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Abstract

Millions of fractures occur every year worldwide, with nearly 6.2 million fractures reported annually in the United

States alone. Even though treatment methods have improved over the last few decades, 5–10% of fractures

still show delayed healing. A significant subpopulation of these delayed healings do not heal by nine months and

are thus termed non-unions. Experimental studies have shown some evidence that low intensity pulsed ultrasound

stimulation (LIPUS) results in enhanced bone regeneration during fracture healing and callus distraction.

LIPUS treatment has led to increased callus area and accelerated return of bone strength following fracture.

Histological studies suggest that LIPUS influences all major cell types involved in bone healing, including osteoblasts,

osteoclasts, chondrocytes and mesenchymal stem cells. The affect of LIPUS seems to be limited to cells in soft

tissue, whereas cells in calcified bone seem not to be effected. In vitro cell culture studies as well as tissue culture

studies have shown some effects on cell differentiation and protein synthesis. Even though the energy used by LIPUS

treatment is extremely low, the effects are evident. The most probable source of the therapeutic benefits observed

with LIPUS treatment involves nonthermal mechanisms that influence cell membrane permeability and increase

cellular activity. Despite clinical and experimental studies demonstrating the enhancing effect of LIPUS on bone

regeneration, the biophysical mechanisms involved in the complex fracture healing process remain unclear and requires

further research.
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1. The treatment of fracture healing

Millions of fractures occur every year worldwide, with nearly 6.2 million fractures reported annually in the
United States alone (Praemer et al., 1992). Fractures in bone result from two general causes, trauma or
pathological conditions. A trauma-induced fracture usually occurs when the normal range of loading to which
a bone has adapted during growth and development is exceeded. A pathological fracture usually occurs under
normal loading conditions after the bone has been weakened by disease, such as osteoporosis or bone
tumours. In either case, the continuity of the bone has been disrupted so that the transmission of mechanical
loads through the bone becomes impossible. When a fracture occurs, the bone has a self-regulating mechanism
in which it heals with the purpose of recovering its mechanical function. Even though treatment methods have
improved over the last few decades, 5–10% of fractures still show delayed healing. Many of these delayed
healings persist for more than nine months and are thus termed non-unions. Many patients would benefit
from improved methods of treating these delayed unions and non-unions. One promising treatment method is
the use of low-intensity pulsed ultrasound (LIPUS).

LIPUS began to be widely used clinically to treat fresh fractures in the early 1990s and nonunions or
delayed unions in the late 1990s. In the world literature, LIPUS generally entails a 20min treatment per day of
1MHz sine waves repeating at 1 kHz, average intensity 30mW/cm2, pulse width 200 ms. LIPUS is a form of
mechanical energy that is transmitted through and into living tissue as acoustic pressure waves. Ultrasound
(US) energy is absorbed at a rate proportional to the density of the tissues in which it passes through. It has
been theorized that the micromechanical strains produced by these pressure waves in biological tissues may
result in biochemical events that regulate fracture healing.
2. Historical background of ultrasound treatment

Studies as early as 1949 (Buchtala, 1950) first suggested that US might stimulate osteogenesis.
In 1950, the relationship between high intensity US and bone healing was first investigated (Maintz, 1950).
Maintz (1950) reported that histological and radiographic analysis of rabbit radial fractures showed
minimal changes after US (500mW/cm2) treatment, but reduced callus formation was observed using
higher intensities (1000, 1500, 2500mW/cm2). Early reports from the Mayo Clinic (Bender et al., 1954;
Herrick et al., 1956; Ardan et al., 1957) in the mid to late 1950s using very high US intensities
(5000–25 000mW/cm2) showed delayed bone healing, necrosis, and dense fibrous tissue formation
in dog femora. High intensity US (200–3000mW/cm2) has also been shown to increase callus formation
and accelerate healing in rabbit radii (De Nunno, 1952; Corradi and Cozzolino, 1953) and tibiae
(Klug et al., 1986) fractures as well as guinea pig ulnae fractures (Murolo and Claudio, 1952) compared to
nontreated controls. Additionally, Chang et al. (2002) have shown a 36% increase in new bone formation
and an 80% increase in torsional stiffness of limbs stimulated with high intensity US (500mW/cm2)
compared to untreated limbs. The mixed results using high intensity US led many to begin pulsating the source
of the sound head itself, pulsating the source of the sound, or decreasing the output of the ultrasonic
generator. This eventually led to the development and use of LIPUS clinically to stimulate bone osteogenesis
(Duarte, 1983).
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3. Biophysics of ultrasound induced bone osteogenesis

3.1. Thermal effects of LIPUS

The ability of LIPUS to stimulate changes in tissues and cells may be due to the temperature increase,
associated with energy absorption (Wu and Du, 1990a, b; Chang et al., 2002). Temperature effects
using intensities as high as 1000–3000mW/cm2 can cause considerable heating of tissues. However,
studies (Chang et al., 2002) have shown that the heating effect from LIPUS (20–50mW/cm2) is well
below 1 1C (Chang et al., 2002). Duarte (1983) reported negligible temperature variations after LIPUS
(50mW/cm2, 15min/day) treatment (0.01 1C70.005 1C) on rabbit fibula osteotomies. Despite only a small
increase in temperature (o1 1C), studies have shown that minimal heating effects may affect some
enzymes such as matrix metalloproteinase 1, also known as interstitial collagenase or collagenase 1 (Welgus
et al., 1981, 1985). This enzyme has been shown to be very sensitive to small variations in temperature
(Welgus et al., 1981, 1985).

3.2. Nonthermal effects of LIPUS

Changes observed in tissues and cells after LIPUS treatment may also be associated with nonthermal
processes such as acoustic streaming and cavitation (Hill, 1971; Dyson, 1982). Several studies have
suggested that an increase in protein synthesis (Harvey et al., 1975; Webster et al., 1978) and collagen
synthesis (Webster et al., 1980) observed in human fibroblasts in vitro after US (500mW/cm2) stimulation
may involve cavitation mechanisms. Cavitation ‘‘involves the pulsation of gas or vapour-filled voids in a
sound field’’ (Webster et al., 1978). During stable cavitation, dissolved gas accumulates in the medium
and forms gas bubbles, with the cavity acting to enhance acoustic streaming (Watson, 2000). Unstable
cavitation is ‘‘the formation of bubbles at the low pressure part of the US cycle,’’ whereby the bubbles
collapse quickly releasing large amounts of energy (Watson, 2000). These cavities can act as intense
concentrator of acoustic energy that result in shearing and microstreaming fields (Dyson, 1982). Acoustic
streaming is ‘‘a small scale eddying of fluids near a vibrating structure such as cell membranes and
the surface of stable cavitation gas bubble’’ (Dyson and Suckling, 1978). Stable cavitation and acoustic
streaming have been shown to affect diffusion rates and membrane permeability. Several studies (Dyson
and Brookes, 1983; Mortimer and Dyson, 1988; Dinno et al., 1989; Ryaby et al., 1989, 1991; Rawool et al.,
2003) have suggested that LIPUS may have a direct effect on cell membrane permeability. Additionally,
an overall increase in the activity level of the cell has been identified as a potential source of the
therapeutic benefits observed after LIPUS treatment (Dinno et al., 1989; Watson, 2000; Leung et al., 2004b).
This LIPUS induced changes in cell membrane permeability may result in an increase in micromechanical
blood pressure leading to accelerated fracture healing (Rawool et al., 2003). The effect of cavitation could
explain the effect of very low energy to cellular reactions. However, cavitation has never been adequately
confirmed in tissues.

Several other theories exist concerning the mechanism by which the US stimulates biochemical events at the
cellular level. Many studies have suggested that LIPUS may induce micromotion, producing mechanical
stimulation. In this way, LIPUS may follow Wolff’s Law (Wolff, 1892) by serving as a noninvasive force
stimulating bone healing processes. The low energy used for LIPUS treatment can only cause extremely low
pressure waves that penetrate at a rate proportional to the density of the tissue. LIPUS is mainly reflected at
tissue borders of soft and hard tissue, like connective tissue and cortical bone. This may be supported by the
inability of LIPUS to stimulate osteogenesis in intact bone (Elmer and Fleischer, 1974; Spadaro and Albanese,
1998; Wimsatt et al., 2000; Warden et al., 2001) or callus in the remodelling phase (Pilla et al., 1990; Wang
et al., 1994; Hantes et al., 2004). The differential absorption of LIPUS may establish a gradient of mechanical
strain in the healing callus that stimulates periosteal bone formation (Gross et al., 1997; Rubin et al., 2001).
This allows for a better understanding of how LIPUS may influence the inflammatory and soft callus
formation phases of fracture healing. Despite extensive clinical and experimental studies examining the
enhancing effect of LIPUS on bone regeneration, biophysical mechanisms involved in the complex fracture
healing process remain unclear and require further research.
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4. LIPUS parameters

In an attempt to determine the optimal LIPUS setting needed to enhance fracture healing, studies have
examined several different low intensities and frequencies. Harle et al. (2001) determined that the response of
cells in vitro to US is highly dependent on the intensity. Alkaline phosphatase showed progressively increased
expression with increasing US intensity (120, 390, and 1490mW/cm2). Using diagnostic sonographic
equipment, Heybeli et al. (2002) have recently shown that treatment with US intensities as low as 11.8mW/
cm2 led to improved radiographic fracture healing and increased bone density in rat femora. Yang et al. (1996)
directly compared different LIPUS intensities (50 and 100mW/cm2) in restoring the mechanical properties of a
rat femora following fracture. They (Yang et al., 1996) measured an increased maximum torque and a slightly
decreased torsional stiffness using 50mW/cm2 compared to 100mW/cm2. They also showed that untreated
controls had significantly lower maximum torque and torsion stiffness compared to 50mW/cm2 treated
femora, but not compared to femora treated with 100mW/cm2.

In addition to the intensity, the frequency of the US signal has also been investigated in stimulating
bone osteogenesis. Dyson and Brookes (1983) showed using higher intensity (500mW/cm2) pulsed US that
78.6% of 1.5MHz and 56.2% of 3.0MHz treated rat fibulae fractures had more advanced radiographic
and histological healing than untreated controls. Wang et al. (1994) demonstrated that there was no
significant difference in maximum torque or torsional stiffness in rat femora with LIPUS (30mW/cm2)
treatment using a frequency of 0.5MHz compared to 1.5MHz. After 21 days of healing, both frequencies led
to increased maximum torque and torsional stiffness compared to untreated controls. Tsai et al. (1992)
showed significantly greater mineral apposition rates at 2 and 3 weeks postfracture in rabbit fibulae that had
been treated with 1.5MHz compared to 3MHz frequencies, both using a US intensity of 500mW/cm2. A
carrier frequency of 1.5MHz has been more commonly used to stimulate osteogenesis experimentally and
clinically.
5. The influence of LIPUS treatment on fracture healing

5.1. Phases of fracture healing

During secondary fracture healing, bone forms via two mechanisms: intramembranous bone formation
(directly by osteoblasts) and endochondral ossification (indirectly by the calcification of cartilage and
subsequent replacement by bone) (Fig. 1). Secondary fracture healing processes can be divided into five
overlapping phases: (1) inflammation, (2) angiogenesis, (3) soft callus formation, (4) hard callus formation and
(5) remodelling. At the beginning of the inflammatory phase, blood is extravated from blood vessels of the
bone, periosteum marrow, and surrounding tissues, forming a haematoma that aids in cell recruitment to the
fracture site. Acute edema ensues with inflammatory cells, beginning with polymorphonuclear leukocytes
followed by macrophages and lymphocytes, arriving at the fracture site to remove damaged and necrotic
tissue. Angiogenesis proceeds with further development of the haematoma and vascular proliferation. The
periosteal vessels contribute the majority of the capillary buds. Mesenchymal cells from the haematoma
proliferate and differentiate to produce cartilage and woven bone that creates a fracture callus. The
intramembraneous bone formation starts periosteally, some distance from the fracture gap (Fig. 2).
Additionally, a soft fracture callus made up of a fibrous or cartilaginous callus surrounds the fracture site
forming an external callus. Several days later, new bone is formed in addition on a cartilaginous template by
endochondral ossification. The hard callus is made up of the periosteal callus and continues to grow as
calcification proceeds and the soft callus transforms into woven bone (Fig. 2). During the remodelling stage,
woven bone and calcified cartilage are replaced by secondary lamellar bone, either cortical or trabecular,
depending on the anatomical site. Along with the remodelling of woven bone into lamellar bone, resorptive
processes also actively remove any unnecessary callus. Remodelling has been shown to continue for years after
clinical and radiographic union (Wendeberg, 1961); however, the bone mineral density will remain lower in the
fractured bone for years.
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Fig. 1. Bone healing by callus formation around the fracture zone (longitudinal section through a broken sheep metatarsal). Bone is laid

down by osteoblasts (intramembraneous bone formation) (A) and also developes through endochondral bone formation by transforming

fibrocartilaginous tissues (including chondrocytes and fibroblasts) into calcified bone (B).
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5.2. Timing of LIPUS during fracture healing

Several experimental studies have attempted to determine which phases of fracture healing are affected by
LIPUS. Many in vivo experimental studies (Pilla et al., 1990; Wang et al., 1994; Yang et al., 1996; Hantes
et al., 2004) suggest that LIPUS does not affect the remodelling phase of fracture healing, but rather the earlier
inflammatory or callus formation phases of healing (Fig. 2a–c). Yang et al. (1996) showed that aggrecan gene
expression in LIPUS treated femora was significantly higher at day 7 and significantly lower at day 21
compared to untreated controls. They observed a similar although insignificant trend with the expression of
the a1(II) procollagen gene. They observed no significant change in the expression of genes coding for bone-
related proteins, including a1(I) procollagen, bone g-carboxyglutamic acid protein, alkaline phosphatase, and
transforming growth factor-b1. In vitro, increased aggrecan gene expression in LIPUS treated cultured
chondrocytes has also been observed. This seems to indicate that endochondral ossification is mainly
influenced by LIPUS.

Rawool et al. (2003) suggested that LIPUS may affect the angiogenesis phase of fracture healing. Using
power Doppler assessment, they observed LIPUS treatment for 10 days resulted in a 33% increase in
vascularity at the osteotomy site of dog ulnae. The authors suggested that LIPUS induced mechanical
vibrations may have increased the permeability of the cell membrane to calcium ions, leading to increased
micromechanical fluid pressure of blood flow.

A report by Azuma et al. (2001) remains one of the only experimental study that has addressed this question
directly by measuring mechanical and histological changes after 25 days of continuous LIPUS treatment and
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Fig. 2. The phases of callus formation at a fracture. Soon after trauma and haematoma intramembraneous bone formation starts at the

periosteum (a), grows in diameter and length (b) and shows the first signs of endochondral ossification. Furthermore, callus grows mainly

by endochondral ossification towards the fracture line (c) and bridges peripherally (d).
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after 8 days of LIPUS treatment at different time periods during the healing process. The timing or duration
had no significant effect on the bone mineral content measured after 25 days. However, because the study only
measured bone mineral content after 25 days it was unclear whether LIPUS treatment affected early bone
healing. More extensive bone bridging at the fracture site was observed in bones that were continuously
treated with LIPUS and those that were treated with LIPUS from postoperation days 17–24, compared to the
untreated controls. Additionally, they showed a significant increase in LIPUS treated bone stiffness and
maximum torque compared to untreated controls in all groups (Azuma et al., 2001). They also showed that
continuous treatment with LIPUS throughout a 24 day healing period resulted in rat femoral bone with higher
although not significantly different stiffness and maximum torque compared to bone that underwent LIPUS
treatment for only 8 days during healing (Azuma et al., 2001). These data suggest that LIPUS may influence
the inflammatory and callus formation phases of the fracture healing process.

5.3. The influence of LIPUS on callus area during fracture healing

Studies examining various animal models have indicated that LIPUS (49, 57mW/cm2) treatment
results in accelerated callus formation compared to untreated controls. Duarte (1983) reported that callus
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area increased rapidly in the LIPUS treated bones during the first 12 days of treatment, while callus
area increased rapidly in untreated bones after 12 days post-operation. Qualitative radiographic and
histological analysis (Duarte, 1983) demonstrated LIPUS treatment resulted in a significant increase in bone
growth inside femoral cortical bone defects (36% at day 15) and at a rabbit fibulae osteotomy site (27% at
day 18) compared to untreated controls. Tsai et al. (1992) demonstrated significantly greater mineral
apposition rates at 2 and 3 weeks postfracture in rabbit fibulae treated with 500mW/cm2 of US compared
to untreated controls. Larger callus area has often been attributed to increased endochondral bone forma-
tion processes after LIPUS treatment. Histological analysis (Wang et al., 1994) showed more advanced
endochondral ossification and a smaller fracture gap in LIPUS treated compared to untreated rat femora after
14 days of healing.

5.4. The influence of LIPUS on callus strength during soft and hard callus formation phases of fracture healing

LIPUS treatment has been shown in various experimental studies to accelerate restoration of mechanical
properties (Table 1), such as maximum torque and torsional stiffness during fracture healing. Using a slightly
higher US (50mW/cm2) intensity, Yang et al. (1996) measured a significant increase in maximum torque
(29%) and torsional stiffness (37%) 21 days following fracture in treated rat femora compared to the
untreated controls. Using LIPUS and the identical animal model, the same research group (Wang et al., 1994)
again demonstrated a significantly greater maximum torque (22%) and stiffness (67%) in LIPUS treated
bones compared to untreated control limbs after 21 days. In the rat model, cell proliferation associated with
hard callus formation ceases after 14 days and after 21 days for soft callus formation (Iwaki et al., 1997;
Einhorn, 1998; Lee et al., 1998). Due to the mechanical testing taking place 21 days following fracture, the
improved mechanical properties (Wang et al., 1994; Yang et al., 1996) suggest that LIPUS treatment affects
the earlier phases of fracture healing rather than the remodelling phase. However, it is still unclear from the
experimental design of either study whether LIPUS influenced the inflammatory, angiogenesis or callus
formation phases of healing.

To better understand how LIPUS affects the different phases of healing, Pilla et al. (1990) investigated the
maximum torsional strength and stiffness of mid-shaft tibiae rabbit osteotomies after 28 days of LIPUS
treatment. At post-op days 14, 16, 17, 18 and 21 the LIPUS treated bones had significantly greater maximum
Table 1

Experimental fracture healing studies examining a return of mechanical properties following fracture

Author Experimental

model

US intensity

(mW/cm2)

Treatment

duration

(min/day)

No. of

treatments

Days treated

postfracture

Torsional

stiffness (%

increase)

Maximal

torque (%

increase)

Pilla (2002) Rabbit fibula 30 20 9 1–9 n/a 29

Pilla et al. (1990) Rabbit fibula 30 20 14 1–14 25 18

Pilla et al. (1990) Rabbit fibula 30 20 16 1–16 56 37

Pilla et al. (1990) Rabbit fibula 30 20 17 1–17 54 67

Pilla et al. (1990) Rabbit fibula 30 20 18 1–18 58 50

Pilla et al. (1990) Rabbit fibula 30 20 21 1–21 33 41

Pilla et al. (1990) Rabbit fibula 30 20 23 1–23 10 38

Pilla et al. (1990) Rabbit fibula 30 20 28 1–28 �12 �7

Wang et al. (1994) Rat femur 30 15 10 14 67 22

Yang et al. (1996) Rat femur 50 15 15 21 37 29

Ito et al. (1998) Rat femur 30 20 20 20 n/a 46

Azuma et al. (2001) Rat femur 30 20 8 1–8 44 36

Azuma et al. (2001) Rat femur 30 20 8 9–16 50 37

Azuma et al. (2001) Rat femur 30 20 8 17–24 33 38

Azuma et al. (2001) Rat femur 30 20 24 1–24 40 48

Torsional stiffness and maximal torque are expressed as the percent increase observed in LIPUS treated fractured limbs compared to

untreated fractured control limbs.
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torque and torsional stiffness than untreated controls. After 28 days, there was no significant difference
measured in either the maximum torque or the torsional stiffness of LIPUS treated bones compared to the
untreated controls. These results again demonstrate that mechanical properties are improved via LIPUS
treatment during early fracture healing phases. However, it remains unclear whether a certain phase in the
callus formation in particular is influenced by the LIPUS treatment.

Hantes et al. (2004) investigated the effect of LIPUS treatment at 75 and 120 days postoperation in a sheep
tibiae midshaft osteotomy model. Radiography demonstrated that LIPUS treated bones (75 days) healed
faster than control (103 days) limbs. At day 75 the LIPUS treated bones had increased bone mineral density
and ultimate strength compared to untreated controls. At day 120 there was no significant difference measured
in either the bone mineral density or the ultimate strength between the LIPUS treated bones and the untreated
controls. With the larger animal model, the data suggest again that early phases of fracture healing are
influenced by LIPUS, but not the remodelling phase. The lack of observed differences between LIPUS treated
and untreated control group after 120 days of healing is not surprising because of the long treatment time. The
untreated control group had enough time to consolidate the bone, thus the accelerating effect of the LIPUS
treatment became more and more reduced.

6. The influence of LIPUS on distraction osteogenesis

Distraction osteogenesis is an attractive method to stimulate new bone formation. It has been used to treat
length discrepancies, deformities, bone defects after tumour resection, non-union and osteomyelitis (Ilizarov,
1989a, b). For this treatment most often the bones are osteotomized and the two fragments distracted, using
an external fixator. The external fixator stabilizes the fragments and allows the distraction of the bone in the
longitudinal direction at adjustable values (Fig. 3). During clinical application, the distraction is started about
7 days after osteotomy (latency period) using a distraction rate of about 1mm/day. This treatment allows one
to distract up to 100mm and to create a corresponding length of new bone. It is believed that the stimulus for
the new bone formation is due to the strain induced in the regenerative tissue, which is transferred to the bone
forming cells (Ilizarov, 1989a, b). The disadvantage of this method is the very long treatment time. After
distraction of the fragments to the needed length, the regenerated bone takes two to three times the distraction
period to mature (consolidation period) and allow removal of the external fixator. Long external fixation
periods carry the risk of increased complication rates (Paley, 1990; Faber et al., 1991; Forriol et al., 1999).
Shortening of the treatment time and in particular of the maturation period would therefore reduce the costs,
complications and burden on the patient.

Several studies have tried to stimulate distraction osteogenesis by LIPUS application. Experimental
investigations have been performed on various animal models. In most studies the LIPUS treatment of the
animals was performed with the same systems as used for the treatment of patients (Exogen, Piscataway, NJ,
USA), with the same physical parameters (20min a day, 1MHz sine waves repeating at 1KHz, average
intensity 30mW/cm2, pulse width 200 ms). The most often used model involves leg-lengthening of the rabbit
tibia. However, the main factors for the distraction protocol are often not the same and the results therefore
are not directly comparable. The latency period was 7 days in three out of four studies reviewed. The
distraction rate was 0.75–3mm a day and the distraction length 10–21mm . The LIPUS application was
performed in most studies during the maturation period. In two of these investigations the LIPUS treatment
was applied exclusively or additionally during the distraction period.

Most groups studied the influence of LIPUS treatment on the maturation period of the bone regenerate
because this makes up the longest part of the treatment time and thus the benefit of stimulation would be the
greatest. Three groups (Shimazaki et al., 2000; Tis et al., 2002; Sakurakichi et al., 2004) investigated the effect
of LIPUS in a rabbit tibia distraction model. They all started distraction 7 days postoperation and distracted
approximately 10mm (10–10.5mm). They all applied the same LIPUS signal for 20min per day and sacrificed
the rabbits 14–21 days following distraction. All studies found a larger callus formation in the US treated
animals compared to the untreated control groups. Two groups (Shimazaki et al., 2000; Sakurakichi et al.,
2004) found higher bone density and a corresponding higher biomechanical stiffness and strength in bones
treated with LIPUS, whereas the third group (Tis et al., 2002) did not find significant effects for these
parameters in comparison to the untreated control group.
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Fig. 3. Closing of a large bone defect by a callus distraction regime, using an external ring fixator. The newly formed bone is mechanically

weak and needs a long time for maturation.
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Shimazaki et al. (2000) compared a maturation time of 14 days and 21 days and found that the differences
between the LIPUS and control groups were reduced with increasing maturation time for all parameters tested
(bone area, BMD and mechanical strength and stiffness, Table 2). This might be an explanation for the
insignificant differences between US treated and untreated control groups in regard to mechanical parameters
and BMD. The publication of Tis et al. (2002), Sakurakichi et al. (2004) and Shimazaki et al. (2000) found
significant effects after 14 days of maturation and LIPUS treatment. In the untreated control group, a longer
maturation time led to an increase in bone regenerate quality described by BMD and mechanical strength and
stiffness. This resulted in a reduced difference between the LIPUS treated and untreated bones, demonstrating
that LIPUS treatment has only an acceleratory effect on the maturation of newly formed bone.

Positive effects of LIPUS treatment on the maturation process of the bone regenerate have also been found
in a study of rats (Eberson et al., 2003) and in a large animal model of sheep (Mayr et al., 2001; Claes et al.,
2005). Eberson et al. (2003) found in a rat femur distraction model (latency 7 days, distraction rate 0.167mm/
day, distraction distance 7mm and 35 days of maturation) a significantly higher bone volume fraction, faster
mineralization and a 33% higher torsional strength for the LIPUS treated group in comparison to the
untreated control group.

However, the later differences were not significant, which may be explained by the very long (35 days)
maturation period for a rat. This might have reduced the possible differences in earlier time periods. The large
animal study was performed on a sheep metatarsal defect model using bone segment transport with a
distraction length of 15mm (distraction rate 1mm/day, maturation time 63 days, latency period 5 days). The
longer maturation time was chosen because of the slower bone-healing rate in sheep in comparison to small
animals, like rats and rabbits.
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Table 2

The return of stiffness and strength is shown for various experimental studies examining the effect of LIPUS (30mW/cm2) treatment for

20min/day during callus distraction

Author Experimental

model

Latency

period (days)

Distraction

rate (mm/

day)

Distraction

distance

(mm)

Maturation

period (days)

LIPUS

treatment

following

osteotomy

(days)

Stiffness (%

increase)

Strength (%

increase)

Eberson et al.

(2003)

Rat femur 7 0.167 7 35 28–63 20 33

Sakurakichi

et al. (2004)

Rabbit tibia 7 1.5 10.5 14 1–7 12 5

Sakurakichi

et al. (2004)

Rabbit tibia 7 1.5 10.5 14 7–14 98 85

Sakurakichi

et al. (2004)

Rabbit tibia 7 1.5 10.5 14 14–21 49 24

Shimazaki et

al. (2000)

Rabbit tibia 7 1 10 14 17–31 37 100

Shimazaki et

al. (2000)

Rabbit tibia 7 1 10 21 17–38 9 20

Uglow et al.

(2003)

Rabbit tibia 1 0.75 10.5 14 7–28 13 23

Uglow et al.

(2003)

Rabbit tibia 1 0.75 10.5 14 7–42 �14 7

Tis et al.

(2002)

Rabbit tibia 7 1 10 21 17–37 �20 �8

Machen et al.

(2002)

Rabbit tibia 7 1 10 20 17–37 �41 �39

Claes et al.

(2005)

Sheep

metatarsal

4 1 15 63 21–84 136 n/a

Stiffness and strength are expressed as the percent increase observed in LIPUS treated callus distracted limbs compared to untreated callus

distracted control limbs. Stiffness and strength were measured using torsional testing, except for Claes et al. (2005) who used

nondestructive compression testing and Uglow et al. (2003) who used four point bending.
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Mayr et al. (2001) and Claes et al. (2005) reported in two publications radiographic, biomechanical and
histological results from the same animal experiment. They found significantly more callus formation, higher
bone mineral content, and a higher bone regenerate stiffness for the LIPUS treated group in comparison to the
untreated control group.

The only study that could not find any significant influence of the LIPUS treatment was the group of Uglow
et al. (2003), which used a rabbit tibia distraction model (1 day latency, 1mm/day distraction rate, 10.5mm
distraction, maturation period 2 and 4 weeks). They found a trend towards higher bending strength at 2 weeks
maturation for the LIPUS treated group but this difference disappeared after 4 weeks of maturation.

The comparison of the results at 2 week maturation period with the other studies on rabbits with 2 week
maturation period was limited because of the different latency period using in the study (1 day instead of 7
days) and the slower distraction rate (0.5mm/day instead of 1 or 1.5mm/day) used. The authors discussed that
the very stiff fixator may have partially inhibited the stimulatory effect of the US treatment.

In addition to the radiographic and biomechanical investigations on the bone regenerate some groups
performed histomorphological investigations. During the distraction process, a growth zone of nearly
constant thickness in the middle of the lengthened segment with formation of new bone at its proximal and
distal ends was observed. At the end of the distraction period this growth zone was filled by fibrous connective
tissue and cartilaginous tissue. During the maturation period, soft tissue was replaced via intramembranous
bone formation, endochondral ossification, or a process of bone formation by chondrocytes (transchondroid
bone formation, Yasui et al., 1997). LIPUS treatment seemed to accelerate this tissue differentiation during
the maturation period. Several groups showed that the percentage of fibrous tissue in the maturing callus was
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lower and the percentage of newly formed bone higher in the LIPUS treated groups than in the untreated
control groups (Tis et al., 2002; Sakurakichi et al., 2004). Sakurakichi et al. (2004) have also demonstrated that
the effect of LIPUS treatment was even more pronounced when applied during the distraction period
compared to the treatment in the maturation period.

7. The influence of LIPUS on isolated cells

The major cell types for the development of a fracture callus are mesenchymal stem cells, fibroblasts,
osteoblasts and chondrocytes. Several studies have demonstrated that US (500mW/cm2) stimulation leads to
increases in protein synthesis (Harvey et al., 1975; Webster et al., 1978) and collagen synthesis (Webster et al.,
1980) observed in human fibroblasts in vitro. The formation of cartilage by chondrocytes is often identified by
immunostaining for aggrecan, a major structural macromolecule of cartilage. In vitro studies have
demonstrated increased chondrocyte differentiation by increased aggrecan expression (Parvizi et al., 1999;
Ebisawa et al., 2004), proteoglycan synthesis (Wu et al., 1996), and upregulation of chondroitin sulphate
release (Nishikori et al., 2002) after treatment with LIPUS. These results (Yang, 1996 #115; Wu et al., 1996;
Parvizi et al., 1999; Nishikori et al., 2002) suggest that LIPUS may stimulate synthesis of extracellular
matrix proteins in cartilage altering chondrocyte maturation and endochondral bone formation. Zhang et al.
(2003) in a cell culture study with chondrocytes from chicken embryos after US treatment observed
increased proliferation of undifferentiated chondrocytes. However, Parvizi et al. (1999) and Nishikori et al.
(2002) found that US had no effect on chondrocyte proliferation. Wang et al. (2004) showed that US
stimulation led to significantly increased vascular endothelial growth factor, VEGF-A mRNA and protein
levels in human osteoblast cells. VEGF is an important regulator for angiogenesis and endochondral bone
formation (Midy and Plouet, 1994; Deckers et al., 2000; Hausman et al., 2001; Mayr-Wohlfart et al., 2002;
Uchida et al., 2003).

In vitro investigations seeking to determine whether LIPUS has a direct effect on bone formation have
often quantified the bone markers, osteocalcin and alkaline phosphatase. The osteocalcin protein, synthesized
by mature osteoblasts, odontoblasts and hypertrophic chondrocytes, is used as a highly specific bone marker
for assessing bone turnover (Gundberg, 2001). The bone isoform of the alkaline phosphatase enzyme
produced by osteoblasts is a commonly used marker for bone metabolism (Demers, 2001). Warden et al.
(2001) showed in vitro that LIPUS stimulated the expression of c-fos and cyclooxygenase-2 genes and
elevated mRNA levels for the bone matrix proteins alkaline phosphatase and osteocalcin. US stimulated
osteoblast differentiation (Yang et al., 2005) by increasing alkaline phosphatase, osteocalcin and VEGF
expression and mineralization (Leung et al., 2004a), with these effects more pronounced using higher US
intensities (Harle et al., 2001; Li et al., 2002). Chen et al. (2003) identified the pertussis toxin sensitive Gai
protein and ERK to be essential elements in the transduction of LIPUS signal into a cellular response. They
(Chen et al., 2003) also found an increased cbfa1 and osteocalcin expression in human osteoblasts in response
to LIPUS treatment. Chapman et al. (1980) demonstrated an increase in second messenger activity paralleled
by the modulation of adenylate cyclase activity and TGF-b synthesis in osteoblasts after LIPUS treatment.
Kokubu et al. (1999) found an increase of prostaglandin E2 release and an increased expression of the PGE
synthesis enzyme cyclooxygenase-2 (COX-2) in mouse osteoblasts after US treatment. Prostaglandin E2 has
been identified as a mediator in the bone forming response to external stimuli (Forwood, 1996). The increase
of both PGE2 release and COX-2 expression could be induced by fluid flow in bone cells (Ajubi et al., 1999;
Bakker et al., 2003). Similar to the effects of mechanical stimulation on bone cells (Pavalko et al., 1998),
integrins and the organization of the cytoskeleton seem to play an important role in the transduction of US
(Yang et al., 2005).

8. The influence of LIPUS on tissue culture

In vitro tissue culture studies on foetal bone have shown that the volume of the calcified diaphysis and the
bone collar increased in LIPUS treated versus untreated bones (Nolte et al., 2001; Korstjens et al., 2004).
Nolte et al. (2001) suggested LIPUS stimulation caused an increase in osteoblast activity or number as well as
stimulating hypertrophic cartilage cells, which resulted in the increased calcified matrix. Korstjens et al. (2004)
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suggested that the increased bone collar and calcified cartilage volume was due to the stimulation by LIPUS of
bone cell differentiation and calcified matrix production, respectively, but not due to cell proliferation. These
studies showed that LIPUS treatment for 20min a day over 7 days had no effect on the longitudinal growth of
the proliferative zone in foetal mouse metatarsal bone rudiments (Nolte et al., 2001; Korstjens et al., 2004).

Contrary to these studies that used LIPUS, Wiltink et al. (1995) investigated the influence of high intensity
(100–770mW/cm2) pulsed US in developing murine foetal metatarsal bone rudiments. They demonstrated
that higher intensity pulsed US treatment for 5min a day over 7 days resulted in significantly increased
longitudinal growth in the proliferative zone in US treated bones while the calcified zone was identical in
treated and untreated bones. The authors suggested that the increased longitudinal growth originated from an
increased proliferation of undifferentiated chondrocytes. Korstjens et al. (2004) suggested that the increased
differentiation and matrix production associated with endochondral bone formation observed with LIPUS
treatment is not observed with higher US intensities as used in the study by Wiltink et al. (1995). Higher US
intensities may inhibit the synthesis of collagen and non-collagen proteins (Reher et al., 1997), which results in
the observed cartilage cell proliferation (Wiltink et al., 1995). These studies suggest that LIPUS treatment
stimulates endochondral ossification by affecting calcification and cell differentiation, rather than cell
proliferation. LIPUS likely stimulates hypertrophic chondrocytes and osteoblasts, but does not seem to affect
nonhypertrophic chondrocytes, observed by the lack of longitudinal growth of the embryonic long bones and
the results of studies investigating intact bone in vivo.

9. The influence of LIPUS on intact bone in vivo

In vivo experimental studies (Elmer and Fleischer, 1974; Spadaro and Albanese, 1998; Wimsatt et al., 2000;
Warden et al., 2001) have demonstrated that LIPUS does not stimulate osteogenesis in intact bone. Spadaro
and Albanese (1998) showed that LIPUS applied for 4 weeks had no effect on the longitudinal growth or bone
mineral density of the femur of 4-week-old growing male rats. Similarly, Warden et al. (2001) showed that
LIPUS treatment for 20min per day, 6 days a week for 12 weeks had no effect on bone mineral content or
bone mineral density within the distal femur or proximal tibia of ovariectomy rats or normal rats following
sham ovariectomy. Wimsatt et al. (2000) reported that LIPUS treatment twice weekly for 5 weeks had no
effect on immobilization induced bone mineral loss, associated with wing bandaging in pigeons. The results of
these in vivo investigations suggest that LIPUS treatment does not affect bone remodelling.

10. Conclusions

From the review of the literature there is evidence that low intensity pulsed ultrasound (LIPUS) has a
positive effect on bone regeneration. LIPUS treatment has been shown to accelerate and stimulate fracture
healing and callus maturation after distraction osteogenesis. The stimulatory effects are often observed during
the soft callus formation phase and not during the remodelling phase. Even though the energy used by the
LIPUS treatment is extremely low, effects on cells in vitro and in vivo have been described. However, the
biophysical process by which LIPUS stimulates bone regeneration still remains unknown.
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