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Ultrasound and mandibular bone defect healing
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Abstract
Because of the limitations of the body to heal large maxillofacial bone defects,
an attempt was made to stimulate mandibular defect healing with low intensity
pulsed ultrasound in rats. This ultrasound consists out of a 1.5 MHz pressure
wave administered in pulses of 200 µs, with an average intensity over space and
time of 30 mW cm-2. In 72 rats, a 5.0 mm diameter circular mandibular defect
was created. Three groups were studied: an ultrasound treatment group, a
placebo treatment group and a control group. Ultrasound and placebo treatment
involved a daily treatment for 20 minutes at the site of the defect under general
anaesthesia. At two and four weeks, the area of bone growth within the defect
was measured using microradiographs and the amount of defect healing was
expressed as the percentage of defect closure. At two and four weeks, there was
no statistical significant difference in the percentage of defect closure between
the groups. In conclusion, low intensity pulsed ultrasound does not stimulate
bone defect healing in the case of a large mandibular defect in the rat.
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Introduction
The restoration of large bone defects in the maxillofacial skeleton remains a
challenge because of the body’s limitations in healing large bone defects by
itself. Such defects may be congenital, traumatic, or iatrogenic due to bone
resections in oncologic procedures. The reason for this impaired defect healing
seems to relate to the fast soft tissue ingrowth, blocking the bone formation at
the defect rims and thus preventing bone healing. A relative lack of certain
tissue factors in the centre of the defect, which originate from the edge of the
defect, is believed to limit the bone healing process.1 Research in the field of
maxillofacial bone regeneration has yielded several ways of dealing with bone
defects, such as the use of bone grafts2 and/or barrier membranes.3,4 A relatively
unknown treatment that may have an effect on bone defect healing is
ultrasound. Recent randomised double blind clinical trials have shown that low
intensity pulsed ultrasound treatment of certain fresh fractures can reduce the
time to healing.5,6 In these studies, the Sonic Accelerated Fracture Healing
System (SAFHS, Smith & Nephew, Exogen, TN, USA) was used that emits a
pulsed ultrasound wave with a high frequency and low intensity. Other reports
indicate that ultrasound seems beneficial in the treatment of non-union of the
extremities in humans,7,8 and in the regenerate maturation in distraction
osteogenesis in dogs9 and the human leg.10 Only one study investigated the
influence of ultrasound on healing of large bone defects of the long bones.11 It
was found that daily treatment with low intensity pulsed ultrasound increased
new bone formation in small and large ulnar defects in dogs.
Combining the reported positive influences of ultrasound on the bone healing
processes in different circumstances with the limitation of the body to heal large
maxillofacial bone defects, it was decided to investigate in a single blind placebo
controlled study, whether low intensity pulsed ultrasound can stimulate bone
defect healing in the rat mandible.

Materials and methods
The study protocol was approved by the Animal studies review committee, and
in accordance with Institutional Guidelines (University of Groningen, The
Netherlands).

Operative procedure. In 72 rats (Sprague-Dawley, male, age 15 - 17 weeks, mean
weight 319 ± 15 g SD, range 282 - 349 g) a standardised circular mandibular
defect (5.0 mm outer diameter) was created in the right-half ramus of the
mandible according to Kaban.12 Under 2% Isoflurane inhalation anaesthesia, the
mandibular and hemicervical areas were shaved. After disinfecting the skin, a
submandibular skin incision was made and the masseter muscle was exposed.
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After incision of the muscle along the submandibular border, a muscle flap was
raised on the buccal and lingual side. Care was taken not to injure the facial
nerve and parotid duct. Using a 5.0 mm outer diameter trephine drill (22RF050,
Hagar & Meisinger, Düsseldorf, Germany) mounted in a dental technician drill,
a through-and-through hole was drilled in the mandibular ramus. During
drilling, the surgical field was continuously irrigated with saline to reduce
thermal damage. After the defect was drilled, the wound was rinsed with saline.
Subsequently, the wound was closed in layers using 4-0 resorbable sutures for
the muscle (Vycril Rapid, Johnson & Johnson, Brussels, Belgium) and skin
(Polysorb, Tyco Healthcare, Gosport, United Kingdom). For postoperative pain
relief, a single dose of buprenorphine 0.03 mg/kg was given. The rats were
numbered and housed in groups of 4. The rats received standard laboratory
food and water ad libidum.

Experimental groups. The experiment involved two sessions of 36 rats. One
session evaluated the influence of ultrasound treatment at two weeks, the other
at four weeks. Each session consisted of three experimental groups, each
comprising 12 rats, i.e.,

- an ultrasound group, receiving daily ultrasound treatment (except for
weekends) for 20 minutes under inhalation anaesthesia;

- a placebo ultrasound group, receiving the same treatment using placebo
transducers;

- a control group, only receiving the surgical procedure.
The control group was included to find indications of possible negative physical
effects of repeated anaesthesia. The placebo group was included to correct for
possible manipulation effects during the ultrasound treatment.

Ultrasound treatment. A custom-made ultrasound device was made because the
transducer of the clinical available SAFHS device was too large to treat a rat.
The custom made device consisted of a main operating unit (ICT Technical
services, University Hospital Groningen, The Netherlands) and four attached
ultrasound transducers (Röntgen Technische Dienst, Rotterdam, The
Netherlands). The transducers were calibrated to emit the same pulsed
ultrasound signal as the SAFHS device. Comparison between the ultrasound
field variables of the customised device and the SAFHS device are summarised
in table 1 and in Appendix 1, table 3. For the customised device, the effective
radiation area and beam non-uniformity ratio were at one time determined
according to IEC 61689.13 To check for the stability of the device, the ultrasonic
power was repeatedly determined with a balance according to IEC 61161.14 In
addition, four stainless steel placebo transducers with equal weight and size as
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the ultrasound transducers were constructed. In these placebo transducers, the
area in contact with the skin was made out of plastic.

Table 1. Comparison of ultrasound field variables between the Sonic Accelerated
Fracture Healing System device (SAFHS, Smith & Nephew, Exogen, TN, USA) and the
customised ultrasound transducers for the treatment of the rat.35

Specification SAFHS device Customised transducers

Frequency 1.5 MHz 1.5 MHz

Effective radiating area 3.88 cm2 1.42 cm2

Spatial Average Temporal Average

intensity (ISATA)

30 mW cm-2 30 mW cm-2

Spatial Average Temporal Maximum

intensity (ISATM)

161 mW cm-2 150 mW cm-2

Pulse duration 200 µs 200 µs

Repetition rate 1 kHz 1 kHz

Beam non-uniformity ratio 2.16 2.32

Frequency: the number of pressure cycles per second
Effective radiation area: the area of the transducer that emits ultrasound
ISATA: the average intensity of the ultrasound field over space and time
ISATM: the maximum intensity of the ultrasound field in time
Pulse duration: the duration of an ultrasound burst
Repetition rate: the number of ultrasound bursts in one second
Beam non-uniformity ratio: ratio between the maximum intensity and the average intensity over
the effective radiating area

Eight rats were treated simultaneously. Before ultrasound treatment, the rats
were placed in a box into which 2% Isoflurane inhalation anaesthesia was
administered. After the rats were anaesthetised, they were taken out of the box
and the heads were placed on 8 custom-made silicon pillows in such a way that
the right side of the mandible was faced upward. Into the pillows, a syringe was
mounted through which 2% Isoflurane inhalation anaesthesia was administered.
In this way, 8 rats could be treated simultaneously. Standard aqueous ultrasound
coupling gel was applied to the skin and the transducers were placed on the skin
on top of the defect. The skin was shaved weekly to prevent trapping of air
which could block ultrasound transmission. The bodies of the rats lied on a pre-
heated rug to prevent hypothermia. The rats were treated with ultrasound for 20
minutes daily, except for weekends. Every day, each rat would be treated by
another transducer, limiting the influence of possible ultrasound field variations
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between the transducers. During the experiment, the body weight of each
animal was scored weekly.
Depending on the session, the rats were anaesthetised and sacrificed by an
intracardial injection of an overdose pentobarbital after 2 and 4 weeks.
Subsequently, the right mandible was explanted and fixed in buffered formaline
solution. After 48 hours, the specimens were rinsed with saline and put in 70%
denatured ethanol solution. Excess muscle was removed from the specimens
using a scalpel. At the end of the experiment, the ultrasound emission of the
transducers was measured again to ensure that the ultrasound field had remained
stable throughout the experimental period.

Microradiography. An X-ray source (Philips PW 1730, Eindhoven, The
Netherlands) was used that produced monochromatous radiation with a specific
wavelength of 1.537 Å. The X-ray radiation used is CuKα radiation with a Cu
(Copper) X-ray tube and a Nickel filter. The wavelength produced is especially
sensitive to be absorbed by calcium. The explanted parts of the mandible were
placed between the 35 mm film (Fuji B&W POS/71337, Rotterdam, The
Netherlands) and the X-ray source and exposed for 25 seconds, with a tube
charge of 25 kV and 25 mA. Care was taken to place the plane of the defect
parallel to the film. To minimise magnification effects, the distance was kept
small (0.3 mm) between the specimen and the film and large (300 mm) between
the X-ray source and the specimen. Film was used instead of radiographic plates
because of a much higher resolution of the film. After development of the film
with a Kodak D-19 (Amsterdam, The Netherlands) developer for 10 minutes,
fixating, rinsing, and drying, the film was placed on a light box. A digital image
of the mandibular defect on film was recorded with a stereo microscope
(Wild/Leitz M7 S, Heerbrugg, Switzerland) with a magnification 10 x and a
CCD camera (Teli CS 8310, Tokyo, Japan) (Figure 1). The camera was linked to
a personal computer equipped with a framegrabber. The magnified
microradiographs were stored as images with a size of 640 x 480 pixels and with
a resolution of 256 grey values. In addition, a separate image of a microruler was
recorded in the same way as the specimens for calibration.

Measurement of osteoconduction. Rats who died or obtained wound infection were
excluded from analysis. The principal investigator was blinded to the treatment
group and number of the rat by coding the microradiographs. The amount of
defect healing was expressed as the percentage of defect closure using image
analysis software (Scion, Scion Corporation, Frederick, MD, USA) (Figure 1).
First, based on the difference in grey values, the individual threshold of the
bone/no-bone boundary was determined for each digitised microradiograph.
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Second, this threshold was applied to the 5.0 mm diameter defect as a whole
and the remaining defect area was measured automatically. Finally, this
remaining defect area was expressed as percentage of the original defect size
(with a diameter of 5.0 mm). After the measurements were completed, the code
was broken and the percentage of average defect closure was calculated for the
three experimental groups.

Statistical analysis. Between-group differences of the average percentage of defect
closure were compared using one-way ANOVA at 0.05 significance. Where
appropriate, differences between two groups were assessed with multiple
comparison tests (according to Tukey).

Figure 1. Microradiography pictures of a 2-week-old rat mandibular defect. Of the
original microradiograph (a) a digitised image is obtained of the mandibular defect (b).
The original outline of the 5.0 mm defect is clearly visible, as well as irregular bone
formation into the defect. Using image analysis software the remaining defect area (c, 1)
measured 10.11 mm2, which corresponds to a percentage defect closure of 48.5 %.

Magnification a: x 6, b and c: x 10.

Results
The percentages of defect closure in each group at two and four weeks are
presented in table 2. No significant differences could be demonstrated between
the groups at two and at four weeks. All animals recovered well from the
surgical procedure. The ultrasound treatments were uneventful. During the
course of the experiment, one rat had died for unknown reason. No wound
infection did occur. All other animals had gained weight. No significant
difference of the average body weight between the groups at two and at four
weeks was apparent (data not shown). The ultrasound fields as emitted by the
customised ultrasound device did not change during the course of the
experiment (Appendix 1, Table 4).

 a  b   c
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Table 2. The amount of bone defect healing reflected as the percentage of defect
closure ± SD at two weeks and at four weeks in the ultrasound group, the placebo
ultrasound group, and the control group.

2 wk (%) 4 wk (%)

Ultrasound 26.1 ± 11.2, n=12 31.7 ± 16.3, n=11

Placebo 22.5 ± 9.3, n=12 31.5 ± 15.5, n=12

Control 35.5 ± 16.8, n=12 31.2 ± 9.6, n=12

Discussion
Reviewing the literature, the effects of ultrasound on the bone healing process
in different circumstances on the cellular, animal and clinical level would suggest
that the bone defect healing in the rat mandible would be influenced by the
ultrasound treatments. However, this study indicates that low intensity pulsed
ultrasound treatment did not influence bone defect healing in this specific case.
The ultrasound regime as used in this study has shown clinically to accelerate
the healing of fresh radial,6 tibial,5 and scaphoid fractures.15 Also, high healing
success rates have been obtained in the treatment of various delayed- and
nonunions,7,8 indicating that ultrasound can be used in compromised healing
situations. In animal studies involving rabbit fibula osteotomies16 and rat
femoral fractures,17,18 different ultrasound regimes produced an acceleration in
the restoration of mechanical strength by a factor of 1.4 - 1.6.
Evidence that the cells of the mandibular bone respond to ultrasound was
reported in an in vitro study that showed that human mandibular osteoblasts
could be stimulated by ultrasound to proliferate and produce angiogenesis-
related cytokines.19,20 In mandibular fractures in rabbits, eight days of ultrasound
treatment (five minutes each day, 0.2 - 0.6 W cm-2) stimulated fracture
consolidation, as compared to non-treated controls.21 In a paper concerning the
treatment of four mandibular fractures in humans, ultrasound treatment
appeared to decrease pain and promote callus formation.22 Another study found
that osteoradionecrosis of the mandible could be treated with some success
using 3 MHz ultrasound at 1.0 Wcm-2 .23

Only two studies involved the healing of bone defects. In small holes (diameter
1.5 mm) drilled in the cortex of the femur in rabbits, daily 15 minutes
ultrasound treatment for two weeks stimulated the callus formation inside the
holes as compared to the contralateral non-treated holes.24 Low intensity pulsed
ultrasound was used with frequencies of 4.93 MHz and 1.65 MHz, and
intensities of 49.6 and 57 mW cm-2. In another study, it was found that daily
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treatment with low intensity pulsed 1.0 MHz ultrasound at 50 mW cm-2

increased new bone formation in small and large ulnar defects in dogs, and
decreased the incidence of non-union in the large defect model.11

Nevertheless, daily 20 minutes ultrasound treatment of the rat mandibular
defect did not show an effect on the degree of bone defect closure. Untreated,
the rat mandibular defect, as well as the rat calvarial defect, will heal
predominantly by soft tissue ingrowth. In the case of rat calvarial defects it has
been proposed that the reason for this is the lack of sufficient tissue factors at
the defect centre.1 The release of certain tissue factors from the edge of the
wound would cause differentiation of cells within the defect into osteoblasts and
chondroblasts that in turn create and mineralise extracellular matrix. This would
not occur in the centre of a sufficiently large defect because of a relative lack of
these tissue factors.1 Since ultrasound can stimulate human mandibular
osteoblasts to proliferate20 and produce angiogenesis-related cytokines, such as
interleukine 8, basic fibroblast growth factor, and vascular endothelial growth
factor in vitro,19 it may be expected that an increase in bone cell proliferation
and release of these factors would facilitate the bone healing of the defect. Also,
ultrasound is capable of causing a reversible increase in the intracellular level of
second messenger calcium in chondrocytes,25,26 and an increase in calcium
incorporation in differentiating cartilage and bone cell cultures,27 all of which
could eventually stimulate the defect healing process.
Because of the complexity of the bone healing process and the interaction
between ultrasound pressure waves and tissues, it is difficult to explain why no
effect was seen.
It may be that in all groups studied, the competition between soft tissue
ingrowth and bone growth into the defect still was won by the soft tissue
ingrowth, despite stimulation of the mandibular bone cells. An important
difference of this study as compared to other studies investigating the effect of
ultrasound on bone healing is the animal model used. In this study, a large
mandibular defect was the subject of investigation (a so called ‘critical size
defect’). Untreated, large defects will heal by connective tissue ingrowth;
complete healing by bone does not occur. This healing characteristic is in
contrast to other animal models used (fractures, osteotomies, defects) in which
complete bone healing will occur in most instances, and is stimulated using
ultrasound.11,16-18,24 Another difference of this study was that another ultrasound
regime was administered than that used in the studies involving mandibular
bone and bone cells. Thus, it may also be that the mandibular bone is not
susceptible to the low intensity pulsed ultrasound signal used in this study.
It may also be noted that the ultrasound signal may have had an effect on the
soft tissue formation. In vitro studies have indicated that fibroblastic activity can
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be stimulated using ultrasound.28 If this would be the case in this animal model,
soft tissue formation inside the defect would be stimulated as well, thus limiting
bone union.
To our knowledge, no other published studies investigated the effect of
ultrasound treatment on the healing of experimental maxillofacial defects. The
bone defect model that was used in this study is often referred to as the rat
mandibular “critical size” defect. The term “critical size” implies that
spontaneous healing will not occur, so that if healing occurs, it is caused by the
experimental intervention. When the term was first introduced, a critical size
defect was defined as “the smallest intraosseous wound that would not heal by
bone formation during the lifetime of the animal”.29 Later, the definition was
further specified by stating that a critical size defect “is a defect which has less
than 10 percent bony regeneration during the lifetime of an animal”.30 In dental
and maxillofacial research, the rat mandibular defect is considered to behave like
a critical size defect and is frequently used to evaluate bone regeneration
techniques (Table 3.). In the control groups of others, no or very limited bone
formation at the defect rims in rat mandibular defects was found (Table 3).
However, in this study, a 35.5% and 31.2% bony defect closure was observed in
the control group at two and four weeks, respectively. This indicates that the 5.0
mm diameter rat mandibular defect cannot be considered a critical size defect
according to the definition. An explanation could be that in this study, a
different, more sensitive, method was used to measure defect healing. Defect
closure was previously determined by “gross observation”, histological
evaluation using sections through the middle of the defect, or by plain
radiographs. The amount of defect healing was mostly classified semi-
quantitatively (e.g. no, partial or complete healing) or using a histological scoring
system based on that of Heiple (Table 3).31 Only one other study measured the
actual defect area by using planimetry on photographs. The results were in
accordance with those of our study: 4.0 mm diameter rat mandibular defects
healed for 32.4% after 4 weeks (n = 27).32

In our study, digitised high-resolution microradiographs were used to measure
the area of mineralised bone within the defect. Because bone formation into a
defect occurs in an irregular fashion, we felt that measuring bone defect areas
using microradiography would be more accurate than measuring defect widths
using histology. In a previous study using the same rat mandibular defect model
as in our experiment, it appeared that both microradiography and histology were
accurate and comparable in measuring defect widths after 6 weeks follow-up.33
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Because microradiography only visualises mineralised bone, and not the non-
mineralised part, it may be that histological measurements of defect widths
including non-mineralised bone would yield different results at 2 and 4 weeks
follow-up. However, this possible difference between histology and
microradiography was not observed at 6 weeks follow-up.33 Furthermore, if a
difference between microradiography and histology measurements at 2 and 4
weeks would exist, this difference would affect all three groups studied, and
therefore not influence comparison.
Although it has been reported in an animal experiment that repeated anaesthesia
may have a negative influence on the bone healing process,34 our results do not
support this. At two weeks, the ultrasound group and placebo group tend to
show less bone formation than the control group (26.1% and 22.5% vs. 35.5%),
which may indicate a negative influence of repeated anaesthesia in combination
with the treatments. However, this difference was not significant. Moreover, at 4
weeks, there was no difference between bone healing in all groups. Also, there
was no difference in the bodyweight of the animals (data not shown).
Because this is one of the first attempts to stimulate mandibular bone defect
healing with ultrasound in a standardised experimental setting, we feel that
additional research should be encouraged to determine whether or not
ultrasound may stimulate mandibular bone defect healing in other
circumstances. Furthermore, the reported positive effects of ultrasound on bone
healing in other parts of the body should stimulate further research into the
mechanism of action. In this way, it may be explained more clearly why no
effect was seen in our study and perhaps predict if ultrasound may or may not
be applicable to stimulate maxillofacial bone healing.
In conclusion, low intensity pulsed ultrasound treatment does not stimulate
bone defect healing in the rat mandible. Future attempts to stimulate
maxillofacial bone defect healing using ultrasound may focus on the use of other
ultrasound regimes, or on the use of another maxillofacial bone defect model in
which soft tissue ingrowth is prevented.
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Abstract
To decrease healing time of bone defects covered with osteoconductive
membranes, an attempt was made to stimulate the osteoconductive process with
therapeutic ultrasound. In 72 rats, a circular mandibular defect was created and
covered on both sides with an e-PTFE membrane. A control group, an
ultrasound treatment group and a placebo treatment group were studied. At two
and four weeks, the osteoconduction was expressed as the percentage of defect
closure using digitised microradiographs. At two weeks, there was no significant
difference in the percentage of defect closure between the groups. At four
weeks, there was significantly more bone defect closure in the placebo group
(77.9%) as compared to the control group (59.3%). Membrane ultrasound
attenuation measurements indicated that the membrane blocks most of the
applied ultrasound. In conclusion, low intensity pulsed ultrasound does not
appear to significantly stimulate osteoconduction into a bone defect in the rat
mandible that is covered by an e-PTFE membrane.
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Introduction
The complex treatment of bone defects caused by congenital defects, disease,
and injury has initiated much research in the field of bone regeneration. In the
maxillofacial skeleton, a widely used technique to regenerate bone is based on
osteoconduction. Osteoconduction refers to bone formation by guided tissue
regeneration. In practice, the principle of guided tissue regeneration is made
possible by using osteoconductive membranes such as the e-PTFE (expanded
polytetrafluoroethylene) membrane (Gore-Tex® Regenerative Membrane, W.L.
Gore & Associates, Flagstaff, USA). By covering a bone defect with an
osteoconductive membrane, soft tissue ingrowth into the defect is prevented. In
this way, a confined space is obtained into which bone cells are allowed to
migrate and fill it with bone. Clinically, these membranes are used in
implantology to cover exposed implant treads with bone,1 and to prevent bone
resorption of bone grafts.2 In periodontology, osteoconductive membranes are
used to regenerate periodontal defects.3,4 However, the process of
osteoconduction takes a substantial amount of time and is not always successful.
To provide a solution, much research has been undertaken to promote bone
formation beneath osteoconductive membranes by combining them with
different bone growth stimulating factors such as bone morphogenetic
proteins.5-7 Other methods that have been attempted to stimulate the
maxillofacial bone healing process in other circumstances are electromagnetic
and electric fields.8-10

A relatively unknown means to stimulate bone healing processes is ultrasound.
In the past years, randomised double blind clinical trials have shown that
ultrasound treatment of certain fractures can reduce the time to healing up to
38%.11,12 In these trials, the treatment regime consists of daily ultrasound self-
treatment for 20 minutes onto the skin above the fracture until healing. The
ultrasound is administered using the SAFHS-device (Sonic Accelerated Fracture
Healing System, Smith & Nephew, Exogen, Memphis, TN, USA) which emits a
pulsed ultrasound wave with a high frequency and low intensity. The ultrasound
waves exert a small mechanical pressure onto the bone, which in turn seem to
serve as a signal for the bone to heal faster.13 Although the stimulating effect of
ultrasound on the bone healing process has been investigated almost exclusively
in the bones of the extremities, this has not been established in the bones of the
maxillofacial skeleton.14

Because of the substantial healing time of bone defects treated according to the
principle of osteoconduction, we decided to investigate in a single blind
controlled study whether low intensity pulsed ultrasound can stimulate
osteoconduction into a bone defect in the rat mandible that is covered by an e-
PTFE membrane.
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Materials and methods
The study protocol was approved by the animal studies review committee, and
in accordance with institutional guidelines (University of Groningen,
Groningen, The Netherlands). The sample size was determined by a power
analysis based on a 90% power with a 0.05 two sided significance level, given a
difference in amount of bone formation between groups of 20% and a standard
deviation of 14%.6

Operative procedure. In 72 rats (Sprague-Dawley, male, age 15 – 17 weeks, mean
weight 325 ± 14 g SD, range 295 - 354 g) a standardised 5.0 mm circular
mandibular defect was created in the right-half ramus of the mandible according
to Kaban and Glowacki (Figure 1).15 Under 2% Isoflurane inhalation
anaesthesia, the mandibular and hemicervical area were shaved. After
disinfection of the skin, a submandibular incision was made and the masseter
muscle was exposed. After incision of the muscle along the submandibular
border, a muscle flap was raised on the buccal and lingual side. Care was taken
not to injure the facial nerve and parotid duct. Using a 5.0 mm outer diameter
trephine drill (22RF050, Hagar & Meisinger, Düsseldorf, Germany) mounted in
a dental technician drill, a through-and-through hole was drilled in the
mandibular ramus. During drilling, the surgical field was continuously irrigated
with saline to prevent thermal damage. In addition, a 1.0 mm hole was drilled
next to the defect using a carbide 1.0 mm round dental drill (Figure 1a). After
the holes were drilled, the wound was rinsed with saline. One e-PTFE
membrane was placed lingually and one buccally onto the defect, covering a
minimum of 2 mm bone margin outside the defect. The membranes were kept
in place using a transosseous 4-0 suture (Vycril Rapid, Johnson & Johnson Intl.,
Bruxelles, Belgium) through the 1.0 mm hole (Figure 1b). Subsequently, the
wound was closed in layers using 4-0 resorbable sutures for the muscle (Vycril
Rapid, Johnson & Johnson Intl., Bruxelles, Belgium) and skin (Polysorb, Tyco
Healthcare, Gosport, United Kingdom). For postoperative pain relief, a single
dose of buprenorphine 0.03 mg/kg was given. The rats were numbered and
housed in groups of 4. The rats received standard laboratory food and water ad
libidum.

Experimental groups. The experiment involved two sessions of 36 rats. One
session evaluated the influence of ultrasound treatment on osteoconduction at
two weeks, the other at four weeks. Each session consisted of  three
experimental groups, each comprising 12 rats, i.e.,
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Figure 1. Intraoperative photographs of the rat mandibular defect and postoperative
ultrasound treatment. A 5.0 mm diameter through-and-through defect is drilled into the
right mandibular ramus and a 1.0 mm hole is drilled next to the defect (a). The lingual
and buccal e-PTFE membranes are held in place by a transosseous suture through the
1.0 mm hole (b). During ultrasound treatment, the anaesthetised rat lies on a custom
made silicon pillow. The coupling gel is apparent between the ultrasound transducer and

the skin to block air (c).

- a control group, only receiving the surgical procedure including
placement of e-PTFE membranes;

- an ultrasound group, receiving daily ultrasound treatment (except for
weekends) for 20 minutes under inhalation anaesthesia;

- a placebo ultrasound group, receiving the same treatment using placebo
transducers.

The control e-PTFE group was included to find indications of possible negative
physical effects of repeated anaesthesia. The placebo group was included to
correct for possible manipulation effects during the ultrasound treatment.

Ultrasound treatment. A custom made ultrasound device was made because the
transducer of the SAFHS device was too large to treat the rat. The device
consisted of a main operating unit (ICT Technical services, University Hospital
Groningen, The Netherlands) and four attached ultrasound transducers
(Röntgen Technische Dienst, Rotterdam, The Netherlands). The transducers

  c

  b

  a
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were calibrated to emit the same pulsed ultrasound signal as the SAFHS device.
Comparison between the ultrasound field variables of the customised device and
the SAFHS device are summarised in appendix 1, table 3. For the customised
device, the effective radiation area and beam non-uniformity ratio were at one
time determined according to IEC 61689.16 To check for stability of the device,
the ultrasonic power was repeatedly determined with a balance according to IEC
61161.17 In addition, four stainless steel placebo transducers were constructed
with weight (100 grams) and size equal to the ultrasound transducers. In these
placebo transducers, the area in contact with the skin was made out of plastic.
Before ultrasound treatment, the heads of the rats were placed on 8 custom
made silicon pillows in such a way that the right side of the mandible was faced
upward. Into the pillows, a syringe was mounted through which 2% Isoflurane
inhalation anaesthesia was administered. In this way, 8 rats could be treated at
the same time. Standard aqueous ultrasound coupling gel was applied to the skin
and the transducers were placed on the skin on top of the defect (Figure 1c).
The skin was shaved weekly to prevent trapping of air which could block
ultrasound transmission. The bodies of the rats lied on a pre-heated rug to
prevent hypothermia. The rats were treated with ultrasound for 20 minutes
daily, except for weekends. Every day, each rat would be treated by another
transducer, limiting the influence of possible ultrasound field variations between
the transducers. During the experiment, the body weight of each animal was
scored weekly. After 2 and 4 weeks, each rat in the session was anaesthetised
and sacrificed by an intracardial injection of an overdose pentobarbital.
Subsequently, the right-half mandible was explanted and fixed in buffered
formalin solution. After 48 hours, the specimens were rinsed with saline and put
in 70% denatured ethanol solution. Excess muscle was removed from the
specimens by hand.
At the end of the experiment, the ultrasound emission of the transducers was
measured again to ensure that the ultrasound field had remained stable
throughout the experimental period.

Microradiography. An X-ray source (Philips PW 1730, Eindhoven, The
Netherlands) was used with a chopper anode that produced monochromatous
radiation with a specific wavelength of 1.537 Å. This wavelength is especially
sensitive to be absorbed by calcium. The explanted parts of the mandible were
placed between the 35 mm film (Fuji B&W POS/71337) and the X-ray source
and were exposed for 25 seconds, with a tube charge of 25 kV and 25 mA. Care
was taken to place the plane of the defect parallel to the film. After development
of the film with a Kodak D-19 developer for 10 minutes, fixating, rinsing, and
drying, the film was placed on a light box. A digital image of the original
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microradiograph of the mandibular defect was recorded with a stereo
microscope (Wild/Leitz M7 S, Heerbrugg, Switzerland) with a magnification 10
x and a CCD camera (Teli CS 8310, Tokyo, Japan) (Figure 2). The camera was
linked to a personal computer equipped with a frame grabber. The magnified
microradiographs were stored as images with a size of 640 x 480 pixels and with
a resolution of 256 grey values. In addition, a digitised image of a micro-ruler
was recorded for calibration.

Figure 2. Microradiography pictures of a 4-week-old rat mandibular defect. Of the
original microradiograph (a) a digitised image is obtained of the mandibular defect (b).
The original outline of the 5.0 mm defect is clearly visible, as well as irregular bone
formation into the defect. Using image analysis software the remaining defect area (c, 1)
measured 7.91 mm2 which corresponds to a percentage defect closure of 59.7 %.

Magnification a: x 6, b and c: x 10.

Measurement of osteoconduction (Figure 2). Rats who died or obtained wound
infection were excluded from analysis. The principal investigator was blinded to
the treatment group and number of the rat by coding the microradiographs. The
amount of osteoconduction was expressed as the percentage of defect closure
using image analysis software (Scion, Scion Corporation, Frederick, MD, USA).
First, based on the difference in grey values, the individual threshold of the
bone/no-bone boundary was determined for each digitised microradiograph.
Second, this threshold was applied to the 5.0 mm defect as a whole and the
remaining defect area was measured automatically. Finally, this remaining defect
area was expressed as percentage of the original defect size (diameter 5.0 mm).
After the measurements were completed, the code was broken and the
percentage of average defect closure was calculated for the three experimental
groups.

   1

  c  b  a
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Ultrasound transmission through e-PTFE membranes. An ultrasound beam was set up
in water between a 15 mm diameter 1.5 MHz transducer and a ceramic
hydrophone (MKII Active Hydrophone, Medisonics, Watford, England) with a
diameter of 1 mm. The hydrophone was placed at a distance of 52 mm from the
emitting transducer in the centre of the beam. The Gore-Tex® sample was
placed just in front of the hydrophone with its plane perpendicular to the
ultrasound beam. The sample was moved over a two dimensional array in steps
of 1 mm. For each position of the sample the pressure wave on the hydrophone
was registered on a digital sampling oscilloscope (Philips PM3394, Eindhoven,
The Netherlands). A semi-continuous wave was used. From the steady state
signal the sum of the squares of the signal S was calculated. For comparison also
the sum of squares for the signal without sample in place was determined: S0.
Attenuation A (in decibels) of the sample was calculated from A = 10 log (S0/S).
The sample was prepared by degassing it in demineralised water for 24 h at a
pressure of less than 0.1 atm. Thereafter it was transferred to the measuring
position in the ultrasonic beam, without exposing it to air. In analysing the data
results were ignored that were within 1 mm from the borders of the
homogeneous regions of the sample.

Statistical analysis. Between-group differences of the average percentage of defect
closure were compared using one-way ANOVA. Further multiple comparison
analyses (Tukey’s tests) were carried out in cases of significance at the 0.05 level.

Results
The percentages of defect closure in each group at two and four weeks are
presented in table 1. After 2 and 4 weeks, there was more defect healing in both
the ultrasound and the placebo treatment group as compared to the controls,
but the difference was significant only in the placebo group at 4 weeks. During
surgery, 2 animals had died. All other animals recovered well from the surgical
procedure. The ultrasound treatments were uneventful. During the course of the
experiment, 5 rats had died because of wound infection. On autopsy, pus was
apparent in these 5 rats. All other animals had gained weight. No significant
difference of the average body weight between the groups at two and at four
weeks was apparent (data not shown).
The oval e-PTFE membrane consist of an inner part and an outer rim. The
ultrasound attenuation of the inner part was inhomogeneous (range 5 to 12 dB),
the average attenuation was 8.3 ± 0.4 dB (mean and 95% confidence interval).
This corresponds to a transmission of ultrasound energy through the membrane
of 15 %. The ultrasound attenuation of the outer part was more than 20 dB,
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which corresponds to a transmission of ultrasound energy through the
membrane of less than 1%.
The ultrasound fields as emitted by the customised ultrasound device did not
change during the course of the experiment (Appendix 1, Table 4).

Table 1. The amount of osteoconduction reflected as the percentage of defect closure ±
standard deviation (SD) at two weeks and at four weeks of bone defect healing in the
control, the ultrasound group and the placebo ultrasound group. At four weeks, there
was significant more defect closure in the placebo group as compared to the control
group (p<0.01)*.

2 wk (%) 4 wk (%)

Control 41.3 ± 9.4, n = 9 59.3 ± 14.1, n = 12 *

Ultrasound 47.1 ± 13.7, n = 9 70.7 ± 16.5, n = 11

Placebo 46.4 ± 16.1, n = 12 77.9 ± 13.5, n = 12 *

n = number of rats, * p< 0.05, one-way ANOVA with post test (Tukey)

Discussion
This study indicates that low intensity pulsed ultrasound does not significantly
stimulate osteoconduction into a bone defect in the rat mandible that is covered
by an e-PTFE membrane. There may be two reasons for this finding.
The first may be that not enough ultrasound pressure reaches the tissue behind
the e-PTFE membrane. The e-PTFE membranes used in this study are porous
in nature (Instructions for use, Gore-Tex® Regenerative Membrane). Due to this
porosity, air may be trapped inside the membrane which, in turn, blocks
ultrasound transmission. It was found that exposing to vacuum during 24 hours
does not remove the air (air is visible as white spots), thus the air is probably in
closed cells. As a consequence, less ultrasound energy is transmitted through the
membrane. This means that areas of the mandible received only up to 15% of
the applied ultrasound energy, depending on the location of the membrane
centre and the membrane rim. Because low intensity pulsed ultrasound at higher
intensities seems to facilitate the bone healing process in different species (rat18,
rabbit19, sheep,20 dog,21) and in different clinical situations (fresh fractures,11,12,22

delayed unions, non-unions,23,24 osteotomies,25 and distraction osteogenesis26), it
may be expected that the ultrasound would have an effect on the
osteoconductive process in the mandible as well. Furthermore, ultrasound can
stimulate mandibular osteoblasts in humans to proliferate and produce
angiogenesis related cytokines, such as interleukine 8, basic fibroblast growth
factor, and vascular endothelial growth factor in vitro,27 indicating that human
mandibular bone may react to the ultrasound pressure.
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However, the second reason that no significant effect of ultrasound therapy was
measured may be that the mandibular bone of rats is not responsive to the
ultrasound signal, not even in the case the osteoconductive membrane would
not partially block the signal. This is an important note because ultrasound does
not necessarily stimulate bone healing in all circumstances.28,29

The difficulty in predicting in which cases ultrasound may or may not stimulate
bone healing is partly due to the highly complex nature of the bone healing
process30 and the complex nature of the interaction of ultrasound with tissue.
Ultrasound is a high-frequency pressure wave, of which energy is absorbed by
deforming tissue on the microscopic level. Although the exact mechanism as to
how this ultrasound pressure signal is transduced to stimulate the bone healing
process is unknown, there are indications that ultrasound has a direct effect on
the cellular level.14

An unexpected finding was that, at 4 weeks, the rats treated with the placebo
devices showed significantly more defect closure as compared to the controls
(placebo 77.9% Vs control 59.3%, p < 0.05) (Table 1). The placebo treatment
involved daily anaesthesia, application of coupling gel to the skin, and the
placement of the placebo transducer in close contact with the skin on top of the
defect. Because of the reported possible negative influences of repeated
anaesthesia on the bone healing process,31 it was expected that the placebo
group would show less bone healing than the control group. However, the
placebo group at 4 weeks received a total of 400 minutes of anaesthesia, and it
does not seem that the placebo treatment influenced the bone healing process
negatively. Also, repeated anaesthesia did not seem to influence the general
health of the animal, because there was no difference in the body weight
between the placebo and control groups at two and four weeks (data not
shown). The finding that more defect healing did occur in both the ultrasound
and the placebo group at 4 weeks (70.7% and 77.9%) as compared to the
controls (59.3%), suggests that the placement and pressure of the ultrasound
and placebo transducer may be related to the increase in bone formation in
these groups. In a previous ultrasound study, the same mandibular defect model
was used, but without an e-PTFE membrane.32 Using the same
microradiography technique, it was found that the 5.0 mm diameter defects
healed for an average of 28.0 ± 12.4 % at two weeks (n=36), and for an average
of 31.5 ± 13.8 % at four weeks (n=35) regardless of ultrasound therapy, placebo
therapy, or absence of therapy. Comparing these results to the present study, it
confirms that the presence of an e-PTFE membrane itself facilitates bone
growth into the mandibular defect, and that ultrasound does not seem to do so.
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Figure 3. Microradiographs of 4-week-old rat mandibular defects illustrating the
irregular pattern of bone formation into the defect. The defects were covered on both

sides with e-PTFE membranes. Magnification x 10.

In this study, a microradiography technique33 was used as an approach to
measure bone defect healing in the rat mandible. Because bone formation inside
the mandibular defect occurs in an irregular fashion (Figure 3), we felt that
measuring bone growth inside the defect in two dimensions using a
microradiograph would be more accurate than measuring it in one dimension
using histological sections as done previously by others.7,34

In conclusion, low intensity pulsed ultrasound does not significantly stimulate
osteoconduction into a bone defect in the rat mandible that is covered by an e-
PTFE membrane, either because the bone surrounding the defect is exposed to
an insufficient amount of ultrasound energy or because the mandibular bone of
rats is not responsive to low intensity pulsed ultrasound. Future attempts to
stimulate osteoconduction using ultrasound may focus on establishing higher
amounts of ultrasound energy behind osteoconductive membranes. This could
be accomplished by using higher ultrasound intensities or different types of
membranes.
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Abstract
To investigate whether ultrasound can stimulate osteoconduction in the
mandible, an attempt was made to stimulate the osteoconductive process with
low intensity pulsed ultrasound in rats. This ultrasound consists of a 1.5 MHz
pressure wave administered in pulses of 200 µs, with an average intensity over
space and time of 30 mW cm-2. In 64 rats, a 5.0 mm diameter circular
mandibular defect was made in the ramus and, subsequently, covered on both
sides with a collagen membrane. Two groups were studied: an ultrasound
treatment group and a placebo treatment group. At two and four weeks, the
remaining defect area was measured using microradiographs and the amount of
osteoconduction was expressed as the percentage of defect closure. At two and
four weeks, there was no significant difference in the percentage of defect
closure between the groups. An explanation may be that ultrasound does not
exert an effect in an area where wound healing is expected to be already at an
optimal level. In conclusion, there was no evidence that low intensity pulsed
ultrasound stimulates osteoconduction into a bone defect in the rat mandible
that is covered by a collagen membrane.   
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Introduction
The complex treatment of bone defects caused by congenital defects,
inflammatory disease, injury, and oncologic procedures has initiated much
research in the field of bone regeneration. In the maxillofacial skeleton, a widely
used technique to regenerate bone is based on osteoconduction.
Osteoconduction refers to bone formation by guided tissue regeneration. In
practice, the principle of guided tissue regeneration is made possible by using
osteoconductive membranes. By covering a bone defect with an
osteoconductive membrane, soft tissue ingrowth into the defect is prevented. In
this way, a confined space is obtained into which bone cells are allowed to
migrate and fill it with bone. Clinically, these membranes are used in implant
surgery to cover exposed implant treads with bone,1 and to prevent bone
resorption of bone grafts.2 In periodontology, osteoconductive membranes are
used to regenerate periodontal defects.3,4 However, the process of
osteoconduction takes a substantial amount of time and is not always successful.
To provide a solution, much research has been undertaken to promote bone
formation beneath osteoconductive membranes by combining them with
different bone growth stimulating factors such as bone morphogenetic
proteins.5,6,7

A relatively unknown way that may stimulate bone healing processes is
ultrasound. Ultrasound is a mechanical pressure wave with a frequency above
the human ear threshold (i.e., >20.000 Hz).8 In medicine, ultrasound is used to
diagnose (pulse-echo), and treat. In the last decades, the stimulation of certain
fractures of the extremities with low intensity pulsed ultrasound has become
more established,9-11 and in certain cases of delayed unions and non-unions,
ultrasound therapy has yielded high success rates.12,13 Although the effect of
ultrasound treatment on bone healing has traditionally been investigated in the
extremities, there are suggestions that ultrasound may stimulate maxillofacial
bone healing as well.14 Therefore, it was decided to investigate whether low
intensity pulsed ultrasound stimulates osteoconduction into a bone defect in the
rat mandible that is covered by a collagen membrane.

Materials and methods
The study protocol was approved by the Animal studies review committee, and
in accordance with Institutional Guidelines (University of Groningen, The
Netherlands). The sample size was determined by a power analysis based on a
95% power with a 0.05 two sided significance level, given a difference in
amount of bone formation between groups of 20% and a standard deviation of
14%.6
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Operative procedure. In 64 rats (Sprague-Dawley, male, age 15 - 17 weeks, mean
weight 310 ± 17.6 g SD, range 265 - 348 g) a standardised 5.0 mm circular
mandibular defect was made in the right ramus according to Kaban and
Glowacki.15 Under 2% Isoflurane inhalation anaesthesia, the mandibular and
hemicervical area were shaved. After disinfection of the skin, a submandibular
incision was made and the masseter muscle exposed. After cleaving the muscle
along the submandibular border, a muscle flap was raised on the buccal and
lingual side. Care was taken not to injure the facial nerve and parotid duct. Using
a 5.0 mm outer diameter trephine drill (22RF050, Hagar & Meisinger,
Düsseldorf, Germany) mounted in a dental technician device, a through-and-
through hole was made in the mandibular ramus. During drilling, the surgical
field was continuously irrigated with sterile saline to prevent thermal damage.
After the hole was drilled, the wound was rinsed with saline. One collagen
membrane (Bio-Gide® Resorbable bilayer membrane, Geistlich Biomaterials,
Wolhusen, Switzerland) was placed lingually and one buccally onto the defect,
covering a minimum of 2 mm bone margin outside the defect. Subsequently, the
wound was closed in layers using 4-0 resorbable sutures. Care was taken not to
displace the membranes. For postoperative pain relieve, a single dose of
buprenorphine 0.03 mg/kg was given. The rats were numbered and housed in
groups of 4. The first four operated rats were allocated to the ultrasound group,
the second four to the placebo treatment group, the next four to the ultrasound
group, etc. The rats received standard laboratory food and water ad libidum.

Experimental groups. The experiment involved two sessions with 32 rats. One
session evaluated the influence of ultrasound treatment on osteoconduction at
two weeks, the other at four weeks. Each session consisted of  two experimental
groups, each comprising 16 rats, i.e.,

- an ultrasound group, receiving daily ultrasound treatment (except for
weekends) for 20 minutes under general inhalation anaesthesia;

- a placebo ultrasound group, receiving the same treatment using placebo
transducers.

The placebo group was included to correct for possible manipulation effects
during the ultrasound treatment.

Ultrasound treatment. A custom made ultrasound device was made because the
transducer of the SAFHS device was too large to treat the rat. The device
consisted of a main operating unit (ICT Technical services, University Hospital
Groningen, The Netherlands) and four attached ultrasound transducers
(Röntgen Technische Dienst, Rotterdam, The Netherlands). The transducers
were calibrated to emit the same pulsed ultrasound signal as the SAFHS
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device.16 Comparison between the ultrasound field variables of the customised
device and the SAFHS device have been presented elsewhere.17 For the
customised device effective radiation area and beam non-uniformity ratio were
at one time determined according to IEC 61689.18 To check stability of the
device the ultrasonic power was repeatedly determined with a balance according
to IEC 61161.19 In addition, four stainless steel placebo transducers with equal
weight and size as the ultrasound transducers were constructed.
Before ultrasound treatment, the heads of the rats were placed on 8 custom
made silicon pillows in such a way that the right side of the mandible was faced
upward. Into the pillows, a syringe was mounted through which 2% Isoflurane
inhalation anaesthesia was administered. In this way, 8 rats could be treated at
the same time. Standard aqueous ultrasound coupling gel was applied to the skin
and the transducers were placed on the skin on top of the defect. The skin was
shaved weekly to prevent trapping of air which could block ultrasound
transmission. The bodies of the rats lied on a pre-heated rug to prevent
hypothermia. The rats were treated with ultrasound for 20 minutes daily, except
for weekends. Every day, each rat would be treated by another transducer, thus
limiting the influence of possible ultrasound field variations between the
transducers. During the experiment, the body weight of each animal was
measured weekly.

After 2 and 4 weeks, each rat in the session was anaesthetised and then
sacrificed by an intracardial injection of an overdose pentobarbital.
Subsequently, the right half mandible was explanted and fixed in buffered
formaline solution. After 48 hours, the specimens were rinsed with saline and
put in 70% denatured ethanol solution. Excess muscle was removed from the
specimens by hand.
At the end of the experiment, the ultrasound emission of the transducers was
measured again to ensure that the ultrasound field had remained stable
throughout the experimental period.

Microradiography. An X-ray source (Philips PW 1730, Eindhoven, The
Netherlands) was used that produced monochromatous radiation with a specific
wavelength of 1.537 Å. The X-ray radiation used is CuKα radiation with a Cu
(Copper) X-ray tube and a Nickel filter. The wavelength produced is especially
sensitive to be absorbed by calcium. The explanted parts of the mandible were
placed between 35 mm black and white film (Fuji B&W POS/71337) and the X-
ray source and exposed for 25 seconds, with a tube charge of 25 kV and 25 mA.
Care was taken to place the plane of the defect parallel to the film. To minimise
magnification effects, the distance was kept small (0.3 mm) between the
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specimen and the film and large (300 mm) between the X-ray source and the
specimen. Film was used instead of radiographic plates because of a much
higher resolution of the film. After development of the film with a Kodak D-19
developer for 10 minutes, fixating, rinsing, and drying, the film was placed on a
light box. A digital image of the mandibular defect on film was recorded with a
stereo microscope (Wild/Leitz M7 S, Heerbrugg, Switzerland) with a
magnification 10 x and a CCD camera (Teli CS 8310, Tokyo, Japan) (Figure 1).
The camera was linked to a personal computer equipped with a framegrabber.
The magnified microradiographs were stored as images with a size of 640 x 480
pixels and with a resolution of 256 grey values. For calibration, a separate image
of a microruler was recorded in the same way as the specimens.

Figure 1. Microradiography pictures of a 4-week-old rat mandibular defect covered on
both sides with a collagen membrane. The original outline of the 5.0 mm defect is
clearly visible, as well as bone formation into the defect (a). Using image analysis
software the remaining defect area (b, 1) measured 2.47 mm2 which corresponds

to a percentage defect closure of 87.4%. Magnification x 10.

Measurement of osteoconduction (Figure 1). Rats who died were excluded from
analysis. The principal investigator was blinded to the treatment group and
number of the rat by coding the microradiographs. The amount of
osteoconduction was expressed as the percentage of defect closure using image
analysis software (Scion, Scion Corporation, Frederick, MD, USA). First, based
on the differences in grey values, the individual threshold of the bone/no-bone
boundary was determined for each digitised microradiograph. Second, this
threshold was applied to the 5.0 mm diameter defect as a whole and the
remaining defect area was measured automatically. Finally, this remaining defect

  a   b
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area was expressed as percentage of the original defect area (π r2 = 19.63 mm2).
After the measurements were completed, the code was broken and the
percentage of average defect closure was calculated for the two experimental
groups. The differences between the groups were compared using a t-test with a
0.05 significance level.

Results
The percentages of defect closure in each group at two and four weeks are
presented in table 1. At two and four weeks, no significant differences could be
demonstrated between the ultrasound treatment group and the placebo
treatment group. All animals recovered well after the surgical procedure. The
ultrasound treatments were uneventful. During the course of the experiment, 2
rats had died for unknown reason. All other animals had gained weight. No
significant difference of the average body weight between the groups at two and
at four weeks was apparent (data not shown). The ultrasound fields as emitted
by the customised ultrasound device did not change during the course of the
experiment (Appendix 1, Table 4).

Table 1. The amount of osteoconduction reflected as the percentage of defect closure ±
SD at two weeks and at four weeks of bone defect healing in the ultrasound group and
the placebo group. The 95% confidence interval (CI) of the difference between the
groups is provided.

2 wk (%) 4 wk (%)

Ultrasound 73.3 ± 17.7, n =16 88.0 ± 23.6, n = 16

Placebo 69.4 ± 24.7, n = 15 93.4 ± 5.9, n = 15

95% CI [-11.8; 19.6] [-18.2; 7.4]

n = number of rats

Discussion
This study indicates that low intensity pulsed ultrasound does not stimulate
osteoconduction into a bone defect in the rat mandible that is covered by a
collagen membrane. This finding does not seem to be in accordance with
reports indicating that ultrasound can stimulate bone healing. This positive
effect has been observed in different species such as the rat,20 rabbit,21 dog,22,23

and homo sapiens,9,10 and has been observed in different circumstances such as
fresh fractures,9-11 delayed unions, non unions,12,13,24 osteotomies,13

osteodistraction,25-27 and osteoradionecrosis of the mandible.28
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Because the mechanism as to how ultrasound stimulates bone healing is not
entirely clear, it is difficult to predict in which case ultrasound will or will not
stimulate bone healing. It has been reported that the pressure wave serves as a
surrogate for physiological stresses in bone, which stimulate bone formation.29

Apart from piezo-electric30-33 and membrane effects,34-36 part of the ultrasound
effect seems to be related to angiogenesis.
In ischaemic tissues, where blood perfusion is limited, ultrasound can promote
neovascularity and neocellularity.37 In dogs with an ulnar osteotomy, daily 20
minutes ultrasound treatment with the SAFHS device for 8 weeks produced an
increase in blood flow around the osteotomy site after 2 - 3 days and this
increase lasted for two weeks as compared to the non treated controls.38

Ultrasound can also stimulate the production of angiogenesis-related cytokines
(Interleukin-8, fibroblast growth factor and vascular endothelial growth factor)
in human mandibular osteoblasts,39 which indicates that it helps the formation
of vessels.
This may explain why the stimulation of bone healing with ultrasound is
apparent in compromised healing situations such as delayed and non-unions of
the extremities,12,13,24 the healing of scaphoid fractures,11 and osteoradionecrosis
of the mandible.28 These compromised healing situations are thought to be
related to a relative poor blood supply due to anatomical predisposition,
vascular disease, treatment (medication, radiation) or habit (smoking).
Thus, an important factor in the ultrasound stimulation of bone healing seems
to be related to angiogenesis. This raises the question as to whether an already
optimal healing tendency (read: optimal blood perfusion) can be influenced by
ultrasound. It has been suggested that normal tissue may not be as responsive as
damaged tissue to ultrasound treatment.40 The head and neck area of the body is
well blood perfused and can, therefore, be considered to have an optimal
healing capacity. This would imply that the additional effect of ultrasound
treatment of mandibular bone in healthy individuals is expected to be minimal.
This may explain why no effect of the ultrasound treatment on osteoconduction
was measured in the present study. The rats used were mature, healthy, and had
no known disorders that could compromise angiogenesis/bone healing.
Another explanation that osteoconduction could not be stimulated in this
experiment may be that mandibular bone in rats is not susceptible to the specific
characteristics of the low intensity pulsed ultrasound field. The few reports in
the past concerning mandibular fractures in rabbits,41 humans42 and mandibular
osteoradionecrosis in humans28 described other ultrasound fields than the
SAFHS field. In these reports, a positive effect of ultrasound on mandibular
bone healing was described. An ultrasound pressure field can be altered in
frequency, intensity over space and/or time, pulse durations and wave shapes,



Ultrasound and osteoconduction: collagen membranes

87

all of which may alter the tissue response to the pressure wave. However, the
signal characteristics of the SAFHS device (30 mW cm-2, 200 µs pulse) was used
in our experiment because bone healing seemed particularly sensitive to this
signal in other circumstances, and the device is approved for clinical use.43

In this study a collagen membrane was used on both sides of the defect to
provide a secluded space that can be filled with bone according to the guided
tissue regeneration principle. Although it has been reported that certain
resorbable membranes (including collagen membranes) have a tendency to
collapse and, therefore would inhibit bone formation into a defect,44 this has not
been observed in the model used in this experiment. Furthermore, the collagen
membrane is more than 99% transparent to the ultrasound pressure wave
(attenuation 0.02 ± 0.07 dB, Appendix 2). This means that the ultrasound dose
as used clinically, reaches the tissue behind the membrane.
In a previous ultrasound study, the same mandibular defect model was used, but
without a collagen membrane.17 Using the same microradiography technique, it
was found that the 5.0 mm diameter defects healed for an average of 28.0 ±
12.4 % at two weeks (n=36), and for an average of 31.5 ± 13.8 % at four weeks
(n=35) regardless of ultrasound therapy, placebo therapy, or no therapy.
Comparing these results to the present study, it confirms that the presence of a
collagen membrane itself facilitates bone growth into the mandibular defect, and
that ultrasound does not seem to do so.
A microradiography technique45 was used to measure the area of the formed
bone inside the defect. Because bone formation inside the mandibular defect is
irregular, measuring the area of bone inside the defect using a microradiograph
seems more accurate than measuring the diameter of the defect using a
histological section through the middle of the defect as done previously by
others.7,46 However, a limitation of microradiography is that evaluation of bone
healing at the cellular level is not possible,47 so that a cellular effect of the
ultrasound in the model used in this study may be overlooked. Despite this
disadvantage, we feel that measuring the area of mineralised bone inside the
defect should suffice, since this reflects the amount of bone formation.
Summarising, this study presents no evidence that low intensity pulsed
ultrasound stimulates osteoconduction into a bone defect in the rat mandible
that is covered by a collagen membrane. This result may be related to an already
optimal healing tendency in the head and neck region because of a good blood
supply and perfusion. Future attempts may focus on stimulating mandibular
bone healing using low intensity pulsed ultrasound in relative compromised
healing situations.
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