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Abstract

The prevention of work-related tendionopathies, a group of common and

debilitating disorders associated with hand intensive work, is hampered by the limitations

of epidemiologic studies to clearly identify specific and generalizable risk factors,

especially biomechanical risk factors. The purpose of this research was to use a rabbit

model to investigate the effects of long-term, repetitive, digit loading on structural and

cellular changes of degeneration on the tendon at the epicondyle. The goals were to study

the pathophysiologic mechanisms of tendon damage and to determine the relative

contributions of various biomechanical characteristics of loading, such as repetition rate

and applied force to injury.

An in vivo rabbit model was developed to expose the tendon to repetitive loading

for 2 hours per day, 3 days per week for 12 weeks (80 cumulative hours). Three

combinations of peak forces (High: 0.42N; Low: 0.14N) and repetition rates (High: 60

reps/min; Low: 10 reps/min) were selected: High Force/High Repetition (HFHR), High

Force/Low Repetition (HFLR) and Low Force/High Repetition (LFHR). At the end of

the exposure period, changes to tendon microstructure and biology were measured.

Microtears were quantified using photomicroscopy and image analysis methods.

Biological changes were measured by immunohistochemical staining of cells for growth

factors associated with angiogenesis and matrix repair (VEGF, VEGFR-l and CTGF).

Microtears were increased under HFHR loading. There were moderate increases

with HFLR loading and no changes associated with LFHR loading. Dose-response

relationships were observed for both force and repetition with tear measures being

affected more by peak force than repetition rate.
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Cell densities ofVEGF, VEGFR-l and CTGF staining cells were increased under

HFHR loading. No changes were found under the other loading conditions. VEGF

staining cell density correlated to microtears (tear density) regardless of the loading

pattern. VEGFR-l cell density, the main receptor for VEGF, was associated to tear

density only under HFHR loading.

This is the first study to systematically document the relationship between

repetitive loading of the upper extremity and the formation of microtears in tendon.

Microtears have been hypothesized as being a mediator or the initial route of damage in

tendon leading ultimately to chronic tendinosis, but the evidence has been missing until

now. The results of this study provide evidence at the basic science level for a

relationship between repetitive loading of the upper extremity and injury to tendons. As

the tendon experiences repetitive loading, microtears may accumulate causing a cellular

response, such as an up-regulation ofVEGFR-l. This suggests a pathway for

inflammatory and angiogenic mediators further downstream in tendon degeneration.

The study also provides evidence that during repetitive loading, the peak force of

the load contributes more to microtear damage to the tendon than the repetition rate.

These findings suggest that in order to decrease risk of tendon related injuries among

workers due to hand intensive tasks, greater benefit may be obtained by reducing the

peak hand loads than by reducing repetition rates.
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Significant Findings

The structural and cellular responses of tendon to three different patterns of

repetitive loading were investigated in this in vivo model using the rabbit digit flexor

muscle (Flexor Digitorum Profundus). The loading patterns included a high and low

repetition rate (60 vs. 10 repetitions/min) and high and low peak force (0.42N vs. 0.14N)

in the following three patterns: high force high repetition (HFHR), high force low

repetition (HFLR) and low force high repetition (LFHR). Structural outcomes included

the formation of microtears as measured by the tear area as a percent of tendon area (%),

the tear density (tears/mm2
) and mean tear size (!-lm2

). Cellular outcomes included

evaluating the densities of cells staining for Vascular Endothelial Growth Factor (VEGF),

its receptor, Vascular Endothelial Receptor 1 (VEGFR-I), and Connective Tissue Growth

Factor (CTGF). These growth factors are involved in inflammation and angiogenesis.

1. Repetitive loading caused an increase in all measures of microtears in tendon

High Force High Repetition loading (HFHR) generated large increases in

measures of microtears in the loaded tendon compared to the unloaded tendon. All

measures of tears significantly increased (p < 0.05, RMANOVA) in the loaded tendon

compared to its unloaded counterpart. This is the first study to systematically document a

relationship between repetitive loading and the formation of microtears in tendon.

2. Peak force was a greater contributor to microtears than repetition rate

While HFHR loading caused large changes in microtear measures, no change in

microtear measures between loaded and unloaded tendon were observed with the lower

peak force and high repetition loading pattern (LFHR). With the high force low

repetition rate loading pattern (HFLR), differences in microtear measures were observed,
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but were not as great as the HFHR loading pattern. For HFLR, the tear area as a percent

of tendon area (p = 0.01) and the mean tear size (p = 0.03) were significantly greater in

the loaded tendons. These findings suggest that peak force is a greater contributor to

tendon injury than repetition rate.

3. High force high repetition loading also caused an increase in growth factors

The densities of tendon cells staining for the growth factors VEGF, VEGR-l and

CTGF were increased in the loaded tendon under the HFHR loading pattern. These

findings support the microtear findings that the HFHR loading leads to injury to the

tendon.

4. Low force high repetition loading caused a decrease in growth factors

The HFLR loading pattern caused no changes in growth factor density between

limbs. Surprisingly, the LFHR loading led to a decrease in VEGF-1 cell density in the

loaded tendon compared to the unloaded tendon. These findings suggest that the LFHR

loading pattern may promote a healing response (reduction in growth factors).

5. Growth factor density in tendon was related to microtear density

The linear relationships between tear density and VEGF, VEGFR-1 and CTGF

were investigated by calculating correlation coefficients and slopes. VEGF cell density

was correlated to tear density regardless of load status or loading pattern. The slopes

between VEGF and tear density was significantly greater than zero for all cases and

ranged from 0.22 to 0.35. VEGFR-1 cell density did not correlate to tear density for

HFLR and LFHR loading in both the loaded and unloaded tendons. REDO#####

However, the slope was significantly greater than zero under loading in the HFHR

loading pattern and was significantly greater than the unloaded slope. The increase in
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VEGFR-l cell density when experiencing HFHR loading may directly impact the

downstream effects of neovascularization because it is the main receptor for VEGF,

which has major impacts on angiogenesis.

6. Microtears primarily occurred in the outer region of the tendon

Regional differences in tear measures were observed within the tendon.

Regardless of loading status (loaded vs unloaded limb) or the loading pattern, tear

measures were greater in the outer regions of the tendon. Similar regional variations

were'observed for growth factors, but the variations were not as pronounced as they were

for microtears. The regional variations were likely due to the inhomogenous transmission

of load through the tendon. The outer regions experience greater tensile stresses while

the inner regions experience a combination of tension, compression and shear loading.
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Translation of Findings

Chronic injuries to tendons of the hand and arm, such as epicondylitis or wrist

tendonitis, are an important cause of disability among workers who daily perform hand

intensive tasks. Nationwide, these disorders account for significant workers'

compensation costs. This is the first basic science study to systematically investigate the

effects of the risk factors peak force and high repetition rate on the underlying

mechanisms of injury in the development of chronic tendon disorders. The formation of

microtears in the tendon was found to be more sensitive to differences in force than in

repetition rate. A similar finding was observed for growth factors, but, interestingly, high

repetition rate with low force led to lower growth factor levels suggesting a beneficial

effect.

These results may be applied to high risk occupational setting in order to prevent

or manage tendon disorders. The study findings suggest that for jobs requiring repetitive

gripping or pinching at high forces, decreasing the required grip or pinch forces will have

a greater effect on reducing the risk of tendon degeneration than decreasing repetition

rate. In other words, reducing the weights of objects or tools or selecting different hand

tools may critical interventions to make in the workplace to prevent tendon injuries.

Examples of workplace changes that can decrease grip force are selecting pipettors in the

laboratory that require less thumb force to use; picking nut drivers with clutches or other

modifications that reduce the required grip force; sharpening tools so that they require

less force to cut (e.g., knives, scissors, dental scalers, pruners, etc.); and purchasing tools

that are powered (e.g., caulking guns, nail guns, cake decorators).
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Relevance

Safety engineers, ergonomists, industrial hygienists, occupational medicine physicians,

employers and employees need clear guidelines to follow for the prevention of chronic

musculoskeletal disorders in the workplace, such as tendonitis and epicondylits. These

disorders account for approximately 20% of all workers' compensation dollars and

significant pain and disability in the US workplace. The biomechanical risk factors for

these disorders include repetition rate, force, and posture. Unfortunately, the findings

from the epidemiologic literature are not specific enough to identify dose-response

relationships or thresholds of injury for these important risk factors. On-the-other-hand,

these same risk factors are also important for producing products. Without force, and

motion, and posture changes work could not be done. This study begins to prioritize the

contributions of these risk factors to tendon injuries. Specifically, the research finds that

peak applied force contributes greater to markers of tendon injury than repetition rate.

These findings can help safety professionals and others better focus resources on the

workplace changes that will be effective in preventing tendon related injuries in the

workplace.
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CHAPTER I

Background and Significance

The annual incidence of musculoskeletal disorders of the upper extremities

associated with repetitive work has been increasing over the last 15 years and these

disorders now account for a majority of work-related illnesses reported by employers

(Bureau ofLabor Statistics (BLS) 1998). Examples of these problems are non-specific

pain, tendon-related disorders (e.g., rotator cuff tendonitis, epicondylitis, stenosing

tenosynovitis), and nerve entrapments (e.g. carpal tunnel syndrome). In some industries

(e.g. office sector, meat packing) these are the most common occupational health

problems. These disorders are also associated with high levels of disability (Pransky et al.

2000). In the BLS survey (1998), disorders related to repetitive motion resulted in the

longest absences from work compared to other events and exposures. A tendon injury

model in the rat confirms this slow healing process (Carpenter et al. 1998). The

supraspinatus tendon demonstrated incomplete or very slow healing up to 12 weeks after

the injury. Estimates for the total annual US costs for work-related neck and upper

extremity disorders range from 563 million dollars to 3 billion dollars (Webster et al.

1994, NIOSH 1996).

Prevention of these disorders is hampered by the limitations of epidemiologic

studies to clearly identify specific and generalizable risk factors, especially

biomechanical risk factors. This is due partially to limitations in accurately assessing

outcomes and exposures. These soft tissue disorders are difficult to classify; the most

objective tools are invasive (e.g., biopsies) and therefore not often used. Some studies
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rely exclusively on symptoms or do not use consistent physical examination criteria (e.g.,

Faucett et al. 1994, Marras et al. 1993, Moore et al. 1994). Quantifying exposure is

problematic due to the constant changes in tasks and jobs that occur in the modem work

place and the resultant changes in exposure. Some studies use self-report for exposure

classification (DeKrom et al. 1990) and others use schemes that are difficult to duplicate

(Nathan et al. 1988). Quantifying biomechanical factors over time is nearly impossible.

Obtaining adequate sample sizes in specific exposure categories is difficult (Moore et al.

1994, Osorio et al. 1994). Because of differences in work practices, even the results of a

well executed prospective study, which are rare, may be difficult to generalize to other

industries. Although some gross biomechanical factors (e.g., repetition, load) repeatedly

emerge as risks (Stock et al. 1991, Bernard et al. 1997) the relationships between the

specific biomechanical factors and disease remain unknown.

Specific information regarding biomechanical factors would greatly assist in the

prevention of these disorders. It is not adequate to simply recommend reducing repetition

rate or load levels at work because these same factors are critical to productivity. What is

needed is more precise knowledge of the exposure-disorder relationships between

specific biomechanical factors and disease. Is the primary biomechanical problem

repetition rate (Roquelaure et aL 1997, Silverstein et aL 1986, 1987), load (Moore and

Garg 1994, Luopajarvi et aL 1979, Chiang et aL 1993, Roquelaure et al. 1997, Silverstein

et al. 1986, 1987), acceleration, cumulative tendon travel (Marras and Schoenmarklin

1993), or other factor? Is the problem that an initial very high load event is followed by

continued low loads? If load is the problem, is it peak load or mean load? Or, if all of

these factors are involved, what are their relative contributions? Are the exposure- .
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disorder relationships linear, or are there threshold levels based on healing? Answers to

these questions could assist industrial engineers, ergonomists, and other heath

professionals in the design of safe work without unduly interfering with productivity. For

example, ifhigh loading rate is the major biomechanical risk factor, tasks and tools could

be designed to minimize impact loading, peak accelerations, or sudden torque changes

without limiting productivity. Ifrepetition is the major risk, tasks and tools could be

designed to eliminate extra repetitions, but maintain similar mean force patterns.

For the reasons cited above, epidemiologic studies are unlikely to answer these

questions; however, these questions have the potential to be answered by animal models.

Unfortunately, few animal models have been developed to explore these questions.

There are no animal models for epicondylitis associated with repetitive loading. But there

is a relevant overuse model for shoulder tendinosis in the rat (Carpenter et al. 1998), and

Achilles tendinosis in the rabbit (Backman et al. 1990). Rotator cufftendinosis was

produced in the rat with treadmill running and led to an increase in cellularity and

collagen disorganization in tendon compared to controls (Carpenter et al. 1998). The

biomechanical changes were an increase in tendon cross-sectional area and a decrease in

tissue modulus. Limitations were lack of characterization and control of the

biomechanicalloads - no force or repetition data was reported by the authors.

Backman et al. (1990) exposed the Achilles tendon of 13 New Zealand white

rabbits to repetitive loading by percutaneously stimulating the gastrocnemius muscle

while applying a load to ankle flexion. Loads of 150 flexions per minute were applied

for 2 hours per day, 3 days per week for 5-6 weeks. Although not published, and not

precisely controlled, the peak load is estimated at 15% of maximum. A four point, semi-
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quantitative scheme was used to evaluate histopathologic changes in the tendon. In

comparison to the control leg, the exposed leg morphology demonstrated a thickened

paratenon with edema and increased capillaries, and increased fibroblasts and

lymphocytes. The central portion of the tendon exhibited degenerative changes. The

model established that repetitive loading can lead to an inflammatory-like reaction at the

paratenon, but it is limited in its relevance to human work situations and in its lack of

characterization of internal tissue loads. The repetition rate was high compared to what

might be expected for humans, and no other loading conditions were explored.

Furthermore, this hind leg model does not allow for the investigation of nerve

entrapments or tendon related disorders common to the upper extremity (e.g.,

epicondylitis).

Our poor understanding of the cellular and biochemical processes underlying

epicondylitis is formulated from the indirect evidence of histological findings from

surgical specimens in humans. The pathology is characterized by regions ofdense

hypertrophy of fibroblasts, vascular hyperplasia, and disorganized collagen (Kraushaar

and Nirsh11999, Merkel et al. 1982, Regan et al. 1992, Doran et al. 1990, Chard etal.

1994). There are no biochemical studies of this tissue and these studies, while valuable,

are merely histologic 'snap shots' of the poorly repaired end result and do not give

insight into the initial events and subsequent progression of overuse pathology.

However, the biochemical events may be partially inferred from studies of chronic

achilles tendinosis in humans. Tissue samples from 11 athletes with chronic achilles

paratenonitis were compared to 4 male cadavers (Kvist et al. 1988). This tissue is also

characterized by neovascularization, fibrinous exudations, and thickened and edematous
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paratenon. Immunohistologic findings revealed increased staining for fibrinogen and

fibronectin in adhesion areas and in the edematous paratenon.

The observation that fibrocartilage-like regions form on the tendon at sites where

the tendon is subjected to compression may have some relevance to injury (Merrilees and

Flint 1980, Abrahamsson et aL 1989, Vogel et aL 1989, Malaviya et aL 2000). These

regions are morphologically and biochemically different from the tendon proper, and

contain a high density of rounded instead of elongated tenocytes. The collagen fibers are

not generally oriented along the axis of the tendon but are irregular, loose and of thinner

diameter. These regions contain few or no vessels (Lundborg et aI., 1977). The

proteoglycans are large, aggragating and rich in chondroitin sulfate (e.g., aggrecan,

versican) whereas within the tendon proper the proteoglycan is small, dermatan sulfate

rich (e.g., biglycan, decorin )(Vogel et aL 1986). These regions have some similar

features to the histology observed in human tendinosis but they also differ in that they are

vessel poor and contain few inflammatory cells.

Changes to the ECM components, the quantity and quality of molecules, are

relevant to soft tissue injury and repair. Plaas et aL (2000) show in their rabbit model of

ligament injury that small proteoglycans (e.g., biglycan) and two large proteoglycans

(likely versican and aggrecan) accumulate following injury. Another ECM and cell

surface protein, tenascin, is increased in the area surrounding rounded cells found in the

disorganized fibrocartilage and around infiltrating blood vessels (Riley et aL 1996) of

injured or degenerated tendons.

In both the development and repair of soft tissues the increase in matrix

production by the resident cells is often attributed to the presence of cytokines or growth
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factors. Interleukin 1 (IL-1), IL-4 and tumor necrosis factor alpha (TNF-a) stimulate

tenascin synthesis and matrix deposition by fetal conjunctival fibroblasts (Rettig et al.

1994). TNF-a may also be involved in peripheral pain receptor activation. Transforming

growth factor beta (TGF-P) also stimulates fibroblasts from some tissue sources to

produce ECM, possibly due to the ability ofTGF-p to modulate other signaling

pathways. In another example of complex TGF-p effects, van Beuningen et al. (2000)

demonstrate that injection ofTGF-p into the knee of their mouse osteoarthritis model

results in an increase in matrix synthesis and cell proliferation. Paradoxically, prolonged

exposure to TGF-p led to local proteolysis and osteoarthritis-like events rather than

proper repair. Cells oftendon tissue cultured in the presence ofTGF-p are stimulated to

increase aggrecan and biglycan production (Robbins et al. 1997).

The role of basic fibroblast growth factor (bFGF) is also relevant. This cytokine

induces angiogenesis by creating capillary networks and granulation tissue to transport

cells to the injury site for inflammation and collagen synthesis (Folkman and Klagsbrun,

1987). In their rabbit tendon healing model, Chang et al. (1998) show that following

tendon transection and repair, bFGF is upregulated (increased bFGF mRNA) in tenocytes

and sheath fibroblasts. A further complication to cytokine regulation of the ECM is that

certain cytokines bind one or more ECM molecules. TGF-p is bound by the small

proteoglycans decorin, biglycan, and fibromodulin (Yamaguchi et al. 1990, Hildebrand et

al. 1994) while bFGF binds to heparin sulfate proteoglycans (Shing et al. 1984). Thus,

matrix proteins can modulate the modulators of their own synthesis.

Physiological loading may lead to increased ECM synthesis and deposition in

tendon yet does not lead to proliferation, inflammation or angiogenesis as seen in
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injury/overuse loading (Woo et al. 1980; Woo et al. 1981). The key difference could be

the involvement of cytokines such as TGF-~ and bFGF. Minor repair of connective

tissues occurs continually on a limited basis. The necessary breakdown of flawed matrix

components, prior to rebuilding, is performed by enzymes including the family of matrix

metalloproteinases (MMPs). Since MMPs break down the matrix, an imbalance in this

process could release cytokines bound by the matrix and thus increase cell stimulation.

Where loading is increased to the point of injury, a cycle of repair, release of cytokines,

and more repair could amplify a deleterious imbalance of break down and repair of

matrix. It is not clear, however, how this process is regulated nor at which point in the

cycle it is readily reversible. Understanding when these proteins and cytokines are

expressed relative to the injury and each other will help unravel the injury mechanism

and expand the possible interventions for prevention of permanent injury.

The purpose of this proposal is to use a model of repetitive stimulation of the

large finger flexor muscle of the rabbit to investigate pathophysiologic mechanisms and

exposure-disorder relationship of musculoskeletal disorders such as epicondylitis.

Knowledge of the pathophyisiologic mechanisms are not only useful in ultimately

unravelling the biomechanical factors important in injury and healing but may also lead

to early identification ofbiochemical markers of injury in humans. In the future, the

model may also be used to investigate healing and medical treatments and the effects of

load modification on recovery. The model has the potential to be developed in the future

to also investigate the pathophysiology of trigger fmger, tenosynovitis at the wrist,

osteoarthritis, and skeletal muscle injury.
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The proposed research is directly responsive to the NIOSH Announcement PA­

99-144 which requests proposals that address NORA (1996) priority research areas; One

of these areas is musculoskeletal disorders of the upper extremity. Proposals should

develop "knowledge that can be used in preventing occupational diseases and injuries and

to better understand their underlying pathophysiology". This proposal also directly

addresses recommendations for future research outlined at a conference titled Repetitive

Motion Disorders of the Upper Extremity, sponsored in 1994 by NIAMS, AAOS, and

NIOSH (Gordon et al. 1995). This proposal also addresses several research priorities of

the National Research Council's report (1999) on Work-related Musculoskeletal

Disorders: (1) research is needed on the models and mechanisms that underlie the

established relationship between causal factors and outcomes and (2) research is needed

to improve our understanding of the mechanisms that produce tissue failure.
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CHAPTER II:

Evidence of tendon microtears due to cyclical loading in an in vivo

tendinopathy model

2.1 Abstract

Tendon injuries at the epicondyle can occur in athletes and workers whose job

functions involve repetitive, high force hand activities but the early pathophysiologic

changes of tendon are not well known. The purpose of this study was to evaluate early

tendon structural changes, specifically the formation of microtears, caused by cyclical

loading. The Flexor Digitorum Profundus (FDP) muscle of 9 New Zealand rabbits was

stimulated to contract repetitively for 80h of cumulative loading over 14 weeks. The

contralateral limb served as a control. The tendon at the medial epicondyle insertion site

was harvested, sectioned, and stained. Microtears were quantified, using image analysis

software, in four regions of the tendon, two regions along the enthesis and two distal to

the enthesis. The tear density (loaded: 1329 ± 546 tears/mm2; unloaded: 932 ± 474

tears/mm2) and mean tear size (loaded: 18.3 ± 6.1 ~m2; unloaded: 14.0 ± 4.8 ~m2) were

significantly greater in the loaded limb (p < 0.0001) across all regions compared to the

unloaded limb. These early microstructural changes in a repetitively loaded tendon may

initiate a degenerative process that leads to tendinosis.
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2.2 Introduction

Tendon injuries due to overuse a common problem in athletes and workers and

account for 30 to 50% of all sports-related injuries (11, 12) and almost half of

occupational illnesses in the United Sates (29). Epicondylitis, a tendinopathy at elbow, is

a common disorder in adults, the incidence in general practice is approximately 4 to 7 per

1000 patients per year with an annual incidence of 1% to 3% in the general population (1,

7). Although epicondylitis is related to forceful and repetitive hand activities, little is

known about the early mechanisms of injury that ultimately lead to tendinopathy.

Elucidating the early structural, cellular, and molecular changes in the tendons exposed to

cyclical loading may ultimately improve prevention and treatment options.

Lateral epicondylitis is an injury of the common extensor tendon at the lateral

epicondyle while medial epicondylitis is an injury to the common flexor tendon at the

medial epicondyle. Epicondylitis presents as localized pain, tenderness and occasionally

swelling (32). Biopsies of the tendon and surrounding scar tissue in patients with

epicondylitis reveal fibrovascular and cellular proliferation, intratendinous calcification

and cartilage formation, loss of parallel tendon fibers, fibrofatty degeneration and partial

tendon rupture (6, 13,20-22,25). The absence of inflammatory cells has led some

authors to propose the term tendinosis instead of tendonitis (13, 15,23).

Large tears (on the order of cm2
) have been observed in tendons of humans with

tendinosis using high-resolution ultrasound (10),(14), MR imaging (8,25,33), and 3D

volume-rendered images from multi-detector computer tomography (MDCT) (19).

However no animal or human studies have investigated the tendon for smaller structural
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defects or microtears, on the scale of 1-500 "",m2
, that may occur early following cyclical

loading.

The purpose of this study was to evaluate microstructural changes, specifically

microtear formation in the FDP tendon at the medial epicondyle following cyclical finger

loading using a rabbit model. Rabbits were used because the FDP muscle could be

isolated for electrical stimulation using small percutaneous needles. In spite of some

anatomical differences, the general structure of the tendon insertion site at the epicondyle,

the composition and the biology of tendon healing in rabbits are similar to that in humans

(3,4,9, 16,26).

2.3 Methods

2.3a Animal Model

Nine female, young adult, New Zealand White rabbits weighing 3.49 kg (± 0.30)

were used. Under general anesthesia, the FDP muscle of one forelimb was electrically

stimulated to contract repetitively for 2 hours per day, 3 days a week, for a total of 80

cumulative hours of loading. The contralateral limb, although supported in the same

posture as the loaded limb during loading, did not receive a stimulus and served as the

control. This study was approved by the University of California, Berkeley's Committee

on Animal Research.

After inducing anesthesia with isoflurane, the rabbit was placed in a supine

position with the forearms loosely secured to supports (Figure 1). A muscle stimulation

needle (33G) was inserted subcutaneously in the middle of both forearms so that the

needle barrel was in contact with the surface of the FDP muscle and the needle tip was

pushed back through the skin. A lightweight, brass glove was slipped over digit 3 of the
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stimulated limb and connected to a load cell by a wire in order to measure the flexion

force of the digit due to FDP contraction. The muscle was stimulated (S48 and Sill5,

Grass Instruments) with 1Hz pulse trains with train durations of200ms, pulse widths of

2ms, and pulse rates of 100 pulses/so The stimulation voltage was adjusted [6-12V] to

maintain a mean peak fingertip force of 0.42N (15% of peak tetanic force). The resultant

load was selected to be within the physiologic range of the muscle and the number

repetitions and the duration of loading are less than that experienced workers who

perform repeated tasks (18).

After two hours of cyclical loading, the stimulation electrodes and finger glove

were removed, the anesthesia was discontinued, and the rabbit was returned to its cage.

This process was repeated 3 days per week for a total of 80 hours of stimulation. Weekly

examinations of the paw, forearm and elbow revealed no tenderness, limping, nodules,

swelling, limitation in range ofmotion, reduction in gross claw flexion strength, or skin

breaks.

2.3h Tissue and Histological preparation

After 80h of cumulative loading, the animals were weighed (3.89 ±0.19kg) and

euthanized. Evaluation of the subcutaneous area at the stimulation needle insertion site

revealed minimal scar tissue localized within 5 mm of the needle insertion site; the scar

tissue did not extend to the FDP tendon. Both medial epicondyles were dissected free

with the FDP tendon and muscle attached, fixed in 10% formalin for 24h, decalcified in

EDTA for three weeks, paraffin embedded and sectioned 7!!m longitudinally.

Nine serial sections from the center of the tendon block were deparaffinized,

rehydrated, stained (Iron Hematoxlin, Safranin-O and Fast Green), dehydrated and cover
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slipped. Safranin 0 and Fast Green staining was used as a contrast to distinguish tears

(non-staining regions) from intact tendon tissue. Histological preparation and staining

was completed at the same time for tissue from both limbs. Histologists were blinded to

specimen loading status.

2.3c Image Acquisition

Four regions of interest (ROI) (Figure 2) were digitally photographed under 200x

magnification using Axiovision software v3.1 and an Axioskop2 microscope with an

Axiocam digital camera (Carl Zeiss, Germany). Prior to image acquisition, the camera

was white balanced to ensure a uniform background color. The microscope's light

intensity was maintained at a constant level to ensure the background mean gray values

of the images were similar throughout the image acquisition process.

2.3d Image Analysis

The images were cropped to contain only the ROI. The boundaries of all the non­

staining areas in the tendon (e.g. tears) were identified using custom software (IMAQ,

National Instruments Vision Builder 6) to threshold gray values (Figure 3). Thresholded

values were selected based on mean gray values of tears present in each ROI and

thresholded images were compared to the original ROI image to ensure all tears were

captured in the thresholding process. All tears of sizes 3 to 300~m2 were quantified,

smaller or larger tears could be considered artifacts and were not included in the analysis.

Summary measures of all of the tears for each ROI were calculated (tear area as a

percent of tendon area, tear density and mean tear size). The distribution of tear sizes

was determined by sorting tears from 3-1O~m2 in size into intervals of 1~m2, 3-1OO~m2
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in size into intervals of 1O""m2
, and 3-300""m2 in size into intervals of 100""m2

• Image

acquisition and analysis was performed blinded to specimen loading status.

2.3e StatisticalAnalysis

A mixed model repeated measures ANOVA was used to analyze differences in

tear measures by region (inner enthesis, outer enthesis, inner distal or outer distal) and by

limb loading status (loaded or unloaded). Post hoc analysis was performed using the

Tukey method for multiple comparisons. The distribution of tears by tear size were

transformed into normal distributions using a log transformation preceded by the addition

of the smallest value to each data point to avoid taking the logarithm of a zero, then the

transformed tear density was compared between loaded and unloaded limbs with the

paired t-test with a s; 0.01 to adjust for multiple comparisons.

2.4 Results

Across the four ROls, the mean tear area as a percent of total tendon area ranged

from 0.8% to 4.5% in the loaded tendon compared to 0.4% to 3.1 % in the unloaded

tendon (Figure 4A). The limb by region interaction term in the ANOVA was significant

(p < 0.007). Using the Tukey follow-up test, significant differences between regions and

exposure status were found. The same letter indicates significant differences between

regions and is shown in figure 4A. The loaded limb had a higher percent of tear area than

the unloaded limb in the outer regions of the tendon, both at the enthesis (p < 0.0001) and

distal to the enthesis (p = 0.001). In contrast to this finding, the inner regions of the

tendon, at the enthesis (p = 0.85) and distal to the enthesis (p = 0.40), did not have

significantly larger tear area percents in the loaded limbs when compared to the unloaded

limbs.
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Mean tear density ranged from 650 to 1788 tears/mm2 in the loaded tendon and

358 to 1491 tears/mm2in the unloaded tendon across the four regions of interest (Figure

4B). The limb by region interaction term was not significant (p = 0.22). Loaded limbs

had significantly greater microtear densities than the unloaded limbs (p < 0.0001),

regardless of region. Based on the Tukey follow-up tests, there were regional variations;

the inner enthesis region had a significantly lower microtear density than the other three

regions (p < 0.003). The inner distal region had a significantly lower microtear density

than both the outer enthesis (p = 0.003) and the outer distal region (p < 0.0001).

The mean tear sizes ranged from 13 to 261-lm2 in the loaded tendon and from 9 to

211-lm2 in the unloaded tendon, across the four regions of interest (Figure 4C). Limb by

region interaction term was not significant (p = 0.27); the loaded limbs had significantly

larger tears (p < 0.0001), regardless of region. There were also significant regional

differences based on the Tukey follow-up tests. The outer region distal to the enthesis

had significantly larger mean tear sizes than the other regions (p < 0.02). The outer

enthesis had significantly larger tears than the inner enthesis (p = 0.0001) and the inner

distal region (p = 0.019).

The distribution of tears by size varied by region and loading status. Across all

tear sizes the tear density is higher in the loaded tendon than the unloaded tendon (Figure

5 and 6). At the enthesis, significant differences were observed primarily in the outer

region, almost evenly distributed across tear sizes. Distal to the enthesis, significant

differences were observed in the outer region, primarily in the larger tear sizes.
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2.5 Discussion

This is the first study to examine tendons for microtear (3-300f..tm2
)

formation in response to cyclical loading in an in vivo animal model. All three measures

of tear, tear area as a percent of tendon area, tear density and mean tear size, were

significantly greater in the cyclically loaded tendon compared to the unloaded tendon. In

addition, there were variations in tear measures by region. The outer regions of the

tendon, both at the enthesis and distal to the enthesis, had a greater tear density and a

larger mean tear size than the inner regions. The observed regional differences in tear

distribution may be due to differences in stress distributions in the tendon. As the FDP

tendon is loaded, the region adjacent to bone (inner enthesis) experiences compression as

well as tension resulting in fibrocartilage formation (16,30). Fibrocartilage has different

mechanical and biological properties that allow it to absorb compressive stresses (31).

Therefore the inner and outer enthesis are structurally different and may have different

modes of failure under repetitive loads.

Wakabayashi et. al (31) used finite element analysis to estimate the stress

distribution in the supraspinatus tendon, which attaches to bone in a similar arrangement

as the FDP attaches to the medial epicondyle. The stresses in the tendon are not

uniformly distributed throughout a loaded tendon and this differential stress distribution

is likely to be present in the FDP tendon and may explain the increase in tear density in

the outer enthesis and mean tear size in the different regions of the FDP rabbit tendon in

our animal model.

Previous in vivo cyclical tendon loading studies offer varying findings. Backman

et al. (4) used rabbits in a chronic Achilles tendinosis model (N = 13, 30 to 36 hours of
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cumulative loading) and found changes in the paratenon and tendon, most notably tendon

fibrillation and an increased number of inflammatory cells and blood vessels after

repetitive eccentric exercise. The semiquantitative results showed changes to the entire

tendon and paratenon but did not focus on specific areas within the tendon, such as near

the tendon-bone junction or the tendon-muscle interface. Archambault et al. (3) also

used a rabbit to model Achilles tendinosis (N = 4, 66h of cumulative loading) but found

no changes in tendon histology in terms of degeneration or density of inflammatory cells

but some suggestion of an increase in mRNA expression of collagen III and IL"'I~ and

decrease in expression ofIGF-II. Backman et al. used a loading frequency of2.5Hz,

which was twice that used in Archambault's study. The loading frequency was decreased

in the Archambault study because it was considered a slow hopping rate for rabbits and

within physiological limits. Mean tendon force was 26N in the Archambault study;

tendon load data was not available for the Bachman study. These studies did not

evaluate the tendon for microtears.

Other investigators studying the effect of overuse injuries in human biopsy

specimens and animal loading models have reported a disruption in collagen fiber

organization, tendon fibrillation and tendon thickening (4, 5, 17, 24, 27). These structural

effects may alter the tissue's gross mechanical properties. Soslowsky et. al (24) found a

decreased maximum tensile load on loaded tendons in their study after 20h of cumulative

loading in rats undergoing a repetitive exercise protocol that consisted of treadmill

running. At longer loading periods, they reported larger cross-sectional tendon areas,

decreased moduli, smaller allowable maximum stresses, increased cellularity, collagen

disorganization, and changes in cell morphology in a loaded tendon compared to
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nonloaded cage control rats. Barbe et. al (5) reported tendon fibrillation and an

infiltration ofmacrophages in their rat tendinosis model after 18h of cumulative repetitive

loading that included rats reaching for food. Although the animals had a preferential

limb to use for the task, they did not compare these results to the nonloaded limbs of the

same animals, but rather to cage controls. Macrophages are known to release pro­

inflammatory cytokines and metalloproteinases following repetitive loading injury of

tendon fibroblasts and these may induce the degradation the collagen matrix (2, 28).

Matrix degradation may lead to mechanical instability and the formation of microtears.

Some weaknesses of the aforementioned studies include a lack of characterization and

control of the biomechanicalloads.

Limitations of this study should be considered. First, the tissue preparation

includes formalin fixation and paraffin-embedding, which require heat treatment and

dehydration of the tissue, both of which may disrupt tissue architecture and could cause

tendon fibers to separate. While FDP tendons of both limbs may experience outside

loads during normal animal activity, the high microtear densities of both the unloaded

and loaded limbs may have been amplified by the histological preparation. However, the

tissues were prepared and analyzed simultaneously, histology technicians were blinded to

limb exposure, and the loaded tendon was compared to the matched, non-loaded limb of

the same animaL Therefore, there may be disruptions in tissue architecture caused by the

histology preparation method, but the differences observed between limbs are due to the

effects of loading. Generalizing from the rabbit to the human should be done with

caution. In rabbits, the flexor muscles (FDP and FDS) originate at the medial epicondyle

but in humans, the FDS originates at the medial epicondyle while the FDP originates
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along the proximal ulna close to the medial epicondyle. However, the tendon

biochemical composition, healing processes, and mechanical properties of rabbit tendon

are similar to human (3,4,9, 16,26).

The pathophysiology oftendinopathy due to overuse likely involves an

accumulation of microstructural damage, generated by mechanical fiber failure and/or

biological mediators,that exceeds the healing capabilities of the tendon. One possible

degenerative pathway may involve microtear formation that may induce tendon cells to

release matrix metalloproteinases or cytokines, which may further degrade the tendon's

matrix either directly or indirectly by initiating a degradation pathway that may lead to

the formation of additional microtears.

This in vivo animal model demonstrates that all three measures of microtears, tear

area as a percent of tendon area, tear density and mean tear size, are increased in tendons

cyclically loaded at physiological loads for 80 cumulative hours. In addition, microtear

density and size are greater along the outer regions of both loaded and unloaded tendon.

Regions with large microtears or increased density of tears are likely to be the nexus of

tendinosis and ultimately undergo the changes typical of epicondylosis such as

degenerative changes with new capillary formation and fibrillation.

11



Figure 2.1. Cartoon of the loading apparatus with rabbit in a supine position with head

to the right and forearms supported. A) stimulation needle, B) forearm support, C) third

digit with metal glove, D) load cell, E) anesthesia mask.
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Figure 2.2. Epicondyle with bone, tendon, paratenon, and muscle. Four regions of

interest are highlighted, two along the enthesis, and two 1500/-tm distal to the enthesis.

The regions of interest are 200/-tm by 400/-tm.
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Figure 2.3. Unloaded (A) and loaded (B) tendon stained with Iron Hemotoxlin, Safranin

o and Fast green. Thresholded images in same unloaded (C) and loaded (D) tendon

identify microtears as red regions.
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CHAPTER III:

VEGF, VEGFR-l and CTGF cell densities in tendon are increased with

cyclical loading: An in vivo tendinopathy model

3.1 Abstract

Tendon injuries can occur in athletes and workers whose tasks involve repetitive,

high force hand activities, but the early pathophysiologic processes of tendinopathy are

not well known. The purpose of this animal study was to evaluate the effects of cyclical

tendon loading on the densities of cells producing growth factors such as vascular

endothelial growth factor (VEGF), its receptor, vascular endothelial growth factor

receptor 1 (VEGFR-l) and connective tissue growth factor (CTGF) in the Flexor

Digitorum Profundus(FDP) tendon at the epicondyle. The FDP muscle of9 New

Zealand rabbits was electrically stimulated to contract repetitively for 80h of cumulative

loading over 14 weeks. The contralateral limb served as a control. The tendon at the

medial epicondyle insertion site was harvested and sections were immunostained with

antibodies directed against VEGF, VEGFR-l or CTGF. Positive-staining cells were

counted in six regions of interest: three along the enthesis and three corresponding

regions l500~ distal to the enthesis. VEGF (p = 0.0001), VEGFR-l (p = 0.046) and

CTGF (p = 0.0001) cell densities were increased in the tendon of the loaded limb as
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compared to the nonloaded limb. In addition, there were regional differences in VEGF,

VEGFR-l and CTGF cell densities. VEGF, VEGFR-l and CTGF are increased in

tendon experiencing cyclical loading and may playa role in the early vascular changes in

the progression to tendinosis.
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3.2 Introduction

Tendon injuries due to overuse are a common problem in athletes and workers and

account for 30 to 50% of all sports-related injuries (20, 21) and almost half of the

occupational illnesses in the United Sates (52). Epicondylitis, a tendinopathy at the

elbow, is a common disorder in adults, the incidence in general practice is approximately

4 to 7 per 1000 patients per year with an annual incidence of 1% to 3% in the general

population (2, 14). Although epicondylitis is related to forceful and repetitive hand

activities, little is known about the early mechanisms of injury that ultimately lead to

tendinopathy. Identifying the initial biological changes in tendons exposed to cyclical

loading may ultimately improve prevention and treatment options and further expand our

understanding of the etiology of tendinosis and its pathogenesis.

Epicondylitis presents as localized pain, tenderness and occasionally swelling

(54). Biopsies of the tendon and surrounding scar tissue in patients with epicondylitis

reveal fibrovascular and cellular proliferation, intratendinous calcification and cartilage

formation, loss of parallel tendon fibers, fibrofatty degeneration, partial tendon rupture,

and the formation of capillary buds (13, 23, 38, 39, 41, 48). The absence of inflammatory

cells has led some authors to propose the term tendinosis instead of tendonitis (23, 27,

46).

Vascular Endothelial Growth Factor (VEGF), also known as Vascular

Permeability Factor (VPF), is one of the most important angiogenic components of tissue

healing. VEGF has been found in human biopsies of degenerated tendons, e.g. Achilles

(1, 36, 40), and in cyclically strained fibroblast cell cultures (37) indicating that it may

playa role in overuse injuries leading to tendon degeneration. VEGF stimulates the
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proliferation ofmicrovascular endothelial cells, inducing angiogenesis and rendering the

microvasculature hyperpermeable (17, 45). In the tendon, expression ofVEGF can be

up-regulated by both mechanical, e.g. cyclic strain (37), and biochemical stimuli, e.g.

hypoxia (35) and the presence of other growth factors (12, 16,35). Recent studies have

shown that in an acutely injured tendon, the highest concentrations of VEGF occur after

inflammation when it acts as a potent stimulator of angiogenesis (10). The growth of

new blood vessels towards the repair site from within the healing tendon appears

nec~ssary for healing to occur.

Several receptors for VEGF play important roles in pathological conditions

involving angiogenesis. VEGFR-l, also known as FIt-I, and VEGFR-2, also known as

Flk-l/KDR, are tyrosine kinase receptors for VEGF. VEGFR-l has the highest affinity

for VEGFI65, one of the several isoforms ofVEGF, with a dissociation constant (Ka) of

approximately 10-20 pM (15). VEGFR-2 has a lower affinity for VEGF, with a Ka of

approximately 75-125 pM (49). VEGFR-l and VEGFR-2 have been observed in

ruptured human Achilles tendons, but not in healthy adult tendons (36).. VEGFR-l

expression has been shown to be up-regulated during angiogenesis and hypoxic

conditions, while VEGFR-2 is not (19).

Connective Tissue Growth Factor (CTGF) has recently been investigated in

wound healing and scar formation studies. CTGF is increased in the synovial sheaths of

rats trained to do repetitive reaching (7) but its role in tendon pathophysiology has not be

well characterized. CTGF is a cysteine-rich secretory protein and belongs to the CCN

family, which consists of six distinct members, CYR6l, CTGF and NOV ('CCN') and

the Wnt-induced secreted proteins-I, 2 and 3 (11). The members of this group are
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known to be involved in many fundamental biological processes such as cell proliferation

(18), attachment (55), migration (11), differentiation (31), wound healing (9, 25, 26),

matrix production (18) and angiogenesis (4, 12) as well as in the developmentof several

pathologic conditions including fibrosis and tumorigenesis (24). The role CTGF plays in

tendon repair or degeneration is not yet known, but may involve stimulating angiogenesis

and matrix production (18, 25). Its interaction with VEGF has not been investigated in

the tendon; however, like VEGF,CTGF is known to increase in fibroblasts with

mechanical loading (42,43). Identifying the role or roles CTGF plays in tendon overuse

injuries is important in understanding the underlying mechanisms involved in

tendinopathy.

Clarifying the cellular and molecular pathways that occur during early periods of

cyclical loading may lead to a better understanding of mechanisms associated with

tendon injury and remodeling. A rabbit model of epicondylosis was used in which the

Flexor Digitorum Profundus (FDP) muscle is repeatedly stimulated against a load (29).

The purpose of this study was to evaluate the regional variation of cells producing VEGF,

VEGFR-I and CTGF in the FDP tendon at the epicondyle in response to cyclical loading.

We hypothesize that our in vivo loading model will increase the number of cells

producing the aforementioned growth factors in the loaded limbs compared to nonloaded

limbs of the same animal. The presence of these growth factors may playa significant

role in the beginning phases of tendinosis.

3.3 Methods
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3.3a Animal Model

The animal loading model was described previously to establish microtear

formation in a cyclically loaded tendon (29). To summarize, nine female, young adult,

New Zealand White rabbits weighing 3.49 kg (± 0.30) were used. Under general

anesthesia, the FDP muscle ofone forelimb was electrically stimulated (Figure 1) to

contract repetitively for 2 hours per day, 3 days a week, for 80 hours of cumulative

loading. The stimulation train was adjusted to maintain a mean peak digit flexion force

of0.42N (15% of peak tetanic force). The contralateral limb, although supported in the

same posture as the loaded limb during loading, did not receive a stimulus and served as

the control. This study was approved by the University of California, Berkeley's

Committee on Animal Research. Weekly examinations of the paw, forearm and elbow

revealed no tenderness, limping, nodules, swelling, limitation in range ofmotion,

reduction in gross claw flexion strength, or skin breaks.

3.3b Tissue and Histological preparation

After 80h of cumulative loading, animals were weighed (3.89 ±0.19kg) and

euthanized. Evaluation of the subcutaneous area at the stimulation needle insertion site

revealed minimal scar tissue localized within 5 mm of the insertion site; the scar tissue

did not extend to the FDP tendon. Both medial epicondyles were dissected with the FDP

tendon and muscle attached, fixed in 10% formalin for 24h, decalcified in EDTA for

three weeks, paraffin embedded and sectioned 7/lm longitudinally.

Nine serial sections from the center of the tendon block were deparaffinized and

rehydrated. Sections to be stained for VEGF and VEGFR-l were pre-treated with a

hyaluronidase (600 units/ml, Sigma-Aldrich) and sections to be stained for CTGF were
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pre-treated with trypsin (No. 00-3008, Zymed Laboratories), for 10 minutes at 37°C.

Samples were then treated with a 1% H20 2 in a phosphate buffered solution (pH = 7.4)

for 15 minutes to block endogenous peroxidase activity. Tissue sections were blocked

with normal horse serum for 45 minutes at room temperature then incubated for 1 hour

with a mouse monoclonal antibody directed against VEGF (2~glml) (No 350-PO,

NeoMarkers Fremont, CA), VEGFR-l (15~glml) (No MAB321, R&D Systems

Minneapolis, MN) or CTGF (15~glml) (No MAB660, R&D systems, Minneapolis,

MN). Sections were then incubated with a biotinylated horse anti-mouse 2° antibody

(Vector Laboratories) at room temperature for 30 minutes. Sections were stained with the

Vectastain ABC system, and developed with 3, 3'-diaminobenzidine (DAB), then

dehydrated and coverslipped.

3.3c Image Acquisition

Six regions of interest (ROI) were digitally photographed at 200x magnification

using an Axiocam digital camera and Axiovision software v3.1 (Carl Zeiss, Germany).

Prior to image acquisition, the camera was white balanced to ensure a uniform

background color. The microscope's light intensity was maintained at a constant level to

ensure the background mean gray values of the images were similar throughout the image

acquisition process. The six ROIs (Figure 2) Include the three areas along the enthesis

distinguished by a tidemark (classified as inner, center and outer) and three

corresponding areas 1500~m distal to the enthesis. The inner area is that part nearest the

bone. Positive staining cells were manually counted in each region (200x400~m2) and

normalized by the area observed to calculate density. Tissue and histological preparation
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and cell counting was completed at the same time for tissues from both limbs and was

performed blinded to limb loading status.

3.3d Statistical Analysis

A mixed model repeated measures ANOVA was used to analyze differences in

cell density by region (6 regions) and by limb loading status (loaded or unloaded). Post

hoc analysis was performed using the Tukey method for multiple comparisons.

3.4 Results

3.4a VEGF cell density

Across the six ROls, the density ofVEGF (Figure 3AB) labeled cells ranged from

372 to 774 cells/mm2 in the unloaded tendon and from 539 to 1011 cells/mm2 in the

loaded tendon (Figure 4). The limb by region interaction term in the repeated measures

ANOVA was not significant (p = 0.99). Loaded limbs had significantly greater VEGF­

staining cell densities than the unloaded limbs (p = 0.0001), across all regions. Based on

the Tukey follow-up tests, there were also significant regional differences. The outer

regions of the tendon, both at the enthesis and distal to the enthesis, had significantly

higher VEGF cell densities than the other four regions (Figure 4).

3.4b VEGFR-l cell density

Across the six ROls, the density ofVEGFR-l (Figure 3CD) staining cells ranged

from 440 to 611 cells/mm2 in the unloaded tendon and 514 to 744 cells/mm2 in the loaded

tendon (Figure 4). The limb by region interaction term in the repeated measures

ANOVA was not significant (p = 0.87). Loaded limbs had significantly greater VEGFR­

1 staining cell densities than the unloaded limbs (p = 0.046), across all regions. Based on

the Tukey follow-up tests, there were also significant regional differences. The outer
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region of the tendon at the enthesis had a significantly greater VEGFR-1 cell density than

the inner (p = 0.019) region distal to the enthesis (Figure 4).

3.4c CTGF cell density

Across the six ROls, the density of CTGF (Figure 3EF) staining cells varied less

by region (Figure 4) and ranged from 397 to 570 cells/mm2 in the unloaded tendon and

from 584 to 778 cells/mm2 in the loaded tendon. The limb by region interaction term in

the ANOVA was not significant (p = 0.48). The density of CTGF-staining cells was

significantly greater in the loaded tendon than the unloaded tendon (p < 0.0001), across

all regions. Based on the Tukey follow-up tests, there were regional differences. Both

the inner (p = 0.02) and outer (p = 0.008) regions of the tendon at the enthesis had

significantly greater CTGF cell densities than the outer region of the tendon distal to the

enthesis (Figure 4).

3.5 Discussion

Studies (8, 50) have shown that VEGF is involved in the tendon's healing

response in acute tendon injuries. This is the first study to regionally quantify VEGF,

VEGFR-1 and CTGF-staining cells using an in vivo overuse animal model. The

densities ofVEGF, VEGFR-1 and CTGF staining cells are increased in the rabbit flexor

tendon at the epicondyle as cyclical loads are applied in vivo for a total of 80 hours over a

period of 14 weeks. Regional variations were also present and mainly occurred between

the outer region at the enthesis and other regions in the tendon. The highest cell density

occurred at the outer region at the enthesis in the loaded tendon for all three proteins.

The cell densities ofVEGF and VEGFR-1 are inhomogeneously distributed in the

tendon, having a tendency to be lower at the inner and center regions, both at the enthesis
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and distal to the enthesis, and higher at the outer regions. This inhomogeneous

distribution is similar in both the loaded and unloaded tendon. At this type of tendon

bone junction there is a differential stress or strain distribution throughout the loaded

tendon (53). Cyclic strains up-regulate VEGF synthesis in tendon fibroblast cell

cultures (37) while hydrostatic pressure inhibits VEGF production in cultured tendon

cells (33). The greater compressive forces experienced in the inner region of the tendon

may inhibit VEGF production, while the higher strains experienced in the outer region

~ay lead to increased VEGF production.

The densities of CTGF staining cells were also increased (25% to 70%) in the

loaded tendon in comparison to the unloaded tendon regardless ofregion. However, the

regional distribution of CTGF staining cells varied less than that ofVEGF staining cells.

The highest concentration of CTGF cells was in the outer region of the loaded tendon at

the enthesis, while the lowest concentrations were along the outer region distal to the

enthesis. Recent studies have demonstrated a pronounced up-regulation of CTGF

expression in fibroblasts by contractile mechanical stresses (42, 43) a finding which may

partially explain the elevated number of CTGF staining cells at the inner regions, where

compressive loads dominate (53). No studies have examined the effect of cyclical

loading on CTGF expression in tendons where both compressive and tensile loads are

present. The results presented here may indicate that both compressive and tensile

stresses playa role in CTGF up-regulation in tendons exposed to cyclical loads.

These changes in VEGF, VEGFR-I and CTGF are similar to changes in microtear

density that we previous reported in this model (29). We found increased microtear

densities with loading, plus the microtear density was greater at the outer region at the
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enthesis compared to other regions. We have not examined earlier time points but the

regional overlap in findings suggests that either the microtears alter local tissue.stress

patterns and signal cells to express these growth factors or that the growth factors lead to

regional alterations in tendon structure and these regions become more susceptible to

structural damage. VEGF is increased in response to an acute injury and plays an

important role in healing (8, 50). It is likely that the time course and levels of

expression of VEGF are different for the acute tendon injury than the injury due to

overuse. The prolonged elevation ofVEGF with overuse may be involved in a process

leading to degeneration.

Previous in vivo cyclical tendon loading studies offer varying findings. Backman

et al. (5) loaded rabbit Achilles tendon with repetitive eccentric exercise (30 to 36 hours

of cumulative loading) and found fibrillation and an increased number of inflammatory

cells and blood vessels in the tendon and paratenon. The semiquantitative results

showed changes to the entire tendon and paratenon but did not focus on specific areas

within the tendon, such as near the tendon-bone junction or the tendon-muscle interface.

Archambault et al. (3) also used a rabbit to model Achilles tendinosis (N = 4, 66h of

cumulative loading) but found no changes in degeneration or density of inflammatory

cells but some suggestion of an increase in mRNA expression of collagen III and IL-I ~

and decrease in expression ofIGF-II.

Other overuse injury animal models have demonstrated an increase ofVEGF (32,

. 40) and CTGF (7) with loading. In the rat supraspinatus tendon Perry et al. (32) reported

elevated VEGF mRNA expression after 3 days of treadmill running. These levels

dropped at I week, only to increase at later time points. The regional variation of VEGF
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was not examined in this study. The same model demonstrated decreased maximum

tensile load in loaded tendons after 20h of cumulative loading (47)and after longer

loading periods, larger cross-sectional tendon areas, decreased moduli, smaller allowable

maximum stresses, increased cellularity, collagen disorganization, and changes in cell

morphology in a loaded tendon compared to non-exercised cage control rats. Barbe et al.

(6) reported tendon fibrillation and an infiltration of macrophages in their rat tendinosis

model after 18h of cumulative repetitive loading that involved rats reaching for food.

Although the animals had a preferential limb to use for the task, they did not compare

these results to the nonloaded limbs of the same animals, but rather to cage controls.

Some weaknesses of the aforementioned studies include a lack of characterization and

control of the biomechanicalloads.

The biological activity ofVEGF is mediated by binding to and being activated by

its reGeptors. Activated VEGF in human umbilical vein endothelial cells (HUVEC) can

lead to an induction of interstitial collagenase (51). If the mechanism in tenocytes is

similar this pathway may lead to the modification of the mechanical properties of tendon.

Expression ofVEGF and its receptors, VEGFR-l and VEGFR-2, were recently

shown to be present in degenerative Achilles and fetal tendons but not in normal adult

tendon (33,34,36,40). Petersen et al. (38) found mRNA and protein expression of the

VEGF receptors in injured Achilles tendons at the site of rupture; other sites were not

investigated. In our model, the highest cell densities for VEGF and VEGFR-l were

found at the outer region at the enthesis, which may indicate that this region is more

susceptible to damage.
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Other investigators have reported increased number of capillaries, infiltrates of

inflammatory cells, and edema (5,6,28) after just 15h of repetitive loading (5 weeks) in

the rabbit and rat. These changes were not observed in our model, but the loading pattern

used in our experiment differs from that used by other researchers and may not be

adequate to cause changes at earlier time points as in the other studies. In our model, the

force and loading frequency were selected to be within a range that may be experienced

by workers and athletes (30). Backman et al. (5) ,for example, used a loading frequency

of 205Hz, which is considered a fast hopping rate for rabbits. Archambault et al. (3) used

a loading frequency which was half that used in Backman's study. The loading

frequency was decreased in the Archambault study because it was considered a.slow

hopping rate for rabbits and within physiological limits. Mechanical stimulation is

important for cell survival and growth as well as various tissue-specific functions (22,

44). However, excessive mechanical loading and overuse likely triggers a repair

response that may eventually contribute to the degenerative changes observed in

tendinopathies. This study demonstrates that prolonged, repetitive tendon loading leads

to an increased production of the growth factors VEGF, VEGFR-I and CTGF by tendon

cells. Furthermore, the highest VEGF, VEGFR-I and CTGF cell densities occurred

along the outer regions of the loaded tendon. These locations may be the at-risk regions

in the tendon that will ultimately demonstrate the changes typical of tendinosis, such as

degenerative changes with new capillary formation.
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Figure 3.1. Cartoon ofloading apparatus with rabbit in a supine position with head to

the right and forearms supported. A) stimulation needle, B) forearm support, C) third

digit with metal glove, D) load cell, E) anesthesia mask.
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Figure 3.2. Safranin 0 and Fast Green stained epicondyle with bone, tendon, paratenon,

and muscle. Six regions of interest are highlighted, three along the enthesis, and three

1500"",m distal to the enthesis. The regions of interest are 200"",m by 400""'ill.
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Figure 3.3. VEGF stained cells in the unloaded (A) and loaded (B) center distal region.

VEGFR-l stained cells in the unloaded (C) and loaded (D) outer enthesis region. CTGF

stained cells in unloaded (E) and loaded (F) inner distal region of the tendon. 400x

magnification.
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Figure 3.4. VEGF, VEGFR-I and CTGF cell staining densities (mean ± s.d.) for loaded

and unloaded tendon at the epicondyle. Across all regions, cell densities were

significantly increased in the loaded tendon compared to unloaded tendon. The limb x

region interaction terms were not significant for all three. Regions marked with the same

lower case letter are significantly different based on the Tukey follow-up test (N= 9).
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CHAPTER IV:

THE EFFECT OF REPETITION RATE ON THE FORMATION OF

MICROTEARS IN TENDON IN AN IN VIVO CYCLICAL LOADING MODEL

4.1 ABSTRACT

Previously (17), we reported the formation of microtears in an in vivo loaded FDP

rabbit tendon with a repetition rate of 60 repetitions per minute and a peak force of 15%

of maximum (Po). Tear area as a percent of tendon area, tear density (tears/mm2
) and

mean tear size (I-lm2
) were higher in tendons from the loaded limb compared to the

unloaded control limb. The purpose of the present study was to compare those results to

results obtained with a repetition rate of 10 while maintaining the same peak force and

work (equal force-time integral) (n=8). Due to a strain gradient between the inner and

outer sides of the FDP tendon, microtears were quantified in four regions, two regions

each along the inner and outer side of the tendon. The tear area as a percent of total

tendon area and the mean tear size were significantly greater in the loaded limb compared

to the unloaded limb (p < 0.03). However, the effects were less than those observed at 60

repetitions/min. The high repetition rate loading pattern resulted in an increase in tear

measures in all four regions, while the lower rate produced changes only in the outer

regions of the tendon. This finding may establish where the initial sites of damage occur
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in tendons that insert into bone in a similar arrangement as the FDP. The results suggest

that repetition rate is associated with tendon damage in a dose-response pattern.

4.2 Introduction

Tendon injuries due to overuse are a common problem for both athletes and

workers. Overuse injuries account for 30 to 50% of all sports-related injuries (9, 10).

Although overuse tendon i~uries are related to forceful and repetitive hand activities,

little is known about the early mechanisms of i~ury that ultimately lead to tendinopathy.

Elucidating the early structural, cellular, and molecular changes in the tendons exposed to

cyclical loading may ultimately improve prevention and treatment options.

Previously we reported the formation of microtears in the tendons of rabbits that

were cyclically loaded in vivo at 60 repetitions per minute for 80 hours of cumulative

loading (17). The mean tear densities ranged from 650 to 1788 tears/mm2in the tendon

of the loaded limb compared to 358 to 1491 in the unloaded limb. On average, the tears

in the loaded limb ranged in size from 13 to 26 !-t~ compared to 9 to 21 !-tm2 in the

unloaded tendon. Larger tears (on the order of cm2
) have been observed in tendons of

humans with tendinosis using high-resolution ultrasound (7, 11), MR imaging (5, 24, 28),

and 3D volume-rendered images from multi-detector computer tomography (MDCT)

(19). The larger tears may occur after prolonged exposure to repetitive load due to

accumulation of injuries from microtears.

Several epidemiologic studies in the workplace suggest that rate of repetition may

be an important risk factor for tendon injuries (14, 27). Latko et al. (12) categorized

repetition as high/medium/low in their investigation of the relationship between repetitive

work and the prevalence of upper extremity disorders. They found that people exposed
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to high repetition jobs had two to three times higher risk of developing upper extremity

disorders. They observed a linear relationship betweeen the three levels of repetition

and the risk of tendinitis.

The purpose of this study was to investigate microstructural changes; specifically

the formation of microtears in the Flexor Digitorum Profundus (FDP) tendon at the

medial epicondyle following cyclical digit loading using a rabbit model with a repetition

rate of 10 repetitions/min and compare these results to those obtained with a higher

repetition rate (60 repetitions/min) from our previous study (17). The duty cycle (20%)

and peak force (0.42N, 15% Po) were the same between loading groups.

4.3 Methods

4.3a Animal Model

The animal loading model was described previously (17). Eight female, young

adult, New Zealand White rabbits weighing 3.58 kg (± 0.84) were used. Under general

anesthesia, the FDP muscle of one forelimb was electrically stimulated to contract

repetitively for 2 hours per day, 3 days a week, for 80 hours ofcumulative loading. The

contralateral limb, although supported in the same posture, did not receive a stimulus and

therefore served as the control. The stimulation train was adjusted to maintain a mean

peak digit flexion force of 0.42N (15% of Po (peak tetanic force)). The previous study

(17) used a repetition rate of 60 repetitions/minute with a train duration of200ms while

this set of animals were exposed to 10 repetitions per minute with a train duration of

1200ms (Figure 1). This study was approved by the University of Califomia, Berkeley's

Committee on Animal Research. Weekly examinations of the paw, forearm and elbow
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revealed no tenderness, limping, nodules, swelling, limitation in range of motion,

reduction in gross claw flexion strength, or skin breaks.

4.3b Tissue and Histological preparation

After 80h of cumulative loading, the animals were weighed (4.00 ±0.55kg),

euthanized, and the medial epicondyle block (tendon and bone) were harvested. Tissue

and histological preparation along with image acquisition were identical to the previous

study (17). Briefly, four regions of interest (ROI) (200 x 400 I-tm2
) of the FDP tendon

were captured and analyzed for tears (tear area as a percent of tendon area, tear density

and mean tear size) with a custom image analysis software program.

4.3c Statistical Analysis

A mixed model repeated measures ANOVA was used to analyze differences in

tear measures (tear as a percent of tendon area, tear density and mean tear size) by region

(inner enthesis, outer enthesis, inner distal or outer distal) and by limb loading status

(loaded or unloaded) in the 10 repetitions/min group. Follow-up analysis was performed

using the Tukey method for multiple comparisons. The distribution of tears by tear size

were transformed into normal distributions using a log transformation preceded by the

addition of the smallest value to each data point to avoid taking the logarithm of a zero;

then the transformed tear density was compared between loaded and unloaded limbs with

the paired t-test using an a < 0.01 to adjust for multiple comparisons.

To examine the differences between different repetition groups, a two factor

ANOVA was used to analyze differences between loaded and unloaded limbs in the tear

parameters by repetition rate (60 versus 10 repetitions/min) and region (4 regions).·

Follow-up tests were performed using the Tukey method for multiple comparisons.
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4.4 Results

4.4a Tear area as a percent oftendon area (10 repetitions/min)

Across the four ROIs, the average tear area as a percent of tendon area ranged

from 0.33% to 3.74% in the loaded tendon compared to 0.44% to 2.66% in the unloaded

tendon (Figure 2A). The outer enthesis (110% increase) and outer distal (86.3%

increase) regions had the greatest percent increase in the tear area as a percent of tendon

area when comparing the loaded to unloaded tendon. The inner enthesis (12.3% decrease)

and the inner distal (10.7% increase) ROIs exhibited much smaller changes. The limb by

region interaction term in the RMANOVA was not significant (p = 0.054) while the limb

(p = 0.01) and region (p < 0.001) effects were significant. Using the Tukey follow-up

test, significant differences between regions were found. The tear area as a percent of

tendon area at the inner enthesis was significantly lower than the outer enthesis (p <

0.001) and outer distal (p < 0.001) regions. Similarly, the tear area as a percent of tendon

area in the inner distal ROT was significantly lower than the outer enthesis (p < 0.02) and

outer distal (p < 0.001) regions. There were no significant differences between the two

inner ROIs; however the outer distal ROT had a significant increase in tear area percent

when compared to the outer enthesis (p = 0.016) ROT.

4.4b Tear Density (10 Repetitions/min)

The tear density (tears/mm2
), on average, ranged from 270.4 to 1672.7 tears/mm2

in the loaded limb compared to 315.6 to 1442.8 tears/mm2 in the unloaded limb across

the four ROTs. Similar to the tear area as a percent of tendon area, greater changes were

observed in the outer regions of the tendon. The outer enthesis (61.3% increase) and

outer distal (45.4% increase) regions had a higher percent change than the inner enthesis
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(10.7% increase) and the inner distal (7.2% increase) regions when comparing loaded to

unloaded tendons. The limb by region interaction term was not significant (p = 0.57).

There was no significant difference between limbs (p = 0.25) but there was a regional

effect (p < 0.0001). The differences were primarily between the inner regions and the

outer regions. The inner region of the enthesis had a significantly lower tear density than

the other three ROIs: outer enthesis (p < 0.001), inner distal (p = 0.04) and outer distal (p

< 0.001). In a similar manner, the inner distal region had a significantly lower tear

density than the outer enthesis (p = 0.001) and outer distal (p < 0.001) ROIs (Figure 2B).

4.4c Mean tear size (10 Repetitions/min)

The mean tear size (~m2), on average, ranged from 11.0 to 24.2 ~m2 in the loaded

tendon compared to 13.4 to 17.6 ~m2 in the unloaded tendon (Figure 2C) in the four

ROIs. Similar to the other two tear measures, the greatest changes occurred along the

outer regions of the tendon. The outer enthesis (37.2% increase) and outer distal (38.9%

increase) regions had larger changes in mean tear size compared to the inner enthesis

(17.1 % decrease) and inner distal (7.29% increase). The limb (p = 0.03), region (p <

0.001) and interaction (p = 0.03) terms were all significant in the RMANOVA. The

ROIs in the loaded tendon were significantly different from one another. The loaded

inner enthesis ROI had a smaller mean tear size than the loaded outer enthesis (p =

0.0167) and loaded outer distal (p < 0.0001) ROIs (Figure 2C). The loaded inner region

distal to the enthesis had a significantly smaller mean tear size than the outer region distal

to the enthesis (p = 0.001).
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4.4d Distribution oftears by size (10 Repetitions/min)

The distribution oftears by size are presented in Figures 4 and 5. The only

significant difference found in the 10 repetition/min loading group was for tears 200 I-tm2

in size (l00-200 I-tm2
), as noted in the figure.

4.4e Comparing 60 v 10 repetitions/min

Differences in tear parameters between limbs were compared to the data from the

60 repetition/min group study (17). The interaction term in the ANDVA (repetition rate

x region) for the differences in tear area as a percent of tendon area was not significant (p

= 0.91). The 60 repetition/min group had greater differences between limbs in tear area as

a percent oftendon area (p = 0.01) compared to the 10 repetition/min group (Figure 3A).

Regional differences were also present (p < 0.0001); there were larger tear differences

between unloaded and loaded tendons along the outer regions of the tendon than along

the inner regions of the tendon (p < 0.05).

The interaction term for the tear density was not significant (p = 0.82) in the

ANOVA. Differences in tear densities were not significantly different between the two

loading groups (p = 0.07) nor were there regional effects (p = 0.18) (Figure 3B).

The interaction term for the mean tear size was not significant (p = 0.23) in the

ANDVA. The difference in the mean tear size between the two loading groups was not

significantly different (p = 0.18). Regionally (p = 0.005), there were differences, most

notably the outer ROIs had greater changes between loaded and unloaded tendons than

the inner enthesis (Figure 3C).

When the tears were grouped by size (Figure 4 and 5), the 60 repetitions/min

loading group demonstrated a broader range of differences in tear density (17). Across
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nearly all tear sizes, the tear density in the loaded tendon was greater in the 60

repetition/min compared to the 10 repetition/min loading group, especially in the outer

enthesis region. These broad range of differences were not observed in the 10

repetition/min group where the only significant difference between loaded and unloaded

limbs occurred at the 200 !-lm tear size (Figure 5).

4.5 Discussion

This is the first study to evaluate the effect of repetition rate on tendon damage,

specifically the formation of microtears, in an in vivo cyclical loading model. A loading

rate of 10 repetitions/min significantly increased tear area as a percent of tendon area and

the mean tear size but had negligible effect on tear density. This differs from what we

previously found for a repetition rate of 60 repetitions/min (17) where all parameters of

tear (tear area percent, tear density, tear size) were significantly greater in the loaded limb

compared to the unloaded limb. Comparing the two loading regimens, the higher

repetition group had larger changes in the tear area as a percent of tendon area (p = 0.01)

whereas differences were borderline significant for the tear density (p = 0.07) and not

significantly different for the mean tear size (p = 0.18) (Figure 3). An examination of

tear densities by size revealed that the loaded tendons from the higher repetition group

consistently had higher tear densities across the majority of tear sizes (Figures 4 and 5),

whereas only tears of 100 to 200!-lm2 in size were significantly different in tear density

for the lower repetition group. These differences are masked when the tear sizes are

grouped. These findings provide some insight into the effect of loading rate on tendon

microtear formation; lower rates cause relatively large tears but high rates cause tears

across a spectrum of tear sizes.
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Overall, these findings suggest a dose-response relationship between repetition

rate and various measures ofmicrotears. The higher repetition rate caused greater

microtear formation. This effect was independent of work load since the differences

between the two loading patterns was the repetition rate; peak load and work (area under

the force - time curve) were the same. The tendon-muscle-tendon unit has viscoelastic

properties that include creep, history-dependence, and loss of energy during cyclic

loading. Although the cumulative amount of time that the forces are elevated are equal in

both loading conditions, the time allowed for the tendon to recover (0.8s for 60

repetition/min v. 4.8s for 10 repetitions/min) before the next loading cycle begins are not

equivalent. In addition, during a loading cycle, energy dissipation may occur and may

transfer into internal heat, and effect the physiological state of the tendon. As the tendon

is repetitively loaded at a high rate, the tendon has less time to revert toward its original,

nonloaded state. The stresses may, therefore, accumulate more during the high repetition

rate loading.

A number of animal models have been developed to study the effect of cyclical

loading on tendon (1-4, 16,20,23). Some studies examined the effects on different

outcomes (histological, cellular, biochemical or mechanical) of one loading regimen at

different time points (3, 4, 20, 22, 23). Others (1,2) investigated the effects ofloading at

one time point. A few studies (1, 2, 16) compared loaded to unloaded tendons of the

same animal.

These previous in vivo loading models utilized loading rates as low as 4

repetitions per minute (3) to as high as 150 repetitions per minute (2). Barbe et al.(3)

utilized low forces (Fpeak < 0.15MVC) and low repetition rates (4/min) in a rat volitional
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study and found several changes including both behavioral and histological changes.

These changes started in week 5 and continued until the end of the study in week 8. They

reported a decrease in reach rate, task duration and a change in the preferred grasping

technique utilized by the rats. Histologically, tendon fraying was present after 5 weeks at

the musculo-tendonjunction. As early as week 3, the number of resident and infiltrating

macrophages were significantly higher from the baseline control group. Soslowsky's

overuse rotator cuff model exposing rats to treadmill running used repetition rates of

approximately 120 repetitions per minute (4, 22, 23). Peak forces were unknown. If the

forces are similar to those involved during gait and jogging, the forces were high relative

to our study and other studies (1-3, 16). Soslowsky et al. showed gross mechanical

changes at 4 weeks of running (1h/d, 5dJwk) including an increase in tendon cross

sectional area, a decrease in maximum tensile stress, and a decrease in the elastic

modulus relative to a control group. Perry et al. (2005) , using the same overuse model,

showed an increase in mRNA of inflammatory markers (COX-2 and FLAP) and

angiogenic factors (VEGF, VWF) after 3 days of exercise. COX-2 and flap expression

peaked at 8 weeks. Previously (18), we demonstrated in our model that other angiogenic

components (VEGF, VEGFR-1, and CTGF) increased with 60 repetitions per minute of

cyclical loading of the FDP muscle.

Although the differences in tear measures between limbs were greater at the

higher rate, there were similar regional differences (p < 0.001) for both the 60 and 10

repetition rates. Larger differences were present in tear measures between unloaded and

loaded tendons between the two loading groups (10 vs. 60 repetitions/min) at the outer

regions of the tendon (Figure 3). Along the inner regions of the tendon, there were little
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differences between the loaded and unloaded tendons in the lower repetition rate group

(Figure3). The inner regions had greater tear measures than their unloaded counterpart

for the higher loading rate (60 repetitions/min). This regional variation may be due to the

inhomogenous stress distribution that occurs with normal loading (8, 15,25,26). As the

FDP tendon is loaded, the region adjacent to bone (inner enthesis) experiences tension

and compression but the compression results in fibrocartilage formation (8, 15,25,26).

Fibrocartilage has different mechanical and biological properties that allow it to absorb

compressive stresses (26) and as a result is found in tissues bearing compressive loads

such as cartilage. These differences in the composition may contribute to the different

regional response to loading. The inner and outer enthesis are structurally different and

may have different modes of failure and strain differences under repetitive loads. The

outer regions of the tendon are composed mainly of type I collagen (30% wet weight),

which provides the tensile strength. Although collagen has a high tensile strength, these

collagen fibrils may be at risk for failure under cyclical loading patterns as the fibrils

continually slide past one another.

Clinical symptoms of overuse injuries to tendon include pain, local edema and/or

tenderness, which may be the tissue's response to the formation ofmicrotears. Biopsy

specimens of overuse tendon injuries demonstrate degeneration without inflammation

and have been termed tendinosis rather than tendinitis due to the absence of inflammatory

cells (13, 14). In tendonitis, local pain near the tendon insertion site is usually associated

with swelling. Swelling is absent in tendinosis, however, pain may be generated through

the development of new nerve fibers or disruption of nerve fibers by tear formation,

Messner et al. (16) found groups of multiple nerve fibers in the epitenon and in the
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paratendinous fatty tissue of the bursa in their rat model of Achilles tendon disorder.

Control tendons showed sparse occurrence of singular nerve fibers. The presence of tears

may induce nerve activity causing pain. Eventually, the tears may weaken the tendon

structure mechanically resulting in larger tears or even mechanical failure.

Several limitations of this model should be noted. The regions studied were

limited and possible changes at the muscle-tendon junction or other regions in the tendon

were missed. However, the study has several important strengths. Tissue preparation and

tear analysis were blinded to limb-loading status. The loading patterns selected

maintained equivalent peak loads during loading so the differences are not due to

differences in peak load. The loading patterns involved the same work (force-time

integral) therefore the differences were not due to differences in work.

In conclusion, overuse tendon damage is likely associated with several

biomechanicalloading parameters. Peak force, repetition rate, posture, and duration are

associated risk factors based on epidemiologic studies (6, 21, 27) in the upper extremities.

Our studies suggest a dose-response relationship between repetition rate and the

formation of microtears. The higher repetition rates (60 repetitions/min) led to greater

measures of tear damage than the lower repetition rate (10 repetitions/min) across all

regions of the tendon. The lower repetition rate had little effect along the inner regions of

the tendon; the greater changes occurred along the outer regions. These differences are

likely due to differences in tissue properties or the presence of an inhomogenous strain

distribution during peak loads. Performing the same 'work' or applying the same peak

force at lower repetition rates may prevent microtears in tendon compared to applying the
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same load at higher loading rates. These findings may be useful in the management and

prevention of tendinopathies.
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Figure 4.1. Typical tendon loading profiles for the 60 and 10 repetitions/min loading

patterns. Peak force is equivalent in the two loading groups. The Force-time integral

(work) and duty cycle are also equivalent.
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tear size (C) for the 10 repetition/min group. The interaction terms (loading group x

region) for (A) and (B) were not significant (p > 0.05) whereas it was significant in (C) (p

= 0.03). There was a significant (p = 0.01) effect oflimb in (A) while for (B) it was not

significant (p = 0 .25). Regions marked with the same lower case letter are significantly

different based on the Tukey follow-up test. Columns are marked ± s.d., n = 8.
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Figure 4.4. The log of the distribution of microtears by tear size is shown for the inner
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(paired t-test, p < 0.01). The symbol t indicates a significant difference between
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and loaded limbs (paired t-test, p < 0.01) in the 60 (n = 9) and 10 (n = 8) repetitions/min
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CHAPTER V:

Peak force has a greater effect than repetition rate on the formation of

microtears in tendon in an in vivo cyclical loading model.

5.1 Abstract

Previously (17, 18) we reported the formation ofmicrotears in an in vivo

cyclically loaded FDP rabbit tendon. One loading pattern applied a peak. force of 15% of

Po (0.42N) and a repetition rate of 60 repetitions per minute (High force, high repetition:

HFHR) and another loading pattern had the same peak force but lower repetition rate of

10 repetition/min (HFLR). The higher repetition rate led to greater changes in tear

measures between tendons from the loaded limb compared to the unloaded control limb.

The purpose of this study was to compare those results to results from low force, high

repetition loading pattern (LFHR) (n = 7). There were no significant differences

observed for the LFHR loading pattern in tear measures of the loaded limb compared to

the unloaded limb (p > 0.05). The regional differences were similar to the other loading

patterns; greater measures of tears were observed in the outer region of the tendon than

the inner regions. Larger differences in tear measures were found between loaded and

unloaded limbs under loading conditions with high forces rather than high repetition

rates. HFHR loading had larger differences in tear area as a percent of tendon area than
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both HFLR (p = 0.03) and LFHR (p = 0.002) loading pattern. Furthermore, the mean tear

size was also significantly larger in the HFHR loading pattern than the LFHR pattern (p =

0.003). The results suggest that with repetitive loading, tendon microtears are more

likely due to peak force levels than repetition rate.

5.2 Introduction

Previously, we reported the formation ofmicrotears in the tendons ofrabbits that

were cyclically loaded in vivo for 80 hours of cumulative loading (16, 17) at either high

forces combined with high repetition (HFHR) or high forces combined with low

repetition (HFLR). We reported a dose-repsonse relationship with greater changes

occurring with the HFHR pattern than the low repetition rate (HRLR). Regionally, the

HFLR loading pattern did not generate significant changes at the inner regions of the

tendon. Outer regions·were effected but not as great as the HFHR pattern. Regardless of

region, the HFLR pattern did not lead to significant changes between loaded and

unloaded tendons when looking at tear density (tears/mm2
) whereas the HFHR pattern

did lead to differences. Additionally, the HFHR loading pattern led to larger differences

than the HFLR pattern in the tear area as a percent of tendon area (p = 0.01) when

comparing loaded to unloaded tendons.

Several epidemiologic studies in the workplace have identified important risk

factor for tendon injuries due to overuse (21, 22, 25, 26, 28,30), including high rate of

repetitive hand activity and high peak forces. These risk factors are present in many

occupational settings. In meat packing plants, where high grip forces are common, the

annual incidence rate for epicondylitis was reported to be as high as 11.3% for female

sausage packers. (9). Repetitive activity has been found to be associated with tendinitis
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and other soft tissue injuries (5, 12, 14,28,29). Latko et al. (10) found a dose-response

relationship between three levels of repetition and tendinitis (p < 0.01). Prevalence rates

for tendinitis were reported as 4.2% for low repetition jobs compared to 14.5% for high

repetition jobs.

The purpose of this study was to investigate the effect of LFHR loading on

microstructural changes, specifically the formation of microtears in the Flexor Digitorum

Profundus (FDP) tendon at the medial epicondyle insertion site following cyclical digit

loading using a rabbit model loaded for 80 hours of cumulative loading (14 weeks).

HFHR, HFLR and LFHR loading patterns were compared to evaluate the effect of

repetition rate and peak force on microtear formation.

5.3 Methods

5.3a Animal Model

The animal loading model was described previously (17, 18). Seven female,

young adult, New Zealand White rabbits weighing 3.58 kg (± 0.84) were used. Under

general anesthesia, the FDP muscle of one forelimb was electrically stimulated to

contract repetitively for 2 hours per day, 3 days a week, for 80 hours of cumulative

loading. The contralateral limb, although supported in the same posture, did not receive a

stimulus and therefore served as the control. The stimulation train was adjusted to

maintain a mean peak digit flexion force of 0.14N. The repetition rate was set at 60

repetitions per minute with a train duration of 600ms (train = 100 pulses/sec and pulse

width = 2ms). The previous studies (17, 18) used a repetition rate of 60

repetitions/minute with a train duration = 200ms and a Fpeak = 0.42N ) (HFHR); 10

repetitions/minute with a train duration = 1200 ms and a Fpeak = 0.42N) (HFLR) (Figure
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5.1). The train duration selected for this study maintained the same Force-Time integral

as the previous studies (16, 17). This study was approved by the University of California,

Berkeley's Committee on Animal Research. Weekly examinations of the paw, forearm

and elbow revealed no tenderness, limping, nodules, swelling, limitation in range of

motion, reduction in gross claw flexion strength, or skin breaks.

S.3b Tissue and Histological preparation

After 80h of cumulative loading, animals were weighed (4.00 ±0.55kg) and

eutbanized. Tissue and histological preparation along with image acquisition were

identical to a previous studies (17, 18). Briefly four ROls (200 x 400 ~m2) were captured

and analyzed for tears (tear area as a percent of tendon area, tear density and mean tear

size) with a custom software program.

S.3c Statistical Analysis

For the Low Force, High Repetition loading pattern a mixed model repeated

measures ANOVA was used to analyze differences in tear measures (tear percent of

tendon area, tear density and mean tear size) by region (inner enthesis, outer enthesis,

inner distal or outer distal) and by limb loading status (loaded or unloaded) in the LFHR

pattern. Post hoc analysis was performed using the Tukey method for multiple

comparisons. The distribution of tears by tear size were transformed into normal

distributions using a log transformation preceded by the addition of the smallest value to

each data point to avoid taking the logarithm of a zero, then the transformed tear density

was compared between loaded and unloaded limbs with the paired t-test applying an a <

0.01 to adjust for multiple comparisons.
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To examine the differences between different loading patterns, a two factor

ANOVA was used to analyze differences (loaded versus unloaded) in the tear parameters

by loading pattern (HFHR, HFLR and LFHR) and by region (4 regions). Follow-up

analysis was performed using the Tukey method for multiple comparisons.

5.4 Results

5.4a Tear area as a percent oftendon area (Low Force, High Repetition)

Across the four ROIs, the average tear area as a percent of total tendon area

ranged from 0.43% to 3.12% in the loaded tendon compared to 0.43% to 2.48% in the

unloaded tendon (Figure 5.2). The limb by region interaction term in the RMANOVA

was not significant (p = 0.55). The limb (p = 0.33) effect was not significant but the

region (p < 0.0001) effect was significant. Significant differences between regions, based

on the Tukey follow-up test, are marked by the same lower case letter in Figure 5.2.

Similar to the HFHR and HFLR patterns (17, 18), there were significantly less tear area

as a percent of tendon area in the inner regions of the tendon than the outer regions

(Figure 5.2).

5.4b Tear Density (Low Force, High Repetition)

The tear density (tears/mm2
), on average, ranged from 267 to 1224 tears/mm2 in

the loaded limb compared to 271 to 1071 tears/mm2 in the unloaded limb across the four

ROIs. The limb by region interaction term was not significant (p = 0.78). There was no

significant difference between limbs (p = 0.48) but there was a regional effect (p <

0.0001). Similar to the tear area as a percent of tendon area, the differences were

primarily between the inner regions and the outer regions (Figure 5.2).
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5.4c Mean tear size (Low Force, High Repetition)

The mean tear size (~m2), on average, ranged from 15.6 to 26.3 ~m2 in the loaded

tendon compared to 15.8 to 25.2 ~m2 in the unloaded tendon (Figure 5.2) in the four

ROls. The limb (p = 0.89) and interaction (p = 0.91) terms were not significant in the

RMANOVA, but the region effect was significant (p < 0.0001) (Figure 5.2).

5. 4d Distribution oftears by tear size (Low Force, High Repetition)

There were no significant differences between the distribution of tears by tear size

(Figure 5.3 and 5.4) in the loaded and unloaded tendon for LFHR loading pattern. The

HFHR loading pattern resulted in the greatest number of significant differences between

unloaded and loaded tendon (17) (10 significant differences out of20 tear sizes in the

outer region at the enthesis). The HFLR loading pattern resulted in one significant

difference between loaded and unloaded tendon (16).

5.4e Comparing HFHR, HFLR and LFHR loadingpatterns

Data from this study was compared to the data from the previous two loading

patterns: HFHR (17) and HFLR (18). The interaction term (loading pattern x region) for

the tear area as a percent of tendon area was not significant using (ANOVA, p = 0.80).

There was a significant effect ofloading (p = 0.0002) and region (p < 0.0001). The

HFHR pattern had greater differences in tear area as a percent of tendon area compared to

the HFLR pattern (Tukey test, p = 0.03) and the LFHR pattern (Tukey test, p = 0.002)

(Figure 5.5). The inner enthesis region had smaller changes associated with the tear area

as a percent of tendon area compared to the outer regions, outer enthesis (p < 0.01) and

distal to enthesis (p = 0.001). Similarly, the inner region of the tendon distal to the
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enthesis had smaller changes compared to the outer regions; at the enthesis (p = 0.008)

and distal to the enthesis (p = 0.01) (Figure 5.5).

The interaction term for the tear density was not significant (ANOVA, p = 0.71).

Differences in tear densities were not significantly different between the three loading

patterns (p = 0.42) nor were there regional effects (p = 0.58) (Figure 5.5).

The interaction term for the mean tear size was not significant (ANDVA, P =

0.16). The differences in the mean tear size between the three loading patterns were

significantly different (p = 0.005) as was the effect of region (p = 0.01). Follow-up tests

revealed that the HFHR pattern had larger changes between limbs compared to the LFHR

pattern. The inner enthesis had smaller changes than the outer region distal to the

enthesis (p = 0.03) (Figure 5.5).

5.5 Discussion

This study, combined with our prior studies (16, 17), are the first to evaluate the

effects of both peak force and repetition rate on tendon degeneration, specifically the

formation of microtears, in an in vivo repetitive loading model. High repetition rates with

low forces (HRLF) led to no significant differences in tear measures between loaded

limbs and their contralateral unloaded limbs. Whereas the High Repetition, High Force

(HRHF) rate produced significant changes when comparing the loaded to unloaded

tendon (17). Reducing the repetition rate but keeping the same peak force (HFLR)

produced changes between the HRLF and HFHR loading patterns. The results of the

three loading patterns over the range of loading parameters selected suggest that peak

force has a larger effect on injury, as measured in microtear formation, than repetition

rate.
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When microtears were categorized by size (Figure 5.3 and 5.4), the HFHR

loading pattern caused tear density to increase across a broader range of tear sizes (10 of

20 categories in the outer region of the tendon at the enthesis) while for HFLR there was

only one significant difference (1 of20 categories in the outer region of the tendon at the

enthesis) due to loading (17). LFHR caused no significant difference in tear density at

any tear size.

Similar regional differences in microtear density were observed across all three

loading patterns. The outer regions of the tendon exhibited higher tear measures

regardless of the loading pattern. Thus, regional differences were present, even when

there were no effects of loading (LFHR). This inhomogeneity in the microtear

distribution has been discussed previously (6, 16-18,27) and is likely due to the

inhomogenous distribution of stress in the tendon. This study provides further evidence

that the outer regions oftendons with a similar anatomy as the rabbit FDP tendon are

more susceptible to damage as measured by microtear formation.

Several occupational epidemiologic studies have identified biomechanical factors

for workplace overuse injuries such as epicondylitis (5, 7-9, 11, 14, 15, 19,25). These

include repetitiveness of work, forceful exertion, mechanical stress and posture. A review

by the Centers of Disease Control found there to be a strong evidence for the risk of

developing epicondylitis when there is high force and hand repetition in the occupation

setting, signifying the importance of evaluating both risk factors. Werner et aI. (29)

reported the effect of several ergonomic risk factors on the development of tendinitis or

elbow pain in industrial and clerical workers. Hand repetition did not have a significant

effect (p = 0.33) but there was an effect of peak force (p = 0.04). Descatha et al. (4)

8



investigated the associated risk factors of medial epicondylitis in occupational settings

and found that forceful work was a risk factor (OR = 1.9; CI = 1.15 - 3.32) whereas

exposure to repetitive work (OR = 1.11; CI = 0.59 - 2.10) was not a risk factor. Latko et

al. (10) found a strong effect of repetition when investigating predictors of epicondylitis

(p = 0.01); however, they did not evaluate the effects of force as a risk factor because the

force levels were homogeneous across subjects in the study.

Several in vivo animal studies have evaluated the effects of repetitive loading in

tendon on structural or biochemical changes (1, 2, 13,20,24). However, no in vivo

studies evaluated mechanical and cellular effects for different loading patterns. These in

vivo loading models utilized loading rates as low as 0.07 reps/min (2) and as high as 2.5

reps/min (1). Peak forces ranged from levels below 15% of strength to high (not

unrecorded) forces associated with running. Perry et al. (2005), using an overuse rotator

cuff model involving rats running on a treadmill, showed an increase in mRNA of

inflammatory markers (COX-2 and FLAP) and angiogenic factors (VEGF, VWF) after

only 3 days of exercise. Barbe et al. (2) reported a decrease in reach rate, task duration

and a change in the preferred grasping technique utilized by the rats performing repetitive

grasping. Changes were noted as early as week 3 involving an infiltration of

macrophages in tendons (2). Cellular responses involving inflammatory products may

have effects on the structural integrity of the tendon. Macrophages can produce MMP-l,

which breaks down type I collagen. Growth factors associated with healing may

stimulate new collagen formation; the new collagen may not have established

intermolecular collagen cross-links. Under repetitive loading, reduced cross-linking may

increase the presence of microtears.
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Limitations to this study should be noted. The sample size for LFHR (n = 7) was

low but even if it were increased, there is no trend in the data to suggest that the

conclusion would change. Another limitation is the loading pattern. The parameters

picked for the loading pattern cover a limited range and may not include some loading

patterns found in the occupational or sports settings. However, the values picked fit

within a physiological range. In the workplace, hand repetition rates can be as high as 1

grip per second (11). Peak force exposures of the hand have been reported to be greater

than lOON, close to worker strength (3, 23). Loading duration may be is considered

another limitation. When the rate of injury exceeds the rate of repair, disease progression

may occur. Therefore, it is important to study different timepoints to fully understand the

structural and cellular effects of loading on tendon injury. Another limitation involves

the loading schedule. The animals were loaded for 2 hours per day, three times a week; a

total of 80 hours of cumulative loading over 14 weeks. In the workplace, employees are

frequently exposed to longer periods of hand intensive work. Therefore, the loading

duration tested is less than found in many workplaces. Other timepoints may also be

useful in revealing other changes in that occur in the disease progression of tendinosis

(e.g. angiofibroblastic dysplasia, larger tears, etc.)

Overuse tendon injuries are common in the workplace. These injuries are

multifactorial in etiology and the underlying cellular mechanisms are still not well

known. Based on this model, peak force has a greater impact than repetition rate in

causing microtears in tendon. The results presented here suggest that under certain

loading conditions, lowering peak force will have a greater effect on preventing or

managing tendon overuse injuries than lowering repetition rate.
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tear measures were not significant (p > 0.05). Similarly, there was no significant (p >

0.05) effect ofloading for the tear measures. However, regional effects were seen.

Regions marked with the same lower case letter are significantly different, based on the
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13



300

90 10080

200

Tear Size (IAm2)

40 50 60 703020

2 <
I

I
Q 0 +-1-------------~

300 100

o~~--~-~-~~---~-

90 100 10

4 1

oL-~~~~
. 10 20 30 40 50 60 70 80

4 1I -ts- Unloaded

:~~wm~

100 200
Tear Size (IAm2)

4 Inner Enthesis 4 Outer Enthesis

'"

2 2

o I 0
4 5 6 7 8 9 10 4 5 6 7 8 9 10

4
'I 1

I
I

2 2
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and outer regions of the tendon at the enthesis for the LFHR loading. No significant

differences were found (paired t-test, p > 0.01) [N = 7]. For significant differences in the

HFHR and HFLR patterns see Fig 5 and 6 of (16).
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tendon area (A) was significantly affected by loading pattern and region. HFHR

demonstrated greater changes than both the HFLR and the LFHR patterns. Tear density

(B) was not affected by loading pattern or region (p > 0.05). Mean tear size (C) was

significantly affected by both loading pattern and region. Regions marked with the same

lower case letter are significantly different, based on the Tukey follow-up test (p < 0.05).

Charts on the right are overall effects of loading pattern averaged across regions. HFHR
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demonstrated greater changes than the LFHR loading pattern. Loading patterns marked

with a * are significantly different from one another (p < 0.05). Loading patterns marked

with a t had significant differences between loaded and unloaded tendons within that

loading pattern. N = 24
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CHAPTER VI:

THE EFFECT OF PEAK FORCE, REPETITION RATE ~ND MICROTEAR

FORMATION ON VEGF, VEGFR-l AND CTGF CELL DENSITIES IN AN IN

VIVO CYCLICAL LOADING MODEL

6.1 Abstract

Different cyclical loading patterns were used in an in vivo loading model of

tendinosis to understand the effects of loading on growth factor production (VEGF,

VEGFR-1 and CTGF). It was previously shown that cell densities of cells staining with

these proteins were increased undergoing High Force High Repetition Loading (HFHR)

(18). In the current study, High Force Low Repetition (HFLR) and Low Force High

Repeition (LFHR) loading resulted in no significant differences (p > 0.05) in cell

densities between loaded and unloaded limbs with the exception ofVEGFR-l. Regional

differences were observed between the outer regions of the tendon and the inner regions

of the tendon; these differences were similar to our findings for the distribution of

microtears (17). Associations between protein cell densities (VEGF, VEGFR-1 or

CTGF) and tear density were examined using linear regression. There is a relationship

between tendon microtear density and the growth factors VEGF and VEGFR-l. The

slope of the VEGFR-1 cell density vs. tear density was significantly different between
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loaded and unloaded limbs (mloaded = 0.2 and munloaded = 0.04, P = O. 03) for HFHR

loading. VEGF cell density and tear density were moderately associated (mloaded = 0.51,

munloaded = 0.32). Blood vessel density (capillary and arteriole) in the paratenon was not

significantly different between loaded and unloaded limbs within a loading pattern, but

across the loading patterns, the density was higher with HFLR loading than the LFHR

loading pattern. The results from this study demonstrate no effect of HFLR loading

pattern on cell density for any of the growth factors, but a possible protective effect

(decreased density) for VEGF and VEGFR-1 for the LFHR loading pattern. Long tenn

loading with low repetitive force appears to decrease growth factors and may be

protective for tendinopathy.

6.2 Introduction

Studies involving in vivo (1, 18,21,23-25,27) and in vitro (26, 28) models of

tendon overuse injuries have identified a relationship between loading and growth

factors, such as VEGF and CTGF. An increase in VEGF, VEGFR-1 and CTGF may

indicate the tendon's response to loading by activating pathways leading to

neovascularization (6-10, 21, 23-25), cellular proliferation or differentiation (20,33) or

matrix repair (11, 13, 30, 31, 34, 35). The dose-response relationships between external

loading and changes in growth factors are unknown. It is likely that the magnitude of

load and the repetition rate are important.

Epidemiologic evidence supports a relationship between overuse tendon injuries

and forceful and repetitive hand activities (19). Werner et al. (32) reported that people

whose jobs had required Iiigh levels of hand repetition and force, were at increased.risk

for having persistent elbow tendinitis. Latko et al. (12) reported that higher repetition
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rates led to higher prevalence rates oftendinitis (12). There was a linear trend (p =

0.004) relating rates ofrepetition with prevalence rates of 4.2%,8.1 % and 14.5%, to

repetition rates of low, medium and high, respectively.

Previously, our in vivo rabbit model demonstrated that cyclical loading of tendons

led to an increase in microtears of the Flexor Digitorum Profundus (FDP). At high forces

and a high repetition rate (HFHR), synthesis of VEOF, VEOFR-l and CTOF were

increased under cyclical loading (18). The application of two additional loading patterns

High Force, Low Repetition (HFLR) and Low Force, High Repetition (LFHR)

demonstrated that microtears were observed to be more sensitive to peak force than

repetition rate (17).

The purpose of this study is to determine the effects of cyclical loading under

different loading patterns (HFLR and LFHR) on VEOF, VEOFR-l and CTOF production

in tendon, and to determine the relationship, if any, between the synthesis of growth

factors and tear density.

6.3 Methods

6. 3a Animal Model

The animal loading model was described previously (15-18). This study was

approved by the University of California, Berkeley's Committee on Animal Research.

Weekly examinations of the paw, forearm and elbow revealed no tenderness, limping,

nodules, swelling, limitation in range of motion, reduction in gross claw flexion strength,

or skin breaks.

6.3b Tissue and Histological preparation
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After 80h of cumulative loading, animals were weighed and euthanized. Tissue

and histological preparation along with image acquisition for cell densities were identical

to a previous study (18). The paratenon of the tendon (measured from the enthesis to the

muscle-tendon junction) was digitally photographed under 200x magnification using an

Axioskop MOT 2 microscope with an Axiocam digital camera (Carl Zeiss, Germany).

The area was calculated using Axiovision software. Blood vessels were identified in the

paratenon of the tendon and classified as capillaries or arterioles depending on size.

Vessels with diameters less than 1O~m were graded as capillaries and those greater than

1O~m were marked as arterioles (Figure 6.3).

6.3c Statistical Analysis

A mixed model repeated measures ANDVA was used to analyze differences in

cell density by region (6 regions) and by limb loading status (loaded or unloaded) within

each loading pattern. Post hoc analysis was performed using the Tukey method for

multiple comparisons. To examine the differences between different loading patterns, a

two factor ANDVA was used to analyze differences between loaded and unloaded limbs

in the cell densities by loading pattern (HFHR, HFLR, LFHR) and region (6 regions).

Post hoc analysis was performed using the Tukey method for multiple comparisons.

The paratenon area was measured along with the capillary density

(capillaries/mm2
), arteriole density (arterioles/mm2

) and overall vessel density (capillaries

+ arterioles per area). A paired t-test was used to evaluate differences between vessel

density and paratenon area among the animals loaded. An ANDVA was used to analyze

differences in vessel density by limb loading status (loaded or unloaded) and loading

pattern (HFHR, HFLR and LFHR).
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A standard linear regression and correlation coefficient were obtained for cell

density versus tear measures. Comparison of the two regressions was performed to

compare slope changes between loaded and unloaded limbs.

6.4 Results

High Force, Low repetition loading

6.4a VEGF
The limb by region interaction term in the RMANOVA was not significant (p =

0.71). The limb effect (p = 0.62) was not significant but the region effect (p <: 0.0001)

was significant. Using the Tukey follow-up test, significant differences between regions

were found and are noted in Figure 6.2. Across the six ROls, the average VEGF cell

density ranged from 121 to 1675 (cells/mm2
) in the loaded tendon compared to 210 to

1973 in the unloaded tendon (Figure 6.2). The inner enthesis (22.3%) and outer distal

(23.5%) regions had the greatest percent increase in the VEGF cell density when

comparing the loaded to unloaded tendon. The other regions exhibited much smaller

changes (1.2 - 8.9% increases).

6.4b VEGFR-l

The limb by region interaction term in the RMANOVA was not significant (p =

0.89). The limb effect (p = 0.76) was not significant but the region effect (p = 0.0002)

was significant. Using the Tukey follow-up test, significant differences between regions

were found and are noted in Figure 6.2. Across the six ROls, the average VEGFR-l cell

density ranged from 375 to 1346 cells/mm2 in the loaded tendon compared to 369 to 1653

cells/mm2 in the unloaded tendon (Figure 6.2). The inner distal (22.1%) had the greatest

percent increase in the VEGFR-l cell density when comparing the loaded to unloaded

tendon. The other regions exhibited negligible changes (-3 -7.9% changes).
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6.4c CrGF

The limb by region interaction term (p = 0.77) in the RMANOVA was not

significant. The limb effect (p = 0.89) was not significant but the region effect (p <

0.0001) was significant. Using the Tukey follow-up test, significant differences between

regions were found and are noted in Figure 6.2. Across the six ROIs, the average CTGF

cell density ranged from 554 to 2402 cells/mm2 in the loaded tendon compared to 385 to

2522 cells/mm2 in the unloaded tendon (Figure 6.2). Increased CTGF cell densities were

observed in all regions except the outer distal regions (-3.8% decrease). The outer

enthesis, inner distal and center distal regions had somewhat large increases (17.4% to

20.7%).

Low Force, High repetition loading

6.4d VEGF

The limb by region interaction term (p = 0.29) together with the limb effect (p =

0.08) in the RMANOVAwas not significant. The region effect (p < 0.0001) was

significant. Using the Tukey follow-up test, significant differences between regions were

found and are noted in Figure 6.3. Across the six ROIs, the average VEGF cell density

ranged from 312 to 1994 cells/mm2 in the loaded tendon compared to 326 to 1754

cells/mm2 in the unloaded tendon (Figure 6.4). Cell densities for VEGF (-20.6%

decrease to 14.2% increase) were observed in all regions except the outer distal regions (­

3.8% decrease).

6.4e VEGFR-l

The limb by region interaction term (p = 0.97) in the RMANOVA was not

significant. However the limb effect (p = 0.02) and region effect (p = 0.0007) was
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significant. Using the Tukey follow-up test, significant differences between regions were

found and are noted in Figure 6.3. Across the six ROls, the average VEGFR-1 cell

density ranged from 162 to 1330 cells/mm2 in the loaded tendon compared to 356 to 1257

cells/mm2 in the unloaded tendon (Figure 6.3). All regions except for the outer enthesis

(5.9%) experienced decreases in VEGFR-l cell density (-0.3% to -22), where the center

distal had the largest decrease.

6.4fCTGF

The limb by region interaction term (p = 0.08) together with the limb effect (p =

0.57) in the RMANOVA was not significant. The region effect (p < 0.0001) was

significant. Using the Tukey follow-up test, significant differences between regions were

found and are noted in Figure 6.3. Across the six ROIs, the average CTGF cell density

ranged from 166 to 2284 cells/mm2 in the loaded tendon compared to 494 to 1941

cells/mm2 in the unloaded tendon (Figure 6.3). A large increase (38.8%) in CTGF cell

density was observed in the outer distal region. The cell density in the other regions

fluctuated between -12.6% to 2.6% changes.

6.4g Differences between HFHR, HFLR and LFHR loading on VEGF, VEGFR-l and

CTGF cell densities.

The effect of loading pattern (HFHR, HFLR, or LFHR) on VEGF, VEGFR-1 and

CTGF was evaluated by comparing data from this study to data from the prior study (15­

18). Interaction terms (loading pattern x region) for the differences in cell densities

(loaded - unloaded) for VEGF (p = 0.90) and VEGFR-1 (p = 0.94) were not significantly

different. Furthermore the differences in cell densities for VEGF (p = 0.09) and VEGFR­

1 (p = 0.99) did not vary significantly by region. However loading pattern had a
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significant effect on cell density for VEGF (p < 0.001) and VEGFR-1 (p = 0.01). The

differences in VEGF cell density were greater with HFHR loading than with HFLR (p =

0.03) and LFHR (p <0.0001) loading (Figure 6.4). The differences in VEGFR-1 cell

density were greater with HFHR loading than with LFHR loading (p = 0.01) (Figure 6.4).

The interaction term (loading pattern x region) for the differences in CTGF cell

density was significant (p = 0.02). Follow-up tests revealed that LFHR loading resulted
,

in greater differences in the outer distal region of the tendon than the LFHR inner distal.

region (p = 0.04) and the HFLR outer distal region (p = 0.04).

6.4h Differences between HFHR, HFLR and LFHR loading on vascularization.

The paratenon area was not different between loaded and unloaded tendons for

each of the three loading patterns (p > 0.05, paired t-test) or between the three loading

patterns (p =0.10, ANDVA). The capillary density ~n the paratenon was not different

between loaded and unloaded tendons within each ofthe three loading patterns (p > 0.05,

paired t-test) but there were differences found between loading patterns. HFLR loading

led to more capillaries per mm2 than the LFHR group (p = 0.02, Tukey test). There were

no significant differences between HFHR loading and the HFLR loading. The arteriole

density was not different between loaded and unloaded tendons within any ofthe three

loading patterns (p > 0.05) or between loading patterns (p =0.79, ANOVA).

6.4i The relationship ofmicrotear density to VEGF, VEGFR-l and CTGF cell densities.

Growth factor density was plotted against tear density in both the loaded and

unloaded limbs for the three loading patterns (HFHR, HFLR and LFHR). The slope,

correlation coefficients and p values (slope significantly different from 0) can be found in
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Table 1. VEGF is directly related to tear density, regardless of loading. This can be seen

in Table 1 where the slope for VEGF is significantly different from 0 (versus tear

density) in all three loading patterns. In addition, the VEGF-tear density slopes between

loaded and unloaded limbs are not significantly different from one another. Although

both VEGF and tear density increase from unloaded to loaded limb under HFHR loading,

the relationship between VEGF and tear density does not seem to adjust with loading.

Figure 6.5 illustrates the VEGF versus tear density under HFLR loading.

VEGFR-I in the unloaded tendon under HFHR loading (Figure 6.5) had a weak

correlation to the tear density and the slope was not significantly different from zero (p =

0.48). However the results were found to be different in the loaded limb, where the

correlation was higher (r2
= 0.4) and the slope was 0.20 (p = 0.0001). The two slopes

(VEGFR-I versus tear density) were significantly different from one another (p = 0.03).

This may indicate that VEGFR-I has no relationship to tear density except when the

loading is high (HFHR). Both VEGFR-I and tear density are increased with HFHR

loading and HFHR loading may provide a pathway for the cells to actively produce

VEGFR-I when tear density is high.

CTGF had no relation to tear density (p> 0.05, Table 1) under HFHR and HFLR

loading. Slopes did not differ between unloaded and loaded limbs (p = 0.54 HFHR; p =

0.14 HFLR; P = 0.97 LFHR) but the slope ofCTGF versus tear density was greater than

zero in both the loaded (p = 0.01) and unloaded limb (p = 0.02) under LFHR loading.

6.5 Discussion

The results presented here are the first to evaluate the effect of both peak force

and repetition rate on VEGF, VEGFR-I and CTGF cell density in an in vivo model of
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cyclically loaded tendon. The greatest increase in growth factors occurred with HFHR

loading. The differences between limbs nearly disappears· at the lower repetition rate

(HFLR) and became inverted (unloaded tendon has higher densities than loaded tendons

for VEGFR-l) at the lower peak force pattern(LFHR). Regional differences were present

and were similar to the microtear distribution where the outer regions exhibited greater

changes.

VEGF, VEGFR-l and CTGF have been shown to have important functions

associated with healing such as angiogenesis and matrix repair (7, 8, 11,22,23,27,29,

36). VEGF and its receptor are increased in degenerated tendons (24, 27) and liot present

in normal, healthy tendons. The results of our study suggest that the increase in VEGF,

VEGFR-1 and CTGF may be an attempt to initiate pathways to repair the microstructural

damage caused by loading.

Previously we reported the formation of microtears in tendons exposed to three

loading patterns: HFHR, HFLR and LFHR (17). Microtear formation was increased most

with HFHR loading, followed by HFLR, followed by LFHR loading. The formation of

microtears may have an effect on the cellular response since the cells are embedded in the

tendon's matrix and a disruption in the surrounding substance may trigger a cellular

response. Both tear density and VEGFR-l cell density increased under HFHR loading.

VEGFR-l was moderately related to tear density; the VEGFR-l cell density increased as

the tear density increased in the loaded tendon (r2
= 0.4), whereas in the unloaded limb

there was no relationship between VEGFR-l and tear density (i = 0.01). VEGFR-l is a

key receptor for VEGF. Therefore, under HFHR loading conditions VEGFR-l may

provide a pathway for VEGF to initiate angiogenesis and attempt matrix repair. The
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relationship between VEGF and loading was different. VEGF cell density was related to

tear density in both the loaded and unloaded tendon, independent of loading.

Under LFHR loading, VEGFR-l cell density was lower in the loaded tendon

compared to the unloaded tendon (p = 0.02). Similarly, there was a trend for VEGF cell

density to be lower in the loaded tendons (p = 0.08). Therefore, repetitive loading at a

lower peak force may have a protective effect (less VEGF and VEGFR-l) while

maintaining the high peak force but lowering the repetition rate had a null effect (no

difference between tendons) in terms of cell densities.

The effect of repetitive loading on tendon has been documented previously but the

inter-relationships between some these outcome measures have not been explored. The

tendon's mechanical and biological response to loading has impacts on one another. It

has already been reported that mechanical deformation can trigger a cell to produce

VEGF (26) and CTGP (28). Therefore a disruption in the tendon's ECM, as measured by

microtears, may up-regulate certain growth factors.

A proposed mechanism is illustrated in Figure 6.6. With continued repetitive

loading, the inter-relationships between the tendon's mechanical and biological response

to loading are diagramed. Repetitive loading affects both the cellular and structural

aspects of the tendon. Structurally, as the tendon fibers continually slide past eachother,

tendon cross-links may weaken, reducing the overall structural stability of the tendon.

Cellularly, the tendon's cells react to load by producing growth factors and/or cytokines

in response to loading. Depending on the magnitude and extent of damage, the tendon

may respond at a level that reflects a healthy adaptation. However, if the rate of damage

exceeds the rate of repair, the tendon may enter a degenerative pathway. This may
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include tear accumulation, neovascularization, increased production of proteoglycans in

the matrix, cellular changes including disorganized alignment and hyperplasia.

Other authors (2, 14) have reported hypervascularization in tendons exposed to

repetitive loading. Backman et al. (2), reported semiquantitatively that rabbit tendons

from the exercised limb exhibited moderate increases of capillaries compared to the

control limb (an average of 2.1/3 for 13 animals; 1 = slight change, 2 = moderate change

and 3 = marked change). We did not observe a difference in vessel density between

loaded and unloaded limbs. There was an increase in capillary density for both limbs of

the HFLR group compared to the LFHR group, suggesting a positive systemic effect of

loading. There was, however, no corresponding difference in VEGF staining cell density

to explain this difference. The changes in vasculature may occur later in our model. Barr

(3-5) has proposed several mechanisms that suggest that inflammation and its mediators,

both local and systemic, playa large role in the development of a musculoskeletal injury.

Our model did no evaluate systemic mediator of vascularization.

Some of the limitations in this study include a low sample size, although the data

suggests that increasing the sample size will not change the trend seen in the results. The

cumulative period of loading may be considered another limitation. The animals were

loaded for 2 hours per day, three times a week for 80 hours of cumulative loading for a

14 week period. In the workplace, employees are frequently exposed to longer periods of

work. A longer loading period may have let to microvascularization and other changes

that occur further downstream. The growth factors (and receptor) considered in this

study were not meant to be conclusive of all markers associated with degeneration..

Future studies may evaluate proteases and other inflammatory markers.
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Previously (17) we reported that microtears were more sensitive to peak force

than to repetition rate. A similar relationship is observed for the growth factors VEGF,

VEGFR-I and CTGF. The results of this study suggest that the growth factors we

examined are both equally sensitive to changes in peak force and repetition rate.

However, the formation ofmicrotears may affect other degenerative factors in tendons,

including the synthesis of these growth factors. Microtears in the tendon are more

sensitive to peak force but growth factor synthesis is affected by both a reduction of

repetition rate and peak force. After sustained exposure to low levels of force, the

damage tolerance of the tendon may not be reached, instead healthy adaptation may occur

as seen in the decreased synthesis ofVEGFR-1 and VEGF. By looking at the tendon's

response to selected loading patterns, this study provides an opportunity to study the

interrelationships between the tendon's biological and mechanical responses to loading,

which may have been overlooked if they were considered independent. Both structural

(microtear formation) and cellular (change in growth factor synthesis) changes were

affected by a reduction in repetition rate and peak load, where both may be considered as

players in the degenerative pathway of tendinosis. Reducing peak hand forces in the

occupational setting may be an important step in preventing tendon degeneration

associated with repetitive loading.
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VEGF, VEGFR-l and CTGF versus Tear Density

HFHR

Unloaded Loaded
Slope

Difference*

slope r2 p slope r2 p p

VEGF 0.26 0.26 0.0002 0.22 0.27 0.001 0.72

VEGFR-1 0.04 0.01 0.48 0.20 0.40 0.0001 0.03

CTGF -O.ot5 0.00 0.73 0.02 0.01 0.61 0.54

HFLR

VEGF 0.3 0.32 0.0001 0.35 0.51 0.0001 0.55

VEGFR-1 0.0004 0.00 0.95 0.10 0.12 0.06 0.30

CTGF -0.102 0.02 0.45 0.14 0.07 0.16 0.14

LFHR

VEGF 0.24 0.16 0.04 0.28 0.26 0.01 0.77

VEGFR-1 0.01 0.00 0.92 0.08 0.03 0.34 0.64

CTGF 0.39 0.2 0.02 0.39 0.29 0.01 0.97

Table 1. Slope, correlation coefficients and p values between tear density andVEGF,

VEGFR-l and CTGF cell density. The slope difference* column indicates the p value

for the difference in slopes between loaded and unloaded tendons.
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Figure 6.1. (A) Paratenon region of interest is adjacent to tendon extending from the

enthesis to the muscle. (B) Capillaries and arterioles shown within paratenon.
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Figure 6.2. VEGP, VEGFR-1 and CTGP cell staining densities (mean ± s.d.) for loaded

and unloaded tendon for HFLR loading. Across all regions, cell densities for the three

growth factors were not significantly different between loaded and unloaded tendons.

The limb x region interaction terms were not significant for all three. Regions marked

with the same lower case letter are significantly different based on the Tukey follow-up

test (n:::: 8).

16



2000 VEGF

1500
""E
~ 1000
CD
()

500

o

2000 ] VEGFR-1·

"" 1500 i
E f

~ 1000 ,...A--..

~ 500 I
o

DUnloaded • Loaded

a,b,c
,..--A--,

2000 '
CTGF

1500
""E
~ 1000
CD
()

500

o

i,k,m,n
,..--A--,

Inner Center Outer

Enthesis

j,1,o,p
,...A--..

Inner Center Outer

Distal to Enthesis

Figure 6.3. VEGF, VEGFR-l and CTGF cell staining densities (mean ± s.d.) for loaded

and unloaded tendon for LFHR loading. VEGFR-l was the only protein found to be

higher in the unloaded versus loaded limbs (p = 0.02). The limb x region interaction

terms were not significant for all three. Regions marked with the same lower case letter

are significantly different based on the Tukey follow-up test (n= 8).
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Figure 6.4. Differences (loaded - unloaded) for VEGF, VEGFR-I and CTGF cell

staining densities for HFHR, HFLR and LFHR loading patterns. Differences in VEGF

cell density were significantly greater in the HFHR pattern compared to both the HFLR

(p = 0.03) and LFHR (p < 0.0001) patterns. Differences in VEGFR-I cell density were

significantly greater in HFHR than the LFHR (p = 0.003) pattern. t indicates significant

differences between limbs (n = 25).

18



y=0.20x +366

r2 =0.40
I

y=0.35x +587

r2 =0.51

I

•I!I

Y=0.29x +643

r2 =0.32

I

I

III I

I

I

o

-

II BI III
IS .-..--

Dill I I
I

IJIll III

III I

III

• Unloaded • Loaded

1000 1500 2000 2500 3000
VEGFR~1Cell density (cells/mm2)

500

HFHR<-<~OO
E-~
co
\lI)

"fOO0
£
en
c:
Q)

Cl
c@OO
~

y=0.04x +506

o1.-1__I-. -.--__-,- .---r
2
_=_0_.0_1_5.,--__----,

o

<-<f001HFLR

~OO

il
:rOO1
c: :
O)ft! IJ.

CJ1J00 "I - . 13 fJ'- _ ~Iil rn-...-_"1irIC-
co I
Q) I

1-500l - •
10 13
i DO

: -0+---,----
o 500 1000 1500 2000 2500

VEGF Cell density (cells/mm2)

3000 3500
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9. B. Plot ofVEGF cell density versus tear density (tears/rnm2
) for HFLR loading (n =

8).
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