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Abstract 
Tendon healing is a slow process and the tendon may not regain its initial mechanical 
properties after rupture. Mechanical stimuli have shown to have positive effect on tendon 
healing. This study is the first to investigate the effect of vibration stimuli on healing tendons. 
Vibration was also compared to treadmill running, which has previously been used for 
mechanical stimuli.

63 female Sprauge-Dawley rats were used. A 3 mm segment was removed from the Achilles 
tendon and the tendon was left to heal. The animals were subjected to 15 min of daily 
exercise, vibration or treadmill running or acted as controls without exercise. The study was 
divided into three experiments. Experiment 1; the animals had full time cage activity and was 
randomized into running, vibration and control group. Experiment 2; the animals were 
unloaded and randomized into vibration, running and control group. There was also a control 
group with full time cage activity in experiment 2. Experiment 3; the animals were unloaded 
and randomized into vibration and placebo group. 14 days after surgery the animals were 
killed and mechanical testing of the Achilles tendons was performed. 

The results showed no significant difference between the groups in experiment 1. Experiment 
2 showed that controls with full time cage activity had higher peak load, stiffness and cross 
sectional area than unloaded running, vibration and control groups. In experiment 3, there was 
no significant difference between vibration and placebo group. In conclusion, this study 
shows that vibration, as applied here, does not affect tendon healing.
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1 Introduction 

1.1 Background 
Tendon healing is a slow process and the tendon may not regain its initial mechanical 
properties after rupture. Most tendons heal spontaneously, while some require surgery. There 
is a controversy how ruptured tendons are best treated. Ruptured Achilles tendons heal well 
with surgery as well as without. However, the risk for re-rupture is larger with non-operative 
treatment, while with surgery carries a higher risk for infection (Jozsa & Kannus, 1997). In 
this study, the Achilles tendon will be subjected to rupture and left to heal spontaneously 
under the influence of mechanical stimuli. 

Mechanical stimuli have been shown to have positive effects on the mechanical properties of 
healing tendons (Palmes et al., 2002; See et al., 2004; Bring et al., 2007). However, there are 
different types of mechanical stimuli. In this work, the effect of vibration is investigated and 
compared to the effect of running exercise. Running exercise has been shown previously, by 
our research group, to improve tendon healing on unloaded tendons.

Vibration has been shown to improve bone fracture healing in animal models and also 
prevents bone resorption in osteoporosis patients (Verschueren et al., 2004; Leung et al., 
2008). It is not yet known how tendons response to this type of mechanical stimulus. This is 
the first study investigating the effect of vibration on tendon healing. 

The rationale for this study was that vibration stimuli are likely to create rapid fluid flows. 
Through mechanotransducing pathways, fluid flow may be able to stimulate tendon cells to 
produce collagen and other extracellular matrix components leading to improved tendon 
healing. 

Vibrations are thought to generate fast fluid flows while running exercise probably generates 
slower flow rates but the same amount of tissue deformation, or more. Whether it is the fluid 
flow or tissue deformation that improves tendon healing is not clear. 

1.2 Aim
In this study, the effect of vibration stimulus on healing tendons will be investigated and 
compared to running exercise to evaluate which type of mechanical stimulus improves 
healing the most.
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2 Tendon biology and structure
Tendons are the anatomic structure connecting bone and muscle. By transmitting the force, 
created by the muscle, to the bone, tendons make joint movement possible. Healthy tendons 
appear brilliant white, are fibroelastic in texture and have great resistance to mechanical 
loading (Kannus, 2000). The dry mass of a tendon is approximately 30% of the total tendon 
mass, with water accounting for the remaining 70%. Tendons are stronger per unit than 
muscles and the tensile strength equals that of bone. Still they are flexible and slightly 
extensible (James et al., 2008). Tendons vary in shape depending on where they are situated, 
they can be rounded cords, strap-like bands or flattened ribbons (Sharma & Maffulli, 2006). 
Muscles designed to create and withstand great force, like triceps brachii, have short and 
broad tendons, while muscles in fingers, made to perform smooth and delicate movements, 
have long, thin tendons (Kannus, 2000). 

2.1 Tendon sheath 
Tendons in for example the hands, bend sharply over joints and are enclosed by a tendon 
sheath (James et al., 2008). This type of tendon sheet is uncommon and can only be found in 
areas where change of direction requires more efficient lubrication, for example in hands and 
feet (Kannus, 2000). Tendons that lack this sheet move in a straight line and are enclosed by 
connective tissue called paratenon, for example the Achilles tendon (James et al., 2008). 

2.2 Paratenon, epitenon and endotenon
The paratenon acts as an elastic cylinder which permits free movement of the tendon in the 
surrounding tissue. Under the paratenon, the tendon is covered by another fine connective 
tissue, the epitenon. The epitenon is contiguous to the endotenon which also is a thin 
connective tissue, consisting of a well-developed criss-cross pattern of collagen fibrils. The 
endotenon holds the tendon fibers together, figure 1. 
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Figure 1: The tendon is covered by a fine connective tissue called epitenon which is contiguous to  
the endotenon. The collagen fibers inside the endotenon are grouped in primary, secondary and 
tertiary bundles (http://www.expertreviews.org/fig001grc.gif).

http://www.expertreviews.org/fig001grc.gif


3 Collagen - the main component in tendons
Tendons are very rich in collagen. 60-85 % of the tendon dry weight is collagen (Kjaer, 
2004). About 95% of the collagen content in tendon is collagen type I and the remaining 5% 
is mostly type III (Wang, 2006). Traces of collagen type V and IV can also be found (O'Brien, 
1997; Kjaer, 2004). In healthy tendon, type III is mainly located in the endotenon and 
epitenon (Wang, 2006). 

The structural unit of collagen is tropocollagen, or micro fibril. These tropocollagen units join 
together and form a fibril. Several fibrils together are known as a fiber. A bunch of collagen 
fibers forms a primary fiber (subfascicle). Further, a group of these primary fibers is called a 
secondary fiber (fascicle), a group of secondary fibers forms a tertiary fiber which eventually 
defines the whole tendon. The primary, secondary and tertiary fibers are surrounded by 
endotenon, figure 1 (Kannus, 2000).

Tropocollagen consists of three polypeptide chains wind together to form a triple helix. The 
chains are rich in glycine, which can be found in every third residue, and proline that appears 
frequently on the other two positions. Special for collagen, is that it contains two amino acids, 
hydroxyproline and hydroxylysine, which are rarely found in proteins (O'Brien, 1997). 

Type I collagen prefers to form fibers, although the fibers are organised longitudinally as well 
as transversely in the tendon (Jozsa & Kannus, 1997). Type III collagen forms smaller, less 
organized fibrils which may result in decreased mechanical strength (Wang, 2006). 

Type I and III fibrils aggregate spontaneously to form collagen fibers. The fibril structure is 
reinforced by covalent cross-links between the tropocollagen molecules. Hydroxyl proline is 
involved in the hydrogen bonding between the polypeptide chains while hydroxyl lysine is 
involved in the cross-linking of tropocollagen into fibrils. These two amino acids contribute to 
the strength of collagen (O'Brien, 1997).    

The fibers are orientated in different directions depending on the applied tension. In tendons 
exposed to tension in all directions, the fiber bundles are interwoven without any regular 
pattern, but if the tension is only in one direction, like in the Achilles tendon, the fibers are 
lined up parallel to each other (O'Brien, 1997). 

In resting state, the collagen fibers show a wavy pattern. This well defined structure 
disappears when the tendon is stretched. However, when the tendon is relaxed, tensile force is 
released and the fibers resumes its normal wavy appearance (Kannus, 2000).      
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4 Extracellular matrix 
The extracellular matrix is composed of collagen, ground substance, elastic fibers and 
inorganic components (Kannus, 2000).

4.1 Ground substance 
The ground substance is a complex mixture of proteoglycans and glycoproteins that provides 
the viscoelastic properties to the tendon. Ground substance is important for lubrication and 
spacing of the collagen fibers, which is necessary for gliding. The ground substance brings 
structural support, and functions as a medium for diffusion of nutrients and gases (O'Brien, 
1997). Proteoglycans are the water binding units of the tendon which improve the 
biomechanical properties, elasticity, against shear and compressive force (Kannus, 2000).

4.1.1 Proteoglycans
Proteoglycans are composed of a protein core to which one or more types of 
glycosaminoglycans are covalently attached. Glycosaminoglycans are linear polysaccharides. 
Proteoglycans are large (Mw 106 Da), negatively charged, hydrophilic molecules that can hold 
water 50 times their weight (Kannus, 2000). The water is attracted to the large number of 
hydroxyl groups situated on the proteoglycans  and therefore stays trapped (O'Brien, 1997). 
The proteoglycans are situated mostly between and within the collagen fibers. Because of the 
high charge density and charge-to-charge repulsion the proteoglycans are extended and 
therefore stiff, providing the collagen fibrils with high resistance to tensile force and 
compression (Kannus, 2000). 

4.1.2 Glycoproteins
Glycoproteins are macromolecules consisting of a large protein part and a small carbohydrate 
component. They have a relatively low molecular weight, 50-100 kDa (Kannus, 2000). The 
larger glycoproteins are thought to provide the viscous and cohesive environment in the 
extracellular matrix (O'Brien, 1997). 

4.2 Elastic fibers 
Only about 2% of the dry weight of the human tendon accounts for elastin, elastic fibers. The 
function of the elastic fibers is not entirely clear, but they may contribute to the recovery of 
the wavy configuration of the collagen fibers after tendon stretch (Kannus, 2000).

4.3 Inorganic components
The inorganic components that have been found in the highest concentration in tendons, is 
calcium, 0.001-0.01% of the dry mass. Other substances that have been detected are 
magnesium, manganese, cadmium, cobalt, copper, zinc, nickel, lithium, lead, fluoride, 
phosphor and silicon. The inorganic components are known to be intimately involved in 
growth, development, and normal metabolism of the musculoskeletal structures. For example, 
copper is important in the cross-linking of collagen. Manganese is a requirement for several 
enzymatic reactions during the synthesis of connective tissue molecules (Kannus, 2000). 
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5 Tendon blood supply
Compared to muscles, the tendon blood supply is poor (Kjaer, 2004). However, the blood 
supply is important for the normal function of the tendon cells and the ability for tendons to 
repair (Benjamin et al., 2008). 

The tendons receive their blood supply through three main sources: the intrinsic system at the 
bone-tendon junction and the muscle-tendon junction, and from the extrinsic system via the 
paratenon, figure 2. The amount of blood received from the different sources varies from 
tendon to tendon (Sharma & Maffulli, 2006).  

At the muscle-tendon junction, vessels from the muscle continue into the tendon. However, it 
is unlikely that the vessels exceed more than the proximal third of the tendon.  The blood 
supply from the bone-tendon junction is poor and limited to the insertion site of the tendon 
(Sharma & Maffulli, 2006). 

The blood supply to the mid part of the tendon is via the paratenon. The small vessels in the 
paratenon runs transversely towards the tendon and are branched several times so when the 
blood vessels enters the tendon, via the endotenon, the vessels run parallel to the tendon 
(O'Brien, 1997). 
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Figure 2: Tendons receive their blood supply from three main sources; A, the bone-tendon junction,  
C, the muscle-tendon junction and B, from the paratenon (Carr & Norris, 1989).



6 Tendon cells 
Generally, tendons have low cell content. Tendon cells, tenocytes and tenoblasts, comprises 
about 90-95% of the cellular content of the tendon. During inflammation, other cells can be 
found in the tendon, such as inflammatory cells, macrophages and myofibroblasts (Kannus, 
2000). Tenocytes and tenoblasts are specialized fibroblasts, typically arranged in longitudinal 
rows (Benjamin et al., 2008) and lies between the collagen fibers, figure 3(A) (Sharma & 
Maffulli, 2006). 

Tenoblasts are immature tenocytes. They are spindle-shaped and have a high metabolic 
activity (Sharma & Maffulli, 2006). As tenoblasts age, they become more elongated and 
transform into tenocytes (Kannus, 2000).

Tenocytes produce collagen and all other compounds of the extracellular matrix. They are 
also involved in energy generation, through processes such as the aerobic Krebs cycle, 
anaerobic glycolysis and the pentose phosphate pathway. The oxygen consumption in tendons 
and ligaments is much lower than in skeletal muscles. Because of the low metabolic rate and 
well developed anaerobic energy generation capacity, tendons are able to carry loads and 
maintain tension for a long period of time, even though blood supply may be compromised. 
However, the low metabolic rate results in a slow healing process (Sharma & Maffulli, 2006).

Tendon cells are attached to extracellular matrix through focal adhesion, i.e. integrins linking 
the actin filament in the cell to the extracellular matrix. The cells create a three dimensional 
network consisting of cell processes which enable communication via gap junctions, figure 
3(B) (Maeda et al., 2007). Gap junction, is a cell to cell junction that allows ions and small 
metabolites to be exchanged. These gap junctions make it possible for the cells not only to 
communicate but also to integrate signals across the cell population enhancing the cell 
response (Waggett et al., 2006).
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Figure 3: A. The tendon cells (arrowheads) lies between the collagen fibers. B. The tendon cells  
creates a three dimensional network for cell communication via gap junctions (Khan & Scott, 2009).  



7 Tendon healing
Most tendon injuries heal without the need of surgery. If surgery is needed the tendon tissue is 
sutured, or in some cases a tendon graft is used (Gigante et al., 2008). Tendon injuries can be 
chronic or acute. Chronic injuries arise from repetitive physical events leading to micro 
ruptures. This is a more common event in elderly people. Chronic injuries result in a longer 
and more complicated healing process (Butler et al., 2004). 

Whether it is best to treat an Achilles tendon rupture with surgery or leave it to heal 
spontaneously is not clear. The results have shown that both treatments work well, but the risk 
for re-rupture is higher in tendons treated without surgery. However, there is a higher risk for 
infection during surgery (Jozsa & Kannus, 1997).  

7.1 The healing process 
The restoration of normal tendon function after injury includes re-establishment of tendon 
fibers and the gliding between the tendon and its surrounding environment (James et al., 
2008). The healing process of the tendon can be divided into three overlapping phases, whose 
duration varies according to location of the injury (Lin et al., 2004). After rupture, the healing 
process starts with haematoma (blood collections outside the vessels, internal bleeding) and 
activation of platelets, figure 4(a) (Aspenberg, 2007).

7.1.1 Inflammatory phase 
In the initial phase, erythrocytes and inflammatory cells, particularly neutrophils, enter the site 
of injury. During the first 24 h, monocytes and macrophages predominate in the area and 
necrotic material is phagocytosed. These cells release vasoactive and chemotactic factors 
which recruit tenocytes that start to synthesis collagen type III, figure 4(b) (Wang, 2006), 
(Sharma & Maffulli, 2006). Macrophages also release angiogenesis promoting factors to 
initiate growth of the capillary network within the wound site, figure 4(c) (Lin et al., 2004). 
The vascular permeability increases and recruitments of more inflammatory cells take place 
(Sharma & Maffulli, 2006). 

7.1.2 Repairing phase 
After a few days, the repairing phase begins (Sharma & Maffulli, 2006) The continued 
recruitment of tenocytes at the wound site results in synthesis of collagen, proteoglycans, and 
other components of the extracellular matrix (James et al., 2008). The synthesis of collagen 
type III peaks during this period, lasting a few weeks (Sharma & Maffulli, 2006). The 
collagen creates a loose collagenous callus, figure 4(d) (Aspenberg, 2007). In the end of this 
stage the healing tissue has a high cellularity and contains relatively large amounts of water 
(James et al., 2008).
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7.1.3 Remodelling phase  
Remodelling begins 6-8 weeks after the injury. During this period of time the cellularity 
decreases, the synthesis of matrix components is reduced and the concentration of collagen 
type III decreases while the synthesis of collagen type I increases. Collagen type I gradually 
replace collagen type III (James et al., 2008). During this period of time the healing tendon is 
resized and reshaped (Sharma & Maffulli, 2006). The collagen fibers are organized 
longitudinally along the tendon axis, which will provide strength to the repaired tissue, figure 
4(f). During the late remodelling phase, interaction between the collagen units leads to higher 
stiffness in the tendon and also greater tensile strength. However, the tendon never achieves 
its initial properties after rupture (James et al., 2008). 
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Figure 4: Schematic picture of tendon healing. a Haematoma and activation of platelets, b recruitment  
of inflammatory cells and tenocytes, c in growth of blood vessels, d formation of loose collagenous 
callus, e mechanical stimulation, f maturation and remodelling (Aspenberg, 2007).   



7.2 Growth factors 
In tendon healing several growth factors are involved in the activation and regulation of 
cellular response in the tendon tissue. Growth factors or cytokines bind to specific receptors 
on the cells at the healing site, activating signal cascades resulting in gene transcription of 
regulatory genes specific for healing (James et al., 2008). 

7.2.1 TGF- β 
During the initial phase of the healing process the expression of transforming growth factor 
beta, TGF-β, is elevated. TGF-β stimulates cellular migration and proliferation, and is also 
responsible for the initial scar tissue formation at the wound site. TGF-β also regulates the 
synthesis of collagen as a response to mechanical loading (James et al., 2008).

7.2.2 IGF-1 
Insulin like growth factor-1, IGF-1, is up-regulated during the initial phase of the healing 
process to stimulate migration and proliferation of tendon and inflammatory cells to the 
wound site. During the remodelling phase IGF-1 stimulates synthesis of collagen and other 
components of the extracellular matrix (James et al., 2008). 

7.2.3 PDGF
Platelet derived growth factor, PDGF, induces the expression of other growth factors, for 
instance IGF-1 (James et al., 2008). 

7.2.4 bFGF
Basic fibroblast growth factor, bFGF, is thought to stimulate fibroblast proliferation, stimulate 
collagen synthesis and also stimulate the formation of granulation tissue (Kjaer, 2004). bFGF 
is released by tendon cells and inflammatory cells (James et al., 2008). 

7.3 MMPs
Matrix metalloproteinases, MMP, is a family of zinc-dependent enzymes that are thought to 
be responsible for matrix degeneration and remodelling. A few examples that will be 
discussed later in this work is collagenase 1 (MMP-1) which degrades collagen type I and III, 
gelatinase, MMP-2, degrades extracellular matrix components and stromelysin-1 (MMP-3) 
that mainly degrades aggrecan, a proteoglycan situated in the extracellular matrix. These 
enzymes are released by macrophages and other inflammatory cells, which can be induced by 
Interleukin-1beta (IL-1β), a cytokine (Tsuzaki et al., 2003). 
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8 Biomechanical properties of the tendon 
The unique biomechanical properties of the tendon depends on the high degree of 
organization of collagen type I fibers in the extracellular matrix. The ability of the collagen 
super helix to form cross-links stabilizes the fibers and improves the tensile strength of the 
tissue (Gigante et al., 2008). The highest tensile load on a tendon is dependent on its cross 
sectional area in relation to the cross sectional area of the tendon-muscle fascicle, and varies 
between species and different kind of tendons in an individual manner (Kjaer, 2004). 

8.1 Stress, strain and elastic modulus
The extension for a given load varies with the geometry and composition of the specimen. 
This makes it difficult to compare the relative stiffness of different materials or to predict the 
load-carrying capacity of a complex shaped structure. The solution to this is to normalize the 
load and the deformation, which is done by dividing the load by the cross sectional area of the 
specimen and the extension is divided by the original length. The load can then be reported as 
load per unit cross sectional area and the deformation as elongation per unit of original length 
over which elongation occurs. The normalized load is called stress and the normalized 
deformation is called strain, figure 5. In tension and compression, the load is perpendicular to 
the cross sectional area, tensile stress, and the change in length is parallel to the original 
length, tensile strain (Ratner, 2004). Stress divided with strain corresponds to elastic modulus. 
Elastic modulus is a material property and a high value equals a very brittle material. The 
elastic modulus for steel is about 210 GPa (210000 N/mm2) and for cortical bone about 20 
GPa (20000 N/mm2) (Tengvall, 2008).     
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Stress: σ = F/A
Strain: ξ = ΔL/L0

Stiffness = F/ ΔL

Elastic modulus = σ/ξ

Figure 5:  Schematic picture describing stress, strain, stiffness and elastic modulus, where F = force,  
A = cross sectional area, ΔL = displacement and L0 = initial length. Picture idea from (Ratner, 2004) 
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8.2 Testing of mechanical properties
When testing the mechanical properties, the tendon is held firmly with two separate clamps, 
one holding the tendon fibers and the other holding the calcaneus bone (heel bone), figure 18. 
The tendon is loaded along the longitudinal axis. The detectable force and the deformation is 
recorded until the tendon fails and a force-deformation curve is achieved, figure 6 (James et  
al., 2008). The slope in the linear region, region II, corresponds to stiffness of the tendon 
tested. 

To be able to compare tissues with different size and dimension, the force data is normalized, 
as described previously, to the tissues cross sectional area and the displacement to the initial 
length, and a stress-strain curve can be computed from these data (Butler et al., 2004). A 
typical stress-strain curve has three distinctive regions shown in figure 7. First there is a toe 
region, corresponding to the straightening of the wavy pattern of the collagen fibers. The toe 
region is followed by a linear region; the slope here is approximately constant and refers to 
elastic modulus. The collagen fiber is no longer crimped but instead stretched out. Beyond the 
linear region, micro fractures starts to occur in the tendon tissue, the collagen fiber fails, tear 
occur in the tendon leading to macro rupture (James et al., 2008). With less than about 4% 
elongation, the tendon stress-strain curve is reproducible, but when exceeding this limit the 
tendon will not regain its initial wavy form (Kannus, 2000).

11

Figure 6: Force-deformation curve, shoving the toe region, I, followed by the  
linear region, II, and finally the failure region, III and IV. The slope in the 
linear region represents stiffness (Maganaris et al., 2008). 



Figure 7: Stress-strain curve showing the toe region, followed by the linear region and finally  
the failure region. The slope in the linear region represents elastic modulus. In the toe region 
the fibers still have their wavy pattern but are stretched out in the linear region. Micro ruptures 
occur in the linear region which expands to macro ruptures in the failure region. Finally the  
tendon fails (Wang, 2006).  

The parameters used for evaluation of the biomechanical properties of the tendon in this study 
are tendon cross sectional area, gap distance, peak load, stiffness, stress at failure and elastic 
modulus.  Stiffness and elastic modulus are achieved from the force-deformation and stress-
strain curve respectively. Peak load is the maximum force applied to the tendon before it fails. 
Stress at failure is the maximum stress value registered just before the tendon fails. Gap 
distance is the distance between the old tendon stubs. When the tendon is held against a light 
source it is possible to se the old tendon stumps as slightly whiter than the callus tissue, figure 
8.
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Figure 8: Schematic picture of the tendon callus. The old tendon stumps are visible if the 
tendon is held against a light source. The distance between them represents gap distance. 



8.3 Cross sectional area vs. stiffness
Thicker tendons can withstand larger load prior to failure than thinner tendons, this due to 
increased tissue strength and stiffness. Figure 9 schematically describes the relationship 
between cross sectional area and stiffness.  The force-deformation curve for the thicker 
tendon has a steeper slope than the curve of the thinner tendon (Jozsa & Kannus, 1997). 

8.4 Length vs. stiffness 
Longer tendon fibers provide greater fiber elongation before failure. This result in decreased 
stiffness i.e. a long tendon is less brittle than a short tendon, figure 10. The strength is 
however unaltered in short and long tendons (Jozsa & Kannus, 1997). 
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Figure 9: Thick tendons can withstand larger load prior to rupture than thin tendons.  
Thick tendons have higher stiffness. Picture idea from (Jozsa & Kannus, 1997).

Figure 10: Long tendons have higher stiffness than short tendons. However, the strength  
applied to the tendon prior to failure can be the same. Picture idea from (Jozsa & Kannus,  
1997).

Thick tendon results 
in high stiffness 

Thin tendon  results in 
low stiffness

Long fibers results 
in low stiffness 

Short fibers 
results in high 
stiffness 



9 Mechanical stimulation
Tendons are subject to diverse mechanical loading during normal function. Shear, fluid flow 
and strain are examples of different mechanical stimuli that may all activate 
mechanotransduction pathways that regulate tissue maintenance, repair and pathology (Wall 
& Banes, 2005). Tendon cells response to mechanical stimuli by synthesis and/or degradation 
of the surrounding extracellular matrix.

9.1 Mechanotransduction 
Little is known about the process called mechanotransduction, the mechanism by which cells 
sense mechanical stimulation and are able to transform it to a biological signal. When 
physical force is applied to the cell surface, the shape of the cell membrane is changed and 
then the force quickly fades away into the cytoplasm. Membrane receptors such as integrins 
and cadherins seem to play a central role (Wang et al., 2009). 

Mechanical stimuli also activate stretch activated  ion channels, G-protein, protein kinases 
and other membrane-associated signal-transduction molecules which trigger signal cascades 
eventually leading to changes in gene expression (Wang et al., 2009).  It may result in 
activation of catabolic and/or anabolic pathways (Tsuzaki et al., 2003). 

9.1.1 Integrins and cadherins
Integrins are transmembrane proteins that link the extracellular matrix to the cytoskeleton of 
the cell. Cadherins are cell adhesion molecules responsible for cell to cell adhesion and 
interact indirectly with the cytoskeleton (Alberts et al., 2002). These proteins work as tensed 
hard wire for propagation of mechanical stimulus from extracellular matrix, via the 
cytoskeleton, to the nucleus. This leads to stimulation of calcium entry through nuclear ion 
channels and induced gene transcription (Wang et al., 2009).  

9.1.2 Intracellular concentration of calcium 
Cells respond quickly to mechanical load. One of the most rapid responses is the increase of 
intracellular calcium concentration, [Ca2+]. The changes in [Ca2+] initiates transcription of 
many early genes which in turn affect the expression of later expressed genes (Archambault 
et al., 2002). Studies made on human flexor surface tendon cells have showed that stretch-
activated channels, shear-sensitive calcium channels, and G-protein seems to be involved in 
calcium dependent signal pathways. By adding agents that block the different channels and 
the Gα subunit on the G-protein, one at the time, the calcium response was decreased 
(Elfervig M, 2000; Francke E, 2000). The response due to fluid induced shear stress also 
seems to depend on the extracellular [Ca2+] (Francke E, 2000). This could mean that the 
calcium comes from outside the cell, i.e. not released from intracellular storage inside the cell.

When investigating the effect of fluid induced shear stress on avian flexor tendon the result 
was different. No increase in intracellular [Ca2+] could be seen. However, an increase in the 
expression of connexin-43 was observed. Connexin-43 is a transmembrane protein that keeps 
gap junctions together. Gap junctions function as channels between cells, allowing them to 
communicate.  This upregulation only lasted for a short time: with a prolonged fluid stimulus, 
the expression was down-regulated, or mRNA broken down. Another signal mediator than 
calcium may be involved in this type of signal transduction for instance NO, ATP or IP3 

(Elfervig M, 2001b).
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Rabbit Achilles tendon cells respond to fluid induced shear stress by transcription of enzymes 
responsible for extracellular matrix degeneration and enzymes involved in the inflammatory 
response, but the intracellular [Ca2+] remained unchanged. However, when poking the cells 
with a micropipette the [Ca2+] was increased immediately (Archambault et al., 2002). When 
studying how static stretch affects intracellular [Ca2+] in human flexor tendon cells it was 
found that, like in shear stress response, stretch activated channels are probably involved since 
blocking them reduced the calcium response to zero over base line. However, in contrast to 
fluid induced shear stress, static stretch response did not seem to depend on extracellular 
[Ca2+] (Elfervig M, 2001a). 

The calcium response not only seems to vary between species, but also seems to vary with 
what type of mechanical stimulus is applied to the cells. As mentioned earlier, 
mechanotransduction is not well known, and a reason for that may be that it is a complicated 
system making it difficult to study in vivo. Different mechanotransducing pathways might 
interfere or activate each other. This possible interference would be difficult or even 
impossible to study in vitro. 

9.1.3 Growth factors 
Mechanical stimuli also increase the release of growth factors. The concentrations of 
transforming growth factor (TFG-β), platelet derivation growth factor (PDGF), basic 
fibroblast growth factor (bFGF) were all increased in human tendon cells subjected to 
mechanical stretch (Skutek et al., 2001).

Growth factors regulate both in a temporal and in a spatial manner, and the response profile 
from these three growth factors is thought to play an important roll in the healing process of 
tendons. TGF-β, PDGF and bFGF all influence tendon cell proliferation and ability to 
produce collagen and extracellular matrix components (Skutek et al., 2001). 

9.1.4 MMP, COX2 and IL-1β
Mechanical stimuli modulate extracellular matrix turnover by regulation of expression as well 
as activity of matrix metalloproteinases, MMP (Archambault et al., 2002). 

Rabbit tendon cells respond to fluid flow in vitro by up-regulation of the expression of MMP-
1, MMP-3, COX-2 and IL-1β (Archambault et al., 2002). Cyclooxygenase-2 (Cox-2) is 
another enzyme involved in the inflammatory response (Wang et al., 2003). Human flexor 
tendons respond in the same way to tensile strain, with induced mRNA levels of COX-2, 
MMP-3 and IL-1β but not MMP-1 (Tsuzaki et al., 2003). The results show that tendon cells 
can respond to mechanical stimuli by producing protein and/or enzymes that may contribute 
to inflammation and degeneration in vivo (Archambault et al., 2002). 

9.1.5 Collagen 
Application of cyclic tensile strain on rat tail tendon cells induced an up-regulation of 
collagen, in terms of hydroxyl proline incorporation (Maeda et al., 2007). An up-regulation of 
collagen type I was also seen in chicken subjected to daily treadmill running (Banes et al., 
1999). 

Waggett et al (2006) showed that if the gap junctions are blocked, the collagen production in 
response to mechanical stimulus is lower. Cell cultures treated with different gap junction 
blocking peptides were compared to untreated cell cultures. When the cell cultures were 
subjected to strain, the collagen level of the blocked cultures was much lower compared to 
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unblocked cultures. These results indicate that the cells have an individual cell response but 
that integration between cells enhance the response across the cell population (Waggett et al., 
2006). 

9.1.6 Release of ATP
Tendon cells release ATP, adenosine triphosphate, in response to mechanical stimulation. 
ATP binds to specific purinoceptors in the plasma membrane, thereby activating intracellular 
signal cascades (Yamazaki et al., 2003). Tsuzaki et al (2003) showed that ATP reduces the 
load-induced gene expression in human flexor tendon cells. Tendon cells subject to stretching 
stimulus express IL-β, COX-2 and MMP-3. When treating the cells with ATP, this mechano-
induced expression was inhibited. It is possible that ATP functions as a negative feedback 
mechanism to mechanically induced genes, to modulate the response from the tendon to 
mechanical stimulus (Tsuzaki et al., 2003).  

Part of this feedback system may also bee ecto-nucleotidases, a group of enzymes that 
hydrolyse specific nucleotide substrates. When ATP is released from the cell, ecto-
nucleotidases are also activated to hydrolyse it. The products, ADP, AMP and adenosine, then 
bind to and activate different purinoceptors that induce different intracellular signalling 
pathways, figure 11 (Tsuzaki et al., 2005).

  

Something to keep in mind when analysing the results from these studies is that cell cultures 
are used in many of them, which is not the same as what a cell experiences in vivo. The 
ability of cells to interact with each other is limited and the interaction with the, in vivo, 
surrounding environment is eliminated. The cell response might be different in vitro and in 
vivo. 
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Figure 11: Tendon cells release ATP in response to mechanical loading which is hydrolysed 
to ADP, AMP and adenosine that bind and activate purinoceptors which in turn activate 
intracellular signal cascades. 
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10 Vibration stimuli
Vibration treatment for tendon healing is a new approach and there is little information about 
how tendons response to this particular mechanical stimulus. However, there are a lot of 
reports on the use of vibration to enhance bone healing in fracture models (Leung et al., 2008; 
Omar et al., 2008) and also the possibility that vibration could be used therapeutically for 
osteoporosis patients (Rubin et al., 2004; Verschueren et al., 2004; Ruan et al., 2008). 

One of the first studies showing that bone responses to repetitive mechanical loading was 
presented by Rubin et al. In this classical experiment, a bone in the wing of a turkey (the ulna) 
was mechanically isolated and exposed to controlled loading. The outer part of the wing bone 
was cut of. Metal cups were placed at the ends, making it possible to apply load on the bone 
stump. The results showed that repetitive loading prevented bone resorption compared to 
controls, whereas lack of mechanical stimulation led to bone resorption (Rubin et al., 1996).

Recently, Leung et al described an experiment where whole body vibration was used to 
enhance healing of femoral fractures in rats. The healing rate was improved by 25-30%. 
Result from the four point bending test showed 50% higher ultimate load in the vibration 
group compared to controls (Leung et al., 2008). In another study on mice, a cut in the 
cortical layer of the parietal bone (the skull bone) was drilled. The animals received daily 
whole body vibration exercise and the results showed faster healing rate in the vibration group 
compared to controls. The authors also studied intact regions of the parietal bone from 
vibration and control groups and found no significant difference. This might imply that only 
healing bone responds to vibration (Omar et al., 2008).   

Whether vibration can be used as treatment for osteoporosis has been investigated in rats as 
well as in clinical studies. Studies on ovariectomized rats (to mimic menopause) have 
indicated that vibration can be used to prevent loss of tibial and femoral bone mineral density, 
BMD, after the ovariectomy (Flieger et al., 1998; Oxlund et al., 2003).  

Clinical studies show that vibration may help to prevent a decrease in BMD in 
postmenopausal women. The areas investigated were femoral neck, femur, tibia, hip, and 
lumbar spine. Except for the femoral neck, all areas showed an increase or at least constant 
BMD values (Rubin et al., 2004; Verschueren et al., 2004; Ruan et al., 2008). The negative 
result for the femoral neck was probably due to the angle of the vibration origin. Since the 
vibration was conducted vertically through the body, bones like the tibia and femur that is in 
the same direction as the vibration  receive much stronger vibration than the femoral neck 
which is in a more horizontal direction (Ruan et al., 2008). 

How tendons respond to vibration stimuli is yet unknown. In this study the effect of vibration 
on healing Achilles tendons in rats is investigated.
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11 Choice of vibration frequency and amplitude
The choice of vibration frequency, amplitude and treatment time has been based on previous 
studies. Table 1 summarizes values from a couple of studies.  The values in parenthesis were 
not presented in the publications, but have been calculated by the author of this study with 
formula 1, see material and methods. 

The frequency and amplitude used previously vary between 25 to 50 Hz and 0.06 to 3 mm 
respectively, independently of the size of the experimental objects. Frequencies up to 90Hz 
(Ward et al., 2004) and amplitudes down to 55 μm (Rubin et al., 2004) have also been used. 
Both these studies were on bone tissue in humans (not shown in table 1). A daily treatment 
time of 15 min seemed reasonable to use, and frequencies of 30 and 40 Hz. The aperture used 
in this study had two possible amplitudes, 2 mm and 4 mm which both were used. 

Species Tissue Freq.
(Hz)

Amp.
(mm)

Acc.
(g)

Min
/day

      
Authors

Human Bone 25-40 1 2-8 4 (Torvinen et al., 
2003)

Rat Fat 30-50 3 (10.8-30.2) 30 (Maddalozzo et  
al., 2008)

Rat Bone 35 (0.06) 0.3 20 (Leung et al., 
2008)

Mouse Bone 45 (0.012-0.12) 0.1-1 15 (Christiansen & 
Silva, 2006)
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Table 1: A summary of frequency, amplitude, acceleration and min per day of stimuli from previous 
studies. The values in parenthesis were not presented in the respective article, but have been 
calculated, g=9.82m/s2



12 Materials and methods

12.1 Ethics 
The experiment was approved by the Regional Ethics Committee for Animal Experiments, 
care and housing of the animals were performed according to their guidelines.

12.2 Animals 
All together 63 female Sprague-Dawley rats were used, weight 248 g (SD 30), figure 12. The 
animals were housed in separate cages with unlimited access to food and water, and had a 12 
h light and dark cycle. All animals were habituated gradually to the vibration platform and the 
treadmill.  Rats undergoing tail suspension were moved to special cages at least a day before 
surgery, but were not suspended, to make them familiar with their new environment. Since 
rats are night active, their 12 h light and dark cycle was switched for all animals to make them 
have their active period while exercising. 

12.3 Surgery 
Subcutaneous injections of analgesics (0.045 mg/kg, Buprenorphine, Temgesic; Schering-
Plough, Brussels, Belgium) were given pre- and postoperative. Preoperative Antibiotic (25 
mg/kg, Oxytetracycline, Engemycin; Intervet, Boxmeer, Holland) was also given. The 
animals were anaesthetized with isoflurane gas (Forene, Abbot Scandinavia, Solna, Sweden) 
in a chamber and were kept anaesthetized with isoflurane from a face mask during the 
surgery. 

The surgery is a simple procedure, figure 13. The skin of the right hind limb of the rat was 
shaved and cleaned with chloridehexidin. The Achilles tendon was accessible through a small 
transverse cut in the skin. Lateral to the Achilles tendon, the Achilles-Plantaris tendon 
complex was exposed and the plantaris tendon was removed to prevent interference with 
healing and material testing. The Achilles tendon was cut transversely and a 3 mm segment 
was removed. The tendon was left to heal and the skin was sutured. 
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Figure 12: A Sprauge-Dawley rat.



12.4 Tail suspension 
The tail suspension model used in experiment 2 and 3 was first described in 1979 by Emily 
Morey. The original purpose was to mimic the state of weightlessness during spaceflight to be 
able to study the response in bone tissue (Morey, 1979). In our experiments, tail suspension 
was used to control the amount of mechanical stimuli given to the animals. 

The rats were kept separate in special cages made of Plexiglas, 30x30 cm, figure 15. To 
unload the hind limb of the animals, the tail was taped and a piece of hard plastic was attached 
to the tip of the tail. Over the roofless cage there was a metal bar on wheels that could move 
back and forth. Onto this bar, there was a wheel that moved along the bar. A nylon thread was 
used to tie up the tail, via the plastic piece, to the wheel. This pulley system makes it possible 
for the rat to move from corner to corner in the cage. The height was adjusted to make sure 
that the animals did not reach the ground with their hind limbs, figure 14. 

 

21

Figure 14: Principle sketch of unloaded rat. 
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Figure 13:  The Achilles tendon in accessed through a small transverse cut. The plantaris tendon 
complex is removed. A 3 mm segment from the Achilles tendon is removed. The tendon was left to heal.



The animals were monitored three times a day. The room temperature was kept at 24 ºC. Food 
and water were measured daily to make sure the rats were eating and drinking. It is common 
that the animals lose a little weight the first couple of days of suspension but regain it after a 
few days. The rats were excluded from the study if the weight loss was more than 15% of the 
rat’s original bodyweight. 
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Figure 15: The tail suspension cage is made of Plexiglas, has a 
pulley system in the roof making it possible for the rats to move from 
corner to corner. The height of the metal bar is adjustable (Morey-
Holton & Globus, 2002).



12.5 Vibration platform 
The vibration platform (Vibra Super 2, Vetek Weighing AB, Väddö Stockholm) has mainly 
vertical vibrations and a plastic box, 30x40x30 cm, was attached on top of the platform, figure 
16. There were four vibration frequencies. The lowest frequency was at 30 Hz and the highest 
45 Hz, with 5 Hz interval. 30 and 40 Hz were used in this study. There were also two different 
amplitudes, 2 mm and 4 mm, which both were used in this study. 

        

Formula 1 is used for calculation of maximum acceleration for harmonic oscillation. The 
vibration generated from the aperture used in this study was oscillating, however not strictly 
harmonic. We checked the acceleration with an accelerometer, and found that it varied 
between almost zero to the maximum value that is presented in the experimental set up. The 
amplitude and frequency were given by the manufacturer of the aperture, but when putting it 
into formula 1 the outcome did not agree with the measurement done with the accelerometer 
(Piezoresistive accelerometer, Alvetec AB). One reason for that may be that the motion is non 
harmonic, and another may be that the amplitude given by the manufacturer is a peak-to-peak 
value i.e. 2xm that the amplitude is in fact half of what is given.

It is possible to see with the naked eye that the platform is not moving up and down 4 mm, 
which should have been the case if the amplitude is 2 mm, or 8 mm up and down when the 
amplitude is 4 mm. It is more likely, based on the measurement done, that the amplitude is 1 
mm and 2 mm.  However, the amplitudes will still be referred to as 2 mm and 4 mm.  
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am = ω2xm ω = 2πf
  
Formula 1: Formula to calculate the maximum acceleration for harmonic oscillation where 
am = maximum acceleration, xm= maximal amplitude and f = frequency 

Figure 16: The vibration platform 
onto which a plastic box is attached.  



12.6 Treadmill 
The treadmill (Exer 3/6, Columbus Instrument, Columbus, USA) is custom made for rats, 
with three tracks, making it possible to train three rats at the same time, figure 17. The 
running speed used in experiment 1 and 2 was 9 m/min, which has been used earlier by this 
research group. 
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Figure 17: The treadmill.



12.7 Mechanical testing 
14 days after surgery, the animals were killed by CO2 asphyxiation and the Achilles tendon 
was removed and tested in a material testing machine (100R; DDL Inc., Eden Praire MN), 
figure 18. The evaluation was done while the examiner was blinded for treatment. 

The Achilles tendon was carefully dissected and removed together with its bone-tendon and 
muscle-tendon interface intact. The length, sagittal and transverse diameter of the callus and 
gap distance was measured with a calliper. The muscle was carefully scraped of with a blunt 
instrument and the remaining tendon fibers were used to attach the tendon to a clamp in the 
testing machine. To prevent slippage the fibers were placed between two sheets of sandpaper. 
In the other end of the tendon, the bone was attached to a clamp in a 30 degree angle, figure 
18. The testing machine pulled at a constant speed of 0.1 mm/s until failure. A force vs. 
displacement plot was achieved, figure 6, followed by normalization with the cross sectional 
area and the original length, stress and elastic modulus were calculated.   

25

Figure 18: The mechanical testing machine.



12.8 Experimental set up

12.8.1 Experiment 1 (no unloading)
In experiment 1, 30 animals were used, mean weight 271 g (SD 19). The rats were housed one 
by one in regular cages and had full time cage activity. After surgery, the animals were 
randomized into three groups, one with 15 min of daily vibration exercise, one with 15 min of 
treadmill running and one control group with just normal cage activity, n=10 in each group. 
Figure 19 illustrates the experimental set up. The animals began their training on the fifth day 
after surgery.

The plastic box on the vibration platform was divided into four compartments and the animals 
were placed two and two in each compartment. The vibration protocol used in experiment 1 
was as follows: 7 min of 40 Hz, 2 mm amplitude (4 g), 30 s of 30 Hz, 4 mm amplitude (8 g) 
and 7.5 min of 40 Hz, 2 mm amplitude (4 g). 

The aim of experiment 1 was to evaluate if vibration exercise could promote tendon healing 
more than normal cage activity. Vibration exercise was compared with treadmill running 
which has previously been shown to promote tendon healing in unloaded animals. 

12.8.2 Experiment 2 (with unloading)
In experiment 2, 13 animals were used, mean weight 221 g (SD 7). The rats were housed one 
by one in either regular cages or special tail suspension cages. The animals for tail suspension 
were moved to the special cages at least a day before surgery, figure 15. After surgery, the 
animals were randomized into four groups, group 1 received 15 min of daily vibration 
exercise, n=4, group 2, 15 min of treadmill running, n=3, and group 3 was unloaded control 
group, n=3. Group 4 was control group with full time cage activity, n=3. Figure 20 illustrates 
the experimental set up. Group 1, 2 and 3 were unloaded one day after surgery. Group 1 and 2 
began their training on the third day after surgery.
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Figure 19: 30 animals were divided into three groups, vibration group, running group and 
control group.



The plastic box on the vibration platform was divided into four compartments, as in 
experiment 1, and the animals were placed one by one in each compartment. To prevent the 
plastic piece on the animal’s tail to hit the floor in the plastic box the tails were tied up with a 
thread. In experiment 2, the vibration frequency and amplitude were kept at 40 Hz and 2 mm 
(4 g) for 15 min. The tails were also tied up during treadmill training, to prevent them to get 
stuck in the treadmill

The aim of experiment 2 was again to investigate the effect of vibration on tendon healing. 
Vibration was compared with treadmill running. Since the animals were unloaded in this 
experiment, the amount of stimulus received was controlled. 

12.8.3 Experiment 3 (with unloading)
In experiment 3, 20 animals were used, 245 g (SD 15). The rats were housed one by one and 
were moved to special tail suspension cages at least a day before surgery. After surgery, the 
animals were randomized in two groups, one with 15 min of daily vibration exercise and one 
placebo group, n=10 in each group. Figure 21 illustrates the experimental set up. The animals 
started their training on the fifth day after surgery.

In experiment 3 the walls in the plastic box were removed and two animals at the time were 
trained. In experiment 1 and 2 the animals preferred to stand still on the vibration platform. 
This may have resulted in less loading on their injured leg. The walls were removed to 
promote movement among the rats and hopefully more loading on the injured leg. The 
vibration protocol in this experiment was as follows: 7.5 min of 30 Hz, 2 mm amplitude (0.5 
g) and 7.5 min of 40 Hz and 2 mm amplitude (4 g). The rats in the placebo group were placed 
in the box in the same way, but the vibration was not turned on. 

The aim of experiment 3 was to evaluate if vibration had an effect on tendon healing 
compared to placebo.
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Figure 20: 13 animals were divided into four groups, unloaded vibration group, unloaded 
running group, unloaded control group and loaded control group.



12.9 Statistical evaluation 
Data from experiment 1 and 2 were analysed with a one-way ANOVA (StatView 5.0.1 for 
Windows). Post hoc comparisons for difference between groups were made using Scheffe 
tests where p<0.05 was considered significant. 

In experiment 3, unpaired t-tests were made comparing vibration exercise with placebo, 
p<0.05 was considered significant. Also, Levene’s test for equal variance was performed, 
where p<0.05 was considered significant, followed by Wilcoxon and Mann-Whitney non-
parametric tests. 
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Figure 21: 20 animals were divided into two groups, vibration group and placebo group. 



13 Results 

13.1 Experiment 1
No rats were excluded from this experiment. Mean weight on the day of evaluation was 279 g 
(SD 22). Table 2 shows mean values and standard deviation for the different parameters 
tested. The vibration group tended to have a lower peak load compared to running and control 
groups (p=0.06). No significant difference could be seen between the three groups on the 
other mechanical parameters measured. The box plot in figure 22 illustrates the peak load 
among the three groups.

  Control Running Vibration p-value
  n=10 n=10 n=10
Peak load (N) Mean 41.7 39.6 35.2 0.06
 SD 5.4 3.4 8.1
Stiffness (N/mm) Mean 10.3 10.2 9.7 0.81
 SD 0.9 2.1 3.1
Length (mm) Mean 14.4 15.1 15.0 0.21

SD 0.9 0.7 1.3
Cross sectional area (mm2) Mean 8.7 9.9 8.6 0.31
 SD 2.4 1.4 2.2
Gap distance (mm) Mean 11.4 11.6 12.3 0.44
 SD 1.5 1.4 2.1
Stress at failure (N/mm2) Mean 5.1 4.1 4.4 0.24
 SD 1.5 0.9 1.6
Elastic  modulus (N/mm2) Mean 18.1 16.0 18.5 0.72
 SD 5.5 4.8 10.6

29

Table 2: Mean values and standard deviation for the different mechanical parameters measured on 
the callus 14 days after surgery in experiment 1. The rats had full time cage activity and were divided 
in control, running or vibration group. Vibration group received 15 min of daily vibration exercise,  
the running group, 15 min of daily treadmill running and control groups received no extra exercise 
above regular cage activity, n=10 in each group.    
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Figure 22: A box  plot for peak 
load (N) in experiment 1,  
comparing vibration, running and 
control groups 14 days after  
surgery. Animals had full time 
cage activity while not exercising,  
n=10 for each group. 



13.2 Experiment 2
Mean weight on the day of evaluation was 232 g (SD 21). Only ten animals could bee 
unloaded at the same time, due to limited numbers of tail suspension cages. The ten unloaded 
animals were divided in vibration group, n=4, running group, n=3, and unloaded control, n=3. 
There was also a control group with full time cage activity, n=3. One rat was excluded from 
the vibration group since it wanted to lie down during vibration exercise. Table 3 shows mean 
values and standard deviation of the mechanical parameters measured. 

There was a significant difference in peak load between the groups (p=0.001). Figure 23 
illustrates the difference in peak load among the groups. Post hoc tests showed that loaded 
controls were stronger than running, vibration and unloaded control groups (p=0.021, p=0.004 
and p=0.002 respectively). There were no additional significant differences in peak load. 

The cross sectional area was also significantly different among the groups (p=0.015). Figure 
24 illustrates the difference in cross sectional area among the groups. Post hoc tests showed 
that loaded controls had larger cross sectional area than unloaded controls as well as the 
vibration group (p=0.029 and p=0.038 respectively). There was no additional significant 
difference in cross sectional area.

There was also a significant difference in stiffness among the groups (p=0.009). Figure 25 
illustrates the difference in stiffness among the groups. Post hoc tests showed that loaded 
controls were higher in stiffness compared to unloaded controls and vibration group (p=0.026 
and p=0.029 respectively). No additional significant differences in stiffness were seen.
 
No significant difference was found for any of other mechanical parameters measured, length, 
gap distance, stress at failure and elastic modulus all had p-values higher than 0.05.

Since the results from experiment 2 pointed in the same direction as experiment 1, that 
vibration exercise did not improve tendon healing, the decision was made not to continue with 
this experiment. Instead, focus was aimed at the question: does vibration treatment have any 
effect at all on tendon healing? This was investigated in experiment 3.
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  Control
Unloaded 
Control

Unloaded 
Running

Unloaded 
Vibration p-value

  n=3 n=3 n=3 n=3
Peak load (N) Mean 32.2 13.2 19.3 15.0 0.001
 SD 6.2 3.5 0.5 2.3
Stiffness (N/mm) Mean 6.0 4.0 5.3 4.0 0.009
 SD 1.0 0.5 0.1 0.6
Length (mm) Mean 14.1 13.2 11.6 13.5 0.13

SD 0.6 1.7 1.1 1.0
Cross sectional area (mm2) Mean 8.2 2.7 4.1 3.0 0.015
 SD 3.3 0.1 0.6 1.0
Gap distance (mm) Mean 11.3 9.3 8.3 10.1 0.17
 SD 2.1 1.8 0.8 0.5
Stress at failure (N/mm2) Mean 4.3 5.0 4.8 5.6 0.85
 SD 1.6 1.5 0.6 2.7
Elastic modulus (N/mm2) Mean 12.3 20.1 15.5 20.0 0.42
 SD 7.3 5.7 2.8 8.3
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Table 3: Mean values and standard deviation for the different mechanical parameters measured on 
the callus 14 days after surgery in experiment 2. The animals were divided in four groups, group 1 
received 15 min of daily vibration exercise, group 2, 15 min of daily treadmill running, group 3 were 
unloaded  controls and  group 4 were controls with full time cage activity. Group 1, 2 and 3 were 
unloaded.  

Figure 23: A scatter plot for  
peak load (N) in experiment 2,  
comparing unloaded running,  
unloaded vibration, unloaded 
control and control with full  
time cage activity, 14 days after 
surgery. n= 3 for each group.
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Figure 24: A scatter plot for  
cross sectional area (mm2) in  
experiment 2, comparing 
unloaded running, unloaded 
vibration, unloaded control  
and control with full time cage 
activity, 14 days after surgery.  
n= 3 for each group.

Figure 25: A scatter plot for  
stiffness (N/mm) in experiment  
2, comparing unloaded running,  
unloaded vibration, unloaded 
control and control with full  
time cage activity, 14 days after  
surgery. n= 3 for each group.



13.3 Experiment 3
One rat, in the placebo group, slipped out of its tail suspension and was excluded from this 
experiment. Mean weight on the day of evaluation was 252 g (SD 14). Table 4 shows mean 
values and standard deviation of the mechanical parameters measured. There was no 
significant difference at any of the parameters measured (p>0.05 for all). 

When examining the data with Levene’s test, there was a significant difference in variance in 
stress at failure (p=0.008). However, the non-parametric tests showed no significant 
difference between vibration and placebo group. Table 5 shows confidence interval (95%), in 
percentage, for the difference between vibration and placebo groups. 

  Placebo Vibration 
  n=9 n=10
Peak load (N) Mean 21.8 22.6
 SD 1.1 1.3
Stiffness (N/mm) Mean 6.8 6.7
 SD 0.4 0.3
Length Mean 13.7 13.0

SD 1.2 1.1
Cross sectional area (mm2) Mean 4.6 5.0
 SD 0.2 0.4
Gap distance (mm) Mean 9.7 9.2
 SD 0.4 0.7
Stress at failure (N/mm2) Mean 4.7 4.7
 SD 0.2 0.4
Elastic modulus (N/mm2) Mean 20.1 18.1
 SD 1.3 1.4

Confidence Interval  95% Lower Higher
Peak load (N) -13% 21%
Stiffness (N/mm) -16% 16%
Length -15% 6%
Cross sectional area (mm2) -12% 29%
Gap distance (mm) -22% 11%
Stress at failure (N/mm2) -21% 20%
Elastic modulus (N/mm2) -31% 10%
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Table 4: Mean values and standard deviation for the different mechanical parameters  
measured on the callus 14 days after surgery in experiment 3. The animals were divided in two 
groups. One received 15 min of daily vibration exercise and the other was placebo group. 

Table 5: Confidence interval for the 
difference between vibration and 
placebo groups. Ex: peak load for  
placebo group was at the most 13% 
lower than the vibration group and at  
the most 21% higher than the  
vibration group. The elastic modulus 
in the placebo group was at the most  
31% lower than the vibration group 
and at the most 10% higher than the  
vibration group.



14 Discussion 
In this study, it was hypothesised that vibration stimuli can stimulate tendon healing. 
Vibrations are likely to produce fluid flow in the tendon. The fluid flow would activate tendon 
cells to produce tendon and matrix components giving an improved tendon healing. In vitro 
studies on tendon cells have showed that mechanical stimuli increases the gene transcription 
of collagen, enzymes and cytokines involved in inflammation and matrix degeneration. In 
these previous studies, the mechanical stimuli used was fluid flow and tensile strain 
(Archambault et al., 2002; Tsuzaki et al., 2003; Maeda et al., 2007). How tendon cells 
response to vibration stimuli has not yet been investigated.

The results in this study showed that 15 min of daily vibration exercise did not improve the 
biomechanical properties of healing Achilles tendons in rats. In experiment 1, there was no 
significant difference between the groups for any of the mechanical parameters tested. 
Though, the vibration group tended to have a lower peak load than the control group. In 
experiment 2, control animals with full time cage activity had significantly higher peak load 
values compared to unloaded control, running and vibration group. 

Full time cage activity animals get stronger tendons, i.e. can withstand higher load before 
failure, than unloaded animals. Even if the unloaded animals received daily mechanical 
stimuli in form of vibration or running exercise, loaded control tendons are still stronger. 
Whether the reason for this is the amount of stimuli or the fact that the loaded animals have 
some specific activity in their cages that improves tendon strength is not known. 

However, a strong tendon is not necessarily the best tendon. Gap distance is a parameter of 
great interest. Gap distance measures the length between the tendon stumps that are left after 
transecting the tendon. In experiment 2, gap distances in unloaded running exercise group 
tends to be shorter than loaded controls. However, this was not significant most likely due to 
the small group number. In a previous study made by our research group, the same 
phenomenon was seen. The unloaded running exercise group had shorter gap distance than 
loaded controls. 

After healing, the tendon can be strong, but with a large gap distance it may have been 
extended during the healing process. This extension may result in a reduced ability to transmit 
force from the muscle to the calcaneal bone.

An interesting discovery seen in experiment 2 was that stiffness and CSA was significantly 
higher in loaded controls than in unloaded controls and the vibration group but not 
significantly higher than unloaded running group. However, there was no significant 
difference when comparing the unloaded control, running and vibration groups with each 
other. It seems like running exercise improves stiffness compared to unloaded control and 
vibration group and that the running group have tendencies to thicker tendons than the 
unloaded controls and the vibration animals. As figure 9 describes, thicker tendon results in 
higher stiffness. Unloaded running groups might get better biomechanical properties after 
healing than full time loaded animals. However, no definite conclusions can be drawn since 
the groups in experiment 2 were small, n=3 for each group.  

Another question to be asked is how strong vibrations are needed to stimulate tendon healing. 
Studies made on bone fracture models and clinical studies on osteoporosis patients often use 
frequencies from 30 to 50 Hz. These studies have showed increased healing rate in fractures 
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and increased bone mineral density in osteoporosis patients (Leung et al., 2008; Ruan et al., 
2008). The vibration frequencies used in this study were 30 and 40 Hz. Since this is the first 
study using vibration stimuli as a possible improvement for tendon healing, the optimal 
vibration magnitude needed to activate the tendon cells is unknown. 

However, this study showed that vibration stimulus had no effect on tendon healing. There 
was no difference in any of the parameters tested between the vibration group and the placebo 
in experiment 3, showing that 15 min of daily cage activity (placebo) is as good as 15 min of 
daily vibration exercise. The confidence intervals in experiment 3 were small, confirming that 
there is no difference between vibration and placebo group. 

In experiment 1, there was a tendency towards a negative effect of vibration exercise 
compared to running and control group. This was not seen in experiment 2, where the 
vibration magnitude was set lower. Perhaps the vibration magnitude used in experiment 1 (8g) 
is maximum for what a recently ruptured tendon can take. If so, then the question is not 
whether the amount of stimuli given is enough. It is more likely that vibration stimuli are not 
the right type of stimuli to improve tendon healing.   

Another thing to discuss is how much of the vibration from the platform actually reaches the 
tendon. Some vibrations may be absorbed by the plastic box. However, when measuring the 
acceleration, the accelerometer was placed inside the box as well as outside confirming that 
approximately all vibration from the platform is transferred to the inside of the box. Some 
vibrations may be absorbed by the soft parts of the animal’s paws. However, most of the 
vibrations are probably still transferred to the tendon.

The amount of vibration transferred from the platform to the tendon is also dependent on how 
much the animals load their injured leg. When running, the animals load their healing tendon 
every time they put down the injured hind limb. However, they are limping a little bit 
suggesting they do not put all their weight on their injured leg. Animals subjected to vibration 
avoid loading their injured leg if not necessary.

In experiment 1, where the rats were placed two and two in the stalls, limited the amount of 
space for movement. The amount of space for each rat was increased in experiment 2 where 
the animals were placed one and one in the stalls. Even then the animals preferred to remain 
still. To stimulate movement among the animals the walls in the plastic box were removed in 
experiment 3 and the animals were placed together two and two in the box. Without the walls 
the animals had more space and stimulated each other to move around. Despite the fact that 
the animals probably loaded their tendons the most in experiment 3, the results showed no 
difference between vibration group and placebo.

It is questionable when to start exercising after Achilles tendon rupture. Stretching and 
training should be avoided during the inflammatory phase to minimize disruption of the 
healing process (Wang, 2006). In experiment 1, the animals had unrestricted cage activity and 
their training started on the fifth day after surgery. By then the inflammatory phase is over and 
the repairing phase has started. To start load the tendon from day one after surgery may lead 
to a poorer healing and a weaker tendon. How much the animals with full time unrestricted 
cage activity load their healing tendons the immediate time after surgery is unknown.

In experiment 2, the training began on the third day after surgery. A two day resting period 
and training start on the third day have previously been used by our research group on tail 
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suspended animals. Based on the results from experiment 2, the decision was made to wait 
with the training to the fifth day in experiment 3. At this point more callus tissue is produced 
before mechanical stimuli are applied. Though, the results from experiment 3 showed no 
significant difference between the vibration group and the placebo group. 

There are two possible explanations to our results: vibration stimulus does not improve 
tendon healing or we choose the wrong parameters and the wrong way to apply the vibrations. 
The proof that vibrations have an effect on tendon healing was seen in experiment 1, where 
the result showed a negative effect. It was probably a wise decision to reduce the vibration 
magnitude. However, with a lower vibration magnitude, there was no effect at all.

Vibrations are likely to produce rapid fluid flows, and maybe a little strain, in the tendon. Our 
results indicate that fluid flow may not be the most important signal. That strain possible is 
more important than fluid flows to activate tendon cells. A better approach would be to try 
increase strain in the tendon. This may be achieved by up-hill running or climbing. 

In conclusion, this study showed that vibration stimuli, as applied here, do not improve 
tendon healing. Animal with full time cage activity get strong tendon but unloaded running 
exercising animals might improve the mechanical properties of the tendon.
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