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Abstract

Introduction: Despite the advances in modern orthopedic fracture treatment, the rate of
delayed union or non-union in all types of fractures remains about 10%. Most recently,
two biophysical methods, extracorporeal shock waves (ESW) and low intensity pulsed
ultrasound (LIPU), have been shown to be effective in healing fracture non-union. It is
suggested that, single ESW treatment could be a trigger that can “initiate” the ossification
procedure in the non-union site. On the contrast, LIPU therapy requires daily application
over a time period of months to enhance repair process. Objectives of this study were: (1)
to compare the success rate, healing quality of a non-union among 3 treatment methods
of isolated ESW, LIPU and combined therapy; (2) to investigate the pattern of healing to

non-union by the 3 different methods.

Methods: New Zealand White rabbit of 18 weeks (about 3kg) was used in the study.
With 24 rabbits performed right tibia osteotomy, they were equally divided into four
groups at post-operation week 12: the control group, ESW treatment group, LIPU
treatment group and the ESW plus daily LIPU treatment group. Radiographs were taken
for all groups postoperatively week 12, 14 and then biweekly until week 22. Rabbits
were sacrificed postoperatively at week 22 for evaluations of repair using peripheral
quantitative computerized tomography (pQCT), microcomputerized tomography,

fluorescence microscopy and light microscopy.

i



Results: The union rate in isolated ESW and LIPU group were both 66.7%, as well as the
combined treatment was 66.7%, while there was no singie union case formed in the
control group at week 22. The difference was of statistic significance (p<0.05).
Fluorescence microscopic findings suggested that 3 treatment methods promoted bony
bridging mainly by endochondral bone formation in the non-union gap, without obvious
periosteal callus formation. The healing pattern of LIPU and combined treatment was
similar with slower onset of new bone formation than ESW but the healing quality was
better and bone cell density was higher than ESW group at week 22 in microscopic

evaluations.

Conclusion: ESW, LIPU and combined treatment were effective to the healing of non-
union. The pattern and the process of ESW promoted bony bridging in fracture non-union
were distinct from those found in typical primary or secondary fracture healing. Similar

pattern was also revealed in the combined treatment and LIPU treatment groups.
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Chapter 1: Introduction

1.1. Background of the study

Non-union of a fracture is diagnosed if it can be determined clinically or
radiographically that healing has ceased and healing is highly improbable. Treatments of
fracture non-union aim at re-activating the normal fracture healing process. The primary
choice in clinical practice is surgical methods. Although the success rate of surgical

2, 41, 58]

treatment is reported as being up to between 86% to 93% t , complications from

surgery, such as surgical infection, failure of fixator and damage to the surrounding

nerves and blood vessels®”!, need to be borne in mind.

As a result, it is important to develop an effective non-operative therapy for
fracture non-unions. Low intensity pulsed ultrasound (LIPU) and extracorporeal shock
waves (ESW) have been shown to be effective in healing fracture non-unions {25, 26, 34.44]
It is suggested that ESW could be a trigger in initiating the ossification process at the
non-union site. A single application of ESW has been demonstrated to result, several
months later, in bony consolidation of the non-union (4] In contrast, LIPU therapy
requires daily application over several months 341 This suggests that the role LIPU plays

in non-union healing tends more toward sustaining and enhancing the progress of

ossification.



The comparison of the characteristics of ESW and LIPU therapy for non-union is
iliustrated in Table 1. It has been demonstrated that healing of non-union can be achieved
with ESW therapy within a relatively shorter period (average healing time 3.4 months)
but with a relatively lower success rate (around 60%) 371 1 IPU therapy has the reverse
effect, i.e. a higher success rate (90%), but requiring a longer duration (average healing

time more than 5 months) %!,

Table 1.1a: Comparison of ESW and LIPU therapy for non-union

ESW LIPU
Application mode Single application Daily application for months
Average healing time 3.4 months 152 days (5 months)
Success rate 60% 90%




1.2. Animal non-union model

A number of previous studies have reported methods for the creation of animal
non-union models. Brownlow and Simpson ] created a rabbit tibia defect non-union
model. Adult female New Zealand White rabbits were used. Operations were performed
under general anesthesia and aseptic conditions. Osteotomy was done at the midshaft of
the tibia and was fixed with an external fixator. A 2 mm gap was introduced immediately
with clearing of the periosteum and the content of the intramedullary canal. Their results
showed a non-union rate of over 90%, with little callus formation and the growth of

{40, 45}

fibrous tissue inside the gap '®. Oni and Rompe also created a reproducible rabbit

defect non-union model using a similar procedure. In addition to the rabbit model, dog

and rat models have also been described ! ),

However, there have been relatively few papers which used an animal model to
study the effect of ESW. Johannes et al chose the dog radius non-union mode! and a
single application of 1,000 ESW pulses at 0.54 mJ/mm? ?®, They reported that there
were immediate non-detectable changes at post-treatment, signs of bridging callus at
week 6 and completed bony union at week 12. Histology revealed that there was bony
union on both the periosteal and endosteal sides 28] However, the study failed to provide
information on the histology immediately after ESW to permit investigation on how the

treatment can induce fracture healing of non-unions.



Another animal study was used to test the application of LIPU to the healing of
non-unions. Takikawa created a rat tibia non-model! and treated it with a daily application
of LIPU 3} The parameter settings of the ultrasound treatment were: 200 ms burst sine

2. They reported that

wave, 1.5 MHz frequency, at an intensity of 30 mW/cm
endochondral bone formation was observed after 4 weeks of treatment. Fracture callus
and a decrease in the fracture line were found at week 6 of treatment. The mechanism
which they proposed was the possible exertion by LIPU of a mechanical force on the
cells in the soft tissue at the fracture gap. The fibrous tissue at the non-union site was
stimutated by LIPU, inducing the cells to differentiate into chondrocytes and leading to

endochondral ossification and bone union ¥,



1.3. Application of ESW to the treatment of non-union

In clinical practice, shockwaves were originally applied in lithotripsy, to break up
and destroy stones in the renal, biliary and salivary gland tracts (41 A shock wave is
defined as an acoustic wave the pressure of which rises from the ambient value to the
maximum value within a few nanoseconds *®), The typical form of a shock wave is a
sharp positive rise in pressure in nanoseconds followed by a gentle and variable negative

pressure over microseconds (Fig. 1.2a) B8

The focal area is defined as the area in which 80% of the maximum energy is
reached ). The term energy flux density is used to describe the shock wave energy -

(46 It can be

flows through an area perpendicular to the direction of propagation
expressed in the following formula (and is measured in millijoule/millimeter2 (mJ/mmz)

units).

Energy Flux Density = dE / dA
E — energy of shock wave at particular location

A — area in which the shock wave is existent

According to Rompe, the energy levels can be divided into low, medium and high
5] Shock waves of different energy levels will cause different effects inside the body.

They are summarized in figure 1.2b.



Cavitation is the effect of the occurrence of gas bubble filled hollow bodies in a
liquid medium. In stable cavitation, the bubbles are in equilibrium when the vapor
pressure inside the bubble is equal to the external pressure of the liquid (8] When a shock
wave hits the bubble, the peak rising energy will cause the collapse of the bubble within
2-3 microseconds. The gentle negative pressure energy of the shock wave will cause
bubbles to grow significantly, reaching as much a 10? of their original size. This will
cause the destruction of the material because its tensile strength is exceeded due to the

pressure change el

The body includes various tissues which have different degrees of elasticity and
compressibility, and affect the propagation speed of sonic waves. When a shockwave
enters the body, transmission through and reflection from different media occurs due to
their different acoustic impedance: (water 1.49; muscle 1.72; fat 1.37; cortical bone 7.38;
renal stone 6.25) 8 As cortical bone and renal stone have similarly high acoustic
impedance values, it is believed that shockwaves cause microfractures to bone which are
similar to the disintegration of renal stones. Ogden et al %] reported that the intensity of a
shockwave transmitted into cortical bone is about 65% of incident intensity, causing a
strong interaction at the periosteal interface. The cavitation effect also causes partial
osteocyte death, followed by the migration of osteoblasts to the non-union site for local

new bone formation P81,

The effectiveness of ESW on healing non-unions has been demonstrated in some

clinical studies. Wang et al °” reported a success rate of 80% in 12 months with the



application of 6,000 impulses at 28 kV to hypertrophic non-unions. Schaden et al ™"

reported a healing rate of 75.7% in 18 months following 12,000 impulses at 28kV.
Rompe et al also reported that 72% of patients showed bony consolidation after a single
shockwave treatment (71, None of the studies showed any discernable side effects after

shockwave treatment.
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Fig 1.3a. Typical form of shockwave
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1.4. Application of LIPU to the treatment of non-union

Ultrasound is a type of acoustical pressure wave with a frequency above the
audible sound range (>20kHz). Continuous ultrasound is a sine wave with a specific
frequency and amplitude (Fig. 1.4a). Pulsed ultrasound has its intensity periodically
interrupted by an interval during which no ultrasound energy is produced, its average
energy thus being reduced. The intensity of an ultrasound is a measure of the rate at
which energy is delivered per unit area, and measured in units of milliwatt per unit square

(mW/cmz) 62

The physiological effects of ultrasound include thermal and non-thermal effects.
The thermal effect of ultrasound can cause a rise in tissue temperature, continuous waves
more so than pulsed waves. The non-thermal effects include cavitation and acoustic
streaming. Both will cause the unidirectional movement of fluid along the boundaries of

cell membranes, altering their function and structure without damaging the cell (2]

Low intensity pulsed ultrasound (LIPU) has been shown to accelerate the healing
of fresh fractures both clinically and experimentally. Clinical studies on the influence of
LIPU in fresh tibial diaphysis fractures demonstrate a significant acceleration of 38% in
the time required for a fracture to heal, from 154 to 196 days (4 Similar results were
reported for distal radius metaphyseal fractures, with a significant 38% acceleration in the
LIPU-treated group whose fractures healed in 61 days as compared with the un-treated

group’s average healing time of 98 days (261 Recently, several studies have further



demonstrated the effects of LIPU in the successful treatment of delayed unions and non-
unions ?* 23 Mavyr et al reported the use of LIPU in the therapy of 951 delayed unions
and 366 non-unions ®*). The overall success rate for delayed unions was 91%, with an
average healing time of 129 days, and that for non-unions 86%, with an average healing

time of 152 days.

The exact mechanism by which ultrasound affects the healing of fresh fractures
and of non-unions is still under investigation. Studies investigating the biological effects
of ultrasound on bone suggest that it has a direct mechanical effect on cell proliferation.
Ultrasound also affects cell function. In vitro, ultrasound can induce a significant increase

of calcium absorption in isolated mesenchymal cells as well as in cartilage cells 1!,

10
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1.5. Objectives of the study

Both the healing of fresh fractures and ESW-induced healing of non-unions occur
through callus formation. We postulate that the application of LIPU can enhance ESW-
induced callus formation in a way similar to its effects on the healing of fresh fractures.
A combined application of ESW and LIPU therapy may thus achieve a more optimal
healing of non-unions than using either method alone. This could eventually result in

shortening the duration of non-union healing and increasing the healing success rate.

The effectiveness of the treatment was estimated by comparing the success rate,
healing quality and healing time of non-unions. The objectives of the study are set forth

below.

1. To evaluate the effect of ESW on non-unions
2. To evaluate the effect of LIPU on non-unions
3. To evaluate the effect of a combined treatment

4. To investigate the pattern of induced healing by above 3 interventions



Chapter 2: Methodology

The following experiments were conducted after receiving ethics approval from
the Animal Research Ethics Committee of the Hong Kong Polytechnic University (PolyU)

and the Chinese University of Hong Kong (CUHK) (Appendix 9).

2.1. Animals

Twenty-four mature Female New Zealand White rabbits of 18 weeks of age with
an average body weight of 3.2 kg (2.7-3.8 kg) were used. The rabbits were kept in
individual metal cages in CUHK central animal house and supplied with standard rabbit
food and water ad libitum. They were housed in individual cages in rooms controlled for
temperature (23°C) and humidity (50%) that had an 8-hour light / 16-hour dark cycle,

with lighting on from 9am to S5pm every day.

13



2.2. Design of the experiment

A non-union was created in the midshaft of the right tibia of each rabbit through

osteotomy and external fixation for 12 weeks.

At the end of week 12 post-operation, a successful tibia non-union with persistent
fracture gap, absence of bridging callus and presence of sclerotic bone ends was
confirmed radiographically. The 24 rabbits were randomly divided into four groups. The
control group (Group I) did not receive any treatment; the ESW group (Group Ii)
received a single application of ESW th;rapy on the 1% day {post-op week 13) after the
diagnosis of non-union; the LIPU group (Group HI) was treated with LIPU daily from the
second day after the diagnosis to the end of the experiment; and the combined treatment
group (Group IV) was treated with ESW on the first day, followed by a daily LIPU

treatment from the second day after the diagnosis of non-union.

In vivo fol!ow up of bony changes in the treatment area was documented by
antero-posterior (AP) plain X-ray. Sequential fluorescent labeling of new bone formation
was perforrr.led. Following the procedure applied by Rompe, 90 mg/kg of xylenol orange
and 20 mg/kg of Calcein green were used 18] Calcein green was injected at post-op week
12 and 14 and xylenol orange was injected at week 16, 18, 20 to detect the new bone
formation in the above time intervals. Each group of animals was euthanized at week 22.
After the animals were euthanized, the bil;lteral tibiac were harvested and fixed in

buffered formalin. Peripheral quantitative computerized tomography (pQCT) was used to

14



measure the bone density of the bilateral tibiae. The non-union site of the right tibiae was

harvested for histomorphological analysis.

The total sample size in this study was set at 24, with 6 animals per group. The

number of animals would be added in case that there was no any significant results

obtained (Union score, BMC) after data analysis.

15



2. 3. Non-union model

The right tibia was shaved up to mid-femur level. General anesthesia with sodium
pentobarbital (Sigma, Chemicals Co., St. Louis MO, USA) was applied in a dosage of 0.8
ml/kg by intra-venous mode. The rabbit was checked for full anesthesia by testing the
eye-lip reflex and the relaxed breathing pattern. The limb was wrapped with sterile cloth
leaving the tibia exposed. An incision was made along the tibia using the medial
approach. The periosteum was separated carefully from the surrounding muscles. Four
holes were drilled using an electrical drill bit with a shaft diameter of 2.5 mm, spaced in
conformity with the position of the holes of the external fixator. Four self-drilling mini
cortical screws (Orthofix, Italy) with a shaft diameter of 2.5-3 mm and a thread length of
18 mm were inserted into the tibia. After the screws were inserted, a 5 mm bone defect
located about 12 mm proximal to the tibial tuberosity was created by using an oscillating
saw powered by an air power drill. The saw blade was 0.4 mm in thickness (Synthes,
Mathys AG, Bettlach, Switzerland). 5 mm of the periosteum was stripped off, and 5 mm
of the intramedullary canal was ;:urettcd. The surgical site was cleaned and irrigated
using a sterile saline. The defect was left empty and a stainless-steel external fixator
(modified from Orthofix M103) was used for bony fixation. The surgical incision was
closed by suture (3/0 Mersilk, Ethicon Ltd. Edinburgh, Scotland). An antibiotic spray
(Nebactin, Byk Gulden Konstanz, Germany) was used for disinfection. A post-op
radiograph was taken immediately after the surgery. The animals were allowed free

activity in their cages immediately after the operation.

16



Some rabbits were found to have small bone cracks during the course of drilling
the holes and osteotomy. In these cases, K-wires were used to fix the cracks by winding
the wire around the circumference of the tibia. The operation procedure is shown in

Figure 2.3a-2.3e. The detailed operation protocol is shown in appendix 1.

The rabbits were cared for a period of 12 weeks after the operation. The treatment

was started on the rabbits whose non-union conditions were confirmed.

17
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Fig 2.3a. Medial incision of the tibia
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Fig 2.3c. Air power saw for creating osteotomy
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Fig 2.3d. Periosteum and intramedullary nail removed

Fig 2.3¢. Fixator applied and wound closed by suture

19



2.4. Biophysical interventions at the non-union site

2.4.1. Anesthesia

Anesthesia for daily LIPU and for the ESW treatment was administered at a dose
of 1.5 ml/kg through an intra-muscular (IM} injection. The anesthetic solution combined
0.6 ml of 10% ketamine hydrochloride (Alfasan, Woderden, Holland) and 0.9 ml of 2%
xylazine hydrochloride (Alfasan, Woderden, Holland). A 25 gauge needle was used for

the IM injection.

2.4.2. Extracorporeal Shockwave (ESW) treatment

The animals in the ESW group received a single application of ESW on the st
day of post-op week 12. A SONOCUR Plus (Siemens, Erlangen, Germany) shock wave
generator located in the physiotherapy clinic of the university was used in the study.
Before the treatment, the rabbits were sedated by anesthesia with a mixture of 0.9ml
xylazine and 0.6ml ketamine. The hair was shaved at the treatment site. 70% ethanol was
used to clean the sound head before and after treatment. The rabbits were positioned on
the bench in such a way as to keep the non-union site at the center of the focus during the
application of ESW therapy (Fig. 2.4a). Transmission gel {Chattanooga Group Inc, TN,
USA) was used as a coupling medium between the shock wave generator and skin. One
thousand shock waves at a power setting of 0.54 mJ/mm?” were applied to the non-union
site. The total treatment time was 10 minutes. Redness of the skin was observed after the
treatment, which gradually returned to normal after 4-7 days. The detailed protocol is

shown in appendix 2.

20



Fig. 2.4a. ESW application to rabbit tibia



2.4.3. Low intensity pulsed ultrasound (LIPU) treatment

LIPU was delivered by a 2.5 cm diameter ultrasound transducer (SAFHS, Exogen,
Inc, West Calwell, NJ, USA) placed against the anterior surface of the non-union site.
The signal was applied in a burst rather than continuously to obtain a ratio between peak
amplitude and average power so as to avoid cavitation and tissue heating. The output of
the ultrasound machine was tested using the SAFHS light indicator at weekly intervals.
The rabbit was sedated using the same anesthesia as that used in ESW treatment and
ultrasound transmission gel was applied. LIPU treatment lasted for 20 minutes, 6 days
per week for a total of lQ weeks. The machine settings are shown in table 2.4a. The

detailed protocol is shown in appendix 3.

Table 2.4a: Characteristics of low intensity pulsed ultrasound (LIPU) (manual of

SAFHS, Exogen, Inc, West Calweli, NJ, USA)

Frequency: 1.5 MHz Off period: 800 s
Wave shape: Sine wave Repetition rate: 1 kHz
Signal type: Pulsed Intensity: 30 mW/cm’

Length of signal: 200 s

22



2.5 Qutcome evaluation

2.5.1. Radiographical evaluation

A plain X-ray was taken biweekly (in week 12, 14, 16, 18, 20 and 22). An
anterior-posterior (AP} radiograph of the operated limb was taken using a Faxitron X-ray
machine (Model 43855C, Wheeling, IL, USA) at a setting of 60 kV for 5 seconds. The
positioning of the rabbit is shown in the figure 2.5a. A medio-lateral image was not
possible due to the presence of the stainless steel fixator at the non-union site. The films
were processed using an automatic X-ray developer (Okamoto X3, Okamoto
manufacturing Co. Ltd., Taiwan). The union rate and union score were calculated at the

end of the experiment.

23



Fig 2.

5

a. Positioning of rabbit in the x-ray chamber of
Faxitron x-ray machine (Model 43855C)
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2.5.2. pOQCT measurement

A pQCT (XCT 2000, Stratec, Germany) was used to scan and quantify volumetric
bone mineral density. The machine produces a narrow beam of X-rays operating at 60 kV.
The detector system consists of 12 cadmium telluride detectors assembled in line. The
diameter of the central circle is 150 mm. The scanner’s performance was evaluated by
different phantom experiments. The calibrations were done by standard phantom at 5-day
intervals, and cone phantom at 25-day intervals. The tibiae were divided into three groups
for measurement: proximal cortex, gap and distal cortex. A 2 mm length was taken from
each group for analysis through two consecutive transverse pQCT scans of a thickness of

1 mm.

The tibia of a euthanized rabbit was removed and wrapped in a plastic bag during

pQCT scanning. The setup position is shown in figure 2.5b.

The data was analyzed using the machine’s software (Version 5.50B, Stratec

Medizintechnik GmbH). The detailed procedure is reported in Appendix 7.

25



Fig 2.5b. Set up position for pQCT measurement of the fracture gap



2.5.3. Polychrome fluorescent sequential labeling

Polychrome sequential labeling was introduced by subcutaneous injection with 2
different dyes, calcein green and xylenol orange. The bone formation dynamic was

viewed under fluorescence microscopy on undecalcified bone sections.

A calcein green (Sigma-Aldrich, St. Louis, MO, USA) dosage of 10 mg/kg was
used. The solution was prepared by dissolving 1 g of calcein green powder in 80 ml
distilled water. It was stirred and its pH value adjusted to 7.2-7.4 by adding drops of
NaOH solution using a pH meter. After all of the powder had dissolved, distilled water
was added up to 100 ml and stored away from sunlight. 3 ml of the calcein green solution

were injected on each occasion.

For xylenol orange (Sigma-Aldrich, St. Louis, MO, USA), the dosage was 90
mg/kg. The solution was prepared by adding 9 g of xylenol orange powder to 80 ml of
distilled water. It was stirred and its pH was adjusted to 7.2-7.4 by adding drops of NaOH
solution using a pH meter. After all of the powder had dissolved, distilled water was
added to 100 ml and stored away from sunlight. 3 ml of the xylenol orange solution were

injected on each occasion.

Calcein green was injected on the first day and at the second week after treatment
(post-op week 12, 14) and xylenol orange was injected at the fourth week, sixth week and

eighth week (post-op week 16, 18, 20) to label the time and site of new bone formation.
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These dyes can be incorporated into the newly formed bone during the mineralization
phase of the newly formed bone matrix. Under fluorescence microscopy using a blue
filter (wavelength 400-700 nm), the two dyes emit a green and orange fluorescence
respectively, giving a reliable estimate of the location of new bone formation at different

points in time.
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2.6. Tissue processing for histomorphometry

2.6.1. Euthanasia

Six animals from each group were euthanized in week 22 after surgery. With the
rabbits sedated using a mixture of 0.9 ml of xylazine and 0.6 ml of ketamine (intra-
muscular injection), a 23 gauge catheter was inserted into the marginal ear vein. 1 ml of
25% sodium pentobarbital was injected intra-venously and the animal was euthanized

using an over-dose of anesthesia.

2.6.2. Tissue harvesting

The bilateral tibiae were harvested with incision through the knee and ankle joints.
The skin was removed and most of the surrounding muscle retained. A pair of specimens
was placed in 10% neutral buffered formalin at room temperature for one day, and then

changed to 70% ethanol for storage at room temperature.

After completion of pQCT measurement, the central part of the right tibia was
removed using an oscillating saw for further histological processing. The site of the
selected sample was at the position proximally just below the second pin and distally just
above the third pin. A horizontal line was sawn in the proximal position and an cblique
line was sawn in the distal position of the sample, with the medial part higher than the
lateral part, at an angle of around 20-30 degrees. The purpose was to identify the
orientation of the sample when sectioning and performing microscopic analysis at a later

stage.
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A decalcified histology was performed on one specimen from each group. The
samples were stored in 9% formic acid at room temperature for one month. The solution
was changed weekly to ensure effective decalcification. Decalcification was completed in
one month time and the samples were tested by cutting with a microtome knife. They
were embedded in paraffin and serial sagittal sections of a thickness of 6 pm were cut
using a microtome (RM2165, Leica Instruments, Nussloch, Germany). Sections were
stained with hematoxylin and eosin (H & E) in accordance with the protocol described in
Appendix 5 P9, Microscopic photos of each section were taken using both 1.6x and 10x

magnification.

The density of osteocytes in the 4 H&E stained samples were evaluated using the
10x magnification photos. 3 randomly selected sites were chosen from each section and
the number of osteocytes was marked manually in a fixed 400x400 pixel grid for the

comparison of cell density with other samples.
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2.6.3. 3D Microcomputerized tomography

Four rabbit tibia samples chosen from each group for microcomputerized
tomography (uCT) measurements were first embedded in methyl methacrylate (MMA).
A pCT-40 scanner (Scanco Medical, Zurich, Switzerland) was used for scanning.
Resolution was set at 36 pm and a total of about 240 slices were taken from the treatment
site, commencing approximately Smm above and ending approximately Smm below the
observable site of the gap (Fig. 2.6a). With the analysis software, both the cortical and

trabecular structures of each sample were captured for qualitative analysis.

? 4.5mm 4.5mm :

T

{ N E
Fig 2.6a. Graphical representation range of uCT scanning
After scanning, all the 240 2D slices were taken and combined for 3D
quantification. 3D reconstruction of the image was performed by the software and the

positions of both the cortical and trabecular structures were captured for each sample to

illustrate the characteristics in each of the different groups.
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2.6.4. MMA Embedding
The samples were fixed and dehydrated in a series of graded ethanol (70%, 80%,
90%, 100%), and embedded undecalcified in methyl methacrylate (MMA). The detailed

protocol for embedding is described in Appendix 6 (20],

2.6.5. Histomorphometry

The MMA embedded samples were sectioned by a saw microtome used for hard
tissue (SP 1600 Leica, Germany) to a thickness of 100 pm. Microradiographs of each
bone section were taken by a Faxitron radiograph machine (Model 43855C Wheeling, IL,
USA), using high resolution X-ray film (Structurix D4 Pb Vacupac, Agfa, Japan). The
exposure conditions were: 45 kV, 2 mAs, with a X-ray source to object distance of 40 cm.
One of the MMA sections representing the central bone section including the proximal
cortex, gap and distal cortex of the tibia was chosen and observed on the microradiograph.
Super-glue was used to mount the sectionr onto the acrylic slide. The section was polished
using a grinding machine (Struers Rotopol-21, Rodovre, Denmark) and viewed under
fluorescence microscopy. Histomorphometric analysis was performed by viewing the
fluorescent section at 1.6x magnification, to assure visualization of the non-union area.
The image was then captured using a digital camera attached to the microscope and
displayed on the computer monitor (Leica image analysis system Q500M). The
quantification was performed using the image analysis software (ImageJ 1.29x, Wayne

Rasband, National Institutes of Health, USA). The area of mineralization was traced and

32



measured using pixels as the unit. The areas of the green dye and orange dye were auto-

detected and counted as a percentage of the total area.

Another 4 decalcified sections embedded in paraffin were cut to a thickness of
about 6 um by saw microtome. The sections were stained with Haematoxylin & Eosin (H
& E) to demonstrate the union status and the density of the mature osteocytes.
Microscopic photos of each sample were taken at magnifications of 1.6x and 10x. The
Image) software (ImageJ 1.29x, Wayne Rasband, National Institutes of Health, USA)
was used for quantification of the number of cells in the 10x magnification photos. The
total image size was set at 1,300 x 1,030 pixels. Inside the photo, 3 random sites of 400 x
400 pixels were chosen and the number of cells counted manually for comparison of the

cell density among the samples with different treatments.
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2.7. Data Analysis

Testing for differences among the 4 groups was performed. The union rate, union
score and BMC data were analyzed using One-Way Analysis of Variance. The statistical
significance level was set at a probability of less than 0.05. If any significant effect was
found, a post hoc Tukey multiple comparisons test was performed to test for the mean
differences among the 4 groups using pairwise comparisons. SPSS 11.0 was used for the

statistical analysis.
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Chapter 3: Results

3.1. Radiographic Findings

The serial radiographs provided the means of observing the progress of healing at

the non-union site for the different treatments. For each animal, the union was classified

into one of four categories and scored as follows:

Score Radiographic evidence
3= Union: beny bridging between the bone ends
2= Partial union: positive bony reaction, but bony bridging occured only at

selected points
1= Uncertain: the bone ends contact with each other without new bone
formation at the non-union site

(= | Non-union: clear non-union gap

The union rate was calculated using the following formula:

Union rate (%) = (number of unions / group size) x 100%

35



3.1.1. Unionrate

By week 22, all 6 rabbits in the control group showed a persistent fracture line at
the non-union site, with a sclerotic bone end at the proximal and distal segments of the
fracture. The non-union gap was in irregular shape and varied in width from 0 to 2.0 mm.
In the ESW therapy group, gradual new bone formation in the non-union gap was
observed in all 6 rabbits. At the end of the experiment, full bony bridging of the non-
union gap was observed in 4 out of 6 rabbits and partial bony bridging in the other 2. In
the daily LIPU treatment group, 4 complete unions, 1 partial union and 1 sample without
any evidence of union were observed after 10 weeks of treatment. I[n the combined ESW
and LIPU treatment group, there were 4 complete unions and 2 partial unions. The
healing curve of non-unions is presented in figure 3.1a. By the end of the experiment, the
union rate was 0% in the control group and 67% in the ESW, LIPU and combined
treatment groups. One-way ANOVA showed a significant difference in the union rate
between the control group and each of the treatment groups (p<0.05), whereas there was

no significant difference among the 3 different treatment groups.
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Fig 3.1a. Decrease in non-unions over time after different treatments
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3.1.2. Union score

There was a similar pattern of bony bridging of the non-union gap in the 3
treatment groups. There was gradual mineralization and an increase in bone mineral
density (BMD) during the initial four weeks of treatment. After that, bone formation
ceased in some cases, resulting in partial unions 10 weeks after treatment, while in other
cases, there was continuous active bone formation until the end of the experiment,
resulting in complete unions. The progress of healing following each treatment is
demonstrated in figures 3.1b, 3.1¢, 3.1d and 3.1e and was measured quantitatively by the .
union scores as summarized in tables 3.1a, 3.1b, 3.1c and 3.1d. Table 3.1e compares the

union rates and scores among the 4 groups.

Union scores increased with time in all groups, with the exception of the control
group. By the end of the experiment, the mean union score was 0.5 + 0.22, 2.5 + 0.34,
2.33 £ 0.49 and 2.14 + 0.46 in the control group, ESW group, LIPU group and combined
treatment group respectively. A nonparametric test showed a statistically significant
differéncc in the union scores between the control group and those of other three

treatment groups (p<0.05), but no significant difference among the three treatment groups

(Fig 3.10).
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Table 3.1a. Radiographic evaluation of number of healing cases in fracture non-union
over time in control group (n = 6)

Union score | Week 2 Week 4 Week 6 Week 8 Week 10
3 (n=) 0 0 0 0 0
2 (n=) 0 0 0 0 0
1 (n=) 4 4 4 4 4
0 (n=) 2 2 2 2 2
Total score* |4 4 4 4 4

*Total score = £ (union score X n)

Table 3.1b. Radiographic evaluation of number of healing cases in fracture non-union
over time in ESW group (n=16)

Union score | Week 2 Week 4 Week 6 Week 8 Week 10
I(n=) 0 2 3 3 4

2 (n=) 3 1 1 2 1

1 (n=) 2 3 2 1 1

0 (n=) 1 _ 0 0 0 0

Total score* | 8 11 13 14 15

*Total score = Z (union score X n)




Table 3.1c. Radiographic evaluation of number of healing cases in fracture non-union
over time in LIPU group (n=6)

Union score | Week 2 Week 4 Week 6 Week 8 Week 10
3 (n=) 0 10 1 3 4

2 (n=) 3 3 3 2 1

1 (n=) | 2 | 0 0

0 (n=) 2 1 1 1 1

Total score* | 7 8 10 13 14

*Total score = X (union score x n)

Table 3.1d. Radiographic evaluation of number of healing cases in fracture non-union
over time in ESW+LIPU group {(n = 6)

Union score | Week 2 Week 4 Week 6 Week 8 Week 10
3 (n=) 0 0 | 2 4

2 (n=) | 2 4 3 1!

1 (n=) 4 3 1 i 1

0 (n=) | | 0 0 0

Total score* | 6 7 12 13 15

*Total score = X (union score X n)
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Table 3.1e. Comparison of union rates and total union scores among the 4 groups (n = 6)

Week 2 Week 4 Week 6 Week 8 Week 10

rate! | score” | rate | score | rate |score | rate | score | rate | score
Group 1 0% 4 0% 4 0% 4 0% 4 0% 4
Group2 | 0% | 8 |33% | Ll |50% | 13 | 50% | 14 | 67% | 15
Group 3 0% 7 0% 8 17% | 10 150% | 13 | 67% | 14
Group 4 0% 6 0% 7 17% | 12 [33% | 13 | 67% | 15

1. rate = union rate; 2. score = total union score
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Fig 3.1b. Serial radiographs of SW72 {control group) taken at post-op week 12, 16 and 22.
Persistent fracture gap and sclerotic bone ends remained unchanged over time.

Fig 3.1c. Serial radiographs of SW29 (ESW group) taken at post-op week 12, 16 and 22.
Show new mineralization within the gap after treatment, and gradual bridging
across the non-union gap.
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Fig 3.1d. Serial radiographs of SW71 (LIPU group) taken at post-op week 12, 16 and 22.
Show a gradual decrease in bone density and bony remodeling at the non-union
site.

Fig 3.1e. Serial radiographs of SW35 (combined group) taken at post-op week 12, 16 and
22. Pattern similar to that of the LIPU sample with bony remodeling at the non-

union site over time.
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Union scores among 4 groups
at week 10 after treatment
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Fig 3.1f. Union Scores of the 4 groups at week 10 after treatment. (* p<0.05)
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3.2 Peripheral quantitative computerized tomography (pQCT)

pQCT measurement was performed on 22 of the 24 animals. Two rabbits were

excluded because the machine was not available at the time of the rabbits were

euthanized. As a result, the animal distribution for the purpases of the pQCT analysis was

as follows: 6 animals in the control group, 4 animals in the ESW group, 6 animals in the

LIPU group, and 6 animals in the combined treatment group.

Table 3.2a. Grouping of rabbits for pQCT measurement

Group Description

Rabbit Code (SW)

[. Control

II. ESW treatment

III. LIPU treatment

IV. Combined treatment

46, 51,69,72,73,76
29, 41, 58, 64
48,53,54,71,74,75

35, 44, 59, 65, 66, 68

The bone mineral content (BMC) value of each slice for the pQCT scanning was

calculated using the following formula:

BMC = volumetric BMD x volume of bone (area x 1 mm thick slice)
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The area was auto-detected by the analysis software with the threshold value set
at 280 mg/em’. The threshold value was selected because it corresponded to the lower
BMD of both cortical and trabecular bone. This value was fixed for all pQCT

measurements.

The measured mean BMC value for the control group, ESW group, LIPU group
and combined treatment group were 382mg + 2.8, 455mg + 12.8, 344mg + 8.6 and
337mg + 9.4 respectively (data expressed by mean gram + standard error of mean). One-
way ANOVA showed no significant difference in BMC among the four groups. The

graphical presentation of the foregoing is shown in figure 3.2a.
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Bone mineral content at post-operative week 22
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Fig 3.2a. BMC at fracture site measured by pQCT. No significant result was
detected in this analysis
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3.3. 3D microcomputerized tomography

The 3D micro-CT reconstructicns of the non-union sites 10 weeks after the

different treatments are illustrated in figure 3.3a.

Group I: Contrel group

Group II: ESW group

Fig 3.3a. 3D pCT reconstructions of cortical (left side} and trabecular (right side)
structures. The trabecular structure shown was cut at the vertical mid-point of
the cortical picture. (Resolution: 36pum)
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Fig 3.3a. (Cont’d)

‘Group III: LIPU group

Group IV: Combined group
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The samples from the control group showed a clear non-union gap. The bone ends

were sclerotic and the intramedullary canals were sealed by sclerotic trabecular bone.

The successful union samples of the treatment groups showed bony bridging. The

cortex in the two groups with LIPU treatment was thicker than that in the ESW group.
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3.4. Fluorescence microscopy

Under fluorescence microscopy, the temporal and spatial pattern of new bone
formation was demonstrated by sequential vital labeling. The new mineralization of the
first 4 weeks after treatment was labeled by green fluorescent dye and from the 4th week
onward by red fluorescent dye. Figure 3.4a shows a histomorphometric measurement of

new bone formation in the non-union gap from a longitudinal section.

Perioteal/endosteal callus

Perioteal callus zone

Cortical bone zone

@ Endosteal callus zone

Fig 3.4a. Diagram shows the histomorphometric measurement of new bone formation in
the nonunion gap from a longttudinal section.
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The fluorescent picture of one representative ESW-treated rabbit (SW29) was
used for descriptive histology. It shows the woven bone in green across the gap.
Mineralization began in the first 2 weeks after treatment, and persisted up to 10 weeks
after treatment. The woven bone in the intramedullary canals mainly formed between the
4th and 10th weeks after ESW treatment. Remodeling of the transected cortices was
observed during the first 2 weeks and became extensive from the 4th week onwards (Fig

3.4c).

From one representative picture of the LIPU sample (SW48), the gap was bridged
with less green woven bone than in the ESW sample, indicating that mineralization began
later than the sample which had undergone ESW treatment. Remodeling of cortices was

observed mainly at the 4th week of treatment (Fig. 3.4d).

From one representative picture of the combined treatment sample (SW44), the
bridging of the gap was found to be almost equally divided between green and red woven
bone. This demonstrates that the bone bridging did not mainly occur in the first 2 weeks
as in the ESW sémple. The lining of the external callus was found at the outer region of
the fracture gap. Remodeling of the cortices was observed at the 4th week of daily LIPU

treatment (Fig 3.4e).

The picture of the control group sample (SW46) shows that the fracture gap was

persistent and sclerotic bone ends remained at the cortices (Fig 3.4b).
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Fig 3.4b. Fluorescent microscopy of control group sample. GAP: non-union gap
A:overview of the gap, with magnification was set at 1.6x.
B: computer enlargement of the small region in picture A.

Fig 3.4c. Fluorescent microscopy of ESW group sample. NB: site of new bone formation.
C: overview of the treatment site, with magnification was set at 1.6x.
D: computer enlargement of the small region in picture C.
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Fig 3.4d. Fluorescent microscopy of LIPU group sample. NB: site of new bone formation.
E: overview of the treatment site, with magnification was set at 1.6x.
F: computer enlargement of the small region in picture E.

Fig 3.4¢. Fluorescent microscopy of combined treatment group sample.
NB: site of new bone formation.
G: overview of the treatment site, with magnification was set at 1.6x.
H: computer enlargement of the small region in picture G.
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Three samples in each group were used for histomorphometric analysis of
polychrome sequential labeling. The total sample size was set at 12 in this analysis
because the fluorescence in somé of the samples had faded and only one color was visible.
Furthermore, as decalcified tissue processing was performed on one sample in each group

these samples could not be included in the analysis.

Using the ImageJ software, the red and green colors were separated and the green
and red distribution percentages were calculated. The measured mean value of the green
in the control group, the ESW group, the LIPU group and the combined group was 47.6%,
54.3%, 53% and 50.7% respectively. The measured mean value of the red in the control
group, the ESW group, the LIPU group and the combined group was 52.3%, 45.7%, 47%
and 49.3% respectively. No significant difference was observed in this analysis. The

graphical representation is illustrated in the following figure (Fig 3.4f).

The color distribution results suggest that the ESW-treated tibiae had an earlier
regeneration of bone beginning within two weeks after treatment,.as more green dye was
observed in this group than in either of the other treatmeﬁt groups. Daily LIPU treated
tibiae had a slower onset of mineralization than ESW as indicated by the lower green
color content and higher red color content in the samples, the latter representing
mineralization from the 4th week onwards after treatment. The tibiac subjected to the

combined treatment showed a relative average of new mineralization across the 10 weeks
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of treatment. However the differences were not significant and a larger sampte size would

be required for a better representation of this result.
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Fluorescent analysis among 4 groups
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Fig 3.4f.  Fluorescent analysis of the 4 groups. The ESW sample had an carlier
regeneration of bone beginning within the first two weeks, with more green
dye (54.3%) than the LIPU sample (53%). The LIPU sample had a higher red
dye content (47%) than the ESW sample (45.7%), which suggests a slower

Red ¥

Color Distribution

onset of mineralization with the LIPU treatment. Combined treatment showed

a relative average of new mineralization with a similar green dye (50.7%) and
red dye (49.3%) average across the 10 weeks of treatment. No significant

difference was detected.



3.5. Light Microscopy

The density of the osteocytes in the newly formed bone after the different
treatments was measured from sections with H&E staining under light microscopy. For
the method of counting see the section on methodology. The histological pictures are

shown in figures 3.5a, 3.5b and 3.5c.
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Fig 3.5a. ESW treatment sample with H&E staining. OS: osteocytes; COR: cortical bone;
IM: intramedullary canal

A: Histological characterization of treatment site (x1.6).
B: lllustration of density of osteocytes (x 10).



Fig 3.5b. LIPU treatment sample with H&E staining. OS: osteocytes; COR: cortical bone;
IM: intramedullary canal

C: Histological characterization of treatment site (x1.6).
D: [llustration of the density of osteocytes (x10).

Fig 3.5¢. Combined treatment sample with H&E staining. OS: osteocytes; COR: cortical
bone; IM: intramedullary canal

E: Histological characterization of treatment site (x1.6).
F: [llustration of the density of osteocytes (x10).



By counting the number of cells in 3 different fixed 400 x 400 pixel regions of the
photos taken at 10x magnification, the average cell number in the combined treatment
sample was the highest (56.7+1.2) whereas that of the ESW treatment sample (33.7+0.9)
and that of the LIPU treatment sample (34.7+3.3) were similar to one another but lower
than that of the combined treatment group. However, as only one sample was included in
each group for this study, a larger sample size would be required to perform a further

statistical analysis to verify this result.
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Chapter 4: Discussion

The objectives of the study were primarily to compare the success rate, healing
quality and healing time of a bony non-union associated with such biophysical
interventions as isolated ESW and LIPU therapies and combined ESW and LIPU therapy.
In addition, the pattern of induced healing of non-union has been investigated with x-ray

and fluorescent analysis.

The healing of fracture non-unions was investigated by using the rabbit tibia non-

union model. It was shown that all three interventions can induce osteogenesis at the non-

union site and result in bony bridging of the non-union.
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4.1. Effectiveness of ESW treatment

The effectiveness of ESW treatment in healing fracture non-unions is reflected by
the success rate of bony bridging and the union score. The complete union rate was 67%
at 10 weeks for all 3 interventions, significantly higher than the union rate (0%) of the
controls. The significant higher union rate suggests that ESW is effective in restoring the
bony continuity of fracture non-unions. The success rate of ESW treatment in this animal
experiment is comparable with that of human trials, in a range of 72-80% (45,49 391 The
union score and the callus index reflect the quality of ESW promoted bony union.
Gardner et al conducted a study correlating callus index with the mechanical strength of
the callus '®. It has been suggested that full loading is allowed when the diameter of the
callus reaches 75% of the diameter of the bone shaft. Although no mechanical tests were
performed in the study due to the limited budget and time, the fact that the value of the
callus index was higher than 75% of the diameter of the bone shaft would indirectly

suggest the sufficient mechanical strength of the ESW-promoted bony bridging.
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4.2. Parameters of ESW treatment

The effectiveness of ESW treatment is highly dependent on the energy level and
other application parameters. Low energy and medium energy ESW treatments are non-
destructive and suitable for promoting healing 1] High energy ESW treatment causes
destructive changes at the treatment site, especially to tissues with a high acoustic
impedance such as bone 18] Accordingly, ESW at the appropriate energy level can
initiate ossification of the non-union condition without causing harmful destruction of

bone.

In previous studies, experiments were conéucted on the normal intact bone of
different animals to observe the dose-dependent reactions of cortical and trabecular bones
to ESW trecatment. Kaulesar used normal rabbit femur and tibia to test the immediate
effect of direct application of ESW treatment to the cortical surface at different dosages
21 His results showed cortical damage after the trial application of ESW using 1,000
shocks at an energy level of 0.54 mJ/mm?. With 10,000 shocks at an energy level of 0.6
mJ/mm?, complete fracture of ﬁe bone was found at the treatment site. He concluded that
there was “decorticatioﬁ” and “fragmentation” in the cortical bone caused by the effect of
ESW treatment using 1,000 shocks at energy levels of 0.54 mJ/mm? or above 7). A later
report by Delius supports this finding B He subjected intact rabbit femur to ESW
treatment at a setting of 1,500 shocks of 27.5 kV (about 0.4 mJ/mm?), i.e. an increased
number of shocks at a lower energy level. “Periosteal detachment” and “subcutaneous

haemorrhage” were found immediately after ESW treatment Bl Based on the outcomes
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of these experiments, the ideal parameters to induce healing of non-unions using ESW
treatment have been determined to be 1,000 shocks at 0.4 to 0.54 mJ/mm? & 27 The
present study and an animal experiment also using the non-union model reported by
Johannes ?% offer further proof that these parameter settings are effective in healing non-

unions.
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4.3. Pattern of ESW promoted healing of non-union

In our study, several outcome measures were used to determine the pathway by
which ESW promoted osteogenesis in the non-union gap. The measurements were taken
by radiography, microCT, fluorescent microscopy and light microscopy. The findings
suggest gradual bone formation in the non-union gap after ESW treatment, followed
finally by a bridging of the gap with newly formed bone. This pattern is quite similar to
that demonstrated in the experiment done by Johannes using the dog leg non-union model
28] He applied the ESW treatment to the non-union site using 1,000 shocks at an energy
level of 0.54 mJ/mm?. His results showed that there were no radiological signs of change
immediately after the ESW treatment. The first sign of radiographic change was
discovered at week 6 after treatment of his dogs and bony union was achieved at week 12
after treatment . Several clinical papers also support the gradual changes after ESW

[45. 95, 391 " Serial radiographs showed minimal or lack of observable callus

application
formation or bony destruction immediately after ESW treatment. The gap distance
gradually decreased over months and was finally bridged. We believe that we have

reproduced this pattern of bridging following ESW treatment, which is a gradual process

ultimately ending with a bridging condition some weeks later.

In our study, the healing process was found to be different from that after surgical
treatment in that it involved very little or no external callus formation. ESW treatment
resulted in early bone bridging at the center of the gap at around post-op weeks 12-14,

followed by a gradual increase in the remodeling process starting from week 16 onwards,
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as shown by polychrome sequential labeling. Our study demonstrates that the bony
reaction was sustained for around 8 to 10 weeks after ESW treatment. This finding 1s
consistent with the results of previous animal experiments observing bone formation after
the application of ESW to intact bone. Polychrome sequential labeling was used by
Delius to observe bone formation initiated by ESW treatment in the distal femur of
rabbits . Four fluorescent dyes were used in his study at eight-day intervals after ESW
treatment. He found endosteal new bone on the endosteal surface during the 4th week
after ESW treatment, and bone cortex up to twice the normal thickness, stained with the
later three fluorescent colors, which suggested that cortical thickening began during the
second week after ESW treatment *1. This pattern of new bone formation is quite similar
to the healing pattern found in our study, with the fluorescent green (54.3%) and some

fluorescent red (45.7%) found in the bridging of the gap after ESW treatment.

The molecular mechanism of ESW-promoted bone healing is still not clear. Wang
performed an experiment on femoral defects in rats to investigate the molecular
mechanism . He applied 500 shocks of ESW at an energy level of 0.16 mJ/mm’. The
samples were harvested after 1, 2, 4 and 8 weeks and immunohistochenistry was used to
observe the molecular events in the bone following ESW treatment. He found that ESW
treatment increase bone morphogenetic protein activity. Another study by Martini tested
the dose-dependent effect of ESW on cultured human osteoblasts 331 Osteoblasts were
treated with ESW using 500 and 1,000 pulses at 0.15, 0.31 and 0.4 mJ)/mm’ and then
observed for 48 hours. His results showed that the number of osteoblasts significantly

increased, with new bone matrix deposition, after treatment with ESW at 0.15 and 0.31
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mi/mm? energy levels, while the number of cells decreased in the 0.4 mJ/mm’ group,

indicating that ESW had a destructive effect on osteoblasts at this higher energy level.

In our study, the cartilage and fibrous tissue in the gap was replaced by the newly
formed bone after ESW treatment. This finding suggests that bone bridging was triggered
by endochondral ossification of the cartilage inside the gap, as shown by polychrome
labeling. Our study suggests ESW initiates endochondral bone formation inside the gap
first, followed by gradual remodeling of the proximal and distal cortices and
intramedullary bone formation. The pattern of bone formation is different from the callus

formation which occurs in the normal healing process of fresh fractures.
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4.4, Effectiveness of LIPU treatment

In our study, the union rate following LIPU treatment (67%) was similar to that
resulting from ESW treatment and significantly higher than that in the control group. The
result is in line with the findings of previous animal and human studies suggesting that

LIPU is effective in healing fracture non-unions !''+3%37. 3% 41.33]

However, the union rate following LIPU treatment in our study was lower than
the reported clinical union rate, which ranges from 86% to 100% %373 The reason for
the lower union rate may be a result of the relatively short treatment period. According to
clinical studies, the healing of non-unions takes on average 3.4 months after ESW
treatment and around 5 months after LIPU treatment. With polychrome sequential
labeling we observed that by the end of the experiment (10 weeks after treatment) bone
formation at the non-union gap had ceased (Fig. 3.4¢) in the ESW treated animals while it
was still active in the LIPU treated animals (Fig. 3.4d). This would indicate that the

success rate in the LIPU group could increase further.
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4.5. Pattern of LIPU promoted healing of non-union

A number of previous studies investigated the effect and mechanism of LIPU-
promoted bone healing. Duarte tested the effect of LIPU on rabbit fibular osteotomy. He
found a significantly faster growth of callus in the osteotomy gap resulting from LIPU
treatment U''!. Parvizi applied LIPU to cultured rat chondrocytes and observed that
endochondral ossification could be promoted by an increased aggrecan messenger RNA

(41 Takikawa investigated the healing

level and increased proteoglycan synthesis
mechanism of LIPU in a rat tibia non-union model, and concluded that the LIPU-
generated mechanical force on the fibrous tissue in the gap could lead to differentiation of
chrondrocytes and resulted in endochondral ossification . Tis applied LIPU to rabbit
tibia distraction osteogenesis, and concluded that LIPU could augment the consolidation
of distraction osteogenesis 53] These studies suggest that LIPU can accelerate bone
healing in normal fractures, and to some extent, initiate bone formation in non-union

conditions by stimulating the fibrous tissue inside the gap. This is consistent with our

finding that LIPU promoted non-union healing.

The radiographs in our study showed that the healing pattern in LIPU-prdmoted
healing of non-unions was characterized by gradual mineralization at the non-union site
with the density of the central region gradually decreasing up to 10 weeks after treatment.
Takikawa et al applied LIPU treatment to rat tibia non-unions %, They created the tibia
non-union model by cutting the bone at the diaphysis and inserting muscle fragments into

the gap. After the non-union condition was established, they applied LIPU to the non-
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union daily for 6 weeks. Their results showed a 50% success rate of complete bony
bridging. The fracture gap showed evidence of both intramembranous and endochondral
bone formation, with the fracture line still present at 4 weeks after treatment. Diminution
of the fracture line and decreased fracture callus were observed at 6 weeks after treatment,
One of the clinical reports also demonstrated that LIPU-promoted healing of non-unions
occurred through the gradual ossification of tissue in the non-union gap. The radiographs
in a case study on one congential pseudoarthrosis patient treated with LIPU showed that
the non-union site only had a small amount of callus at 6 months after treatment, and that

the gap had gradually been bridged after 12 months of treatment %,
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4.6. Effectiveness of combined treatment

The union rate following combined ESW and LIPU treatment was significantly
higher than that in the control group, suggesting that combined treatment is effective in
healing non-unions. However, the union rate in this group was no higher than that in the
ESW group or the LIPU group. The result failed to support the hypothesis that a

combined treatment was superior to either treatment alone.

The role of ESW is to initiate the osteogenesis process in the non-union gap while
that of LIPU is to accelerate and sustain the healing process. Accordingly we had
postulated that a combined application of ESW and LIPU might have an effect superior
to that of either treatment alone. However, we fouqd that the healing pattern and final
outcome after the combined treatment were not different from those after LIPU treatment

alone.

The healing effect of ESW takes several weeks to occur, from the period of
delivery of acoustic energy to the hard tissue until the effect of new bone formation in the
gap. However, in our experiment design, we applied LIPU immediately on the second
day after ESW treatment. This may have disrupted the “ongoing” effect of ESW, or
inhibited the healing process by ESW in the first 2 to 4 weeks after treatment. In our
preliminary findings, we were unable to detect any changes inside the gap within the first
two weeks. Histological study at these time points could possibly help in exploring this

issue further.
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4.7. Clinical Significance

ESW treatment is a new and powerful tool in the healing of non-unions. Its
effectiveness was investigated in this study. With the advantages of non-invasiveness and
the requirement of fewer treatment sessions, it is a good choice in a clinical situation if

the clinical setting can afford the cost of purchasing such a machine.

LIPU treatment is a non-operative treatment for the healing of non-unions which
is backed by a larger quantity of clinical evidence. It is widely used because the cost is
low, the machine is small and portable and, unlike ESW, anesthesia is not required. The

only disadvantage may be that it requires a longer course of treatment.

In our study, we were unable to demonstrate any significant superior effect of a
combined treatment as compared to individual treatments with either ESW or LIPU.
However, the combination of ESW and LIPU treatment in the study is only a starting
point at this stage. More research is required to prove the effectiveness of this treatment

modality.
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4.8. Limitations of the study

Because of the limited time and rabbit living space, we were unable to use a larger
sample size in the experiment. As a result, the rabbits were all euthanized at the same
time point 22 weeks post-operatively. Although the progression of histological changes
could be intimated somewhat by the examination of the fluorescent dye staining patterns,
information on the synthetic or mitotic activity of the cellular elements of the callus and
surrounding tissues could not be provided by this study. A design using sequential

takedowns of the animals would better show the progression in healing.
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Appendix 1 Operation protocol

A. Materials
- Operation equipments (surgical knife, forceps, air drill, saw, blur)
- Sterile operation pack with cotton wool
- Sterile gloves
- Mask
- Hair shaver
- Operation table (self-designed)
. - External fixator with 4 screws
- Diluted hibitane
- Sml of 2.5% Pentobarbital
- 0.3ml temgesic
- Sterile Saline

- Suture for wound closure

B. Methods

|. The rabbit is anesthesia by 2.5% pentobarbital

2. Shave the hair around right tibia

3. Incision start at lcm proximal to the tibia tuberosity
4. Incision end at about 2.5cm distal to medial maleolus

5. Incision depth is made until the periosteum exposed
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10.

11

12.

13.

14.

15.

16.

17.

18.

19.

Drill the first hole at the medial side of tibia, around | cm proximal to tibial
tuberosity

Insert the first pin

Measure the location of fourth pin by the external fixator

Mark this location on bone

Drill and insert the fourth pin

Fit the fixator on that 2 pins

Mark the location of the second and third pin on bone

Drill and insert the second and third pins

Use the saw to cut the bone, at 6mm proximal to second pin and 6mm distal to third
pin |

Take out a Smm bony defect from the middle of tibia

Clear the periosteum and bone marrow between second and third pin

Close the incision by suture

Intra-muscular injection of 0.3ml temgesic for pain relieving

Take care of the rabbit until waked up
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Appendix 2 ESW treatment protocol

A. Material

Shockwave generator (SONOCUR Plus, Siemens, Erlangen, Germany)
Diluted hibitane

Coupling gel

Ketamine and Xylazine

3ml Syringe -

Paper towel

B. Method

1.

2.

Rabbit is anesthetized by mixture of 0.6ml Ketamine and 0.9ml of Xylazine
Tibia s fixed on the operation table

Coupling gel is added both on the ESW head and the treatment area

Adjust the ESW arm on the treatment area

Observe the ultrasound image to locate the focal area

Set parameter of ESW as energy level 9, 1000 sﬁocks

Start treatment '

Clean the gel and clean ESW head by diluted hibitane

Take care of the rabbit until waked up
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Appendix 3 LIPU treatment protocol

A. Material

Ultrasound generator (SAFHS, Exogen, Inc, West Calwell, NJ, USA)
Diluted hibitane

Coupling gel

Ketamine and Xylazine

3ml Syringe

Paper towel

B. Method

1.

2.

Rabbit is anesthetized by mixture of 0.6ml Ketamin and 0.9ml of Xylazine
Coupling gel is added both on the ultrasound head and the treatment afea
Fix the sound head to the treatment area by adhesive tape

Turn on machine and start treatment

The treatment will automatically stop after 20 minutes

Remove the gel and clean LIPU head by paper towel and diluted hibitane

Take care of the rabbit until waked up
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Appendix 4 Animal recording

Animal Record Form

Rabbit code: SW
Sex: Female
Group: I/II/IIL/ IV
SW date:

Sacrifice date:
Operation date:

Operation site and comment:

Pins distance (2™ to 3"):

Radiograph date:
Post-operation

Post-treatment

pQCT measurement:

Fluorescence injection date:

Tissue treatment:

Remarks:

Age:

Weight:

US starting date:

Last for:
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Appendix 5 H & E staining protocol

(Manual book of histology protocols, CUHK)

Chemicals Time
Xylene 1 5 min.
Xylene 2 5 min.

100% Ethanol 3 min.
90% Ethanol 2 min.
70% Ethanol 2 min.
Distilled water 1 min.
Harris’ Haematoxylin 12 min.
Distilled water | min.
Acid Alcohol I sec.
Distilled water 1 min.
Scotts Tap water 3 min.
Distilled water 2 min.
Eosin 5 min.
Distilled water | sec.
70% Ethanol 10 sec.
80% Ethanol 10 sec.
90% Ethanol 1 10 sec.
90% Ethanol 2 10 sec.
100% Ethanol 1 3 min.
100% Ethanol 2 5 min.
Xylene 1 3 min.
Xylene 2 5 min.




Appendix 6 MMA embedding protocol

(Manual book of histology protecols, CUHK)
A. Tissue fixation

After harvested, put the sample into 4% phosphate buffered formalin for 2 days.

B. Dehydration and embedding
I. 70% ethanol — 3 days for 2 changes
2. 95% ethanol — 3 days for 2 changes
3. 100% ethanol - 4 days for 3 changes
4. Xylene — 4 days for 3 changes
5. Xylene:UMMA* (in 1:1} I -1 day
6. Xylene:UMMA (in 1:1) IT - 1 day
7. UMMATI-1 day
8. UMMA Il - 1 day

9. UMMA III - 1 day

10. PMMA** — Wait for harden, store at room temperature, vacuum for first 10 mins

* Unpolymerized MMA (UMMA)

** Partially polymerized MMA (PMMA)
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Appendix 7 pQCT measurement protocol

A. Equipment

1.

2.

XCT 2000 scanner (Stratec, Germany)

PC computer with Microsoft windows

B. Set up the system

8.

9.

. Turn on the RED warning light outside the door

Turn on the computer

Turn on the pQCT machine (Rotate the red button at back of machine)
In windows screen, double click the “Start C-XC7540” icon

Enter username and password -

In the menu, click Measure

Click “Select patient” for old subject or “New patient” for new subject
Type in the key parameters: Name, [D, Birth Day

Press F4 or “Page Down” to Measurement parameter menu

10. Press F6 and choose old reference and killed rabbit tibia

11. Press F4 to start the scout view scan

C. Rabbit tibia sample preparation

1.

2.

3.

Place the sample into a plastic bag from 70% ethanol
Place the wooden ruler across the x-ray detector

Place the tibia on the ruler and set them in the same alignment
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D. pQCT measurement procedure

1. Press Enter when tibia position is ready

2. Set the starting position of the detector by pressing “left SHIFT™ and “right
SHIFT” button

3. Press Enter to start the scout view (SV) scan

4. From SV, choose “Position” and “pos sel” to define the position of measurement
lines

5. Press Tab can switch to different measurement lines

6. Chdose “Start CT” to start scanning

7. Note the results will be auto-saved after scanning finished
E. Data analysis

1. Choose Analysis and Select patient

2. Enter the patient name in your previous scan

3. Find out the result and enter the analysis program

4. Choose “Analysis” -> “Results” -> “ROI”

5. Choose “New” to define the region of interest (ROI) in that slice

6. If ROl is auto-detected, choose “Name” to rename the region

7. Extract the data by choosing “CALCBD?” for cancellous bone density, or
“CORTBD?” for cortical bone density

8. Repeat to analyze other slices

9. All results can be shown in “Report” or “Survey” when done
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Appendix 8  License to conduct experiments

THE GOVERNMENT OF THE- HONG KONG

FERNAORERA SPECIAL ADMINISTRATIVE REGION
FER NEW TERRITORIES (FAST) REGIONAL OFFICE
PARTMENT.
ﬁﬁﬁam$ﬁ ROOM-331, 3F

SHATIN GOVERNMENT OFFICES,
NO. 1| SHEUNG WO CHE ROAD,
SHATIN, N.T.

HHyE L CHK %
WMEGHHE R D T i

sum ounner,  (191) in DHNTE 007/5 Pt.24 24 July 2002
K@% YOUR REF.:
% 6 TEL. 21585101

i3 f{ FAX.: 2603 0523

Hui Chi-cheung Benny _ _
Department of Onhopaedics.&-Tfaumau_)logy,
The Chinese University of Hong Kong

Dear Sir/Madam,
Animals (Control of Experiments) Ordinance
] Chapter, 340
— I refer to your application/letter .dated 18.4.2002 and forward herewith the

following licence(s) issued/duly:rehewed under the:above Ordinance :-

Form2 : Licenceto Conduct Experiments

Your attention is: drawn to regulations 4 and 5 of the Animals (Control of
Experiments) Regulations, copies of these regulations together with copies of Forms 6
and 7 are enclosed for your convenience. Failure.to comply with either regulation 4 or
regulation 5 is an offence, each offence punishable by a fine of HK$500 and to
imprisonment for 3 moaths. Conviction of an offence against either regulation 4 or
regulation 5 or failure to comply with either regulation may result in your licenece being
cancelled. ' '

Please also be reminded. that if you wish to continue your experiments after
the specified periods as stated on the:above licence/ endorsements/ teaching permit, you
should renew them at least one-ronth before:the end-dates.  On the other. hand, if you
have completed or stopped your experiments befare the specified periods, you should
inform this Office immediately. '



Pursuant to the Personal Data (Privacy) Ordinance, a statement of purpose regarding the
collection of personal data relating to licence/permit applications under the Animals (Control of
Experiments) Ordinance is also attached for your information.

Yours sincerely,

Or. T.K.AU)
Community Physician (NTE)
Department of Health
Encl.
TKA/AK/ic
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Form 2

Licence to Conduct Expetiments

Narne :  Hui Chi-cheung Benny

Address  :  Department of Orthopaedics & Traumatology
The Chinese University of Hong Kong

By virtue.of section 7 of the Animals (Control of Experiments) Qrdinance, Chapter 340,
the above-named is hereby licensed to conduct the type of experiment(s), at the place(s) and upon
the conditions, hereinafter mentioned.

Type of experiment(s)

Induce non-urion model of rabbit fibia. Surgical procedures would be performed under
anaesthesia. -

Place(s) where experiment(s) may be conducted

CUHK

Conditions
(1) Such experiment(s) may only be conducted for the following purposes :-

To investigate the shockwave effect-on non-urion bone,

{2) This licence is-valid until. 23.7.2004

Dated The Twenty-fourth of July 2002

Licensing Authority

We are commiitted to providing quality client-griented service
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Appendix 9  Ethical Approval

Q THe HONG KONG
sz POLYTECHNIC UNIVERSITY

FiERI AL
MEMO
To : Dr Guo Xia, Department of Rehabilitation Sciences
From : Mrs Maureen Boost, Chairman, Animal Subjects Ethics Sub-committee
Ref, : Your Ref. :
Tel. No. : Ext. 6391 Date  : -7 APR 1003

Application for Ethical Review for the Use of Animals in Teaching or Research

{Effect of ultrasound for improving tendon healing and prevention of bene loss in
disused limbs] (ASESC No. 03/6)

(Combination of extracorporeal shock wave therapy and low intensity ultrasound for
inducing healing in a rabbit model] (ASESC No. 03/8)

[Effect of low intensity pulsed ultrasound onPhBMP-4 induced osteogenesls in an spinal
fusion madel] (ASESC No. 03/9)

Your applications for ethics review. for the use of animsls in-the above.projects have been
approved for a period of two years from the.date of this memo.

You arc required to inform the Animal Subjects Ethics Sub-commitiee if at any time the
conditions under which the animals arc kept and cared for no longer fully meet the
requirements of the -Procedures for the Care of Laboratory Animals, If you are keeping
animals in the University's animal holding room, you should state the full title of the
approved project.and the ASESC no. on the cage cards of thecages holding the animals.
The members of the Sub-commitiec may visit the animal holding room unannounced at any
reascnable time. '

1 would like 1o draw your attention to the University requiremeént that holders of licences
under Cap. 340-must provide the Animal-Subjects Ethics' Sub-committee with a copy of their
licences and a copy of their annual retums to-the Licensing Auithority. These must be kept up
to date for the duration of the above work.

Mrs Maureen Boost
Chairman
Animal Subjects Ethics Sub-committee

c.c. Chasrmnn, DRC(RS)
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Qb e kone
Q z POLYTECHNIC UNIVERS[TY

FHET RS
MEMO
To ¢ DrKwong Shek-chuen, Kevin, Associate Professor, Department of
Rehabilitation Sciences
From i Mrs Maureen Boost, Chairman, Animal Subjects Ethics Sub-committer
Ref. : Your Ref. :
Tel. No. : Ext. 6391 Date 11 APR 2001

Application for Ethical Review for the Use of Animals in Teaching or Research
[Combination of extra-co rporeal shock wave and low Intensity ultrasound. therapy — an
alternative biophysical treatment of fracture non-union)

{ASESC No. 01/5)

Yaour application for ethics review for the yse ofanimals in the above project has been approved,
o — - Subigct tn the condition thatanalgesia-will be-applied to the aniroalbs at least one week after
osteotomy. The approvel will be valid for a period of two years from the date of this memo.

You are required to inform the Animal Subjects Ethics Sub-committee if at any time the
conditions under which the animals are kept and cared for no longer fuily meets the requirements
of the Procedures for the Care of Laboratory Animals. If you are keeping animals in the
University's animal holding room, you should state-the full title of the approved project and the
ASESC no. on the cage cards of the cages holding the animals. The members of the Sub-

committee may visit the animal holding room unannounced at any reasonable time.

[ would like to draw your attention to the University requirement that holders oflicences under

Cap. 340 must provide the Animal Subjects Ethics Sub-committee with a copy of their licences

and a copy of their annual returns to the Licensing Authority. These must be keptup'to date for
the duration of the above work.

Mrs Maureen Boost
Chairman
Animal Subjects Ethics Sub-committee

¢.c. Chairman, DRC (RS)
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Conference Papers

Hui CC, Guo X, Chan CW, Kwong KSC, Cheng JCY (2003): Combination of
extracorporeal shockwave and low intensity vltrasound for inducing non-union healing in
a rabbit model. The 23rd Hong Kong Orthopedic Association Annual Congress,
November 8-9, Hong Kong.

Hui CC, Guo X, Chan CW, Kwong KSC, Cheng JCY (2003): Extracorporeal Shockwave
(ESW) Promoted Healing of Non-union — The pattern and Route of Bridging Callus
Formation. The 23rd Hong Kong Orthopedic Association Annual Congress, November 8-
9, Hong Kong.

Hui CC, Guo X, Chan CW, Kwong KSC, Cheng JCY (2003): Combination of
extracorporeal shockwave and low intensity ultrasound for inducing non-union healing in
a rabbit model. Hong Kong student conference in sport medicine, rehabilitation and
exercise science, August 31, The Hong Kong Polytechnic University.

Hui CC, Guo X, Chan CW, Kwong KSC, Cheng JCY (2003): Combination of
extracorporeal shockwave and low intensity ultrasound for inducing non-union healing in
a rabbit model. World Congress on Medical Physics and Biomedical Engineering, August
24-29, Sydney, Australia
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Paper submitted to Journal of Orthopaedic Trauma

Hui CC, Guo X, Chan CW, Kwong KSC, Cheng JCY: Extracorporeal shockwave triggers
repair of tibtal nonunion — an experimental study in rabbits.
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