Available online at www.sciencedirect.com

ScienceDirect Mhasonich

ELSEVIER Ultrasonics 48 (2008) 330-338

www.elsevier.com/locate/ultras

Low intensity pulsed ultrasound for fracture healing: A review of
the clinical evidence and the associated biological mechanism of action

Neill M. Pounder *, Andrew J. Harrison

Orthopaedic Trauma and Clinical Therapies, Smith and Nephew, Inc., Memphis, TN 38116, United States

Received 13 June 2007; received in revised form 15 November 2007; accepted 28 February 2008
Available online 27 March 2008

Abstract

Low intensity pulsed ultrasound is used in the clinical treatment of fractures and other osseous defects. Level I clinical studies dem-
onstrate the ability of a specific ultrasound signal (1.5 MHz ultrasound pulsed at 1 kHz, 20% duty cycle, 30 mW/cm? intensity (SATA))
to accelerate the healing time in fresh tibia, radius and scaphoid fractures by up to 40%. Additionally, the same ultrasound signal has
been shown to be effective at resolving all types of nonunions of all ages, following a wide range of fracture types and primary fracture
management techniques.

Recently, significant efforts have resulted in a more comprehensive understanding of the biological mechanism of action that produces
the documented clinical outcomes. Low intensity pulsed ultrasound has been demonstrated to accelerate in vivo all stages of the fracture
repair process (inflammation, soft callus formation, hard callus formation). In particular, accelerated mineralisation has been demon-
strated in vitro with increases in osteocalcin, alkaline phosphatase, VEGF and MMP-13 expression. Integrins, a family of mechanore-
ceptors present on a wide range of cells involved in the fracture healing process, have been shown to be activated by the ultrasound
signal. Downstream of the integrin activation, focal adhesions occur on the surface of cells with the activation of multiple signalling path-
ways, including the ERK, NF-xf, and PI3 kinase pathways. These pathways have been directly linked to the production of COX-2 and
prostaglandin, which are key to the processes of mineralisation and endochondral ossification in fracture healing.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

* Corresponding author. Ultrasound may be applied clinically in a number of dif-
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outcomes ranging from surgical excision using high inten-
sity focused ultrasound (HIFU), through medium intensity
physiotherapy ultrasound, to low intensity, short burst
ultrasound for diagnostic imaging. The phrase “therapeutic
ultrasound” is commonly used for all of these intensities
which aim to produce an effect on the body, as opposed
to those which are purely used for imaging or monitoring.
Therapeutic ultrasound may be further divided into those
signals which are destructive, such as HIFU, and those
which have a less obvious, but nevertheless beneficial, effect
on tissue. Physiotherapy ultrasound and ultrasound for
fracture repair are less clearly distinguished. Busse
et al.[1] found that some orthopaedic surgeons and physio-
therapy students believe therapeutic ultrasound to be con-
tra-indicated or harmful to healing bone, which indeed is
true for physiotherapy ultrasound.

One form of ultrasound signal has been demonstrated
clinically to be effective in the treatment of fractures and
other osseous defects. It has been shown to accelerate heal-
ing of fresh fractures, to minimize delayed healing, and to
stimulate healing of established nonunions. This ultra-
sound signal consists of 1.5 MHz ultrasound wave pulsed
at 1 kHz with a 20% duty cycle at an intensity of 30 mW/
cm® Isata (spatial average temporal average) applied for
20 minutes per day. A medical device incorporating this
ultrasound signal was approved for the acceleration of cer-
tain fresh fractures in 1994 and for nonunions in 2000 in
the United States by the Food & Drug Administration
(Exogen 4000+, Smith & Nephew, Inc., Memphis, TN)
(Fig. 1). This combination of parameters will hereafter be
referred to as LIPUS (low intensity pulsed ultrasound).

Malizos et al. [2] reviewed the clinical literature support-
ing the use of LIPUS. They concluded that level 1 clinical
evidence exists for accelerating the time to heal conserva-
tively treated closed or grade-I open, cortical tibial frac-
tures, and cancellous radial fractures by 38% [3.4].
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Fig. 1. Commercially available low intensity pulsed ultrasound device
used for fracture healing (Exogen 4000+, Smith & Nephew, Inc.,
Memphis, TN, USA).

However, the data supporting the use of LIPUS for surgi-
cally treated tibia fractures is equivocal. Emami et al. [5]
showed no beneficial effect for the use of LIPUS for closed
or grade-I open tibial fractures treated with an intramedul-
lary (IM) nail, whereas Leung et al. [6] demonstrated accel-
eration of at least 40% in all clinical and radiographic
assessments when LIPUS was used in open and high energy
tibial fractures stabilized with an IM nail or external fixa-
tor. Accelerated healing of scaphoid fractures was reported
by Mayr et al. [7], but this review concluded lack of placebo
control and blinding diminish the findings. Overall, Mali-
zos et al. [2] reached the conclusion that some evidence
existed for accelerating fresh fracture healing. Malizos
et al. [2], following their review of the clinical evidence
for LIPUS in the treatment of nonunions [8-10], concluded
that LIPUS promoted healing, removing the need for a fur-
ther surgical operation. However, the average time to heal-
ing remained significant at approximately 5 months. To
conclude the review, Malizos et al. [2] reported that evi-
dence, in vivo, of LIPUS causing callus maturation follow-
ing distraction osteogenesis was inconclusive. However,
LIPUS applied only during the consolidation phase (after
distraction had ceased) on hemicallotasis after high tibial
ostetomy, significantly enhanced the mineralisation of the
callus in a randomized clinical study [11]. Two further
papers support this finding with more clinically relevant
measures. El-Mowafi et al. [12] in a randomized, placebo
controlled study and Gold et al. [13] in a controlled case
series showed healing (judged by removal time of the exter-
nal fixator) to be accelerated.

The clinical data reviewed by Malizos et al. [2] is gener-
ally supportive of the use of LIPUS in treating fresh frac-
tures and nonunions. However, the mechanism of action
has not been fully elucidated. Claes et al. [37] reviewed
some of the in vitro biological effects, reaching the conclu-
sion that the mechanism was nonthermal, with increases in
cellular activity and influences on the cell membrane. The
aim of this review is to build on these biological effects,
and provide proposals for a potential mechanism of action
that links to fracture repair.

2. Biological mechanism of action
2.1. Physical interaction with biological material

The LIPUS ultrasound signal, previously described, is
delivered via a transducer which is coupled to the skin
with water-based gel. Longitudinal pressure waves are
emitted by the transducer and in the clinical scenario pass
through the soft tissue to the bone. It is deduced from the-
ory that ultrasound waves undergo modal conversion at
the interface between soft tissue and bone when they are
not incident along the normal to the surface. The longitu-
dinal ultrasound waves incident on the bone surface are
converted into both longitudinal and shear waves that tra-
vel into the bone. Critical-angle reflectometry has been
used to measure the speeds of sound in bone and therefore
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to calculate the elastic properties of that material [14-16].
Antich et al. [15] and Mehta et al. [16] demonstrated
experimentally that mode conversion occurs when a wave
impinges on the interface between materials of different
acoustic impedance (water and bone) at an oblique angle
of incidence. PZ-Flex (Weidlinger Associates), a finite ele-
ment modeling package, has been used to model in two
dimensions a cross sectional of the human thigh, consist-
ing of muscle, cortical femoral bone, and bone marrow
[17]. The model demonstrated that when the ultrasound
wave reaches the bone surface, there is reflection at the
surface, but some longitudinal pressure waves are
refracted through the bone, and mode conversion occurs
with shear waves traveling around within the bone. On
the furthest side of the femur, the acoustic pressure was
primarily in the form of shear waves. Intuitively, one
could consider that acceleration of fracture healing may
be linked to the level of acoustic pressure. Therefore it
may be expected that the fracture cortex closest to where
the ultrasound transducer was positioned would heal first.
Leung et al. [6] specifically commented on the position of
the ultrasound transducer in the open and high energy tib-
ial fracture study. They reported the formation of fracture
callus on the anteromedial surface of the tibia, but also on
the posterolateral surface where there was less likely to be
a direct effect from the ultrasound transducer. This indi-
cated that the stimulatory effect of ultrasound was not
localized just to the area of direct stimulation, which
may suggest that the clinical efficacy is not dependent just
on longitudinal waves.

2.2. Biological response in fracture healing

In the majority of cases, fractures treated surgically or
conservatively heal through a combination of bone-on-
bone apposition and endochondral ossification. The repair
process is divided into four stages: inflammation, soft cal-
lus formation, hard callus formation and remodeling. Azu-
ma et al. [18] have shown that LIPUS increases the rate of
fracture healing at each stage of the process, with the big-
gest impact occurring when used throughout all of the
stages. A rat closed femoral fracture model was used, with
the right femur exposed to LIPUS, and the left femur used
as a control. Rats were divided into four groups according
to timing and duration of treatment. The animals in each
group were treated with LIPUS as follows: LIPUS treat-
ments were performed in the Phase 1 group for 8 days,
from day 1 to 8 after fracture; in the Phase 2 group for 8
days, from day 9 to 16 after fracture; in the Phase 3 group
for 8 days, from day 17 to 24 after fracture; and in the T
(throughout) group for 24 days, from days 1 to 24 through-
out the healing process. Animals were euthanized on day
25. Radiographs and torsional biomechanical testing were
used to assess fracture healing. Fig. 2 shows the maximum
torque for each of the groups. The maximal torque and
stiffness in torsion of the fractured femur on the LIPUS-
treated side was significantly higher than that of the contra-
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Fig. 2. Maximum torque of the LIPUS-treated femurs was significantly
greater than the placebo controls at each phase of fracture healing. The
maximum torque of the group treated throughout the repair process was
significantly higher* E‘han the LIPUS groups treated for a single phase (Phl,
Ph2, Ph3) alone. ( p <0.01, #p <0.05) (Azuma et al. [18]).

lateral control side in all groups. This indicated that the
partial treatment with LIPUS during Phase 1, 2, or 3
improved the mechanical properties of the fracture callus,
as did the treatment throughout the 24 days. Furthermore,
the maximal torque for the LIPUS-treated side in the T
group was significantly higher than that for the other three
groups. The authors concluded that these data suggest that
LIPUS acts on cellular reactions involved in each phase of
the healing process such as inflammatory reaction, angio-
genesis, chondrogenesis, intramembranous ossification,
endochondral ossification, and bone remodeling. Other
in vivo studies have also reported on the positive effect of
LIPUS on the inflammation and soft callus phases of frac-
ture healing, with increased biomechanical strength [19—
22], but not in bone remodeling. LIPUS has further been
demonstrated to accelerate the process of endochondral
ossification during the hard callus phase of fracture repair
in an ex vivo model of fetal mouse metatarsal rudiments
[23,24].

In vivo studies are appropriate for identifying overall
biological effects, but mechanisms and cellular action are
better studied in vitro. It has been suggested that the
increase in mechanical strength reported in vivo is due to
an acceleration of callus mineralization, i.e. hard callus for-
mation. In vitro studies support this hypothesis. Leung
et al. [25] demonstrated LIPUS stimulated human perio-
steal cell differentiation. The osteogenic markers osteocal-
cin and alkaline phosphatase were measured in the
culture media after 2 and 4 days ultrasound stimulation.
After 4 days of 20 minutes per day stimulation osteocalcin,
alkaline phosphatase and VEGF expression in the culture
media was significantly increased compared to untreated
control cultures. In addition alizarin red staining showed
significant increases in calcium nodule formation (repre-
senting mineralization) in cultures after 4 weeks of daily
stimulation. Unsworth et al. [26] have shown that over a
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10 day period the level of alkaline phosphatase in MC3T3
cultures (a murine pre-osteoblastic cell line) increased, but
this increase was significantly enhanced by daily stimula-
tion with LIPUS. Significant differences (p <0.05) were
achieved on days 2, 4, 6 and 8 with the controls reaching
the same levels as LIPUS stimulated cells by day 10
(Fig. 3). In addition to the acceleration in alkaline phos-
phatase synthesis, MMP13 mRNA levels in ultrasound-
stimulated cultures followed the same temporal pattern
that was seen in untreated controls but at a higher expres-
sion level. MC3T3 cultures stimulated for up to 25 days
showed a significant increase in the degree of mineraliza-
tion as determined by colorimetric analysis of alizarin red
staining.

In vitro studies have reported on the cellular effects, as a
result of LIPUS stimulation, supporting the fracture pro-
cesses of chondrogenesis and endochondral ossification.
Chondrogenesis, the replacement of fibrovascular tissue
with a cartilage-specific matrix, has been demonstrated by
increased proteoglycan synthesis in LIPUS stimulated
chondrocytes [22,31]. VEGF is a key growth factor and a
crucial regulator of angiogenesis and endochondral ossifi-
cation (the replacement of cartilage with woven bone). Ele-
vated levels of VEGF have been observed in human
osteoblasts and periosteal cells following LIPUS stimula-
tion [25,32]. Both chondrogenesis and endochondral ossifi-
cation require the differentiation of mesenchymal cells into
chondrocytes and osteoblasts. Accelerated differentiation
in both cell types has been reported by Ebisawa et al.
[27], and by Ridgway et al. [28]. Sena et al. [29] and Naruse
et al. [30] also showed differentiation of mesenchymal cells
to osteoblasts, with increased expression of early response
genes (c-jun,c-myc, Egr-1, TSC-22), osteonectin, osteopon-
tin and IGF-1. This evidence of osteoblast stimulation was
further supported with studies demonstrating upregulation
of bone markers Cbfal, HIF-1a and prostaglandin E2 by
LIPUS [32-34].
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Fig. 3. Alkaline phosphatase activity of MC3T3-El cultures at days 2, 4,
6, 8 and 10. Ultrasound treatments were given 20 minutes per day. LIPUS
stimulated cultures (bold line) showed signiﬁca}kt}ktly greater activity at days
6, 8, and 10 than control cultures (thin line). ( p < 0.05) (Unsworth et al.
[26)).

Although the majority of the biological effects have been
reported with the LIPUS signal, other ultrasound signals
have been investigated. Reher et al. [35] stimulated nitric
oxide and prostaglandin E2 production in primary osteo-
blasts using 45 kHz continuous ultrasound at intensities
between 5 and 50 mW/cm?, and with pulsed 1 MHz ultra-
sound between 0.1 and 1 W/cm? SAPA (20-200 mW/cm?
SATA). Harle et al. [36] reported increased alkaline phos-
phatase and osteopontin mRNA levels of osteoblastic like
cells (MG63) after exposure to 3 MHz continuous ultra-
sound for 10 min with intensities between 120 mW/cm?
and 1.49 W/cm?.

2.3. Transduction processes

The demonstrated beneficial effects throughout the frac-
ture healing process would suggest that one specific mech-
anism of action, and thereby a single transduction pathway
is unlikely. Claes et al. [37], in his review article, com-
mented that minimal heating would occur at such low
intensities, indicating the mechanism of action would be
nonthermal in nature. Greenleaf et al. [38] have reported
that tissue and bone motion can be generated by LIPUS
in a cadaveric forearm model. A surgical opening was cre-
ated in a cadaver to expose the distal radius. An osteotomy
was then created in the radius. Ultrasound was applied to
the underside of the arm and a laser interferometer targeted
on the exposed radius to measure the motion of the distal
and proximal edges of the bone fracture. The results
showed movement occurred at a frequency of 1kHz,
matching the pulse of the signal. It appears that a demod-
ulation of the pulsed ultrasound signal occurred, causing
an effect due to radiation pressure. However, this cannot
be confirmed as measurements were not taken at the
1.5 MHz carrier frequency. At 1 kHz, the velocity of the
bone ends and soft tissue ranged from 1pms~' to
3.5ums ', equating to 0.15 to 0.55nm displacement,
respectively. These levels of motion are approximately
1000 times less than “micromotion” [39,40] where acceler-
ated fracture healing occurred with displacements between
0.5 mm and 2 mm. This work suggests that LIPUS may be
providing motion on a nanometer scale, indicating a mech-
anism of action independent of fixation methods such as
casting or external fixation where millimeter levels of
motion can occur [41].

Other potential mechanistic theories were discussed by
Claes et al. [37]. It has been suggested that the acoustic
pressures generated by LIPUS may provide surrogate
forces following Wolff’'s Law [42]. However, if this were
the case, one may expect bone adaptation to enhance
remodeling at the site of ultrasound application. Leung
et al. [43] reported no increase in bone mineral density in
osteoporotic patients treated with LIPUS at the distal
radius. The generation of cavitation as a result of ultra-
sound application has also been proposed. Cavitation can
enhance acoustic streaming, resulting in shear forces
applied to cells. Cavitation by LIPUS has not been con-



334 N.M. Pounder, A.J. Harrison! Ultrasonics 48 (2008) 330-338

firmed, and is unlikely given the low mechanical index (0.08
for LIPUS).

The influence of LIPUS on shear forces may occur, but
by other mechanisms. McCormick et al. [44] investigated
the ability of LIPUS and physiological shear stress levels
to regulate bone cell function in osteoblastic cells (SaOS-
2). They reported no change in cell morphology after
20 minutes exposure to LIPUS, suggesting no direct cell
deformation. The application of LIPUS or shear stress
alone had no effect on cell alignment. However, application
of LIPUS followed by shear stress significantly enhanced
cell alignment, but inhibited shear stress induced cell elon-
gation. The exposure of LIPUS prior to shear stress signif-
icantly increased BMP-4 mRNA levels compared to the
application of each stimulus alone. In addition, LIPUS
had no effect on Caveolin-1 mRNA levels, which has previ-
ously been suggested as a shear stress mechanotransduc-
tion pathway [45]. From these data, the authors propose
interdependence between the two forces with LIPUS sensi-
tizing cells to shear stress, rather than LIPUS directly gen-
erating shear stresses at the cell membrane.

2.4. Integrins transduce the ultrasound signal

Integrins are a family of transmembrane cell adhesion
molecules comprised of one alpha and one beta chain.
These molecules are thought to respond to mechanical
stimuli by initiating intra cellular signaling and organiza-
tion of the cell cytoplasm. One of their key characteristics
is the capacity to switch between low and high-affinity
states. When in the high-affinity state and bound to their
ligand (fibronectin or RGD peptide) the integrins cluster
in the cell membrane forming focal adhesions. Focal adhe-
sion kinase (FAK) and paxillin (an intracellular protein)
are key proteins in the focal adhesion complex. FAK binds
directly to the integrin subunit molecules as well as binding
to paxillin, thereby providing the link between the integrin
and the cell’s cytoskeleton.

Two groups using different cell lines have, indepen-
dently, demonstrated that integrin activation occurs after
treatment with LIPUS, as observed through the formation
of focal adhesions on the surface of cells [46,47]. Zhou et al.
[46] first reported of the increase in focal adhesion forma-
tion in response to LIPUS in human fibroblasts, whilst a
separate group reported increased integrin expression in
osteoblasts with 1 MHz continuous ultrasound at intensi-
ties between 62.5 and 250 mW/cm?, and LIPUS [48.49].
With continuous ultrasound and LIPUS, integrin expres-
sion was transiently increased over a period of 24 hours,
with new integrin synthesized on the surface of MC3T3-
El and primary mouse osteoblasts [48,49] (Fig. 4). At this
time the significance of new integrin synthesis is unknown,
however it does give ultrasound-stimulated cells a greater
capacity to attach to the surrounding matrix, which may
make the cell more responsive to motion in the surround-
ing environment. Although integrin expression has been
demonstrated with both LIPUS and continuous ultra-
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Fig. 4. Increase in the expression of integrin subunits in a 24 h period after
20 min stimulation of LIPUS (Tang et al. [49]).

sound, only LIPUS has been shown to activate integrin
intracellular signalling, by the formation of focal adhesions
in fibroblasts [46] and activated focal adhesion kinase in
osteoblasts [49]. In addition ILK, integrin linked kinase,
has been shown to be activated with LIPUS in chondro-
cytes [50]. Therefore considering Yang et al. [48] showed
integrin expression, but not integrin signalling, resulted
from continuous ultrasound, the low frequency 1 kHz
nanomotion resulting from LIPUS application [38] may
play a role in integrin signalling.

The downstream events after the formation of focal
adhesions are difficult to elucidate, however a role for the
focal adhesion kinase (FAK) in the intracellular signalling
in LIPUS stimulated cells has been determined [49]. This
involves the phosphorylation of tyrosine 397 of FAK,
which creates a potential binding site for SH2 domains of
other signalling proteins. One of the potential signalling
pathways downstream of FAK is the ERK signalling path-
way. Phosphorylation of ERK results in its translocation
into the nucleus and activation of gene transcription. Zhou
et al. [46] showed that inhibiting MEK-1, using PD98059,
prevented ultrasound-induced phosphorylation of ERK1/
2 (Fig. 5a). The inhibition of ERK phosphorylation corre-
lated with inhibition of DNA synthesis (Fig. 5b) thereby
demonstrating the involvement of the ERK cascade in
LIPUS induced cell proliferation. Having established
ERK1/2 activation is affected by ultrasound, it was demon-
strated that ERK activation is not required for focal adhe-
sion formation and actin polymerization. However,
ultrasound-induced focal adhesion formation still occurred
in the presence of the MEK-1 inhibitor (Fig. 6). This same
ERK 1/2 pathway was seen to be activated in mouse osteo-
blast cultures which could be blocked by using specific anti-
bodies directed to a5B1 and avp3 integrins. The PI3 kinase
pathway has also been identified to work through Akt to
activate NF-xf [49], thus demonstrating that numerous
pathways are initiated via integrin activation in cells after
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Fig. 5. Ultrasound-induced activation of ERK1/2 is regulated by MEK-1 and required for ultrasound-induced BrdU incorporation. Quiescent skin
fibroblasts treated with 11 minutes of LIPUS stimulation. Phosphorylation of ERK1/2 was analysed by Western blotting with antibody to threonine and
tyrosine dual phosphorylated ERK1/2. (a) Quantitation of phosphorylation presented as the fold increase in phosphorylation of ERK1/2 above control
}kmstimulated level. (b) BrdU incorporation data represent the mean +SE percentage of BrdU-positive nuclei in three independent wells per condition.
p <0.05 compared to control cells. (Zhou et al. [46]).
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Fig. 6. Ultrasound induced focal adhesion formation occurs in the presence of PD98059. Quiescent fibroblasts grown on glass coverslips were stimulated
with LIPUS for 11 min in the absence (a, b, ¢, f, 1, j), or presence of 20 mM PD98059 (c, d, g, h, k, 1). F-actin filaments and paxillin were visualized, with the
merged pictures showing F-actin, paxillin, and nucleus (Zhou et al. [46]).
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Fig. 7. Summary of intracellular pathways activated by LIPUS stimulation.

exposure to low intensity pulsed ultrasound. A summary of
the pathways known to be activated by LIPUS is given in
Fig. 7. The increase in the nitric oxide response to shear
stresses following LIPUS exposure, as reported by
McCormick et al. [44], might be explained by the enhanced
reorganisation of actin cytoskeleton leading to the
improvement in cytoskeletal stiffness that was observed
by Zhou et al. following the increase in integrin expression
[46].

A number of groups [29,30,35,51] have shown that one
of the main genes to be activated in cells stimulated by
LIPUS is cyclooxygenase 2 (COX-2), the rate limiting
enzyme in the production of prostaglandin E2 (PGE2).
Sena et al. [29] and Warden et al. [51] showed transient
increases in COX-2 whereas Tang et al. [49] and Naruse
et al. [30] showed secretion of PGE2 into the cell medium
over 24 hours, following a single 20 minutes treatment with
LIPUS. Tang et al. [49] have taken this experimentation
further and demonstrated, again by using blocking mono-
clonal antibodies to a5B1 and avpB3 integrins, that this
enhancement of COX-2 production with LIPUS can be
blocked. This directly implicates integrins as the mechano-
receptors converting the mechanical ultrasound stimulus to
a biochemical response in the cell. Also the pathways initi-
ated by LIPUS through the integrin activation, PI3 kinase,
ERK and NF-«p, are directly related to the production of
COX-2, which was demonstrated by using both biochemi-
cal pathway blocking agents and dominant negative
mutants transfected into cells.

It has been established that one of the key molecules in
fracture repair is COX-2 and that with in vivo models the
application of NSAIDs and specific COX-2 inhibitors

impairs the healing of fractures (Simon et al. [52]). One
of the processes in fracture repair is the mineralisation of
the soft callus in the process known as endochondral ossi-
fication. The acceleration of this process will stabilize the
fracture more rapidly and hence lead to accelerated heal-
ing. A number of groups [25,26] have shown that LIPUS
enhances the mineralisation of cultures in vitro, which
can be related to the mineralisation of the soft callus in
fracture repair. Tang et al. [49] also demonstrated
enhanced mineralization, and confirmed that this affect
was directly related to both COX-2 and the signalling path-
ways initiated by LIPUS. By using a compound that blocks
the production of PGE2 the enhanced mineralisation, stim-
ulated by LIPUS, was blocked. Also the use of dominant
negative mutants for FAK, PI3 kinase and Akt also
blocked the LIPUS enhanced mineralisation. This was
the first set of data implicating the activation of integrins
in osteoblasts by LIPUS and the downstream signalling
pathways of ERK, PI3 kinase and Akt resulting in COX-
2 gene expression, which can then be traced to enhanced
mineralization and fracture repair. As discussed earlier,
numerous genes, proteins and growth factors important
to fracture healing are enhanced by LIPUS, but as yet only
COX-2 has been linked to a transduction pathway.

These results appear to correlate to observations seen
with the in vivo models of fracture repair. Both Azuma
et al. [18] and Wang et al. [21] demonstrated that using a
closed rat femoral fracture model, LIPUS appeared to
accelerate the process of endochondral ossification leading
to a more complete mineralised callus compared to control
fractures analysed at the same time points. Using the same
model of fracture repair it appears that chondrocytes in the
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fractures of LIPUS stimulated animals also produce
greater amounts of COX-2 when compared to the control
untreated group [53].

The conclusions from these observations are that the
effects of LIPUS are detected by cells using integrin
mechanoreceptors on the surface of cells. Numerous path-
ways are then initiated within the cell to activate the tran-
scription of COX-2, which leads to an increase in PGE2.
This enhanced COX-2 production with LIPUS treatment
can be directly related to the process of mineralisation in
osteoblast cultures in vitro and enhanced endochondral
ossification in vivo.

3. Conclusion

The ability of LIPUS to accelerate fresh fracture healing
has been shown in a number of peer reviewed clinical stud-
ies and through the regulatory bodies.

The clinical effects are supported by in vitro and in vivo
studies, demonstrating numerous cell types and biological
processes respond to this mechanical stimulus. One would
expect multiple signaling pathways to be activated, with the
evidence that LIPUS has a positive impact throughout the
fracture healing process, and this is confirmed. In particu-
lar, the elucidation of the COX-2 PGE2 pathway clearly
links to the enhanced endochondral ossification process
and mineralization observed clinically.
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