment option can be a
safe and effective approach for the treatment of non-
unions.

Acknowledgements—The authors express very special thanks to Drs. R.
Bruce Heppenstall, James D. Heckman, and Victor F. Frankel, for their
review and advice concerning the manuscript, and to Professor Porszolt
and staff at Ulm University for their contribution to the literature search
and their incisive advice on the ethical conditions surrounding non-

union studies, observational studies, randomized controlled trials and
data preparation, and to Exogen, Inc. and Joan McCabe, R.N. for their
assistance with the prescription registry data, and Dr. Allan Fleishman,
of Boston Biostatistics, for his invaluable assistance with statistical
analyses.

REFERENCES

Ackerman G, Jupiter JB. Non-union of fractures of the distal end of the
humerus. J Bone Joint Surg. 1988;70-A(1):75–83.

Ballmer FT, Ballmer PM, Mast JW, Ganz R. Results of repositioning
osteotomies in delayed healing or pseudarthrosis of the proximal
femur. Unfallchirurg 1992;95(10):511–517.

Barquet A, Fernandez A, Luvizio J, Masliah R. A combined therapeutic
protocol for aseptic nonunion of the humeral shaft: A report of 25
cases. J Trauma 1989;29(1):95–98.

Beutler S, Regel G, Pape HC, et al. Die extrakorporale Stoßwellen-
therapie (ESWT) in der Behandlung von Pseudarthrosen des
Röhrenknochens. Unfallchirurg 1999;102:839–847.

Boyd HB, Anderson LD, Johnston DS. Changing concepts in the
treatment of nonunion. J Bone Joint Surg 1965;47-A(1):37–54.

Boyd HB, Lipinski SW, Wiley JH. Observations of nonunion of the
shafts of the long bones, with a statistical analysis of 842 patients.
J Bone Joint Surg 1961;43-A(2):159–168.

Brashear HR. Diagnosis and prevention of nonunion. J Bone Joint Surg
1965;47-A(1):174–178.

Brighton CT, Black J, Friedenberg ZB, et al. A multicenter study of the
treatment of non-union with constant direct current. J Bone Joint
Surg 1981;63-A(1):2–13.

Brighton CT, Pollak SR. Treatment of recalcitrant non-union with a
capacitively coupled electrical field. J Bone Joint Surg 1985;67-
A(4):577–585.

Broderson MP, Sim FH. Surgical management of delayed union and
nonunion of the tibia. Orthopaedics 1981;4(12):1361–1368.

Conover WJ. Practical nonparametric statistics. 2nd ed. New York:
John Wiley and Sons, 1980.

Cooney W, Dobyns J, Linscheid R. Nonunion of the scaphoid: Analysis
of the results from bone grafting. J Hand Surg 1980;5(4):343–354.

Diesch R. Anwendung der hochenergetischen extracorporalen
Stoßwellentherapie bei Pseudarthrosen. In: Siebert W, Buch M,
eds. Stoßwellenanwendung am Knochen. Hamburg: Dr.Kovac,
1997:63–64.

Duarte LR, Xavier CA, Choffie M, McCabe JM. Review of nonunions
treated by pulsed low-intensity ultrasound. Amsterdam: Societe
Internationale de Chirurgie Orthopedique et de Traumatologie (SI-
COT), 1996:P2.110–PDS80.

Duarte LR. The stimulation of bone growth by ultrasound. Arch Orthop
Trauma Surg 1983;101:153–159.

Ebraheim NA, Mekhail AO, Darwick M. Open reduction and internal
fixation with bone grafting of clavicular nonunion. J Trauma 1997;
42(4):701–704.

Ekkernkamp A. Extrakorporale Stoßwellenbehandlung- Induktive Rev-
olution oder Scharlatanerie? Berlin: 60. Jahrestagung der Deutsch
Ges Für Unfallchirurgie, 1996.

Fisher RA. Statistical methods for research workers. 5th ed. Edinburgh:
Oliver and Boyd, 1934.

Fleiss JL, Everitt BS. Comparing the marginal totals of square contin-
gence tables. Br J Math Statist Psychol 1971;24:117–123.

Forsted DL, Dalinka MK, Mitchell E, Brighton CT, Alani A. Radio-
logic evaluation of the treatment of nonunion of fractures by
electrical stimulation. Radiology 1978;128:629–634.

Frankel VH. Results of prescription use of pulsed ultrasound therapy in
fracture management. In: Szabo Z, Lewis JE, Fantini GA, Salvagi
RS, eds. Surgical technology international VII. San Francisco:
Universal Medical Press, 1998:389–393.

Fromm B, Niethard FU. Primary osteotomy of the fibula in the treat-
ment of post-traumatic tibial pseudarthroses. Z Orthop 1992;
130(6):507–511.

Garland DE, Moses B, Salyer WS. Long term follow-up of fracture

nonunions treated with PEMFs. Contemp Orthopaed 1991;22(3):
295–302.



1402 Ultrasound in Medicine and Biology Volume 31, Number 10, 2005
Gossling H, Bernstein R, Abbott J. Treatment of ununited tibial frac-
tures: A comparison of surgery and pulsed electromagnetic fields
(PEMF). Orthopaedics 1992;15(6):711–719.

Healy WL, Jupiter JB, Kristiansen TK, White RR. Nonunion of the
proximal humerus. J Orthop Trauma 1990;4(4):424–431.

Healy WL, White GM, Mick CA, Brooker AF, Weiland AJ. Nonunion
of the humeral shaft. Clin Orthop 1987;219:206–213.

Heckman JD, Ryaby JP, McCabe J, Frey JJ, Kilcoyne RF. Acceleration
of tibial fracture healing by non-invasive low-intensity pulsed ul-
trasound. J Bone Joint Surg 1994;76-A(1):26–34.

Heppenstall RB. Constant direct current treatment for established non-
union of the tibia. Clin Orthop 1983;178:179–184.

Hinsenkamp M, Ryaby J, Burny F. Treatment of non-union by pulsing
electromagnetic field: European multicenter study of 308 cases.
Reconstr Surg Traumat 1985;19:147–151.

Jupiter JB, Leffert RD. Nonunion of the clavicle. J Bone Joint Surg
1987;69-A(5):753–760.

Kristiansen TK, Ryaby JP, McCabe JM, Frey JJ, Roe LR. Accelerated
healing of distal radius fractures using specific, low-intensity ultra-
sound. J Bone Joint Surg 1997;79-A:961–973.

Longo JA. Successful treatment of recalcitrant nonunions with com-
bined magnetic field stimulation. In: Szabo Z, ed. Surgical technol-
ogy international VI. San Francisco: Universal Medical Press,
1997:397–403.

Mandt PR, Gershuni DH. Treatment of nonunion of fractures in the
epiphyseal-metaphyseal region of long bones. J Orthop Trauma
1987;1(2):141–151.

Marsh DR, Shak S, Elliott J, Kurdy N. The Ilizarov method in non-
union, malunion and infection of fractures. J Bone Joint Surg
1997;79B(2):273–279.

Mayr E, Frankel V, Rüter A. Ultrasound—An alternative healing
method for nonunions? Arch Orthop Trauma Surg 2000;120:1–8.

Mayr E, Wagner S, Ecker M, Rüter A. Die Ultraschalltherapie bei
Pseudarthrosen: 3 Fallbeschreibungen. Unfallchirurg 1999;102:
191–196.

Nicoll EA. Fracture of the tibial shaft, a survey of 705 cases. J Bone
Joint Surg 1964;46-B(3):373–387.

Nolte PA, van der Krans A, Patka P, Janssen JMC, Ryaby JP, Albers
GHR. Low-intensity ultrasound in the treatment of nonunions.
J Trauma 2001;51:693–703.

Romano C, Messina J, Meani E. Low-intensity ultrasound for the
treatment of infected nonunions. In: Agazzi et al., ed. Guarderni di
infezione osteoarticolari. Milan: Masson Periodical Division, 1999;
83–89.

Rompe JD, Eysel P, Hopf C, Vogel J, Küllmer K. Stoßwellenapplika-
tion bei gestörter Knochenheilung: Eine kritische Bestand-
saufnahme. Unfallchirurg 1997;100:845–849.

Rompe JD, Rosendahl T, Schöllner C, Theis C. High-energy extracor-
poreal shock wave treatment of nonunions. Clin Orthop 2001;387:
102–111.

Rosen H. Compression treatment of long bone pseudarthroses. Clin
Orthop 1979;138:154–166.

Russo S, Gigliotti S, De Durante C, Canero R, Corado B. Treatment of
nonunion with shock waves with special references to carpal scaph-
oid nonunion. In: Siebert W, Buch M, eds. Stoßwellenanwendung
am Knochen. Hamburg: Dr. Kovac, 1997;40–45.

Rüter A, Trentz O, Wagner R. Unfallchirurgie. München-Wien-Balti-

more: Urban and Schwarzenberg, 1995.
Sakellarides HT, Freeman PA. Delayed union and nonunion of tibial
shaft fractures. J Bone Joint Surg 1964;46-A(3):557–569.

Sarathy M, Madhavan P, Ravichandran K. Nonunion of intertrochan-
teric fractures of the femur. J Bone Joint Surg 1994; 77-B(1):90–
92.

Sarmiento A, Gersten LM, Sobol PA, Shankwiler JA, Vangsness CT.
Tibial shaft fractures treated with functional braces. J Bone Joint
Surg 1989;71-A:602–609.

Schleberger R. Anwendung der extracorporalen Stoßwelle am Stütz-
und Bewegungsapparat im mittelenergetischen Bereich. In:
Chaussy C, Eisenberger F, Jochum D, Willert D, eds. Die
Stoßwelle- Forschung und Klinik. Tübingen: Attempto, 1995:166–
174.

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

Silva JF. Fractures of the tibia and fibula. J Trauma 1972;12(12):1029–
1040.

Slatis P, Rokkanen P. Conservative treatment of tibial shaft fractures.
Acta Chir Scand 1967;134:41–47.

Spier R, Winter U, Porten R. Treatment of infected pseudarthrosis of
the lower extremity near the joint using the Küntscher medullary
nail. Aktuelle Traumatol 1983;13(1):1–4.

Trotter DH, Dobozi W. Nonunion of the humerus: Rigid fixation, bone
grafting and adjunctive bone cement. Clin Orthop 1986;204:162–
168.

Tucker HL, Kendra JC, Kinnebrew TE. Reconstruction using the
method of Ilizarov as an alternative. Orthop Clin North Am 1990;
21(4):629–637.

Urist M, Mazet R, McLean R. The pathogenesis and treatment of
delayed union and nonunion. J Bone Joint Surg 1954; 36-A(5):931–
967.

US Food and Drug Administration. Guidance document for industry
and CDRH staff for the preparation of investigational device ex-
emptions and premarket approval applications for bone growth
stimulator devices Draft document. March 18, 1998.

Vossmann H, Kutlu OS, Zellner PR. Results of surgically treated
scaphoid pseudarthrosis using the Matti-Russe method. Handchir
Mikrochir Plast Chir 1983;15(1):7–10.

Wang C-J, Chen C-E, Yang KD. Treatment of nonunions of long bone
fractures with shock waves. Clin Orthop 2001;387:95–101.

Watson HK, Pitts EC, Ashmeal D, Makhloaf MV, Kauer J. Dorsal
approach to scaphoid nonunion. J Hand Surg 1993;18A(2):360–
365.

Webb L, Poehling G, Ruderman R. Nonunion complications of frac-
tures of the scaphoid. Orthop Rev 1981;10(5):101–104.

Webb LX, Winquist RA, Hansen ST. Intramedullary nailing and ream-
ing for delayed union or nonunion of the femoral shaft. Clin Orthop
1986;212:133–141.

Wirsching RP, Eich W, Misselbeck E. Langzeitergebnisse nach extra-
korporaler Stoßwellentherapie bei Pseudarthrosen. Stoßwelle 1998;
1:22–26.

Wu CC, Shih CH. Distal tibia nonunion treated by intramedullary
reaming with external immobilization. J Orthop Trauma 1996;
10(1):45–49.

Xavier CAM, Duarte LR. Stimulation of bone callus by ultrasound:
Clinical application. Rev Brasil Ortop 1983;18:73–80.

Zaslav KR, Meinhard BP. Management of resistant pseudarthrosis of

long bones. Clin Orthop 1988;233:234–242.


	LOW-INTENSITY PULSED ULTRASOUND: EFFECTS ON NONUNIONS
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	Acknowledgements
	REFERENCES


