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velocity was found in OVX rats as compared with Sham ones (week 8: Sham-V>
OVX-V, p=0.006; Sham-C > OVX-C, p=0.005).

(3) 3D-HF-PDU demonstrated an enhanced blood volume at the fracture site by
LMHFYV treatment compared to the controls during the early phase of fracture healing
(week 2: Sham-V > Sham-C, p=0.021). The microcircalation of OVX groups was
inferior to the corresponding Sham ones.

(4) MicroCT-based microangiography also confirmed increased vascular
volume (VV) of fracture site in vibration groups (week 2: OVX-V > OVX-C, p=0.009;
week 4: OVX-V > OVX-C, p=0.034), and an inferior level of angiogenesis was found
in OVX groups as compared with Sham groups (week 2: Sham-V > OVX-V, p=0.014;
Sham-C > OVX-C, p=0.014). The ratio of vascular volume to total tissue volume
(VV/TV) showed a similar trend as above. Quantitative analysis of TV, bone volume
(BV}, high-density bone volume (BV}) and low-density bone volume (BV)), indicated
better callus formation and mineralization in vibration groups than in control ones.
The capacity of osteogenesis (by TV, BV, BVy, BVYTV) was impaired in OVX
groups as compared with Sham ones. These findings were consistent with
angiogenesis results. A linear positive correlation between TV and VV was detected,
as well as BV and BV). A significant correlation was found between BV, and VV
(r=0.7738, p<0.01). Interestingly, A higher percentage of increase in microvasculature

was observed in OVX groups (week2: +25.7%; week 4: +57.1%) than corresponding






CONCLUSION

LMHFV can augment blood flow of fractured hind limb and enhance
angiogenesis at the fracture site with different extent in normal and osteoporotic rats,
which indicates the promotion of both systemic and local blood circulation is one of

the mechanisms for LMHFYV to accelerate the fracture healing.
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Bone is characterized physically by the fact that it is & hard, rigid and strong
tissue, and microscopically by the presence of relatively few cells and much
intercellular substance composed of collagen fibers and stiffening substances. All
bones have a mechanical function providing attachment to various muscle groups. In
addition, in some parts of the body, bones provide a protective function to vital
structures - skull (brain), ribs (lungs, heart) and pelvis (bladder, pelvic viscera). Some
bones retain their haematopoietic function in adults - vertebrae, iliac crests, proximal
parts of femur and humerus. All bones serve as a reservoir of calcium and actively
participate in calcium homeostasis of the body (1,2).

A bone fracture is defined as a break in the continuity of the bone. Tt can be the
result of high force impact or stress, or trivial injury as a result of certain medical
conditions that weaken the bones, such as osteoporosis, bone cancer, or osteogenesis
imperfect (3-6). Both local and systemic variables influence the rate and degree of
fracture healing. If the healing rate is slower than usual, it will result in delayed union.
A complete cessation of the healing process, in which fibrous tissuc is never replaced
by bony matrix, is termed non-union. To promote the fracture healing has long been
one of the major goals for orthopaedic surgeons and scientists.

In recent decades, with the penetrating scientific understandings on bone
fractures, advances of managements to accelerate fracture healing have been largely
developed and improved, concerning biological {7), mechanical (8,9) and biophysical
(10-12) enhancements. Presented in this thesis are the studies on the effects and the

probable action mechanisms of low magnitude high frequency vibration (LMHFV), a



novel noninvasive and systemic biophysical intervention, on normal and osteoporotic
fracture healing. Introduction and literature review on the crucial concepts are

provided in the first place, out of which come with the hypotheses and the study plan.









Haversian canals contain a single capillary, as do the cutting cones that mediate the
remodeling of adult bone. The integrity of the capillary and sinusoidal networks of
diaphyseal and metaphyseal marrow is essential for the orderly release of the celiular

components of blood. (22-26)
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Figure 1.1.1 Sketch of the structure of a long bone (femur). Cortical bone consists of
tightly packed osteons. Cancellous bone consists of a meshwork of trabeculae.
Cortical bone resides in the diaphyses, while trabecular bone presents at the
melaphyses and epiphyses. (From Hayes W C, 1991 Biomechanics of cortical and
trabecular bone: mmplications for assessment of fracture risk In: Mow VC, Hayes WC
Basic Orthopaedic Biomechanics. Raven Press, New York, pp. 93-142.)
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Figure 1.1.2 Blood supply to long bone. Bone receives 5-10% of the cardiac output.
Long bones receive blood f[rom three systems: (1) nutrient artery; (2)
metaphyseal-epiphyscal artery; and (3) periosteal artery. (From Brinker MR, Miller
MD: Fundamentals of Orthopaedics, p4. Philadelphia, WB Saunders, 1999.)






members of the transforming growth factor-beta (37-39) super gene family, including
all of the bone morphogenetic proteins (BMPs) (40-45), as well as platelet-derived
growth factor (PDGF), are triggered (4,30,46). (Figure 1.1.3.1-A)

The first 7 to 10 days of healing involve a process of chondrogenesis in which
two major biochemical constituents are secreted: type II collagen and a variety of
proteoglycans. Type II collagen provides the initial structure of the fracture callus
while the proteoglycans mediate hydration of the newly formed tissue and control the
rate and physical chemistry of the mineralization process (47,48). By 14 days, protein
synthesis 1s complete and hypertrophic chondrocytes release calcium into the
extracellular matrix in order to precipitate with (49-52). Preliminary fracture callus is
composed largely of cartilage, and once enough cartilaginous callus is formed,
mineralization takes place. (Figure 1.1.3.1-B)

By 3 to 4 weeks after fracture, the callus is composed meostly of calcificd
cartilage. This tissue becomes a tfarget for chondroclasts, multinucleated cells
specialized in the resorption of calcified tissues. The chondrocytes undergo apoptosis
during endochendral fracture healing and this process is identical to that occurred in
the lower hypertrophic zone of the growth plate (53,54). As chondroclasts remove the
calcified cartilage, blood wvessels penetrate the tissue and bring perivascular
mesenchymal stem cells that differentiate into osteoprogenitor cells and then
osteoblasts (55-60). This remodeling of the primary soft callus to woven bone results
in {racture union by approximately 28 to 35 days (61-65). At this time, osteoclasts

populate the tissue and remodel the callus, converting it to lamcllar bone. (Iigure
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indications are growing with rising numbers of spinal fusions, primary and revision
arthroplasties, and periprosthetic fractures (7). Autogenous bone graft provides the
basic components required to stimulate skeletal repair, including osteoinductive
factors, an ostcoconductive extracellular matrix, and osteogenic stem cells present in
the form of bone marrow elements (119,120). However, the morbidity associated with
graft harvesting, such as donor site pain, nerve or arterial injury, and infection rates

{8%~10%) (121,122) have prompted extensive research into alternatives.

1.1.5.2 Biophysical Enhancement

The mechanical environment has a direct impact on fracture healing. Direct
mechanical perturbation as well as biophysical modalities such as electromagnetic,
ulirasound or shockwave has been shown to affect fracture healing.

There are numerous clinical reports to support effectiveness of biophysical
stimulation on fresh fracture, delayed union, and bone lengthening Several
prospective, randomized clinical studies have shown the efficacy of low intensity
pulsed ultrasound (LIPUS) in stimulating bone formation after {fracture
(114,117,123-125), non-union (126-128), and bone lengthening (129,130). Pulsed
electromagnetic fields (PEMF) stimulation has been in clinical use for nearly 30 years
on patients with delayed fracture healing and non-union and demonstrated its effect in
a multitude of clinical case reports (112,113). Double-blinded studies confirmed the
clinical effectiveness of pulsed electromagnetic fields stimulation on osteotomy

healing (131-133) and delayed union fractures (134,135). Brighton et al conducted
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multicenter study of thc non-union and reported an 84% clinical healing rate of
non-union with direct current treatment (136). Schaden et al. reported 76% of
non-union or delayed union patients treated with one timec extracorporcal shock wave
therapy resulted in bony consolidation with a simultaneous decrease in symptoms
{137). However, LIPUS, PEMF and shock wave therapy can just provide localized
osteogenic enhancing effect, and the induction of systemic response to fracture
healing should be limited.

The studies in our laboratory had proven that low magnitude high frequency
vibration (LMHFV), a novel biophysical intervention therapy, could significantly
accelerate and enhance the fracture healing in both normal and osteoporotic bones
(10,11). Besides, LMHFV is also effective in improving bone mineral density (BMD)
{138-142), augmenting blood flow (143-146), enhancing muscle properties (147-153),
stimulating neuromuscular efficiency (154-161) and increasing the production of
growth hormones (162), ete

Based on these findings of LMHFYV, it would strongly support the efficacy of
biophysical stimulation as a systemic therapeutic modality in bone fracture repair and
tissue regenerate augmentation. However, the mechanism of the beneficial effects of
LMHFYV is still unclear. More investigations need to be performed to consummate our

knowledge of this novel physiclogical mechanical therapy
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1.2 Low Magnitude High Frequency Vibration Therapy
1.2.1  Wolif's Law

Wolfl's law is a theory developed by a German anatomist/surgeon Julius Wolff
(1836-1902) in the 19th century that states that bone in a healthy person or animal
will adapt to the loads it is placed under. If loading on a particular bone increases, the
bone will remodel itself over time to become stronger to resist that sort of loading.
The internal architecture of the trabeculae undergoes adaptive changes, followed by
secondary changes to the external cortical portion of the bone, perhaps becoming
thicker as a result. The converse is true as well: if the loading on a bone decreases, the
bone will become weaker due to turnover, it is less metabolically costly to maintain
and there is no stimulus for continued remodeling that is required to maintain bone

mass (163-165).

1.2.2 Low Magnitude High Frequency Vibration (LMHFV)

Low magnitude, high frequency vibration treatment is a non-invasive biophysical
intervention that provides whole-body vibration stimulation. It has been reported to be
effective in maintaining BMD (138-142), enhancing muscle strength (147-153),
improving the balance capacity (149,166-168), altering blood circulation (143-146),
and promoting fracture healing (10,11). However, the mechanism of these beneficial

effects by LMHFV is still poorly understood.
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frcquency, direction and amplitude) (181). Indeed, brief exposure to low-magnitude
mechanical vibration may have a numbcr of benefits particularly with respect to
enhancing local muscie blood flow.

Zhang et al. used a brief (3 min) vibratory stimulus that emitted random
acceleration of constant power density between 5 and 2000 Hz. Six healthy
participants rested their foot against a vibrating plate and blood flow to the tibialis
anterior muscle was quantified using photoplethysmography. Local muscle blood
flow was increased by an average of 20% as a consequence of the brief vibration
stimulus (182).

In a similar study, Stewart et al. provided additional evidence that localized
vibration could be effective for the augment of leg blood flow in postmenopausal
women (146). In their study, 18 women, (aged 46-63 years), placed their right foot on
a vibrating customized foot plate apparatus, whilst in a supine position with a 35°
upright tilt. The plate was attached to an actuator which delivered sinusoidal vertical
displacements of up to 2 mm. A vibration frequency of 45 Hz for 5-7 min was
sufficient to result in significant increases in calf blood flow up to 46% as measured
by strain gauge plethysmography. It was argued that plantar vibration eshances
venous drainage as well as peripheral blood flow and lymphatic flow.

Plenty of previous studies indicated that vibration had benefit in improving the
peripheral blood flow. However, the effects of revascularization and blood perfusion
in fracture callus by vibration have not been studied yet. This investigation may be of

help to demonstrate the influence of microcirculatory regeneration by LMHEV at the
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in bone formation in normal, delayed and non-unions (60,197). (Figure.1.3.2)

Many growth factors/cytokines induced in response to injury are believed to
have a significant rolc in the process of repair (60,197). These include members of the
fibroblast growth factor (FGF), transforming growth factor (TGF), bone
morphogenetic protein (BMP), insulin-like growth factor (IGF) and platelet derived
growth factor (PDGF) families, as well as vascular endotheliai growth factor, VEGF
{203,204). These factors are produced by and/or responded to by many cell types
present at the fracture site. Besides recruitment of osteoprohenitor cells and
osteoblasts, recently, VEGF has also been reported playing an important role in
promoting osteoclastic bone remodeling by mediating osteoblasts (205-207). Other
angiogenic (60,197) and anti-angiogenic factors {208), such as those expressed in the
growth plate of developing bones, might similarly be expressed and active in the
fracture callus during endochondral ossification. Skeletal injury in humans is
characterized by local (injury site) and systemic angiogenic responses. Accordingly,
systemic factors - such as parathyroid hormone {(PTH), growth hormone, steroids,
calcitonin and Vitamin D - can also modulate bone metabolism and vascularity
(60,197).

Based on previous findings above, reestablishment of vascularity is a crucial
event in fracture healing. The applications to promote angiogenesis at the fracture site

should be considered as an essential strategy on fracture healing enhancement.

1.3.1 Angiogenesis in the Fracture Healing of Elderly
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Impaired angiogenesis will decrease bone regeneration, regardless of age.
Changes in angiogenesis that occur with aging have been noted at the molecular,
cellular, and physiologic levels of regulation.

A decrease in endothelial cells, the hemostatic cascade, neurochemical mediators,
and growth factors and their cognate receptors has been observed. Also, alterations in
the structural and regulatory components of the matrix contiguous to forming vessels
in aged tissues could influence bone healing in elderly patients (209, 210). Agc is a
major limiting factor for mobilization of EPCs. In vitro studies revealed that young
bone marrow-derived EPCs recapitulated the cardiac myocyte-induced expression of
PDGF-BB, whereas EPCs from the bone marrow of aging mice did notl express
PDGF-BB when cultured in the presence of cardiac myocytes (209-211).

Together, the age-related changes provide mechanistic insights into the
diminished angiogencsis and vasculogenesis in ischemia-reperfusion models.
Although there is no direct evidence till now, decreased blood vessel formation may
contribute to the age-related delay of osteoporotic fracture healing. Therapeutics that
support blood vessel formation will be essential to enhance osteoporotic fracture

healing in the elderly patients.

1.3.4 Mechanical Loading and Angiogenesis
Several clinical and animal model investigations provide evidence that
angiogenesis is stimulated by mechanical loading (212,213). Exercise training and

blood volume augment have been linked with coronary microvascular angiogenesis
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(214). Increased blood flow and pressure could be underlying mechanical stimuli.
Other possible stimuli arc the extravascular stretch stimulus due to forced expansion
of end diastolic dimensions from volume overload and stretch of the capillary
albuminal surface (215-218).

The physical environment of ECs (shear stress, transmural pressure and cyclhic
stretch) can activate mechanotransduction mechanisms mediated by integrins and
associated GTPases (219,220). The signal transduction pathways stimulated act
through phosphorylation of kinases. Some studies attempted to unravel the complex
metabolic and mechanical stimuli inherent in exercise and proposed that elevated
shear stress resulting from functional hyperaemia and stretch of the endothelium as
part of the duty cycle may promote angiogenesis in different ways (215-218). It was
shown that mechanical stimuli may induce capillary growth in normal mature cardiac
and skeletal muscle.

In EC cultures, elevated shear stress leads to higher rates of EC division and, in
vivo, the site and extent of angiogenesis appears to be closely related to the level of
tissue hyperaemia, i.¢, an clevated microvascular shear stress. High shear stress may
increase ECs production of MMPs in culture. In vivo levels of MMPs are upregulated
in EC during flow-induced arterial remodeling (215), but not with pharmacologically
induced hyperaemia, whilst inhibition of their activity during increased muscle
activity prevented angiogenesis. One important response is the apparent upregulation
of eNOS mRNA and protein expression, possibly leading to angiogenesis via the

promotion of VEGF expression. As with signaling induced by high flow in arteries,
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1.6 Objectives

The objectives of this study are listed as follows:

1. To investigate the effects of LMHFV treatment on angiogenesis of fracture
site and the blood flow of hind limb in both normal and osteoporotic rats;

2. To demonstrate the mechanism of the promoting effect of LMHEFV on
osteogenesis in conjunction with the microcirculation alteration;

3. To study the differences in angiogenesis and the possible causes of delayed
fracture healing in osteoporotic bone.

4. To establish a novel in vivo imaging methodology by 3D Doppler sonography

for assessing the microvasculature of superficial tissues in small animals.
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CHAPTER 2
MATERIALS AND METHODOLOGY



2.1 Establishment of Animal Models
2.1.1 Osteoporotic and Non-osteoporotic Rat Model

The osteoporotic rats werc cstablished in 6-month-old female Sprague-Dawley
(SD) rats (200 to 250 grams, retired breeders) by bilateral ovariectomy (OVX), and
housed to 9-month-old for induction (241,242). After anesthesia (sodium
pentobarbital, 60 mg/kg, 1.p., SIGMA, St. Louis, MO, USA), shaving on the back, and
asepsis preparation (0.5% Hibitane in 70% ethanol), the rat was in prone position with
bilateral ovaries approached through two 8 mm dorsal incisions (Figure 2.1.1-1 A).
After dissection of the posterior abdominal wall, the ovaries were identified. Then the
ovaries, part of the oviducts, concomitant vessels and some visceral fat were ligated
(3-0 sutures, Mersilk, Ethicon Ltd., Belgium) and resected following careful stanching
(Figure 2.1.1-1 B, C). The abdeminal wall and the skin were then stitched with 3-0
sutures. Following surgery, buprenorphine in 0.03 mgkg, s.c. (Temgesic,
Schering-Plough, NJ, USA) was given 3 times every 24 hours for analgesia. The rats
were allowed free cage movement with standard diet during the following 3-month
induction. The establishment of osteoporosis by OVX was confirmed by bone mineral
density (BMD) measurement at the 5th lumbar vertebra (L5, 5 sections above iliac
crest), the right femoral head (RFH, 3 sections) and the right femoral shaft (RFS, 4
sections superior and distal to ischial tuberosity) by XtremeCT (Scanco Medical,

Briittisellen, Switzerland) (Figure 2.1.1-2).
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Figure 2.5 Measurement of blood flow vclocity of femoral artery by pulsed-wave
Doppler. The peak systolic flow velocity (white arrow) of femoral artery was
collected by 5 times within 10 minutes to take average.
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2.6 Three-dimensional High Frequency Power Doppler Ultrasonography
(3D-HF-PDU)

The rats received three-dimensional high frequency power Doppler
ultrasonography (3D-HF-PDU) assessment (246-251) at the fracture site using
Vevo-770 high frequency In-Vivo Micro-Imaging System (VisualSonics, Toronto,
Omntario, Canada) (Figure 2.6-1 A). The rat was positioned pronely on a flat, heated
pad with the body temperature maintained at 37°C (Figure 2.6-1 B). The extremities
were secured and coupling gel was loaded to cover the exposed callus region (Figure
2.6-2 A). 2D real time B-modc scanning was chosen to visualize the femur and the
scanning window was centered at the fracture line, with a 7.4 mm * 7.0 mm field of
view, The ultrasound transducer (center frequency: 55 MHz), held by a hand-free
stand, was positioned 4.5 mm above the center portion of external callus so as to
match the focal zone. Then the device was switched to the 3D power Doppler mode
(gain: 20 dB; pulse repctition frequency: 5 kHz; wall filter: 2.5 mm/s) and the
scanning was constructed by a linear translation of the transducer along an axis (the
femur) which is perpendicular to the single plane of 2D imaging. The translation rate
was set at 0.05 mm/s. A scanning step of 0.05 mm (Figure 2.6-1 C) was used with a
scanming range of 10.0 mm. After lateral side scanning of the fracture site, the rat was
turned to the supine position for medial side scanning of the fracture site (Figure 2.6-2
B), following the same procedures as above. In total, 200 images for each side were
collected within 30 minutes after induction of anesthesia. A rectangular region of

interest (ROI} was manually outlined on the 100th slice (Figure 2.6-3 A) by a single
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investigator. The height of ROI was set from the exterior margin of the external callus
to the medullary cavity, and the length of ROl was 7.40 mm, i.e. the length of
scanning window. The same ROI selection was performed automatically in the
remaining 2D slices by a custom-designed script of Matlab (Version7.0, The
MathWorks, Inc., Natick, MA, USA). The color voxel (0.016x0.016x0.050 mma)
number was obtained by counting the color pixels within ROI in each slice. Then we
calculated the volume of color voxels in each image to represent the vascular volume
in each slice volume and added them together (Figure 2.6-3 B). Therefore, the total
vascular volume at the fracture site was the sum of the volume of both lateral and
medial sides. The customized script was used to discriminate and filter signals from
large vessels: for an intra-linked region of flow signal displayed in the 2D image, the
first criterion assessed was the area it covered. If the area was large than 1.3 mmz, a
second criterion was set by observing the short axis of a regressed oval for this region.
If the short axis was also larger than a critical value (0.35 mm), this region was then
judged as a large vessel and was then excluded in the calculation. Vascular volume at
the fracture site was then calculated as the sum of the color voxel volumes of both
lateral and medial sides. Mean signal intensity of blood flow was evaluated as the
average amplitude of color voxels converted to a relative value from 0 to 255 (Figure
2.6-4). The relative number of moving erythrocytes around the fracture site was then
calculated by the formula: relative number of erythrocytes = (number of color voxels
of lateral side x mean intensity of color signals at the lateral side)} + (number of color

voxels of medial side x mean intensity of color signals at the medial side).
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Figure 2.6-3 Region of interest (ROI) selection for blood volume calculation. A: A
rectangular ROI was manually outlined (in red) on the 100th slice. The height of ROI
was set from the exterior margin of the external callus to the medullary cavity, and the
length of ROI was the length of scanning window (7.4 mm). The same ROI selection
was performed automatically in the remaining 2D slices by a custom-designed script
of Matlab. B: 200 images for each side with a scanning range of 10.0 mm were
collected for color pixel volume calculation.
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2.7 MicroCT-Based Microangiography

After the measurement of 3D-HR-PDU, the abdomen cavity of the rat was cut
open and the abdominal acrta was separated carcfully from the vessel sheath (Figure
2.7-1 A). The aorta was then ligated and the distal aorta was gently clamped by a
bulldog clamp. After that, a scurf-needle with its sharp needlepoint smoothly cut was
inserted into the aorta between the clamp and ligation points, and the bulldog clamp
was loosened to make sure that the needle was in the aorta, then the needle was fixed
with aorta using 3-0 silk (Figure 2.7-1 B). The inferior vena cava was cut to allow
outflow of the perfusate and 10 mL of pre-warmed heparinized 0.9% saline (50 IU/ml)
was injected. The vascularity was then flushed continuocusly by using pre-warmed
100ml saline at flow speed of 20ml/min until the outflow from the inferior vena cava
was limpid. 10 ml of pre-warmed formalin was injected to fix the skeletal specimen. 9
ml Microfil contrast agent (MV Diluent-MV 117 Orange-MV Curing Agent, Flow
Tech, Carver, MA, USA), a radiopaque silicone rubber compound containing lead
chromate, was rapidly injected as soon as they were mixed. The animals were then
guthanized with an overdose of pentobarbital. The cadaver was stored at room
temperature for 1 hour and then at 4°C overnight to ensure polymerization of the
contrast agent (226,252). The efficacy of Microfil contrast agent perfusion was then
preliminarily examined by radiography (Figure 2.7-1 C, D).

The fractured femur was then dissected from the surrounding musculature
carefully (Figure 2.7-2 C;) and a high-resolution (8-36 pum isotropic voxel size)

micro-CT imaging system (VivaCT 40, Scanco Medical, Bassersdorf, Switzerland)



(Figure 2.7-2 A) was used to perform osseous tissue scanning and produce 3D
vasculature images. The scanner was set at a voltage of 70 kVp and a current of 102
pA and the resolution was set to medium, which creates a 1024 x 1024 pixel image
matrix. The femur was ixed in a plastic tube (20.3 mm in diameter) with its long axis
perpendicular to the bottom of the tube (Figure 2.7-2 B). The scan was initiated 3.7
mm proximal to the fracture line, with an entire scan length of 7.4 mm (Figure 2.7-2
D).

The scan was carried out with isotropic voxels. The callus was contoured with
ROI iteration to define the outer surface of the callus and a 3D reconstruction was
performed using a low-pass Gaussian filter (sigma = 0.8; support = 1),

In the following analysis, to differentiate the newly formed mineralized callus
from the old cortices, the low- and high-density mineralized tissues were
reconstructed using different thresholds (high attenuvation = 330, low attenuation =
165) defined in 2-D 1mages according to established evaluation protocols
(10,11,86,253). The thresholds were further conformed by a series of 2- and 3-D
evaluations. The high-density tissues represent old cortices and newly formed, highly
mineralized callus while the low-density tissues represent newly formed callus. To
compare the morphologic characteristics between groups, the reconstructed fracture
segments were shown in transparent-view 3-D images. The high-density bone
(threshold > 350) was shown in dark color, while the low-density bone (threshold 165
- 350) was shown in transparent light color. The unmineralized tissuc (threshold < 165)

was not shown. Quantitative analysis was performed covering the 350 slices of the
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2.8 Immunohistochemistry

After microCT scanning, the decalcified femurs were embedded in paraffin. The
specimens were cut longitudinally into 7-um thick sections and transferred to
poly-lysine-coated slides. The mid-sagittal sections were immunostained with specific
reagents for vascular endothelial growth factor (VEGF) identification at the fracture
site (59,254). Following deparaffinization and rehydration, the sections were washed
with phosphate buffered saline (PBS). Endogenous peroxidase activity was blocked
by immersing sections in 3% hydrogen peroxide in methanol for 20 minutes, and
rinsing in PBS. Antigens were retrieved with 2mg/ml protease (Merk KGaA,
Darmstadt, Germany) at 37°C for 1 hour. Nonspecific antigen binding was blocked
by 5% goat serum (Millipore Corporation, Billerica, MA, USA) in 1% bovine serum
albumin (Sigma-Aldrich, St. Louis, MO, USA)/PBS (BSA/PBS) solution for 20
minutes. The sections were then incubated with antibodies against VEGF (1:100,
Sc-7269, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 4C overnight.
After washing in PBS, nonspecific antigen was blocked again with 5% goat serum in
1% BSA/PBS, and the sections were then incubated with horseradish peroxidase
(HRP)-conjugated anti-mouse [gG (Millipore Corporation, Billerica, MA, USA) at
room temperature for 1 hour. For negative controls, primary antibody was replaced by
blocking solution. Samples from each group were stained in the same batch with the
same incubation time¢ and conditions. The rat kidney tissue for VEGF
tmimunostainings was used as a positive control. The immunorcactivity in specimens

was demonstrated with diaminobenzidine tetrahydrochloride (DAB, Dako North
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America Inc, Carpinteria, CA, USA) and the sections were countersiained with
haematoxylin. The temporal and spatial expression of VEGF in the sections were then
localized and analyzed using the Leica microscope system (DMRXA2, Leica
Microsystems GmbH, Wetzlar, Germany). The ROI was evaluated in the slides
covering 1.5mm proximal and distal {o the fracture line in the captured 100x images.
The area of external callus (CLAr) involved in the ROl was measured using
Image-Pro Plus software. Immuno-activities of VEGF were quantified as the area of
mmunohistochemically stained signals (VEGF.Ar) in brown color in each of 10
sections from the same specimen. The percentage of VEGE expression area

{(VEGF.Ar/ ClLAr) in callus area was also calculated for companison (255).

2.9 Statistical Analysis

All quantitative data were expressed as mean = standard deviation (SD) and
analyzed with SPSS version 16.0 software (SPSS Inc, Chicago, IL, USA). One-way
ANOVA was used to compare among different groups at each time point. Significant

difference was set at a probability level of 95% (p < 0.05).
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CHAPTER 3
RESULTS
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3.1 Establishment of the Animal Models
3.1.1 Osteoporotic Rat Model

Totally 43 rats were used to establish the osteoporotic model; 44 rats were
performed the sham OVX surgery. The average time for the surgical procedures of
bilateral ovariectomy was around 20 minutes, with no significant bleeding occurred
during the surgery. After that, no postoperative complications like wound infection or
abdominal infection were observed. No sudden death occurred during the three
months of inducement following OVX or sham OVX surgery. BMD dropping was
observed after three months of inducement in the OVX group. At the 5th lumbar
vertebra (Ls), the right femoral head (RFH) and the right femoral shaft (RFS), BMD
dropped by 9.9%, 9.3%, and 7.1% respectively.

The rats in the OVX group gained 59.1% higher body weight after three months
of inducement of ovariectorny, while the rats in the sham-OVX group gained only
28.3% higher body weight. Three months after the inducement, mean body weight of

OVX group was significantly higher than those in Sham group (p = 0.002).
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3.2 X-ray Radiography

By weekly radiographic monitoring, external callus around the fracture site was
observed since week 1 post-treatment in both control and vibration groups. The
fracture gap fused gradually during the healing process. Compared with the control
groups, vibration group showed a faster bridging rate of fracture gaps in the digitized
radiographies than controls. With regard to the quantitative measurements, both callus
width (CW) (Figure 3.2-1) and callus area (CA) (Figure 3.2-2) increased and reached
the peak at week 3. After that, the callus size began to decrease gradually. At the early
phase of fracturc healing, the vibration groups had better callus formation than the
corresponding control groups. Both CW and CA in OVX-C were lower than in
Sham-C, but this trend reversed at week 8. OVX-V had a comparable callus size with
the one in Sham-V. For CW, significant increases were demonsirated in OVX-V as
compared with in OVX-C at week 2 (p=0.019) and week 3 (p=0.001). For CA,
OVX-V was significantly higher than OVX-C (week 1. p=0.006. week 2: p<0.001;
week 3: p=0.001). Significantly higher CA was also detected in Sham-C than in
OVX-C at week 2 (p=0.038) and week 3 (p=0.045). During the stage of callus
formation, the increased percentage of CW after LMHFV treatment in osteoporotic
group (week 1: +5.0%; week 2: +6.3%; week 3: +10.6%) was higher than the normal
group (week 1: +2.3%; week 2: +3.1%; week 3: +4.0%). Similarly, OVX-V showed a
higher increase rate of CA (week 1: +9.1%; week 2: +11.5%; week 3: +10.7%) as

compared with Sham-V (week 1: +4.0%; week 2: +4.3%; week 3: ~6.9%).
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3.4 3D High Frequency Power Doppler Ultrasonography

In 3D-HR-PDU examinations, blood flow signals (colored in red and yellow)
were present in the callus, periosteum and peripheral soft tissues (Figure 3.4-1). From
the bloed volume assessment (Figure 3.4-2), in general, a declining trend was found
from weeks 2 to 8. At week 2 and 4, vibration groups showed a higher level of blood
volume as compared with the control groups with significant difference at week 2
(Sham-V > Sham-C, p=0.021; OVX-V > OVX-C, p=0.077). However, the trend
reversed at week 8 with no significance. The volume values in OVX groups were

lower than the corresponding Sham ones, yet without significant difference found.
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Sagittal Horizontal Coronal

Figure 3.4-1 Images of fractured rat femur in sagittal (a), coronal (b) and horizontal
(c) planes by 3D-HF-PDU reconstruction. The color signals represented the
microvasculature at the peri-fracture region.
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3.5 MicroCT-based Microangiography

After 3D reconstruction from microCT-based microangiography, the images
showed osteoporotic groups had notably less neovasculature within the callus
compared to non-osteoporotic groups. The angiogenesis in vibration groups was more
and denser than the corresponding controls, which were more remarkable between
OVX-V and OVX-C groups. At week 8, the neovasculature regeneration across the
fracture gap was observed better in OVX-V group than OVX-C group (Figure 3.5-1).
Quantitative analysis indicated the vessel volume decreased gradually from week 2
onwards. The vascular volume in the non-osteoporotic group was higher than the
osteoporotic group at each time point, with significant differences in week 2
(Sham-V > OVX-V, p=0.014; Sham-C > OVX-C, p=0.014) and week 4 (Sham-C >
OVX-C, p=0.027). Vibration groups had larger microvasculature volume than the
control groups. Statistical significances were found at week 2 (OVX-V > OVX-C,
p=0.009) and marginally at week 4 (OVX-V > OVX-C, p=0.034) (Figure 3.5-2 A).
The ratio of vessel volume to total tissue volume (VV/TV) (Figure 3.5-2 B) and the
ratio of vessel volume to bone volume (VV/BV) (Figure 3.5-2 C) showed similar
trends as the vessel volume at each time point, with significant difference at week 2
(VV/TV: Sham-C > OVX-C, p=0.014; OVX-V>0VX-C, p=0.047; VV/BV: Sham-C >
OVX-C, p=0.050) and week 4 (VV/TV: Sham-C>0QVX-C, p=0.027; OVX-V>0VX-C,
p=0.034). Interestingly, the percentage of increase in vessel volume promoted by
LMHFYV on osteoporotic fracture healing was higher than normal rats in week2 (Sham:

+13.2%; OVX: +25.7%) and week4 (Sham: +2.2%; OVX: +57.1%).
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3.6 MicroCT Analysis (Osseous Tissue)

The micro-CT images showed femoral cortices and mineralized calluses in the
peri-fracture regions from week 2 (Figure 3.6). The vibration groups demonstrated
more and larger callus formation than the controls. At week 4, the fracture gap in the
peri-fracture regions started to fuse with smaller gap shown in the vibration groups as
compared with the controls. The fusion in OVX-C group was slower with larger
fracture gap than Sham-C group. At week 8, images showed the rats from the
vibration groups had regular, symmetrical and well-connected calluses around
fracture site, while the callus gap was still obvious in the controls, especially in the
OVX group.

From the quantitative anaiysis of the osseous tissue at the fracture site (Table 3.6),
it demonstrated a significant increase in OVX-V than OVX-C group, in terms of TV
(week 2: p=0.009; week 4: p=0.034), BV (week 2: p=0.016), BV, (week 2: p=0.047)
and BV, (week 2: p=0.028), however, there was no significant difference detected
between Sham-V and Sham-C. TV in OVX-V group increased 13.4% at week 2 and
6.6% at week 4 as compared to OVX-C group, while in Sham-V, it was 9.1% and 3.8%
higher than Sham-C at week 2 and week 4, respectively. BV/TV and BV/TV in each
group increased from weeks 2 to 8. It also indicated higher value in vibration groups
than in controls. BV, showed a declining trend from week 2 on ward. At week 2,
vibration groups had larger BV, and BV/TV as compared to controls. From week 4,
this trend reversed. BV and BV/TV in vibration groups were lower than the ones in

corresponding controls. Significant difference was found in BV/TV at week 4
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(OVX-V < OVX-C, p=0.034).

Compared Sham groups with OVX groups, Sham-C had larger callus size (by
TV) than OVX-C at week 2 and 4, while it reversed at week 8. TV in Sham-V was
smaller than the one in OVX-V. However, BV, BV, BV/TV and BV/TV in Sham
groups were always higher than in OVX ones. Significant differences were detected
in BV {week 4. Sham-C > OVX-C, p=0.020), BV}, {week 2: Sham-C > OVX-C,
p=0.027; week 4. Sham-V > OVX-V, p=0.033; Sham-C > OVX-C, p=0.020; week 8:
Sham-V > OVX-V, p=0.030), BV/TV (week 2: Sham-C > OVX-C, p=0.050; week 8:
Sham-C > OVX-C, p=0.008), and BVy/TV (weck 2: Sham-V > OVX-V, p=0.050,
Sham-C > OV X-C, p=0.014; week 4: Sham-V > OVX-V, p=0.019, Sham-C > OVX-C,

p=0.020; week 8: Sham-C > 3V X-C, p=0.008).
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Table 3.6 Micro-CT assessments of osseous tissue compared among 4 groups at different tim

Week 2 Week 4
Sham-V  Sham-C OVX-V  OVX-C Sham-V  Sham-C O0OVX-V 0OVX-C ¢
TV (mm’) 194.0=21.0 177.9£11.8 1983+139 174.9+65"° 17?.3ﬂ:20:l 170.8+14.8 ‘T;;SiS,O 173.056.0% 1
BV (mm3) 110.3£% 4 102.7£9.6 107.1+5.4 S;;.S‘l—éi.la 105.0+8.2 103.4=4.2"  057+5.4 92.2+2.4° U
BV, (mm3) 53424 522430 50546 44 .6+3 .6 62.2=5.1 59.1=4.3 53.1£5.7°%  46.924.0°
BV, (mms) 36.9=7.6 50.5+8.5 56.6=5.1 492321 429=37 44 53x4.6 42.5+1.4 453423
BV/TV(%) 57.0=2.3 57.8x4.4 54.0=2.0 53.7+2.8° 59.6+£5.0 60.8+4.1 56.9£2.5 553+1.6
BV,/TV(%) 27.7£1.9 29 4107 25.5+0.7° 25.5¢1.7°¢ 35.3+3.5 34.8+4.4 28.822.8%  27.1x15° 5
BV/TV{(%) 203+2.1 28.4+4.4 28.5£1.6 28225 24.3+41.7 26.0+2.0 23.1x0.8 26.2+2.3°
Note: a: p<0.05 between OVX-V and OVX-C;

b: p<0.05 between Sham-V and OVX-V;
¢: p<0.05 between Sham-C and OVX-C.
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3.8 Immunochistochemistry

Microscopic images (magnification: x200) showed the features with
immunchistochemical staining at the frontier of the endochondral ossification in
external callus (Figure 3.8). VEGF signals could be mostly observed at the boundary
of endothelial cells, as well as around the woven bone-trapped osteoblasts and
hypertrophic chondrocytes. The expression of VEGE in OVX groups, in terms of
immunostained area, was inferior to normal groups, and an increase of VEGF
expression was detected in external callus alter vibration treatment at week 2 and 4.
Quantitative analyses were summarized in Table I. In general, the area of VEGF
expression at the fracture site declined from weeks 2 to 8. At weeks 2 and 4, the
vibration groups had a higher ratio of VEGF Ar/ClL.Ar as compared to controls,
Statistical difference was noted between OVX-V and OVX-C at week 2 (p=0.034). At
week 8, VEGF.Ar/CLAr in vibration group was lower than in corresponding control
group. OVX groups showed lower percentage of VEGF expression than normal ones
at week 2 and 4, sigmficant difference was found between Sham-C and OVX-C in

VEGF.Ar/CLAr at week 2 (p=0.031) (Table 3.8).
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Table 3.8 Immunohistochemistry assessment of VEGF compared among 4 groups at different t

Week 2 Week 4

Sham-V  Sham-C OVX-V 0OVX-C Sham-V Sham-C OVX-V OVX-C S

VEGF Ar
0.5£0.2 04201 04202  0.2+0.1 0.420.1 03201 0402 030! (

(mm®)

ClLAr
) 902+0.8 8907 90+10  7.840.9 9 0+0 7 8.6+0.8 88+08 82406 ;

{mm~)

VEGF.Ar/
51£0.5 4.5£0.4  4.1+0.7 2.6£05*°  43+06 37405 45806 3605 :

CLAr (%)

Note:a: p<0.05 between OVX-V and OVX-C;
b: p<0.05 between Sham-C and OVX-C.

VEGEF. Ar: the area of positive VEGF stainings within external callus.

Cl Ar: the area of external callus.
VEGF.Ar/ CLAr (%): the ratio of VEGF. Ar to ClLAr.
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microangiography. Compared the vascular volumes obtained from 3D-HF-PDU and
the ones from microCT-based microangiography, we found a significant positive
linear correlation between the outcomes of the two methodologies (r = 0.867, p <

0.001). (Figure 3.9-2)
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CHAPTER 4
DISCUSSION



Fracture healing is a compicx phenomenon that involves a well-characterized
cascade in chronological order of haematoma formation, inflammation,
intramembranous bone formation, endochondral ossification and callus modeling
(256-258). In the population of postmenopausal women and elderly, osteoporosis is a
major health problem characterized by decreased bone strength that leads to an
increased risk of fragility fracture (259), which was recognized with an impaired
capacity and prolonged process to heal (78,260). Poor bone repair status gives a
pressing need for orthopaedic surgeons to develop effective, safe, convenient and
economic therapeutic approaches to accelerate the osteoporotic fractures.

Bone fracture disrupts its blood circulation and leads to hypoxia and acute
necrosis of bone, marrow and surrounding soft tissue. An adequate blood supply to
the fracture site is prerequisite for bone repair, whereas the insufficient blood supply
is likely to result in delayed, mal-union or non-union (58,60,197). Angiogenesis, or
neovascularization, was defined as endothelium sprouts from the pre-existing
vascularity (187,198,199). The neovasculature can recover oxygen homeostasis,
deliver nutrients, remove meiabolic and regenerative wastes, transport necessitous
mesenchyme cells, growth factors and other biological cytokines to the peri-fracture
region {60). Blood vessels also provide systemically circulating factors that may
modify fracture healing such as PTH and Vitamin D (60). Furthermore, angiogenesis
is pivotal during intramembranous and endocondral ossifications. During
endochondral ossification, the avascular environment of cartilage is invaded by blood

vessels fronted by chondroclastic cells with ostcoblast progenitors which will deposit
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new bone on the surface of cartilage islands. Intramembranous bone formation also
requires vascularization, presumably to provide ingress for osteoblast progenitors (59).
Ischemia of fracture significantly decreased callus formation (197,261). By using
inhibitors of angiogenesis, the fracture healing was found completely prevented (208).
Therefore, angiogencsis plays a pivotal role in multiple stages of fracture healing.

In osteoporotic condition, blood perfusion of bone is reduced (239). In addition,
Strehiow et al. indicated the reendothelialization of injured vessel segments by bone
marrow-derived endothelial progenitor cells (EPCs) was decreased in ovariectomized
mice (262). In regard to the importance of blood supply in bone repair, it shows that
the impaired capacity of osteoporotic fracture healing may closely relate to the poor
revascularization and perfusion at fracture site.

Low magnitude, high frequency vibration (LMHFV}), a biophysical modality that
provides noninvasive, systemic, cyclic mechanical strain stimulation, has been
reported to be effective in promoting osteogenesis, maintaining bone mineral density
(BMD) (142,179,263-266), enhancing muscle strength and augmenting peripheral
blood circulation in many studies of animals and humans (143,146,267). Our previous
studies were the first to demonstrate that LMHFV (magnitude=0.3g, frequency =35Hz)
accelerated fracture healing in both normal and osteoporotic fractures (10,11) and
enhanced bone remodeling in rat model (180). The mechanism of the beneficial
effects of LMHFV on fracture healing, however, remains uncertain.

Currently, the effects of whole body vibration on blood circulation have

mcreasingly attracted a major concern. Kerschan-Schindl et al. demonstrated that the
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5-30Hz with 51z increments) (143). McDonald et al. demonstrated that an important
effect of mechanical loading was the significant alteration of blood flow in bone
{273).

The explanation of blood flow enhancing effect might be that the blood had the
feature of shear thinning that was the effect where the viscosity decreased with
increase rate of shear stress by vibration (145). Also, vibration could widen small
vessels in muscles to reduce the peripheral resistance, heighten muscle activity and
muscle metabolic demand by activating muscle spindle, and hence increase the blood
flow velocity (274).

Clinically, combined arterial and skeletal extremity trauma imparts a
substantially higher risk of limb loss and limb morbidity than do isolated skeletal and
arterial injuries. The lower extremities are involved in two thirds of all patients with
vascular injuries. Our results showed an enhanced blood flow of ischemic lower
extremity after vibration treatment, which might provide a potential modality to help a
better recovery of blood perfusion and to reduce the clinical amputation rate.

To the contrary. some studies showed that high-frequency vibration would
restrict blood flow (275-277) and even caused hypertrophy of the smooth vascular
muscle cells (278). However, these findings were often encountered by operators of
power tools with much higher frequency (above 80 Hz). From previous studies and
our parameter, the frequency of vibration was distributed within a modest range (5-60
Hz) which indicated no damage (o the organism. Therefore, the dosage of

physiclogical safety should also be well considered and investigated for vibration
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4.2 Angiogenesis at the Fracture Site

From the results of local angiogenesis assessments (microCT-based
microangiography and 3D-HF-PDU), generally, a decline trend of neovasculature
volume at the fracture site was shown from week 2 to week 8 post-treatment. Some
previous studies looking into the neovascularization in bonc repair showed similar
findings. Raines et al. observed a decreasing trend of neovascular volume within the
marrow cavity from the peak value at 14 days after bone drilling in tibial marrow
ablation rats (296). Zeng et al.’s study found a high expression of vascular endothelial
growth factor (VEGF) lasting from days 14 to 28 post femoral fracture in rats, then it
decreased gradually until week 6 (297). The pathophysiology might be due to the
changes of local oxygen concentration during fracture healing. Under the hypoxic
condition after fracture, mesenchymal stem cells increased transcription of the gene
encoding vascular endothelial growth factor (VEGF) in a HIF-1a dependent manner,
and neovessels consequently sprouted from the pre-existing ones (298,299).
According to the previous studies in rodents, the VEGF expression started from day
3-4 post-fracture and rose steadily to its peak concentr;tion at about day 10-21 then
declined thereafter (68,300). Due to the blood vessels ingrowth, the oxygen tension
gradually rose, and the hypoxic condition relieved, hence the angiogenic response
descended. In addition, during the mineralization and remodeling of callus, the
microvasculature diminished with the cailus resorption. Therefore, the amount of
neovessels at the fracture site declined from week 2 to week 8.

Our observation showed that angiogenesis could be most important in the early



period of fracture healing. The temporal importance of angiogenesis in contributing to
non-union development is considercd by Brownlow et al., which demonstrated by
immunocytochemmstry that at 8 and 16 weeks post-fracture, established atrophic
non-unions were well-vascularized in a rabbit tibia non-union model. Earlier time
points, however, did show a discrepancy in vessel concentration between union and
non-union groups, particularly at 1 week. (301) The fibrous tissue of non-unions may
become revascularized cventually, but a eritical window for fracture union has been
missed, and some other manipulation of the fracture biology may be necessary to
promote union. Our findings suggested that angiogenic stimulatory therapy for

promoting healing might be required early rather than late.

4.2.1 Stimulatory Effect of Angiogenesis by LMHFYV in Fracture Healing

The angiogenesis (VV, VV/TV, VV/BV by microangiography, blood volume by
3D-HF-PDU, VEGF.Ar/CLAr by THC ) at the peri-fracture region in vibration groups
was demonstrated significantly enhanced as compared with controls, especially n
week 2. This was consistent with Carvalho’s study on mechanical stimulation, which
reported the expression of angiogenic factors, such as hypoxia-induced factor-la,
neuropilin 1, and VEGF-A were induced in murine model of tibia distraction
osteogenesis (302). Many previous reports substantiated that VEGE expression was
induced in osteoblasts by various stimuli including mechanical loading (203,302,303).
In turn, VEGF regulated recruitment, survival and activity of ;)stcoclasts, endothelial

cells and osteoblasts. Strong VEGF expression of osteoprogenitors had been found in

104






might stimulate osscous cclls to synthesize VEGF to providc important functions in
endochondral ossification, which included the breakdown of calcified cartilage matrix,
inducing invasion of endothelial and ostecoblast-regulating mineralization. (3)
[LMHFYV could increase skeletal muscle activity, which elevated the muscle blood
flow several-fold as a result of metabolic vasodilation of resistance arterioles, As a
consequence, there is enhanced capillary perfusion with significant increases in the
velocity of red blood cells (322) and increased capillary pressure. It would increase
the shear stress to which endothelial cells were exposed and hence enhance the
angiogenesis in the soft tissue surrounding the fracture site. Brown’s study partially
supports our deduction (323). They demonstrated that VEGF protein was elevated at
capillary sites due to the increase of shear by muscle activity stimulation. It was
concluded that the most likely stimuli for angiogenesis could be increased blood flow
and shear forces to vessel supplying the active muscle fibres, probably linked with
metabolic factors.

Our osteogenesis results of this study further confirmed that LMHFV had
positive effects on accelerating both normal and osteoporotic fracture healing. Both
radiographic and microCT assessments indicated better callus formation and
mineralization at the fracture site in LMHFV groups than control ones, where the
enhancements were observed in the early phase at week 2 and 4. With the consistent
findings between angiogenesis and osteogenesis and the significant correlation
between neovascular volume and BV, it is believed angiogenesis plays a critical role

in osteogencsis of fracture healing process. Collecran ct al. also indicated that
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Faster mineralization and remodeling were demonstrated respectively by significantly
increased BV, , BVy/TV and faster decline of CW, BV, in vibration groups as
compared with controls. These findings revealed that [LMHFV enhanced
intramembranous ossification and endochondral ossification, which might imply the
positive effects of mechanical stimulations on ostecprogenitor cells differentiation.
Interestingly, in this study, OVX-V group also showed a higher percentage of
increase in CW, CA, TV and BV as compared with Sham-V in the early phase of
fracture healing. It implied that the bones after ovariectomy might be more sensitive
to mechanical stimuli, which echo with our previous findings (11). This is consistent
with Rubinacci’s study that found ovariectomy could sensitize the cortical bone to
whole body wvibration (176). As mentioned above, our angiogenesis assessments of
fracture site also showed a more sensitive angiogenic response to LMHFV in
osteoporotic fractures, which might partially explain why osteoporotic bone had a

more osteogenic response to mechanical stimulation.
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fracture healing in rats using 3D-HF-PDU. Currently, despite conventional
microCT-based microangiography being the gold standard assessment for
microvasculature studies in fracture healing (226), it is not feasible for longitudinal
analyses in the same animal as the animal nced to be euthanized for such purposc. In
addition, the results cannot provide the flow information and can be affected by the
quality of capillary perfusion due to fluctuations variables such as blood flush,
perfusion pressure and threshold value chosen of the vascular tree during CT analysis
(59). Therefore, it is advantageous to use 3D-HF-PDU imaging because it is
non-invasive, real-time and can be used for longitudinal follow-up for both

vascularization and blood flow quantifications.

4.4.2 Other Parameters of 3D Power Doppler

The mean signal intensity of blood flow is a mean of amplitude value of thé color
voxels within VOI, which has been demonstrated to be positively correlated to the
concentration of moving blood cells (338). The relative number of erythrocyles is
calculated as the product of signal intensity and vascular volume, which combines the
information of blood vessels and blood cells to evaluate the local circulation (339).
These parameters can provide us more quantitative information of hemodynamics in

microcirculation.

4.4.3 Advantages of Using 3D-HF-PDU

In other previous in vivo studies, some investigators adopted power Doppler
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muscles contractions, etc. An overly high Doppler gain, increasing the scan speed and
vibration of the motor used in motor-steered probes, may also gencrate such
disturbances. In order to reducc these ariifacts, amimals should be anesthetized with
the extremities fixed, and a hand-free stand was utilized to mount the transducer for
scanning. In addition, it is appropriate to set the gain by up-regulating its value until
random noise is encountered, then down-regulating until the noise disappears (341).
The noise and low frequency flash artifacts could also be avoided by means of wall
filters (342). Low filter settings can improve sensitivity bul may easily generate flash
arlifacts, whereas high filters can reduce the artifacts but will filter out flow in low
levels. In our study, we found wall filter setting at about 2.5 mm/s was suitable for
scanning around the rat femur. Secondly, when dealing with the signals to assess the
microcirculation, appropriate imaging programs need to be used to discriminate and
filter large vessel signals, which has been indicated in the methods section. Finally,
since anesthesia will affect the peripheral blood circulation, each animal should be
anesthetized with the same dose strictly according to its body weight and placed at a
set room temperature and positioned on a warming plate at the sct room temperature
to avoid the variations in anesthesia effect. Complete scanning should be finished
within a short time.

In summary, our newly-established technique using 3D-HF-PDU improved
power Doppler 2D imaging to a 3D spatial view. The results demonstrated the
feasibility and reproducibility of 3D-HF-PDU for detecting and quantifying

angiogenesis in fractured femur of rats. Being non-invasive, while offering
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4.5 Limitations

This study has some limitations. Due to the low resolution of pulsed-wave
Doppler (16MHz) for small animals and the continuous pulsations of the femoral
artery, it was difficult to measure the internal diamcter of the artery (<0.8mm)
accurately and objcctively. We, therefore, used the blood flow velocity to represent
the blood supply of the hind limb.

The application of 3D-HF-PDU also has its limitations. The detection of flow
signals is limited by the penetration depth. With higher Doppler frequency, only lower
penetration depths can be reached, so rescarchers need to compromise between the
accuracy and the detection depth. We measured the muscle thickness at both lateral
and medial sides of the fracture site in rats, which were shown 2.47 + 0.33mm and
4.06 + 0.42mm respectively. The focal length of our transducer was 4.5 mm from the
transducer surface in soft tissues of rats. Thereforc, both the resolution and the
penetration depth were adequate for our study. Moreover, most sound waves were
reflected as soon as it reached hard callus or cortical bone surfaces, so some
vasculatures in the medullary cavity could not be detected, which explained why the
absolute volume values detected by 3D-HF-PDU were consistently smaller than those
of microangiography.

Due to the advantages of small size (2-3 pm) and high backscatter that enhance
the intensity of the ultrasound signal, contrast agents have been developed to visualize
the vasculature at the capillary level, which allow a more sensitive measure of

microcirculation (343). In this study, wc aimed to explore and determine the
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osteogenic effect of LMHFYV in cellular and molecular levels.

4.6.2 Role of LMHFV on Mesenchymal Stem Cells (MSCs) during Fracture
Healing

Previous research indicated that low-level whole body vibration had osteogenic
effect. It was proven angiogenesis could be enhanced as a result of applied
mechanical load in vitro. Our study also demonstrated LMHFV could enhance both
angiogenesis and osteogenesis dunng fracture healing in rats. However, the
mechanism on the effects of mechanical stimulation (c.g. LMHFV) in a cellular level
remains poorly understood.

In fracture and bone defect healing, MSCs largely drive tissue regeneration.
MSCs have proangiogenic properties and harbor a great expansion potential (350).
These cells are able to differentiate not only into mesenchymal cells, such as
osteoblasts and chondrocyles, but also into non-mesenchymal cells, such as
endothelial cells (ECs) (350). To date, there is clear ¢vidence for a complex interplay
between MSCs and ECs. MSCs seem to be able to promote angiogenesis, and the
presence of ECs appears to promote osteogenic differentiation of MSCs (351).
Mechanical boundary conditions are known to alter the gene expression pattern and
consequently the functional behavior of MSCs. Osteogenic differentiation and
proliferation of MSCs can be stimulated by mechanical loading (352). In other
previous studies, the influence of mechanical loading on the paracrine stimulation of

angiogenesis by MSCs was investigated. MSCs arc capable of angiogenesis induction
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CHAPTER 5
CONCLUSIONS
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In conclusion, osteoporotic fractures had lower level of blood flow and impaired
angiogenesis than normal ones. LMHFV could enhance the blood flow velocity of
hind limb and angiogenesis at the fracture site in both normal and osteoporotic groups,
particularly in the early phase. Osteoporotic bones wcere also shown to be more
sensitive in angiogenic and osteogenic responses to LMHFYV than normal ones, which
might partially explain the different extents of normal and osteoporotic fracture
healing. Angiogenesis is one of the major mechanisms of LMHFV to accelerate
fracture healing. The findings of this study help further understand the role of
angiogenesis in the enhancement effect of LMHFV on fracture healing and in the
impaired healing capacity of osteoporotic fracture. LMHFV has a great potential in
clinical applications for fracture healing, wound healing and some other vascular

diseases.
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- DEPARTMENT OF HEALTH,
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S 17 & 21 @) 213 QUEEN'S ROAD EAST, WAN CHAI,
HONG KONG.
AFU OUR REF:  (08-237) in DH/HA&P/8/2/1 Pt.4
RN YOUR REF '
M F& TEL 2961 8645
W3 r FAX 2127 7329
15 June 2009
SUN Minghui
Department of Orthopaedics and Traumatology
The Chinese Unitersity of Hong Kong
Dear Sit/Madam,
Animals {Control of Experiments) Ordinance
Chapter 340
T refer to your application we received on 12 September 2008 and the
supplementary information of 12 June 2009. I forward herewith the following
licence(s) issued under the above Ordinance -
Form2 : Licence to Conduct Experiments
of

Your attention is drawn to regulations 4 and 5 of the Animals (Control of
Experiments) Regulations as excerpted below:-

“4 Records

Every licensee shall keep up-~to-date a book in the form set out as Form 6 in the
Schedule in which he shall record the particulars therein indicated of all
experiments performed by him

5. Returns

Every licensee shall render to the Director of Health on or before the st day of
Tanuary each year a return in the form set out as Form 7 in the Schedule of all
experiments performed by him during the preceding twelve months.”

Copics of Form 6 and Form 7 are cnclosed for your convenience. TFajlure to comply
with either regulation 4 or regulation 5 is an offence, each offence punishable by a finc pf
HK$500 and to imprisonment for 3 months. Conviction of an offence against either
regulation 4 or regulation 5 or failure to comply with etther regulation may result in your
licence being cancelled.
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We are committed to providing quality client-oriented service
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Please also be reminded that if you wish to continue your experiments after
the specilied periods as stated on the above licence / endorsements / teaching permit,
you should renew them at least two months before the end-dates  On the other hand, if
you have completed or stopped your experiments before the specified periods, you
should inform us immediately.

Yours sincerely,

,

!
Ve
et
(Dr Emily LEUNG)
for Director of Health

* Remarks:-

A “Code of Practice — Care and Use of Animals for Jixperimental Purposes”
was prepared by the Agriculture, Fisheries and Conservation Department on the advice

of the Animal Welfare Advisory Group.

Please visit the Agriculture, Fisheries and Conservation Department s website
ar - ~Uutp:/Avww.afed govhidenglishipublications/publications_gwa/files/code. pdf= for
details of the Code of Practice.
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