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Current Concepts Review

The Use of Low-Intensity
Ultrasound to Accelerate the 

Healing of Fractures
BY CLINTON RUBIN, PHD, MARK BOLANDER, MD, JOHN P. RYABY, BS, AND MICHAEL HADJIARGYROU, PHD

➤ Double-blind, prospective, placebo-controlled clinical trials demonstrate that healing times of fresh fractures of 
the radius and tibia are reduced by up to 40% with the use of low-intensity ultrasound.

➤ Animal studies indicate that low-intensity ultrasound exposure results in stronger and stiffer callus formation 
and in acceleration of the endochondral ossification process.

➤ Extensive clinical evidence demonstrates that ultrasound represents a safe, noninvasive method of accelerating 
the healing of fresh fractures of the tibia, the distal aspect of the radius, the scaphoid, and the metatarsals.

➤ Clinical studies indicate that ultrasound reduces the confounding effect of smoking and patient age on the 
fracture-healing process.

➤ Ultrasound requires a brief, twenty-minute, daily at-home treatment regimen and has no known contraindications.

➤ The effectiveness of low-intensity ultrasound has also been demonstrated in the clinical treatment of delayed 
unions and nonunions.

racture-healing is a complex biological process that in-
volves the spatial and temporal orchestration of numer-
ous cell types, hundreds if not thousands of genes, and

the intricate organization of an extracellular matrix, all work-
ing toward restoring the bone’s mechanical strength and rapid
return to full function. It has often been argued that nature has
optimized this process and thus it would be difficult to inter-
ventionally accelerate or augment fracture-healing. How can
science conceivably improve upon 600 million years of verte-
brate evolution? Nevertheless, it is just this goal that has in-
spired an intense effort among basic-science and clinical
investigators from a vast array of biotechnology and bioengi-
neering disciplines at academic as well as industrial laborato-
ries, to seek a means of accelerating the healing of fractured
bones. In this article, the basic-science and clinical evaluation
of the use of low-intensity ultrasound is reviewed and the case
is made that nature’s process of fracture-healing, while elegant,
can be accelerated with respect to achieving the ability to sup-
port clinically relevant loads.

The Food and Drug Administration approved the use of
low-intensity ultrasound for the accelerated healing of fresh
fractures in October 1994 and for the treatment of established
nonunions in February 2000. The first regulatory approval
was based primarily upon two rigorous, double-blind, placebo-

controlled clinical trials, which showed that the rate of healing
of fresh fractures is accelerated by treatment with ultra-
sound1,2. In concert with these clinical studies, substantive
basic-science data demonstrated that ultrasound has a strong
positive influence on each of the three key stages of the healing
process (inflammation, repair, and remodeling) because it en-
hances angiogenic, chondrogenic, and osteogenic activity.
Complementing the basic-science and clinical data is accumu-
lating evidence that ultrasound has a role in the treatment of
delayed unions and nonunions as well as in the reduction of
overall cost factors that ultimately must be considered in the
clinical-outcome equation.

Biomedical Applications of Ultrasound
ltrasound, a form of mechanical energy that is transmit-
ted through and into biological tissues as an acoustic

pressure wave at frequencies above the limit of human hear-
ing, is used widely in medicine as a therapeutic, operative, and
diagnostic tool3,4.  Therapeutic ultrasound, and some operative
ultrasound, uses intensities as high as 1 to 3 W/cm2 and can
cause considerable heating in living tissues. To take full advan-
tage of this energy absorption, physical therapists often use
such levels of ultrasound acutely to decrease joint stiffness, to
reduce pain and muscle spasms, and to improve muscle mo-
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bility5. The use of ultrasound as a surgical instrument involves
even higher levels of intensity (5 to 300 W/cm2), and sharp
bursts of energy are used to fragment calculi, to initiate the
healing of nonunions, to ablate diseased tissues such as cata-
racts, and even to remove methylmethacrylate cement during
revision of prosthetic joints6.

At the opposite end of the ultrasound-intensity spec-
trum, much lower magnitudes of 1 to 50 mW/cm2 are used to
drive diagnostic devices that noninvasively image vital organs,
fetal development, peripheral blood flow, and metabolic bone
diseases such as osteoporosis7  and, coincidentally, to evaluate
fracture callus during healing8,9. The intensity level used for im-
aging, which is five orders of magnitude below that used for
surgery, is regarded as nonthermal and nondestructive10. Nev-
ertheless, low-intensity ultrasound is still a mechanical force,
and it therefore holds the potential to influence bone mass and
morphology through bone tissue’s strong sensitivity to physical
stimuli.

Just before the turn of the twentieth century, Wolff11

demonstrated a phenomenological relationship between the
architecture of cancellous bone and the inferred locomotory
forces acting upon the skeleton. Recent work supports Wolff ’s
conclusion that the form and architecture of bone adapt to the
mechanical environment by remodeling to accommodate the
magnitude and direction of the applied stress12. This relation-
ship is frequently referred to as Wolff ’s law. While beyond the
scope of this review, it is important to relate the mechanical ba-
sis of ultrasound to the sensitivity of bone tissue to mechanical
stimuli. Several authors have provided insight into the possible
mechanisms involved in bone’s response to physiological me-
chanical force-loading13,14, including the stimulation of vascular
activity15. Therefore, the acoustic pressure waves generated by
the ultrasound signal, at least in theory, represent a noninva-
sive means of influencing the healing of fractures by providing
a surrogate for the forces at work in Wolff ’s law without raising
an element of structural risk to the wound-healing process16.

At one level, the acoustic pressure wave induced by ultra-
sound is indicative of a mechanical signal that takes full advan-
tage of bone tissue’s sensitivity to low-level physical signals.
However, this acoustically driven mechanical signal is several
orders of magnitude lower than the peak strains generated by
functional load-bearing17, while the rates of loading induced by
ultrasound are several orders of magnitude higher. Neverthe-
less, extremely low-level, high-frequency mechanical signals
persist in functionally loaded bone18 and represent strong regu-
latory signals to skeletal tissue19, even during fracture-healing20.

The difficulty in determining how low-level ultrasound
interacts with bone and connective tissue lies in the complex
response of living tissue to these high-frequency acoustic stim-
uli. On passing through the tissue, the ultrasonic energy is ab-
sorbed at a rate proportional to the density of the tissue. Thus,
the radical changes in density inherent in a healing callus may
well establish gradients of mechanical strain, recognized as
strong determinants of bone-modeling21. Absorption of the ul-
trasound signal also results in energy conversion to heat22.
While this heating effect is extremely small, well below 1°C,
some enzymes, such as MMP-1, or collagenase, are exquisitely

sensitive to small variations in temperature23. Therefore, ultra-
sound may serve to reestablish or normalize effective metabolic
temperatures in areas such as the distal parts of the extremities
or in regions where blood flow has been compromised; this ef-
fect, while subtle, may be biologically profound24. Further-
more, at interfaces of distinct densities, such as at bone-callus
surfaces, much of the incident radiation energy will be re-
flected, resulting in complex gradients of acoustic pressure
through the tissue25.

The differential energy absorption of ultrasound also
gives rise to the phenomenon of acoustic streaming, or the
movement of fluid across surfaces, particularly in regions
where major quantities of bulk fluid are found. This acoustic
streaming and the resultant fluid flow26 may mechanistically
advance signal-transduction pathways, a process referred to as
mechanotransduction27. Thus, the introduction of an ultra-
sound signal stimulates a dynamic physical environment at the
healing site. At its most basic mechanical level, the enhanced
movement of fluid increases nutrient delivery and waste re-
moval. It is likely that the acoustic signal is recognized and is
strongly influential in the biology of bone cells and their pro-
genitors. Regardless of its form, ultrasound results in mechani-
cal perturbation of the tissues within its path. This of course
inextricably links ultrasound to Wolff ’s law, the “form follows
function” foundation of orthopaedics. Whether such low-level
signals are biologically relevant, however, must be determined
in in vitro and in vivo systems as well as in the clinical setting.

First Evidence of Ultrasound’s
Influence on Fracture-Healing

n 1952, investigators in Italy demonstrated, in a controlled,
paired study of radial fractures in rabbits, that continuous-

wave ultrasound could stimulate the formation of bone
callus28. These findings led to the first clinical use of ultra-
sound to stimulate fracture-healing, and, in 1953, the same in-
vestigators found, in a study of eight patients, that the
treatment was safe and produced an increase in periosteal
callus29. More than thirty years later, Dyson and Brookes30, in a
study of bilateral fibular fractures in rats, demonstrated accel-
erated fracture-healing when treatment with 500 mW/cm2 of
pulsed ultrasound was compared with no therapy. These in-
vestigators found that ultrasound treatment was most effec-
tive during the early stages of healing. Extrapolating these data
to the clinical setting, Xavier and Duarte31 reported, in a Bra-
zilian orthopaedic journal, that 70% of twenty-six nonunions
healed after brief exposure (20 min/day) to very low-intensity
ultrasound (30 mW/cm2). This intervention was pursued as a
means of mechanically stimulating the fracture site without
the need for actual weight-bearing; it was hoped that ultra-
sound would provide the biological benefit of weight-bearing
without jeopardizing the skeletal structure. In an effort to de-
termine the optimum signal parameters, Duarte32, using histo-
logical studies and radiographs, demonstrated that ultrasound
signals identical to those used to treat nonunions in humans
successfully accelerated cortical bridging across the site of a
fibular osteotomy in rabbits by 28% compared with that in
controls. These data suggest that ultrasound accelerated heal-
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ing by stimulating the production of more callus and that the
process of mineralization occurred earlier when the osteot-
omy site was exposed to low-intensity ultrasound.

These original findings were soon supported by Reuter
et al.33,34, who found positive effects in bone in a series of ani-
mal studies that involved the use of a continuous ultrasound
signal that was an order of magnitude higher than that used by
Duarte32. Klug et al.35,36 demonstrated that ultrasound treat-
ment, delivered at an intensity of 200 mW/cm2, accelerated the
healing of closed lower-extremity fractures in rabbits by 18%.
Pilla et al.37, in a placebo-controlled study of mid-shaft tibial
osteotomies in rabbits, found that brief periods (20 min/day)
of pulsed ultrasound (a 200-µs burst of 1.5-MHz sine waves,
repeated at 1 kHz), delivered at a low intensity of 30 mW/cm2,
accelerated the recovery of torsional strength and stiffness. By
the seventeenth day, each fracture that had been treated with
ultrasound was as strong as an intact fibula. In contrast, the
contralateral (control) limbs did not attain full strength until
twenty-eight days after the osteotomy. That study indicated
that bones that were exposed to ultrasound achieved bio-
mechanical integrity in essentially half the time as untreated
bones. Whether this was achieved by accelerating the process
of mineralization (resulting in stiffer material) or by augment-
ing the size of the callus (resulting in more material) was not
clear. Because the influence of the signal on healing was shown
in distinct models and the work was performed in different
laboratories, these independent validations add credibility to
the premise that ultrasound may enhance the biological re-
pair process.

Several years later, Wang et al.38, in an effort to define the
most efficacious signal parameters, studied the healing of bilat-
eral closed femoral shaft fractures in rats. Those authors found
that pulsed ultrasound (a 200-µs burst of 1.5 or 0.5-MHz sine
waves, repeated at 1 kHz), delivered at an intensity of 30 mW/
cm2 for 15 min/day, increased bone strength at the fracture site.
Within three weeks, the maximum torque to failure of the fem-
ora that had been treated with either the 1.5 or the 0.5-MHz
burst was an average of 22% greater than that of the contralat-
eral, control femora. The selectivity of the response was also
apparent; the 32% increase in stiffness in the group treated
with the 0.5-MHz burst was not significantly different from the
increase in the controls, whereas the 67% increase in stiffness
in the group treated with the 1.5-MHz burst was significantly
greater than the increase in the controls (p < 0.02).

The sensitivity of the biological response to specific char-
acteristics of the ultrasound signal was further supported by
the findings of Jingushi et al.39. Those investigators, using a fem-
oral fracture model in rats, demonstrated that low-intensity
pulsed ultrasound improved several aspects of the healing pro-
cess; specifically, it led to increases in bone-mineral content,
bone-mineral density, peak torque, and stiffness as well as to
the more rapid appearance and maturation of the overall en-
dochondral ossification process. Jingushi et al. also found that
a pulse width of 200 µs was more effective in enhancing frac-
ture-healing than a pulse width of either 100 or 400 µs and that
a 1-kHz repetition rate was more osteoinductive than one of 2
kHz. These results support the earlier findings32,37 that a 200-µs

pulse and a 1-kHz repetition rate are reflective of optimal ultra-
sound parameters for the healing of fractures. Nolte et al.40,
using these optimal signal parameters, studied the influence
of low-intensity ultrasound on the endochondral ossification
process in seventeen-day mouse metatarsal rudiments in vitro.
The ultrasound-treated rudiments demonstrated a significant
increase in the length of the calcified diaphysis compared with
untreated controls (p < 0.006).

In an attempt to determine if the influence of ultrasound
is greatest at some specific stage of fracture-healing, Azuma et
al.41 investigated the effect of the timing of low-intensity ultra-
sound treatment in a bilateral closed femoral fracture model in
rats. The fracture sites were stimulated at four different time-
periods (days 1 through 8, days 9 through 16, days 17 through
24, and days 1 through 24), and all animals were killed on day
25. Interestingly, union was accelerated in each group regard-
less of the duration or timing of the treatment. These results
were confirmed by radiographs, histological studies, and me-
chanical strength measurements. The maximum torque to fail-
ure on the treated side was greater than that on the control side
at all time-periods. These data suggest that, although the biol-
ogy of fracture-healing can be accelerated, no specific stage of
healing is more sensitive than another.

Glazer et al.42, in an effort to examine the potential of ul-
trasound to influence healing in the spine, recently reported
the biomechanical and histological characteristics of postero-
lateral spinal fusion in a rabbit model. Their findings indicated
that ultrasound increased the rates of fusion, stiffness, and load
to failure, suggesting an influence on the healing of both trabe-
cular and cortical bone. Histological assessment confirmed
that there was increased bone formation in the fusion masses
that had been exposed to ultrasound. While these results are
preliminary, they suggest that the low-level mechanical signal
may influence cellular processes in the axial as well as the ap-
pendicular skeleton.

In a study of the potential of ultrasound to accelerate the
maturation of regenerate callus, Mayr et al.43 used low-intensity
ultrasound in a placebo-controlled, segmental-transport cal-
lus distraction model in the metatarsals of sheep. The ultra-
sound-treated limbs showed a significant increase in bone-
mineral content on quantitative computed tomography (p <
0.05), increased stiffness on nondestructive axial tests (p <
0.01), and increased bone formation on both static and dy-
namic histomorphometric analyses (p < 0.01).

Shimazaki et al.44 recently investigated the effects of low-
intensity pulsed ultrasound on distraction osteogenesis in a bi-
lateral rabbit-tibia model in which two different distraction
rates were used. In the first group, the limbs were distracted at
a rate of 1 mm/day for ten days (total distraction, 10 mm) and
then were tested at seven, fourteen, and twenty-one days after
the cessation of distraction. Compared with the untreated
limbs, the limbs that had been treated with low-intensity ultra-
sound had significantly higher values for hard-callus area at
day 10 (p < 0.01), day 14 (p < 0.001), and day 17 (p < 0.01); for
bone-mineral density (p < 0.05); and for mechanical strength
at day 7 (p < 0.01) and day 14 (p < 0.05). Histological analysis
showed no tissue damage that was attributable to the ultra-
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sound. In the second group, the distraction rate was increased
threefold, to 3 mm/day, and the limbs were distracted for seven
days (total distraction, 21 mm). Serial radiographs, made for
forty-two days after the cessation of distraction, showed imma-
ture regenerate bone in the untreated limbs and demonstrated
that the treated limbs had significantly higher values for hard
callus at day 21 (p < 0.05) and at days 24 through 42 (p < 0.01).
While these data are only preliminary, they indicate that, even
in difficult circumstances, ultrasound can still effectively influ-
ence the mineralization process.

This broad spectrum of work, which spans approxi-
mately fifty years, demonstrates, at a phenomenological level,
that low-intensity ultrasound can influence the process of frac-
ture-healing and mineralization in animal models and that
healing itself is remarkably sensitive to specific characteristics
of the ultrasound signal. These studies do not, however, lend
much insight into the biological mechanisms that facilitate
these complex processes.

Influences of Ultrasound on Biological Processes
ltimately, the mechanical stimulation inherent to ultra-
sound translates into a biological response. Wide-ranging

studies at both the in vitro and in vivo levels have been used to
probe the biological mechanisms responsible for the observed
influence of ultrasound on fracture-healing (Table I). In one
of the first such studies, Chapman et al.45 reported that ultra-
sound induced a change in the rates of influx and efflux of
potassium ions in rat thymocytes. Ryaby et al.46-48 later reported
that low-intensity ultrasound increased calcium incorpora-
tion in both differentiating cartilage and bone-cell cultures,
reflecting a change in cell metabolism. This increase in sec-
ond messenger activity was paralleled by the modulation of
adenylate cyclase activity and transforming growth factor-β
synthesis in osteoblastic cells. The influence of ultrasound
on second messenger activity in primary chondrocytes was
also reported by Parvizi et al.49, who found, using a real-time
assay, that the application of ultrasound at 50 mW/cm2 in-
creased the release of cellular calcium (Fig. 1). Kokubu et al.50

showed that low-intensity ultrasound (30 mW/cm2) increased
prostaglandin-E2 production through the induction of cyclo-
oxygenase-2 mRNA in mouse osteoblasts, and they concluded
that ultrasound exerts its influence in a manner similar to
that of fluid shear stress and tensile force stimuli. More re-
cently, Ito et al.51 studied the effect of low-intensity ultra-
sound on growth-factor secretion in a coculture of human
osteoblastic and endothelial cells and found that ultrasound
increased the release of platelet-derived growth factor in the
conditioned media.

While these experiments demonstrate the ability of ul-
trasound to influence cell activity, if the signal is ultimately go-
ing to influence the rate of healing then ultrasound must be
shown to effect the expression of genes involved in the inflam-
mation and remodeling stages of fracture repair. In support of
this critical point, Wu et al.52 demonstrated that exposure of
cultured chondrocytes to low-intensity ultrasound stimulates
an upregulation of aggrecan gene expression, which occurs ear-
lier in the fracture-healing process. During chondrogenesis,
this large chondroitin-sulfate molecule aggregates with hy-
aluronan, decorin, and biglycan, creating key proteoglycan-
scaffolding elements for type-II collagen. Thus, even when
only this specific gene is considered, ultrasound accelerates and
ultimately augments the processes of callus formation. In sup-
port of these findings, Parvizi et al.53 demonstrated that low-
intensity pulsed ultrasound stimulates proteoglycan synthesis
in rat chondrocytes by increasing aggrecan gene expression,
which might explain the role of ultrasound in augmenting en-
dochondral ossification and thus increasing the mechanical
strength and overall repair of the fractured bone.

Yang et al.54 used an in vivo bilateral femoral fracture
model in rats55 to examine gene activity during healing and
found that low-intensity ultrasound (50 or 100 mW/cm2) in-
creased aggrecan gene expression. Importantly, by using each
animal as its own internal control, direct comparisons be-
tween treated and untreated fractures could be made indepen-
dent of biological variations among animals. By examining
both biological and biomechanical parameters within a single

U

TABLE I The Effects of Ultrasound on in Vitro Cell Model Systems

Study Cell Model Signal Intensity Observed Effects

Chapman et al., 198045 Thymocytes 0.5-3 W/cm2

2 W/cm2

Decreased intracellular K+ ions,
decreased K+ ion uptake, increased
K+ ion efflux

Ryaby et al., 198946 Differentiating cartilage
and bone-cell cultures

200 mW/cm2 Increased Ca+ incorporation

Ryaby et al., 199147, 199248 MC3T3/TE85 osteoblastic
cell-lines

20, 30, 45 mW/cm2 Increased adenylate cyclase activity,
increased expression of TGF-β

Wu et al., 199652 Chondrocytes 50, 120 mW/cm2 Increased aggrecan mRNA expression

Parvizi et al., 199749, 199953 Chondrocytes 50-500 mW/cm2 Increased release of intercellular Ca+,
increased aggrecan mRNA expression,
increased proteoglycan synthesis

Kokubu et al., 199950 MC3T3 osteblastic cell-line 30 mW/cm2 Increased expression of PGE2/COX-2

Ito et al., 200051 SaOS-2 osteoblastic cell-line
HUVEC endothelial cells

30 mW/cm2 Increased PDGF-AB secretion
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experimental design, Yang et al. were able to demonstrate a di-
rect correlation between increased aggrecan gene expression
and enhanced structural strength. Ultimately, a study of trans-
genic or knockout mice (genetically engineered mice lacking
one specific gene) may provide more specific, mechanistic in-
sight into the role of aggrecan in the healing process. Until
then, however, these experiments provide important data on
the temporal parameters of healing and how ultrasound may
modulate them.

Not all of the impact of ultrasound need be identified at
the molecular mechanistic level in order to ultimately benefit
healing. Rawool et al.56 demonstrated that low-intensity ultra-
sound, delivered over a ten-day period, stimulated a greater de-
gree of vascularity at the site of ulnar osteotomies in dogs.
While these investigators originally hypothesized that ultra-
sound would increase blood flow during treatment, increased
blood flow was evident at the fracture site for an extended pe-
riod after removal of the stimulus. This increased blood flow,

monitored by high-resolution diagnostic ultrasound, was par-
alleled by greater callus formation and markedly improved
blood-flow distribution around the fracture.

These data suggest that, in addition to modulating gene
expression (molecular interaction), ultrasound may increase
blood flow through the dilation of capillaries (structural inter-
vention) and the enhancement of angiogenesis (cellular inter-
action). It is generally believed that greater blood flow serves as
a principal factor in the acceleration of fracture-healing. In-
deed, one of the main biological goals of the inflammatory re-
sponse is to reestablish the blood flow to the injured area. The
corollary to this observation is that anything that diminishes
blood flow or oxygenation of the fracture site, such as the se-
verity of the injury, smoking, circulatory problems, or diabetes,
will potentially suppress the healing response. Again, a major
benefit of ultrasound may be that it biologically and biophysi-
cally optimizes healing processes and promotes an idealized
environment that is conducive to repair.

A: Microscopic fluorescent images showing three chondrocyte cells (dotted circles), which have been cultured in a calcium medium and preloaded 

with fura-2/AM, a fluorescent marker that binds the calcium ion. B, C, and D: Images showing the increased release of intracellular calcium in 

response to the application of ultrasound at 50 mW/cm2. B demonstrates the amount of released calcium (depicted as yellow in the topmost chon-

drocyte) in response to twenty seconds of applied ultrasound. C shows all three cells releasing calcium after approximately one minute of applied 

ultrasound. D shows increased amounts of calcium release in all three chondrocytes after two minutes of applied ultrasound. E: Graph showing the 

amount of calcium release from a single cell as a function of time, for a set level of ultrasound. F: Bar graph quantifying the amount of calcium 

released by the chondrocytes compared with the resting cells. (From: Parvizi J, Parpura J, Greenleaf JF, Bolander ME. Calcium signaling is required 

for ultrasound stimulated aggrecan synthesis by rat chondrocytes. Unpublished data.)

Fig. 1
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The Ability of Ultrasound to Accelerate
Fracture-Healing in the Clinical Setting

he broad spectrum of experiments performed at the ba-
sic-science level has provided substantial evidence that

low-intensity ultrasound can accelerate and augment the frac-
ture-healing process. However, the single most demanding
evaluation of any proposed intervention must be performed at
the clinical level. The use of ultrasound for the treatment of
fractures has been evaluated in two multicenter, prospective,
double-blind, placebo-controlled clinical trials.

In the first such study, Heckman et al.1 performed a ran-
domized, double-blind, placebo-controlled trial of sixty-seven
closed or grade-I open tibial fractures to evaluate the effect of
ultrasound on the healing of cortical fractures. Ultrasound
treatment consisting of 30 mW/cm2 for 20 min/day led to a sig-
nificant (24%) reduction in the time to clinical healing (aver-
age, 86 ± 5.8 days in the treatment group compared with 114 ±
10.4 days in the control group; p = 0.01) as well as to a 38% de-
crease in the time to overall (clinical and radiographic) healing
(average, 96 ± 4.9 days in the treatment group compared with
154 ± 13.7 days in the control group; p = 0.0001). The patients’
compliance with daily use of the ultrasound device was high,
and there were no complications related to its use. Cook et al.57,
in analyzing the data from fractures that were both clinically
and radiographically healed in Figure 2 in the study by Heck-
man et al.1, found that 36% (twelve) of the thirty-three frac-
tures in the control group went on to delayed union compared
with only 6% (two) of the thirty-three fractures in the treat-
ment group (p < 0.003), suggesting that ultrasound exposure
not only accelerates healing but may help to ensure healing.
Perhaps it can be argued that an intervention that establishes a
more rapid path to healing is welcome but not essential. It

should also be argued, however, that an intervention that en-
hances the likelihood of healing makes an important contribu-
tion clinically.

In the second such study, Kristiansen et al.2 performed a
multicenter, prospective, randomized, double-blind, placebo-
controlled clinical trial of sixty-one dorsally angulated frac-
tures of the distal aspect of the radius to determine the effect of
ultrasound on the healing of fractures in areas consisting pri-
marily of trabecular bone. The time to union was 38% shorter
for the fractures that were treated with ultrasound for 20 min/
day than it was for the fractures that were treated with a pla-
cebo (average, 61 ± 3 days compared with 98 ± 5 days; p <
0.0001) (Fig. 3). In addition, ultrasound treatment was associ-
ated with a significantly smaller loss of reduction (average,
20% ± 6% for the treatment group compared with 43% ± 8%
for the control group; p < 0.01), an important morphological
criterion for return to function following a fracture.

The influence of ultrasound on fracture-healing was sup-
ported by the findings of Mayr et al.58, who performed a pro-
spective, randomized, controlled, clinical trial of patients with
fresh scaphoid fractures. The study group consisted of fifteen
fractures that received standard treatment combined with low-
intensity ultrasound for 20 min/day, and the control group con-
sisted of fifteen fractures that received standard treatment only.
Computerized tomography showed that the fractures in the
study group healed 30% faster than those in the control group
(average, 43.2 ± 10.9 days compared with 62 ± 19.2 days; p <
0.01). At six weeks, the trabecular bridging ratio was almost
50% higher in the study group than it was in the control group
(average, 81% ± 10.4% compared with 55% ± 2.9%; p < 0.05).

Strauss et al.59 performed a prospective, randomized
study of twenty patients who had a fresh Jones fracture (a frac-

T

Fig. 2

Graph showing the cumulative percentages of clinically and radiographically healed tibial diaphyseal fractures in the core group as a function of 

time. The benefit in the group that received ultrasound is shown at ninety days after the fracture; 56% of the thirty-three fractures in that group 

healed compared with 18% of the thirty-three in the group treated with a placebo. One fracture in the group treated with a placebo healed at 465 

days after the fracture, and no clinical data were available for one fracture in this group. The fractures in the ultrasound-treated group healed at a 

mean (and standard error) of 96 ± 4.9 days compared with 154 ± 13.7 days for the fractures in the placebo group (p = 0.0001; analysis of vari-

ance, rank analysis of variance, and log-rank life-table analysis). (From: Heckman JD, Ryaby JP, McCabe J, Frey JJ, Kilcoyne RF: Acceleration of tibial 

fracture-healing by non-invasive, low-intensity pulsed ultrasound. J Bone Joint Surg Am. 1994;76:26-34.)
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ture at the base of the fifth metatarsal) that was treated with
standard orthopaedic technique with or without the addition
of low-intensity ultrasound. All ten fractures that were treated
with ultrasound healed both clinically and radiographically by
fifty-six days after the injury. Of the ten fractures that were not
treated with ultrasound, six healed by eighty-seven days, two
healed by 112 days, and two still had not healed by twenty
weeks after the injury.

The clinical use of ultrasound during limb-lengthening
was first described, to our knowledge, by Sato et al.60, who re-
ported on a twenty-two-year old woman with short stature. A
callotasis procedure and subsequent distraction at a rate of
1 mm/day increased the length of each tibia by 9 cm. Low-
intensity ultrasound was then used on one limb, which acceler-
ated the rate of callus formation. These results demonstrate
that low-intensity ultrasound can have an accelerating effect on
callus formation and maturation and may shorten the overall
time to fixation removal in patients managed with limb-
lengthening, who require a long period of treatment.

Importantly, not all studies have shown that ultrasound
has a beneficial influence on fracture-healing. Emami et al.61,62

recently reported the results of a prospective, randomized
study in which reamed, internally fixed tibial fractures received
active ultrasound (fifteen patients) or placebo treatment (sev-
enteen patients). Those investigators found that low-intensity
ultrasound had essentially no effect on healing. However, it is
also important to note that there were several differences be-
tween this study and previous studies of tibial fractures. In the
study by Heckman et al.1, the fractures were treated with closed
reduction and were immobilized in a cast until the physician
thought that they were sufficiently stable that the cast could be
removed, and the placebo or active treatment was continued
for 140 days or until the fracture had healed. In contrast, all of

the fractures in the studies by Emami et al.61,62 were reamed and
fixed with a tight-fitting locked rod, and the placebo or active
treatment was continued for only seventy-five days. These data
emphasize a very important point—namely, that ultrasound
does not necessarily work in all orthopaedic conditions and
does not necessarily benefit all healing processes.

Frankel63 and Lane et al.64 analyzed the patient registry of
Exogen (Piscataway, New Jersey) as of July 1997 and January
1998, respectively, and found that ultrasound had been pre-
scribed for many skeletal sites other than the radius or tibia
and for patients with longer fracture ages (the time from the
initial fracture to the start of low-intensity ultrasound treat-
ment) than were reported in the previously mentioned clinical
trials. Although the ultrasound device is indicated for fresh
fractures of  the tibia and the distal aspect of the radius, physi-
cians have prescribed it for fractures of all ages and, in particu-
lar, for patients with comorbidities such as older age, diabetes,
active smoking status, vascular insufficiency, and obesity63-65.
Fracture-related comorbidities include the severity and grade
of the fracture, the failure of previous procedures, and ex-
tensive soft-tissue damage due to displacement. The Exogen
registry is maintained with physician input regarding the
initial fracture and patient characteristics as well as the final
outcome. An update of the registry by the authors, using the
data-reporting format of Frankel63, showed that, as of June
2000, low-intensity ultrasound treatment, applied at home for
20 min/day, had been prescribed for more than 22,300 pa-
tients. More than 1470 patients were lost to follow-up, an addi-
tional 1640 withdrew from treatment or were noncompliant
with use of the ultrasound device, and more than 9100 patients
were receiving active treatment. The remainder of more than
10,050 patients had a 91% rate of healing, an average healing
time of 144 days (median, 120 days), and an average fracture

Fig. 3

Graph showing the cumulative percentages of healed distal radial fractures in the group treated with ultrasound compared with the group treated 

with a placebo. The benefit of treatment is seen well at seventy days after the fracture; approximately 70% of the thirty fractures in the ultrasound-

treated group healed compared with 19% of the thirty-one in the group treated with a placebo. The fractures in the ultrasound-treated group healed 

at a mean (and standard error) of 61 ± 3.0 days compared with 98 ± 5.0 days for the fractures in the placebo group (p < 0.0001). (From: Kris-

tiansen TK, Ryaby JP, McCabe J, Frey JJ, Roe LR: Accelerated healing of distal radial fractures with the use of specific, low-intensity ultrasound. A 

multicenter, prospective, randomized, double-blind, placebo-controlled study. J Bone Joint Surg Am. 1997;79:961-73.)
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age of 168 days (more than five months) from the date of the
initial injury. According to the clinical records and depending
on the fracture-age group, between 80% and 90% of the pa-
tients had only ultrasound as the new treatment.

In the idealized situation, where the process of wound
repair is already progressing as quickly as can be biologically
sustained, subtle enhancement of blood flow may produce
subtle shifts in the temporal expression of genes, and this
may not be sufficient to influence the time to healing. How-
ever, an intervention that is able to normalize the process of
healing may be of benefit in cases of severe injury and may
help to enhance healing in patients in whom this process is
normally suppressed, such as those who are elderly, those
who have diabetes, and those who smoke. To identify risk
factors that adversely affected fracture union, Lane et al.64

analyzed the 2126 cases in the registry database that, as of
January 1998, had a fracture age of less than 181 days. The
overall rate of healing was 93.7%, and the average time to
healing was 107 days. The rate of healing of fractures of the
humerus was only 83%; this rate was significantly lower than
the overall rate of 93.7% (p < 0.001). Univariate and multi-
variate analysis revealed that the rate of healing was reduced
by a number of variables, including older patient age, older
fracture age, smoking, obesity, steroid use, renal disease, and
fracture of the humerus. Additional evidence of how the sys-
temic status of the patient confounds healing was provided
by Mayr et al.65, who reviewed the registry database to assess
the effect of comorbidities on fracture-healing in patients
who had had low-intensity ultrasound for the treatment of
delayed unions and nonunions. They found that the healing
rate was decreased by 5% to 10% in patients taking calcium-
channel blockers, nonsteroidal anti-inflammatory drugs,
and steroids; in those being treated for renal disease; and in
those with vascular insufficiency at the site of the non-
union65. With these compromised healing conditions, it be-
comes important to determine if ultrasound can somehow
benefit patient outcomes.

Cook et al.57 reported, in a further analysis of the data of
Heckman et al.1 and Kristiansen et al.2, that the use of low-
intensity ultrasound was associated with a significant reduc-
tion in the healing time of fractures of the tibia and the distal
aspect of the radius in smokers. The average healing time for
tibial fractures in smokers was reduced by 41%, from 175 ± 27
days to 103 ± 8.3 days (p < 0.006, analysis of variance). The av-
erage healing time for fractures of the distal aspect of the radius
in smokers was reduced by 51%, from 98 ± 30.0 days to 48 ±
5.1 days (p < 0.003, analysis of variance).

Strauss and Gonya66 described the effect of low-intensity
ultrasound following ankle arthrodesis in two patients with
Charcot arthropathy. One patient had a long history of diabe-
tes and alcoholism and had had five prior failed operative pro-
cedures; the nonunion healed after 5.5 months of low-intensity
ultrasound treatment. The other patient had a history of pan-
creatic disease and renal transplantation, two failed operative
procedures, and failure of treatment with adjunct electrical
stimulation; the nonunion healed after four months of ultra-
sound therapy.

These findings are important from two distinct view-
points. First, they suggest that low-level biophysical stimuli
can reestablish the normal rate and stages of healing that
habits such as smoking typically disrupt. This is encourag-
ing, as delays in these healing processes often result in non-
unions. Second, they suggest that ultrasound can normalize
healing in patients in whom the metabolic status is not ideal,
and they may provide insight into the mechanisms by which
this biophysical stimulus interacts with the biological sys-
tem—that is, by counteracting the diminished efficiency of
oxygen transport in smokers or that of angiogenesis in dia-
betic patients.

Evidence of the Influence of Ultrasound on Nonunions
he great majority of the basic-science and clinical data
that have been reported thus far are related to the effect of

ultrasound on the healing of fresh fractures. At the clinical
level, these data include information from prospective, double-
blind, placebo-controlled trials that have been performed to
evaluate the efficacy of ultrasound in accelerating the healing
of fractures of the tibia or radius as well as those at other sites,
such as the femur, and those in patients with comorbidities,
such as smoking. Nevertheless, a major clinical problem is the
fracture that shows little healing after several months; indeed,
between 5% and 10% of all fractures will eventually be clas-
sified as delayed unions or nonunions. Darder and Gomar67

reviewed a series of 202 tibial fractures that had been treated
conservatively and classified the fractures into eight types
according to the initial displacement, the amount of commi-
nution, and the severity of the wound. A total of 44% (eighty-
eight) of the fractures were classified as delayed unions. Dickson
et al.68 retrospectively studied 114 open tibial fractures and
found that 30% (thirty-four) were classified as delayed unions
or nonunions.

Unfortunately, while adjunctive therapies such as elec-
tromagnetic stimulation or injection of growth factors have
had some acceptance, they are not universally considered to be
successful alternatives to surgery. Recent evidence demon-
strates that the benefit of low-intensity ultrasound extends be-
yond its influence on fresh fractures. For example, building on
the early application of low-intensity ultrasound therapy31, Du-
arte et al.69 reported an 85% healing rate and an average healing
time of fourteen months in a study of 385 nonunions.

A number of independent studies65,70-73 have recently ex-
amined the influence of ultrasound treatment on delayed
unions and nonunions at a wide array of sites, such as the
scaphoid, clavicle, ulna, femur, and metatarsals. While it is dif-
ficult to compare studies because of differences in the ways that
the results might be analyzed, an overview of the data is valu-
able. For example, Mayr et al.74 examined a group of twenty-
nine patients with delayed union (average fracture age, 4.5
months) or nonunion (average fracture age, 2.9 years) and re-
ported a healing rate of 88% and 93%, respectively, after ap-
proximately 100 days of ultrasound treatment. In another
study, Mayr et al.72 examined seventy-six nonunions (average
fracture age, 10.5 months) and reported a healing rate of 86%
after an average of five months of ultrasound treatment. That
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article72 included the case reports of three patients in whom the
successful treatment of the nonunion could be attributed only
to the ultrasound therapy.

Romano et al.75 reported on fifteen patients with chal-
lenging cases of infected nonunions; there were ten nonunions
of the tibia, two of the femur, and one each of the humerus, an-
kle, and ulna. The rate of healing was nine of ten among the
completed cases, with the remaining five nonunions showing
signs of progressive healing. In July 1997, Frankel63 studied
the registry database and assessed the overall healing rate
among 404 nonunions at different bone sites. He reported a
healing rate of 70% (forty of fifty-seven) for the humerus,
86% (seventy-three of eighty-five) for the femur, 81% (seven-
teen of twenty-one) for the metatarsals, 96% (twenty-three of
twenty-four) for the radius, 86% (thirty-one of thirty-six) for
the scaphoid, and 83% (151 of 181) for the tibia. The average
time to healing ranged from 118 days for nonunions of the
radius to 173 days for nonunions of the humerus, and the
average fracture age was 1.8 and 1.6 years for the radial and
humeral nonunions, respectively.

Investigators in the Netherlands evaluated the efficacy of
ultrasound treatment, applied at home for 20 min/day, in a
study of forty-one nonunions at multiple sites, including the
tibia, femur, scaphoid, humerus, clavicle, and metatarsals76.
Four cases withdrew early in treatment, leaving thirty-seven
documented nonunion cases with a minimum fracture age of
six months. The mean fracture age was 13.9 months, and the
mean time from the start of ultrasound treatment to the last
prior orthopaedic procedure was 9.1 months. The healing rate
due to ultrasound treatment was 95% (thirty-five of thirty-
seven), with a mean healing time of 130 days. Those cases with
no surgery within the three months prior to the start of ultra-
sound treatment had a healing rate of 93% (twenty-six of
twenty-eight), while those with surgery within the prior three
months had a healing rate of 100% (nine of nine). Similar re-
sults were obtained in a French study of forty-four nonunions
that were treated with low-intensity ultrasound77. The patients’
history of failed operative treatments served as the control. The
average number of failed operative procedures was 2.2, the av-
erage fracture age was 25.3 months, and the average time since
the last operation was 6.3 months. Those investigators reported
a rate of healing of 89% (thirty-nine of forty-four), with an av-
erage time to healing of six months. Specifically, there were

twenty-five nonunions of the tibia (twenty-one of which
healed), five of the femur (all of which healed), three of the
knee (two of which healed), six of the radius/ulna (all of which
healed), and one each of the ankle, clavicle, humerus, metacar-
pal, and shoulder (all of which healed).

Gebauer et al.78, in a self-paired control study (that is, a
study in which each nonunion served as its own control), as-
sessed the efficacy of low-intensity ultrasound for the treatment
of long-term nonunions. Sixty-seven established nonunions,
with a minimum fracture age of eight months and a minimum
of four months since the last operation, constituted the study
group. All nonunions met stringent criteria for inclusion. The
average fracture age was thirty-nine months, and the maxi-
mum fracture age was sixteen years. The study group had had
an average of 2.0 prior failed procedures, and the average time
from the last operation was 24.2 months. The only new treat-
ment was the addition of low-intensity ultrasound. Following
daily ultrasound treatment for an average of six months, 85%
(fifty-seven) of the sixty-seven nonunions healed; this rate was
significantly higher than the 0% rate of the prior failed treat-
ment (p < 0.00001). These authors compared their results
with those reported in a compilation of studies of nonunions
in which operative intervention was used and concluded that
low-intensity ultrasound provided outcomes similar to those
of operative intervention but without the associated risks and
complications.

Our review of the prescription-use registry as of June
2000 showed that the more than 5050 fresh fractures (zero to
ninety days after injury) had a healing rate of 94%, the more
than 1790 early delayed unions (ninety-one to 150 days after
injury) had a healing rate of 91%, and the more than 1370 late
delayed unions (151 to 255 days after injury) had a healing rate
of 89%. The 1546 nonunions (more than 255 days after injury)
had a healing rate of 83%, with an average time to healing of
172 days. When the nonunions (average fracture age, more
than 1.9 years) were stratified by the major fracture location,
the healing rate ranged from 69% for the humeral nonunions
to 89% for the metatarsal nonunions (Table II).

These data suggest that ultrasound is a reasonable, non-
invasive treatment for fractures that are likely to have delayed
healing, for those not yet on a normal course of healing, or for
those in patients whose metabolic status may be compromised
by disease or medication.

TABLE II Registry Data on Nonunions (Completed Cases as of June 15, 2000)

Site of Nonunion* No. That Healed
Average Time to
Healing (days)

Average Fracture
Age (days)

Femur 213 (82%) of 259 209 796

Humerus 102 (69%) of 148 176 660

Metatarsal 81 (89%) of 91 133 604

Radius or ulna 60 (87%) of 69 126 538

Scaphoid 101 (86%) of 118 139 613

Tibia or tibia and fibula 404 (84%) of 483 180 722

*Nonunion was defined as a lack of healing at more than 255 days.
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Overview
n the basis of a broad spectrum of laboratory and clinical
studies, several biological mechanisms (direct and indi-

rect) have been proposed to explain the influence of ultra-
sound on the acceleration of the fracture-repair process. Data
from various in vitro studies suggest that ultrasound may in-
duce conformational changes in the cell membrane and thus
alter ionic permeability45,46 and second messenger activity47,48.
Changes in second messenger activity could then conceivably
lead to downstream alterations in gene expression, resulting in
an acceleration of the fracture-repair process by upregulating
cartilage and bone-specific genes as well as others. Rawool et
al.56 reported that ultrasound also stimulates angiogenesis,
thus increasing blood flow to the fracture site and inherently
delivering the key components, such as growth factors and cy-
tokines, that are necessary for the normal healing process.
Yang et al.54 and Nolte et al.40 suggested that ultrasound stimu-
lates chondrogenesis and cartilage hypertrophy, resulting in an
earlier onset of endochondral formation and thus leading to
an increase in stiffness and strength of the fracture site, as
noted by Wang et al.38. While the mechanism of ultrasound in-
teraction with the wound response may not be defined, it is
clear that the fracture-repair process is extremely complex and
that a host of cells, genes, and other regulatory factors (for ex-
ample, cytokines and functional load-bearing), many of which
may be influenced by the ultrasound signal, work together
during the healing process.

A large repository of basic-science and clinical work
suggests a means by which fracture-healing can be augmented
by low-intensity ultrasound. Considering the number of ways
in which the healing process can be disrupted, a potential ad-
vantage of ultrasound treatment is that it does not overtly de-
pend on a singular mechanism or on a single phase of the
healing process. Instead, it appears to influence several as-
pects of the healing process in the inflammatory, reparative,
and remodeling phases. Since the intervention is noninvasive,
it could be argued that ultrasound represents a combination

of conservative and aggressive treatment that encourages the
normal process of healing.

That conclusion is supported by a recent study, by Heck-
man and Sarasohn-Kahn79, on the economic benefits of treat-
ing tibial fractures with low-intensity ultrasound. Considering
the number of these fractures that advance to nonunion, there
could be an estimated overall cost-savings of between $13,000
and $15,000 per case (including the cost of the ultrasound
therapy) associated with the use of low-intensity ultrasound.

The fracture-repair process is sophisticated yet primal,
delicate yet robust. It involves many interdependent stages, and
it relies on temporal and spatial orchestration of a wide array
of genes and cell types. A complex injury, or a systemic state
that compromises the healing process, is associated with a
higher risk of delayed union and nonunion as well as with the
potential for diminished function, and this accentuates the
need to consider proven interventions. The use of ultrasound,
through a variety of mechanisms, some biological and some
physical, can culminate in a fracture-healing process that is
both accelerated and augmented. Ultimately, however, ensur-
ing that the process is completed is the most critical goal. �

References

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

2. Kristiansen TK, Ryaby JP, McCabe J, Frey JJ, Roe LR. Accelerated healing of 
distal radial fractures with the use of specific, low-intensity ultrasound. A mul-
ticenter, prospective, randomized, double-blind, placebo-controlled study. J 
Bone Joint Surg Am. 1997;79:961-73.

3. Maylia E, Nokes LD. The use of ultrasonics in orthopaedics—a review. Tech-
nol Health Care. 1999;7:1-28.

4. Ziskin MC. Applications of ultrasound in medicine—comparison with other 
modalities. In: Rapacholi MH, Grandolfo M, Rindi A, editors.  Ultrasound: 
medical applications, biological effects, and hazard potential. New York: Ple-
num Press; 1987. p 49-59.

5. Dyson M. Therapeutic applications of ultrasound. In: Nyborg WL, Ziskin MC, 
editors. Biological effects of ultrasound. New York: Churchill Livingstone; 
1985. p 121-33.

6. Wells PNT. Surgical applications of ultrasound. In: Nyborg WL, Ziskin MC, 
editors. Biological effects of ultrasound. New York: Churchill Livingstone; 
1985. p 157-67.

7. Kaufman JJ, Einhorn TA. Ultrasound assessment of bone. J Bone Miner Res. 
1993;8:517-25.

8. Moed BR, Kim EC, van Holsbeeck M, Schaffler MB, Subramanian S, Bouf-
fard JA, Craig JG. Ultrasound for the early diagnosis of tibial fracture healing 
after static interlocked nailing without reaming: histologic correlation using a 
canine model. J Orthop Trauma. 1998;12:200-5.

9. Moed BR, Subramanian S, van Holsbeeck M, Watson JT, Cramer KE, Karges 
DE,  Craig JG, Bouffard JA. Ultrasound for the early diagnosis of tibial frac-
ture healing after static interlocked nailing without reaming: clinical results. 
J Orthop Trauma. 1998;12:206-13.

10. St John Brown R. How safe is diagnostic ultrasonography? J Can Med Assoc. 
1984;131:307-11.

11. Wolff J. [The law of bone remodeling]. Berlin: Hirshwald; 1892. p 17-35. German.

12. Huiskes R, Ruimerman R, van Lenthe GH, Janssen JD. Effects of mechanical 
forces on maintenance and adaptation of form in trabecular bone. Nature. 
2000;405:704-6.

13. Carter DR, Fyhrie DP, Whalen RT. Trabecular bone density and loading his-
tory: regulation of connective tissue biology by mechanical energy. J Biomech. 
1987;20:785-94.

14. Rubin CT, Lanyon LE. Regulation of bone formation by applied dynamic 
loads. J Bone Joint Surg Am. 1984;66:397-402.

15. Wallace AL, Draper ER, Strachan RK, McCarthy ID, Hughes SP. The vascular 
response to fracture micromovement. Clin Orthop. 1994;301:281-90.

O

Clinton Rubin, PhD
Michael Hadjiargyrou, PhD
Department of Biomedical Engineering, State University of New York at
Stony Brook, Stony Brook, NY 11794-2580. E-mail address for
C. Rubin: clinton.rubin@sunysb.edu

Mark Bolander, MD
Department of Orthopedics, Mayo Clinic, 200 First Street S.W.,
Rochester, MN 55905

John P. Ryaby, BS
Exogen, Incorporated, 10 Constitution Avenue, Piscataway, NJ 08855

One or more of the authors has received or will receive benefits for
personal or professional use from a commercial party related directly
or indirectly to the subject of this article. No funds were received in
support of this study.

 on January 30, 2006 www.ejbjs.orgDownloaded from 

http://www.ejbjs.org




 TH E JO U R NA L OF BONE & JOINT SURGER Y ·  JBJS .ORG VOLUME 83-A ·  NUMBER 2 ·  FEBR UAR Y 2001

16. Goodship AE, Kenwright J. The influence of induced micromovement upon 
the healing of experimental tibial fractures. J Bone Joint Surg Br. 
1985;67:650-5.

17. Rubin CT, Lanyon LE. Dynamic strain similarity in vertebrates; an alternative 
to allometric limb bone scaling. J Theor Biol. 1984;107:321-7.

18. Fritton SP, McLeod KJ, Rubin CT. Quantifying the strain history of bone: spa-
tial uniformity and self-similarity of low-magnitude strains. J Biomech. 
2000;33:317-25.

19. Huang RP, Rubin CT, McLeod KJ. Changes in postural muscle dynamics as a 
function of age. J Gerontol A Biol Sci Med Sci. 1999;54:B352-7.

20. Goodship AE, Lawes T, Rubin CT. Low magnitude high frequency mechanical 
stimulation of endochondral bone repair. Trans Orthop Res Soc. 
1997;22:234.

21. Gross TS, Edwards JL, McLeod KJ, Rubin CT. Strain gradients correlate with 
sites of periosteal bone formation. J Bone Miner Res. 1997;12:982-8.

22. Wu J, Du G. Temperature elevation in tissues generated by finite-amplitude 
tone bursts of ultrasound. J Acoust Soc Am. 1990;88:1562-77.

23. Welgus HG, Jeffrey JJ, Eisen AZ. Human skin fibroblast collagenase. Assess-
ment of activation energy and deuterium isotope effect with collagenous sub-
strates. J Biol Chem. 1981;256:9516-21.

24. Dee C, Shim J, Rubin C, McLeod K. Modulation of osteoblast proliferation 
and differentiation by subtle alterations in temperature. Trans Orthop Res 
Soc. 1996;21:341. 

25. Kamakura T, Matsuda K, Kumamoto Y. Acoustic streaming induced in fo-
cused Gaussian beams. J Acoust Soc Am. 1995;97:Pt 1,2740-6.

26. Weinbaum S, Cowin SC, Zeng Y. A model for the excitation of osteocytes by 
mechanical loading-induced bone fluid shear stresses. J Biomech. 
1994;27:339-60.

27. Skerry T, Bitensky L, Chayen J, Lanyon LE. Early strain-related changes in 
enzyme activity in osteocytes following bone loading in vivo. J Bone Miner 
Res. 1989;4:783-8.

28. Corradi C, Cozzolino A. [The action of ultrasound on the evolution of an ex-
perimental fracture in rabbits]. Minerva Ortop. 1952;55:44-5. Italian.

29. Corradi C, Cozzolino A. [Ultrasound and bone callus formation during func-
tion]. Arch Ortop. 1953;66:77-98. Italian.

30. Dyson M, Brookes M. Stimulation of bone repair by ultrasound. Ultrasound 
Med Biol. 1983;Suppl 2:61-6.

31. Xavier CAM, Duarte LR. [Stimulation of bone callus by ultrasound]. Rev Bra-
sil Ortop. 1983;18:73-80. Portuguese.

32. Duarte LR. The stimulation of bone growth by ultrasound. Arch Orthop 
Trauma Surg. 1983;101:153-9.

33. Reuter U, Strempel F, John F, Knoch HG. [Modification of bone fracture heal-
ing by ultrasound in an animal experimental model]. Z Exp Chir Transplant 
Kunstliche Organe. 1984;17:290-7. German.

34. Reuter U, Strempel F, John F, Dürig E. [Modification of fracture healing by ul-
trasonics in an animal model. 2. Radiologic and histologic results]. Z Exp Chir 
Transplant Kunstliche Organe. 1987;20:294-302. German.

35. Klug W, Franke WG, Schulze M. [Animal experimental scintigraphic obser-
vations of the course of secondary fracture healing without and with ultra-
sound stimulation]. Z Exp Chir Transplant Kunstliche Organe. 1986;19:185-
95. German.

36. Klug W, Franke WG, Knoch HG. Scintigraphic control of bone-fracture healing 
under ultrasonic stimulation: an animal experimental study. Eur J Nucl Med. 
1986;11:494-7.

37. Pilla AA, Mont MA, Nasser PR, Khan SA, Figueiredo M, Kaufman JJ, Siffert 
RS. Non-invasive low-intensity pulsed ultrasound accelerates bone healing in 
the rabbit. J Orthop Trauma. 1990;4:246-53.

38. Wang SJ, Lewallen DG, Bolander ME, Chao EY, Ilstrup DM, Greenleaf JF. 
Low intensity ultrasound treatment increases strength in a rat femoral frac-
ture model. J Orthop Res. 1994;12:40-7.

39. Jingushi S, Azuma V, Ito M, Harada Y, Takagi H, Ohta T, Komoriya K. 
Effects of non-invasive pulsed low-intensity ultrasound on rat femoral frac-
ture. In Proceedings of the Third World Congress of Biomechanics, 1998. 
p 175b.

40. Nolte PA, Klein-Nulend J, Albers GHR, Marti RK, Semeins CM, Geoci SW, 
Burger EH. Low-intensity ultrasound stimulates endochondral ossification in 
vitro. Unpublished data.

41. Azuma Y, Ito M, Harada Y, Takagi H, Ohta T, Komoriya K, Jingushi S. 
Low-intensity pulsed ultrasound accelerates rat femoral fracture healing 
by acting on various cellular reactions involved in fracture repair. Unpub-
lished data.

42. Glazer PA, Heilmann MR, Lotz JC, Bradford DS. Use of ultrasound in spinal 
arthrodesis. A rabbit model. Spine. 1998;23:1142-48.

43. Mayr E, Laule A, Suger G, Rüter A, Claes L. Regenerate maturation aided by 
low-intensity ultrasound in callus distraction. Unpublished data.

44. Shimazaki A, Inui K, Azuma Y, Nishimura N, Yamano Y. Low-intensity pulsed 
ultrasound accelerates bone maturation in distraction osteogenesis in rab-
bits. J Bone Joint Surg Br. 2000;82:1077-82.

45. Chapman IV, MacNally NA, Tucker S. Ultrasound-induced changes in rates of 
influx and efflux of potassium ions in rat thymocytes in vitro. Ultrasound Med 
Biol. 1980;6:47-58.

46. Ryaby JT, Bachner EJ, Bendo JA, Dalton PF, Tannenbaum S, Pilla AA. Low 
intensity pulsed ultrasound increases calcium incorporation in both differ-
entiating cartilage and bone cell cultures. Trans Orthop Res Soc. 
1989;14:15.

47. Ryaby JT, Mathew J, Pilla AA, Duarte-Alves P. Low-intensity pulsed 
ultrasound modulates adenylate cyclase activity and transforming growth 
factor beta synthesis. In: Brighton CT, Pollack SR, editors. Electromagnet-
ics in medicine and biology. San Francisco: San Francisco Press; 1991. 
p 95-100.

48. Ryaby JT, Mathew J, Duarte-Alves P. Low intensity pulsed ultrasound affects 
adenylate cyclase activity and TGF-β synthesis in osteoblastic cells. Trans Or-
thop Res Soc. 1992;7:590.

49. Parvizi J, Parpura J, Greenleaf JF, Bolander ME. Calcium signaling is required 
for ultrasound stimulated aggrecan synthesis by rat chondrocytes. Unpub-
lished data.

50. Kokubu T, Matsui N, Fujioka H, Tsunoda M, Mizuno K. Low intensity pulsed 
ultrasound exposure increases prostaglandin E2 production via the induction 
of cyclooxygenase-2 mRNA in mouse osteoblasts. Biochem Biophys Res Com-
mun. 1999;256:284-7.

51. Ito M, Azuma Y, Ohta T, Komoriya K. Effects of ultrasound and 1,25-
dihydroxyvitamin D3 on growth factor secretion in co-cultures of osteoblasts 
and endothelial cells. Ultrasound Med Biol. 2000;26:161-6.

52. Wu CC, Lewallen DG, Bolander ME, Bronk J, Kinnick R, Greenleaf JF. Expo-
sure to low intensity ultrasound stimulates aggrecan gene expression by cul-
tured chondrocytes. Trans Orthop Res Soc. 1996;21:622.

53. Parvizi J, Wu CC, Lewallen DG, Greenleaf JF, Bolander ME. Low-intensity ul-
trasound stimulates proteoglycan synthesis in rat chondrocytes by increasing 
aggrecan gene expression. J Orthop Res. 1999;17:488-94.

54. Yang KH, Parvizi J, Wang SJ, Lewallen DG, Kinnick RR, Greenleaf JF, Bolan-
der ME. Exposure to low-intensity ultrasound increases aggrecan gene ex-
pression in a rat femur fracture model. J Orthop Res. 1996;14:802-9.

55. Bonnarens F, Einhorn TA. Production of a standard closed fracture in labora-
tory animal bone. J Orthop Res. 1984;2:97-101.

56. Rawool D, Goldberg B, Forsberg F, Winder A, Talish R, Hume E. Power Dop-
pler assessment of vascular changes during fracture treatment with low-
intensity ultrasound. Trans Radiol Soc North Am. 1998;83:1185.

57. Cook SD, Ryaby JP, McCabe J, Frey JJ, Heckman JD, Kristiansen TK. Accel-
eration of tibia and distal radius fracture healing in patients who smoke. Clin 
Orthop. 1997;337:198-207.

58. Mayr E, Rutzki M-M, Rudzki M, Borchardt B, Rüter A. [Does low intensity, 
pulsed ultrasound speed healing of scaphoid fractures?] Handchir Mikrochir 
Plast Chir. 2000;32:115-22. German.

59. Strauss E, Ryaby JP, McCabe JM. Treatment of Jones’ fractures of the foot 
with adjunctive use of low-pulsed ultrasound stimulation. In Proceedings of 
the Sixth Meeting of the International Society for Fracture Repair, Strasbourg. 
J Orthop Trauma. 1999;13:310.

60. Sato W, Matsushita T, Nakamura K. Acceleration of increase in bone mineral 
content by low-intensity ultrasound energy in leg lengthening. J Ultrasound 
Med. 1999;18:699-702.

61. Emami A, Petren-Mallmin M, Larsson S. No effect of low-intensity ultrasound 
on healing time of intramedullary fixed tibial fractures. J Orthop Trauma. 
1999;13:252-7.

62. Emami A, Larsson A, Petrén-Mallmin M, Larsson S. Serum bone markers af-
ter intramedullary fixed tibial fractures. Clin Orthop. 1999;368:220-9.

63. Frankel VH. Results of prescription use of pulse ultrasound therapy in frac-
ture management. In: Szabó Z, Lewis JE, Fantini GA, Salvagi RS, editors. Sur-
gical technology international VII. San Francisco: Universal Medical Press; 
1998. p 389-94.

64. Lane JM, Peterson M, Ryaby JP, Testa F. Ultrasound treatment in 2126 frac-
tures. In Proceedings of the Sixth Meeting of the International Society for 
Fracture Repair, Strasbourg. J Orthop Trauma. 1999;13:313.

 on January 30, 2006 www.ejbjs.orgDownloaded from 

http://www.ejbjs.org




 TH E JO U R NA L OF BONE & JOINT SURGER Y ·  JBJS .ORG VOLUME 83-A ·  NUMBER 2 ·  FEBR UAR Y 2001

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

66. Strauss E, Gonya G. Adjunct low intensity ultrasound in Charcot neuro-
arthropathy. Clin Orthop. 1998;349:132-8.

67. Darder A, Gomar F. A series of tibial fractures treated conservatively. Injury. 
1975;6:225-35.

68. Dickson K, Katzman S, Delgado E, Contreras D. Delayed unions and non-
unions of open tibial fractures. Correlation with arteriography results. Clin Or-
thop. 1994;302:189-93.

69. Duarte LR, Xavier CA, Choffie M, McCabe JM. Review of nonunions treated 
by pulsed low-intensity ultrasound. In Proceedings of the 1996 Meeting of 
the Société Internationale de Chirurgie Orthopaedique et de Traumatologie 
(SICOT), Amsterdam. 1996. p 110. 

70. Choffie M, Duarte LR. Low-intensity pulsed ultrasound and effects on un-
united fractures. Read at the Orthopaedic Health Conference; 1994 June 15; 
Sao Paulo, Brazil. Sao Paulo: University Hospital, University of Sao Paulo.

71. Mayr E, Rüter A. Fracture healing and ultrasound—basics and first experi-
ence. In: Mainard D, Merle M, Delgoutte JP, Louis JP, editors. Actualités en 
biomatériau. Paris: Edition Romillat; 1998. p. 355-60.

72. Mayr E, Wagner S, Ecker M, Rüter A. [Ultrasound therapy for nonunions. 
Three case reports]. Unfallchirurg. 1999;102:191-6. German.

73. Petrucelli R, Oppenheim W, Strauss E. Fracture healing with non-invasive 
pulsed low-intensity ultrasound. In Proceedings of the Sixth Meeting of the In-
ternational Society for Fracture Repair, Strasbourg. J Orthop Trauma. 
1999;13:132-3.

74. Mayr E, Wagner S, Ecker M, Rüter A. Treatment of nonunions by means of 
low-intensity ultrasound. Unfallchirurg. 1997;268:958-62.

75. Romano C, Messina J, Meani E. [Low-intensity ultrasound for the treatment 
of infected nonunions]. In: Agazzi M, Bergami PL, Cicero G, Gualdrini G, Mas-
torillo G, Meani M, Mintina S, Soranzo ML, editors. Guarderni di infezione os-
teoarticolari. Milan: Masson Periodical Division; 1999. p 83-93. Italian.

76. Nolte PA, Albers RGH, Patka P, Janssen IMC, van der Krans A. An effective 
therapy for nonunions—low-intensity ultrasound. In Proceedings of the 
Sixth Meeting of the International Society for Fracture Repair, Strasbourg. 
J Orthop Trauma. 1999;13:309.

77. Moyen B, Mainard D, Azoulai J-J, Toullec E. An effective therapy for non-
union—low-intensity ultrasound. Unpublished data.

78. Gebauer D, Mayer E, Orthner E, Heppenstall RB, Frey J, McCabe JM, Ryaby 
JP. Nonunions treated by pulsed low-intensity ultrasound. J Orthop Trauma. 
2000;14:154.

79. Heckman JD, Sarasohn-Kahn J. The economics of treating tibia fractures. 
The cost of delayed unions. Bull Hosp Jt Dis. 1997;56:63-72.

 on January 30, 2006 www.ejbjs.orgDownloaded from 

http://www.ejbjs.org

