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STIMULATION OF TENDON REPAIR

Abstract
Growth factor delivery may be useful to accelerate the rate of tendon healing. We studied
Platelet Concentrate, which in effect can be regarded as a cocktail of growth factors relevant
for tendon healing. In a rat Achilles tendon transection model, one postoperative injection of
Platelet Concentrate resulted in increased strength even 3 weeks later.
Mechanical stimulation improves the repair of ruptured tendons. We studied the effects of
platelets upon Achilles tendon regenerates in rats 3, 5 and 14 days after transection, either
unloaded or mechanically stimulated. At 14 days, physical activity and platelets increased
repair independently. Unloading decreased the mechanical properties of the repair tissue to
less than half of normal. Moreover, the platelets had no effect without loading.
Thrombin, which we used for platelet activation, improved healing of the rat Achilles tendon
by itself. Conversely, continuous inhibition of thrombin by low molecular weight heparin
(LMWH) inhibited tendon repair. However, intermittent inhibition, similar to clinical
thromboprophylaxis, had no effect on tendon healing.
Cartilage Derived Morphogenetic Protein-2 (CDMP-2) can improve tendon healing in loaded
defect models. We now studied unloaded repair in a rabbit patellar tendon model. Two hours
postoperative, the rabbits received CDMP-2 injected into the haematoma. The healing tendon
became 65 % stronger than controls. We then studied Achilles tendon healing with CDMP-2
injections in sheep, to get a bigger animal model. There was an unexpectedly high variation of
repair in these animals, and the study turned out to be underpowered. Spontaneous ruptures in
humans have a more variable geometry than in our sheep model, so humans can also be
expected to vary a lot in mechanical characteristics of Achilles tendon repair. This accentuates
the importance of individualized rehabilitation programs.
In conclusion, both platelet concentrate and CDMP-2 injections might be of interest for
clinical use as a complement to surgical or conservative treatment of tendon ruptures. Platelet
treatment for tendon ruptures should probably be combined with early physiotherapy.
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Abbreviations
BMP

Bone Morphogenetic Protein

COX-2

cyclooxygenase-2

CDMP-2

Cartilage Derived Morphogenetic Protein-2

ECGF

Epithelial Cell Growth Factor

EGF

Epidermal Growth Factor

FGF-2

Fibroblast Growth Factor-2

IGF

Insulin-like Growth Factor

LMWH

Low Molecular Weight Heparin

PC

Platelet Concentrate

PPP

Platelet-Poor Plasma

PDGF

platelet-derived growth factor

TGF-β

transforming growth factor β

VEGF

vascular endothelial growth factor
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Introduction
Tendons are soft connective tissues consisting of parallel collagen fibres embedded within an
extracellular matrix. Tendons connect muscle to bone and transmit tensile force generated by
muscles to move and stabilize joints. They must be capable of resisting high tensile forces
with limited elongation (Best et al., 1994; Buckwalter, 2000). There are some difficulties to
measure in vivo force of the Achilles tendon. Komi et al. were first to use an implanted
buckle force transducer to study the in vivo forces of the Achilles tendon in humans during
different activities (Komi, 1990; Komi et al., 1992; Komi et al., 1987). During cycling, a force
of less than 1000 N was produced, during slow walking 2600 N and running 9000 N. The
force produced while running corresponds to more than 12 times the weight of the human
body. When expressed per cross sectional area the value was 11100 N/cm² (11 MPa). It is
obvious that during sports, the tendon is exposed to high stress for a long time, which can lead
to overuse.
Achilles tendon rupture affects middle-aged adults and is associated with prolonged periods
off work and much longer abstinence from sports. Tendon injury is generally considered to be
acute or chronic and direct or indirect. Direct acute tendon injuries occur due to laceration by
a sharp object. Indirect injuries are the result of acute tensile overload or overuse. Achilles
tendon ruptures can be total or partial.
Total Achilles tendon ruptures most often occur in physically active people (average age 40
years). The exact reason why the Achilles tendon ruptures is not known. Two main theories
are advocated. According to one, the “degeneration theory”, repeated high loading of the
tendon causes microscopic damage between fibrils, hypovascularity and chronic
degeneration, which leads to a complete rupture without excessive loads being applied
(Ahmed et al., 1998; Carr and Norris, 1989). Kannus and Jozsa reported a histological study
of 891 ruptured tendons and 445 healthy controls from individuals killed in accidents.
Completely healthy structures were not seen in any of the spontaneously ruptured tendons.
Most changes were of a degenerative type (97%). Degenerative changes were also found in
149 control tendons (34 %), which is significantly less. Kannus and Jozsa concluded that
degenerative changes may be common in people over the age of 35 years, and that this may
predispose to rupture (Kannus and Jozsa, 1991).
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Figure 1. Scheme of tendon repair.
a) Haematoma with platelet activation.
b) Invasion of cells and proliferation of paratenon.
c) Vascular and neuronal ingrowth.
d) Loose collagenous callus formation.
e) Mechanical stimulation.
f) Maturation and remodelling.

According to the “mechanical theory”, the Achilles tendon ruptures due to malfunction of the
normal inhibitory mechanism of the musculotendinous junction. Barfred suggested that
Achilles tendon ruptures can occur in a normal tendon if an excessive load is applied
(Barfred, 1973). Another study shows lipid degeneration in the calf muscles of patients who
had Achilles tendon rupture. Those patients had been inactive for a period of time before their
Achilles tendons ruptured (Hoffmeyer et al., 1990).
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The incidence of Achilles tendon rupture is increasing. Jozsa et al. showed that 59 % of
ruptures were sustained during sports activities, with a predominance of males (Jarvinen et al.,
2005; Jozsa, 1997; Jozsa et al., 1989).
There is a discussion going on about the choice between either surgical or non-surgical
treatment of ruptured tendons. The goal of surgical treatment is the apposition of the tendon
ends, which is achieved by a simple end-to-end suture. Surgical treatment brings forth better
functional results if compared with non-operative treatment (Amendola, 2002; Bhandari et al.,
2002; Moller et al., 2001). The most problematic complications are infections, which may
lead to re-ruptures (Amendola, 2002; Khan et al., 2005; Pajala et al., 2002). Khan et al.
reviewed twelve trials involving 800 patients with acute Achilles tendon rupture and
concluded that “open operative treatment significantly reduces the risk of re-rupture compared
with non-operative treatment, but operative treatment is associated with significantly higher
risk of other complications”. Patients with early mobilization tended to have a lower rerupture rate (Khan et al., 2005).
The complication rate has been the parameter of major interest in most retrospective studies.
Deep venous thrombosis, pulmonary embolism, infection, skin necrosis and re-rupture was
mentioned. Lengthening of the Achilles tendon during repair is not uncommon (Cetti et al.,
1993; Mortensen et al., 1999). One of the important complications is re-rupturing, and its rate
differs dramatically between reports. Möller et al. reported re-ruptures in 21 % of 53 nonsurgical patients. In contrast, a consecutive material of 196 cases with non-operative treatment
showed only 7 % re-ruptures (Ingvar et al., 2005). This might reflect differences in
physiotherapeutic mobilisation regimes (Table 1).

Table 1: Re-rupture rates.
Article

Number of patients

Surgical treatment

Non-surgical treatment

Cetti et al., 1993

4083

1.4 %

13.4 %

Lo et al., 1997

19 trials

2.8 %

11.7 %

Möller 2001

112

1.7 %

20.8 %

Khan et al., 2005

12 trials, 800

3.5 %

12.6 %
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Mechanical stimulation
Training increases stiffness and transverse area of tendons (Kannus et al., 1997). Studies on
humans show that well trained individuals have a thicker tendon than controls (Maffulli and
King, 1992), and long distance runners had an Achilles tendon with a larger cross-sectional
area than untrained subjects, as determined by MRI (Magnusson and Kjaer, 2003; Rosager et
al., 2002). The stiffness of the human Achilles tendon was obtained in vivo by measuring
tendon elongation upon loading-unloading induced by muscle contraction-relaxation in six
men. The elongation of the tendon increased parallel with the force acting upon it (Maganaris
and Paul, 2002). Reeves et al studied the effect of controlled strength training of the patellar
tendon in humans for 14 weeks. Tendon stiffness, as calculated from the gradient of the
estimated force-elongation relationship, was increased by training. Mechanical hysteresis
calculated as the area between loading-unloading curves, was decreased by training (Reeves
et al., 2003). Collagen fibres in a human Achilles tendon subjected to 15 weeks of
immobilisation were found to be thinner and disoriented (Jozsa, 1997; Kannus et al., 1997).
Experimental studies have shown a positive effect of mechanical loading on tenocyte
function. Repeated loading increased protein synthesis in human tenocytes (Almekinders et
al., 1995). Even a quarter minute of cyclic biaxial mechanical stimulation on isolated human
tenocytes resulted in proliferation (Zeichen et al., 2000). Banes et al. studied gene expression
from either isolated and stimulated or whole flexor digitorum profundus tendons from
exercised chickens. The results show that load induced the expression of novel genes as well
as some known to be important for tendon healing (Banes et al., 1999). Another study shows
that tendon cells are linked via actin-associated adherence junctions along the line of strain.
Under load, they appear to attach themselves more strongly together, and the stress fibres can
provide an active mechanism for recovery from stretch (Ralphs et al., 2002).
Most studies in this area are performed on animal models, but comparisons between trained
and untrained animals can be misleading. Confined to cages, animals probably have a lower
quantity of extracellular matrix and a lower force at failure. After physical training they just
regain the normal biological parameters of their species (Clark et al., 2000). Postoperative
immobilization and mobilization periods in animals cannot be directly compared to a human
situation, because at least small animals have faster metabolism and they are four-footed.
There are many factors that play an important role in tendon healing, for example genetic

8

STIMULATION OF TENDON REPAIR

background. Wang et al. compared A/J, B6 and C3H mice found that genetic background
plays a critical role in normal tendon growth and development (Wang et al., 2006).
There are not so many studies on the mechanics of tendon repair, because of the difficulties
associated with mechanical testing. The tendon has to be fixed in clamps or via the attached
bone. There are problems of tendon slippage in the clamp and bone fracture during the
mechanical tests. Some groups use glue or sand paper, other a cryo-clamp to fix the soft
tissues during the tests. An alternative to mechanical testing is to use histological analysis, but
still the mechanical testing has a great importance, as it tests the function of the tendon.
There are many animal models, both loaded and unloaded, which have been used to study the
role of mechanics for tendon maintenance or healing. One of them is hindlimb suspension,
developed by Morey and used by Almeida-Silveira et al. to study changes in mechanical
properties in the unloaded rat Achilles tendon. After 21 days, the stress at failure was 38 %
and tangent modulus 41% lower than in tendons of control rats. The maximal strain was
similar in both groups (Almeida-Silveira et al., 2000). In another model, a cerclage wire was
installed between the patella and the tibial tubercule in rabbits to study the effect of stress
shielding. Studies with this model show that complete stress shielding markedly decreased the
tensile strength of the patellar tendon (Ishida et al., 1996). Yamamoto et al. used the same
model and studied the effects of re-stressing on the mechanical properties and morphology of
stress-shielded rabbit patellar tendons. The tendons were unloaded for 1 to 3 weeks and then
loaded for the subsequent 3 to 12 weeks. The mechanical properties of the tendons were not
completely recovered even after such a prolonged period of re-stressing. The microstructure
of the tendon was only partially restored by re-stressing (Yamamoto et al., 1996). After 1
week of stress-shielding, the stress at failure was decreased by 50 percent of control values
(Yamamoto et al., 2000), and 3-weeks of stress-shielding decreased the modulus of elasticity
and stress at failure to only 9 percent of control values (Yamamoto et al., 1996). These studies
only measured material properties and some changes caused by e.g. oedema may not have
influenced the force at failure or stiffness of the whole tendon as much as the material
properties.
A fiberglass cast is another model for immobilisation for rabbit Achilles tendons. The cast
extends from mid-thigh to the toes, spanning the fully flexed knee and ankle held in 45° of
plantarflexion so that the calf muscles were in a shortened position. Immobilisation for 4 and
9

OLENA VIRCHENKO

8 weeks caused a decrease in tendon force at failure, stiffness and energy, if compared with
controls, but no significant difference was found between 4 and 8 weeks (Matsumoto et al.,
2003). Another group used external fixation with Kirschner wires through the femur, tibia,
calcaneus, and forefoot connected by triangular frames to study the influence of
immobilisation and mobilisation on the functional and mechanical outcome of Achilles
tendon healing in rats. After 12 days of fixation, the tendons were twice as deformable and
half as stiff as the sham-operated Achilles tendons (Murrell et al., 1994). Palmes et al. studied
the long-term effects of postoperative immobilisation as opposed to mobilisation of the
Achilles tendon in a mouse model. The transected and sutured tendons were immobilised by
fixing the upper ankle joint in equinus position. A cerclage was inserted through the
tibiofibular fork and fixed between the calcaneus and the plantar aponeurosis. The were two
groups, the immobilisation group had the Achilles tendon unloaded by the cerclage pulled
tight so as to put the foot in the equinus position. In the mobilisation group the cerclage was
longer, allowing a limited degree of movement. Postoperative mobilisation resulted in
significantly more rapid restoration of load to failure in comparison to the immobilisation
group after the operation. Mobilised tendons were more mature, with a more parallel fibre
bundle arrangement (Palmes et al., 2002).
A partial tenotomy (window) in the extensor digitorum longus in rats is another model to
study tendon healing and the role of mechanical loading and unloading. In one study by
Iwuagwu et al., specimens were harvested at intervals of 6 hours 1, 3, 5, and 7 days for
microscopic cross sections of the window and tendon substance together with recording of
cell orientation. In this model one has a possibility to study loaded and unloaded tendons
simultaneously. The study demonstrated that the cellular response after injury was affected by
tensile loading, with increased cell numbers in both the window and tendon substance of the
unloaded tendon (Iwuagwu and McGrouther, 1998). Enwemeka studied the role of functional
loading of regenerating rabbit Achilles tendons. First, tendons were surgically tenotomized,
repaired and immobilised by plaster/fiberglass casts that the kept ankle fully plantar-flexed
and the knee fixed at 90°. Thereafter, loading was initiated by removing the casts after 5 days.
At 12 and 18 after surgery, functional loading induced a twofold increase in force at failure
and energy uptake compared to controls with prolonged cast immobilization (Enwemeka,
1992). Running exercises improved the strength of repairing Achilles tendons in rats, but not
swimming (Murrell et al., 1998; Ng et al., 2004). This suggests that tendon stress may have to
reach a rather high level for stimulation to occur, or perhaps that the strain rate is critical.
10
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Table 2: Expression of growth factors in normal tendon.
Method
ELISA

Normal tendon
Model
Human AT

ELISA

Human AT

ELISA, Western
blots, RT-PCR, IHC

Cell culture of rats AT
fibroblasts

PCR, IHC

Human AT postmortem

Olesen et al., 2006

IHC

Chicken flexor tendons

Tsuzaki et al., 2000

FGF-2

IHC

Rabbit flexor tendons

Chang et al., 1998

Canine flexor tendons

Duffy et al., 1995

IGF-I,
TGF-β-1
BMP-12

Heparin-Sepharose
Chromatography,
Western
Immunoblotting
IHC, ELISA, PCR,
in situ hybridization
IHC

Horse flexor tendon

Dahlgren et al., 2005

Healthy human Patellar tendon

Fu et al., 2003

GDF-5

Gene deletion

Brachypodism mouse with
GDF-5-mutation
Brachypodism mouse3, 5, 7, 9,
11, 14, 28, 42 days

Mikic et al., 2001

Factor
VEGF

IGF-I

Gene deletion

Referens
Jackson et al., 1997
Pufe et al., 2001;
Pufe et al., 2003;
Pufe et al., 2005
Petersen et al., 2004

Chhabra et al., 2003

IHC-Immunohistochemistry

Tendon healing and growth factors
Tendon healing involves a large number of complex pathways, where cytokines play a critical
role. The process if often described as progressing through three phases, such as
inflammation, proliferation and remodelling. This involves a complex pattern of different
gene expressions. Discovery of novel genes involved in different phases of healing might lead
to new therapies to be applied during these phases.
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Which genes are present in a normal tendon and which are expressed directly after rupture?
Many groups have tried to answer this question (Table 2). A cascade of secreted growth
factors plays an important role in healing. During tendon damage, blood vessels rupture and
release blood cells, which, together with the tendon cells, start the inflammatory phase. Upon
injury, platelets release growth factors, which are involved in cell growth and differentiation,
including PGDF, TGF- β, IGF-I, EGF, ECGF, VEGF, FGF-2. Notably, also BMPs are
released from platelets (Sipe et al., 2004). This is of special interest, because proteins of the
BMP family, such as the CDMPs, can be used to stimulate tendon repair (see below). Several
growth factors have been identified as playing roles in tendon healing, improving soft tissue
and bony wound healing, and, when delivered exogenously, stimulate collagen production,
improve wound strength, and initiate callus formation (Tables 3 and 4).

CDMP-2
Cartilage-derived morphogenetic proteins (CDMPs) are a subgroup of the bone
morphogenetic protein (BMP) family, which are multi-functional growth and differentiation
factors. BMPs are important regulators of bone formation during embryogenesis, postnatal
growth and remodelling, as well as in regeneration (Chang et al., 1994). It has previously
been found that BMPs are expressed during early tendon formation (Macias et al., 1997) and
that a single injection of CDMP can improve early tendon callus formation (Forslund and
Aspenberg, 2001; Forslund and Aspenberg, 2002). Forslund et al. found no important
differences between CDMP-1, -2, and 3 regarding the effects on Achilles tendon healing in
rats (Forslund et al., 2003). Mechanical stimulation is of great importance for tissue
differentiation and tendon repair. Without this stimulus, CDMP’s in rats induce bone or
cartilage formation rather than a tendon-like tissue (Forslund and Aspenberg, 2002).
A mutation of the GDF-5 (CDMP-1) gene results in brachypodism in mice (Storm et al.,
1994) and chondrodysplasia in humans (Thomas et al., 1996). In brachypodism mouse, both
uninjured and repairing tendons show inferior mechanical properties (Mikic, 2004; Mikic et
al., 2001), and there is delayed Achilles tendon healing (Chhabra et al., 2003).
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Table 3: Expression of growth factors in injured tendon.
Factor

Injured tendon
Model
Time
Dogs FDP
4, 7, 10, 14 d
Sheep ACL

6, 12, 24, 104 w

IHC

Human AT

2h

IHC

Rats AT

1, 2, 3, 5, 7, 10,
14, 28 d

Referens
Boyer et
al., 2001
Petersen et
al., 2003
Pufe et al.,
2001
Hansson et
al., 1988

IHC

Rabbit supraspinatus
tendon

1, 3, 5, 7, 9, 11,
14, 21, 28 d

Kobayashi
et al., 2006

EGF

Heparin-Sepharose
Chromatography

Canine flexor tendons

3, 10, 17 d

Duffy et
al., 1995

PDGF

IHC

Rabbit ACL and MCL

7, 14 d

Heparin-Sepharose
Chromatography

Canine flexor tendons

3, 10,17 d

Lee et al.,
1998
Duffy et
al., 1995

IHC

Rabbit supraspinatus
tendon

1, 3, 5, 7, 9, 11,
14, 21, 28 d

Kobayashi
et al., 2006

IHC

Rabbit ACL and MCL

7, 14 d

Lee et al.,
1998

IHC, in situ
hybridization

Rabbit flexor tendon

1, 3, 7, 14, 28, 56 Chang et
d
al., 1997

IHC

Rabbit supraspinatus
tendon

1, 3, 5, 7, 9, 11,
14, 21, 28 d

Kobayashi
et al., 2006

IHC

Rabbit ACL and MCL

7, 14 d

Lee et al.,
1998

IHC

Rabbit flexor tendon

1, 3, 7, 14,28, 56
d

Chang et
al., 1998

IHC

Rabbit supraspinatus
tendon

1, 3, 5, 7, 9, 11,
14, 21, 28 d

Kobayashi
et al., 2006

1, 2, 4, 8, 24 w

Dahlgren et
al., 2005

VEGF

IGF-I

TGF-β

FGF-2

IGF-I,
TGF-β-1

Method
Quantitative
Northern blot
IHC, RT-PCR

IHC, ELISA, PCR, Horse flexor tendon
in situ hybridization
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Platelet Concentrate
Another possibility for tendon healing is to use a cocktail of growth factors. For example,
IGF-1, PDGF-BB and FGF-2 can be used in combination to maximize tenocyte proliferation
(Costa et al., 2006). As mentioned above, such a cocktail and other molecules are released by
activated blood platelets. Despite their origin as fragments of bone marrow megacaryocytes,
platelets are fully functioning coordinators of coagulation, inflammation and repair. When
Platelet Concentrate (PC) is activated by thrombin, the factors are released from the alphagranules (Anitua et al., 2006; Sanchez et al., 2007; Whitman et al., 1997).
Platelet products have found clinical applications in orthopedic surgery, maxillofacial surgery,
dental implant surgery and plastic surgery (Anitua et al., 2004). Human PC improved the
bone ingrowth distance into porous hydroxyapatite in nude rats (Siebrecht et al., 2002). In a
bone grafting study in goats, Platelet Rich Plasma (PRP) appeared to enhance bone healing
considerably (Fennis et al., 2004) and histological analyses of bone defects surrounding
titanium implants in dogs showed that PRP increased local bone formation (Kim et al., 2002).
However, this literature may be affected by a considerable publication bias, as negative results
of experimental studies are seldom published. In skin wounds, PC increased granulation tissue
and fibrous tissue formation and epithelial growth (Carter et al., 2003; Henderson et al., 2003;
Ksander et al., 1990). Also muscle regeneration was improved by PC in rabbits (Jodczyk et
al., 1986).
There are a number of uncontrolled clinical studies reporting a good effect of PC in both bone
and soft tissue repair (Tischler, 2002). Marx et al. (1998) showed that combining PRP with
autogenous bone in mandibular continuity defects in human patients resulted in faster
radiographic maturation and a histomorphometrically denser bone regenerate (Marx et al.,
1998). PRP and bovine porous bone mineral combined with guided tissue regeneration was
more effective in the treatment of human intrabony periodontal defects than guided tissue
regeneration alone (Camargo et al., 2002). There is just one paper to our knowledge
describing surgically repaired Achilles tendon ruptures using platelet-rich fibrin matrices in
humans. This retrospective study, performed in athletes, showed good functional recovery
compared with a matched group with conventional surgery (Sanchez et al., 2007).
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Table 4: Papers on applying growth factors to healing tendon or ligament.
Growth
factor
PDGF
PDGF-BB
PDGFBB+TGF-β-1
FGF-2

Doses

Model

Evaluation

Time

Results

Referens

0.5, 1 and
5 µg
400 ng, 20
μg.
400ng
+4ng,
20μg.
+200 ng
0, 10, 100
and 1000
ng.

Rat MCL

Mech

12 d

Rabbit
MCL
Rabbit
MCL

Mech, Hist

6w

Mech, Hist

6w

Dose-dependent
benefical effect
Improved ultimate load,
energy and elongation
TGF-beta-1 did not lead
to additional
improvement

Batten et al.,
1996
Hildebrand et
al., 1998
Hildebrand et
al., 1998

Rat patellar
tendon, 1×4
mm
window
defect
Rat AT
repaired
with suture
Rats AT
transected
and sutured
Rats AT,
transected
and sutured

Mech, IHC
and
pyridinoline
crosslink
analyses
Mech

3, 7,
14 d

Increased cell
proliferation and type
III collagen expession
at 3 d

Chan et al.,
2000

1, 2, 4
w

Zhang et al.,
2003

Mech, Hist

1, 2,
4, 8 w

Improved early tensile
strength. Increased
TGF-β expression
Improved repair

Mech, in
situ
hibridisation

1, 2, 4
w

Kashiwagi et
al., 2004

Rats AT
transection,
denervation
of the calf
muscle
Rats AT
transection

Mech, Hist

2w

Increased expression of
procollagen I and III
mRNA dosedependently. The
failure load and
stiffness increased
Tensile strength
increased dosedependently

Mech, Hist

8 d, 4
w

Improved healing dosedependently.
Some bone and
cartilage
CDMP-2 improved
tendon repair. No bone
or cartilage
CDMP-2 improved
tendon repair

Forslund et al.,
2003

VEGF

100 µl (50
µg/ml)

CDMP-1

CDMP-1coated
suture
10 ng, 100
ng

TGF-β-1

CDMP-1
CDMP-2

1 µg, 10
µg

CDMP-1, 2
and 3

0, 0.4, 2
and 10 µg

CDMP-2

10 µg

Rabbits AT
transection

Mech

8d

CDMP-2

0, 2, 10, or
50 µg

Rats AT
transection

Mech

8d

OP-1

100 µg

Rats AT,
transection,
with or
without
denervation
of the calf
muscle or
forefoot
amputation

Mech, Hist

2w

Reduced strength of
tendon with or without
mechanical unloading.
Lots of bone

Rickert et al.,
2001

Aspenberg and
Forslund, 1999

Forslund and
Aspenberg,
2001
Forslund and
Aspenberg,
2003
Forslund and
Aspenberg,
1998
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Purposes
The general purpose of our studies was to improve tendon healing in animal models.
Specific purposes were:
1. To find out if PC can be used to improve tendon healing.
2. To find out if thrombin alone improves tendon healing and, conversely, if
thromboprophylaxis can delay tendon healing.
3. To explore the relation between mechanical stimulation and the effect of PC.
4. To find out if CDMP-2 can be used to improve tendon healing in a mechanically
unloaded model.
5. To find out if CDMP-2 induces cartilage or bone in loaded or unloaded models in
other species than the rat.
6. To transfer previous findings of improved tendon healing in rats and rabbits to a larger
animal model.
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Materials and methods
All animals, except the sheep, were anesthetized with Isoflurane gas (Forene®, Abbot
Scandinavia, Solna, Sweden) in an anaesthetic induction chamber and then operated with
Isoflurane via a mask.

Loaded rat and sheep Achilles tendon model
Operation
This model was used in studies № I-IV, and VI, was adopted from the rat Achilles tendon
model described by Murrell et al. (1994) and further developed by Forslund (1998). The skin
was shaved and the operation was performed under aseptic conditions. A transverse incision
was made in the skin lateral to the right Achilles tendon. The surrounding fascia was cut
longitudinally and the Achilles tendon complex was exposed. The plantaris tendon was
removed. The rat Achilles tendon was cut transversely, proximal to the calcaneal insertion,
and a 3 mm long segment was removed to enlarge the defect. The wound was closed.
In the sheep Achilles tendon model no segment was removed. Before the tendon was cut,
three longitudinal cuts were made to somewhat simulate the fringing of the human tendon
rupture.

Unloaded rat and rabbit tendon models
Operation
This model was used in study V. The right knee was operated on, with the left knee left intact.
The skin was shaved and the operation performed under aseptic conditions. An incision was
made in the skin medial to the patellar tendon. The superficial surrounding fascia was incised
longitudinally and the patellar tendon complex visualized. Transverse Kirschner-wires were
inserted through the patella and the tibial tubercle. Specially designed knobs were fastened to
the ends of the Kirschner-wires to protect the skin and enable fixation of the steel wires that
linked the two transverses Kirschner-wires on either side of the patellar tendon (Figure 2).
Thereafter, the deep fascia overlying the tendon was opened and the tendon transected. The
resection ends remained in close contact with each other. Finally the skin was closed by
intracutaneus sutures. The animals were allowed free movement within their cages.
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Figure 2: Unloaded rabbit tendon model.

Botox injections
This method was used in study III. The rats were anaesthetized and the skin on the right limb
was shaved. The Botulinum toxin A was injected into the gastrocnemius lateralis and
medianus and the soleus muscles at a dose of 1 U in each muscle (total dose 3 U). The total
injected volume was 0.06 mL.

Platelet concentrate and platelet gel preparation
Whole blood was collected from female Sprague Dawley rats (200 g., M&B, Ry, Denmark).
Normally, 3 donor rats were sufficient for an experiment on 10 recipient rats. The rats were
anesthetized with Isoflurane®, and 4 to 6 ml of whole blood was collected by cardial puncture
using a 10 ml syringe containing 1.5 mL anticoagulant citrate phosphonate dextrose (CPD)
buffer (0.15 mg CPD/mL). A 1.2 mm syringe was used. The CPD buffer was taken from a
plasma separation bag (Biopack CPDA-1, Firma Biotrans, Dreieich, Germany). 5 mL blood
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was mixed with 1.5 mL CPDA-1. After blood collection, the animals were killed by an intracardiac injection of an overdose of pentobarbital. The anticoagulated blood was then
centrifuged at 220×g for 20 minutes. The supernatant, containing platelet rich plasma, was
then centrifuged at 480×g for 20 minutes to form a pellet of rat platelets.
In study I, the platelets were re-suspends in plasma and the cell density was adjusted to 1.5 x
1012 platelets/L. The PC was then activated by adding thrombin 20 U per mL PC (USP
Thrombostat® Parke-Davis, Morris Plains, USA, 200 units/ml). In order to reduce the risk of
a graft versus host reaction, the PC was irradiated at 25 Gy according to international blood
banking standards to inactivate the white blood cells. Up until the operation, the platelet
concentrate was stored at +4º for a maximum of 24 h. Control solutions consisted of one part
CPD buffer as above, added to nine parts saline.
In study II, the platelets the cell density was adjusted to 8.3 × 1012 platelets/L. For the
preparation of the platelet gel, 1 mL of the platelet concentrate was dispersed in 20
microwells, 50 μL in each. 20 microwells were activated by adding 0.25 U thrombin from
bovine plasma (Sigma Chemical Co., St. Louis, MO, USA, 500 Units) and calcium chloride
10% (Braun Melsungen; 1000 IE/ml CaCl2–2sg) at 37°C 4 mM. The platelet concentrate and
platelet gel were stored at +4º for a maximum time of 24 h.
In study III, the platelets the cell density was adjusted to 8.3 × 1012 platelets/L which was used
for platelet injections. For the platelet gel preparation the same procedure was used as in study
II. The gels in 10 of the microwells also received Hirudin (recombinant from yeast, Fluka
Chemie GmbH, 20.75 U/vial) 0.5 U per microwell to neutralize the thrombin.

Administration of growth factors
The administration of growth factors was done in two different ways:
1. A portion of platelet gel was placed in the defect during the operation.
2. PC or CDMP-2 was injected percutaneously into the defect after surgery was
completed.
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Mechanical testing of tendons
The tendon diameters were measured in the sagittal and frontal planes with a caliper. By
blinded repeat measurement of 2-weeks specimens (n=40), the error of measurement (sd (diff)
x2-0. 5) was found to be 7 % of the mean transverse area. The samples were wrapped in salinesoaked gauze until mechanical testing, which was performed within a few hours except for
the sheep tendons. Achilles tendons were fixed between two specially designed metal clamps.
The angle between the calcaneal bone and the rat Achilles tendon corresponded 30°
dorsefixation of the rat foot, to reproduce the physiological position. Sheep Achilles tendons
were fixated in 33° dorsiflexion, relative to the direction of traction.
When testing the patellar tendon, the patella was fixed in a metal clamp and one metal pin
was inserted in the tibial bone and connected to the machine with a type of fork. All of the
tendons were pulled at a constant speed 1 mm/s until failure. Peak force, stiffness and energy
uptake until failure was recorded. The sheep tendons also underwent dynamic testing with 20
loading cycles. Transverse area was calculated assuming an elliptic shape, and use to calculate
stress at failure.

Histological evaluation
This method has been used in studies № I, V and VI. The tendons for histology were
decalcified in EDTA, prepared with routine methods for paraffin sections and stained with
Ehrlich Heamatoxylin and Eosin. The specimens were sectioned parallel to the longitudinal
direction of the tendon. Only sections from the middle of the tendon callus were made. 3 to 5
glass slides per specimen, comprising the entire length of the rats tendon callus, were
prepared, blinded and labeled with a specimen-related code number, so that all slides from
one specimen could be evaluated together, without knowledge of treatment and follow-up
time. The specimens were analysed in random order, in a microscope using mostly a 12x
objective. They were classified according to an arbitrary scoring system from 1 to 5, were 1
represented an immature loose callus and 5 represented a dense organized fibrous tissue with
mostly parallel fibres. Rabbit and sheep tendons were analysed following the same preparing
and blinding procedures, but we were only looked for signs of cartilage or bone formation.

Radiographic analysis
Radiographs were made to exclude bone formation in study № V.
CT-analyses were used for the same purpose in study № VI.
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Discussion
I believe that the use of different growth factors in the care of Achilles tendon rupture patients
can lead to significantly faster healing, allowing earlier mobilization, and possibly better end
results. However, most research on tendon repair so far has been performed in animal models,
and the translation from these models to clinical care is difficult.
There are some differences between transected tendons in animals and ruptured tendons in
humans. First, the tendons in our models are cut sharply, and their ends are not frayed. The
ruptured human tendon has frayed ends. Possibly, the large area of exposed collagen in the
frayed ends can provide sites for binding some of the exogenously applied growth factors, and
serve as a kind of slow-release surface. On other hand, the degenerated tendon ends in
humans can have areas of previous necrosis and also a poor blood supply as a result of acute
vascular damage. Human tendon ruptures often have a history of degenerative pathological
changes (Ahmed et al., 1998; Carr and Norris, 1989; Kannus and Jozsa, 1991), while our
experiments are performed in healthy tendons. The lack of degenerative changes in the animal
models is probably not so important for the healing process, because with or without previous
degeneration there will be necrosis as a result of the trauma and the ensuing inflammation. In
our larger model, in sheep, we made three longitudinal cuts in the tendon tissue to increase the
vascular damage and the exposed collagen surface, thereby somewhat mimicking the human
situation.
According to general allometric scaling laws, the metabolic activity in rats should be
approximately 4 times faster than in humans, i.e. for some aspects, our 8 days experiments in
rats will correspond to 4 weeks in humans (Long et al., 2006; Suarez et al., 2004; West and
Brown, 2005). On the other hand, the time course of e.g. an inflammatory response may be
more similar to the human situation. Size is an important issue: not only the number of cell
generations needed to repopulate the defect will be larger with increasing size, also diffusion
distances for chemotactic factors as well as nutrition will differ dramatically, and thereby e.g.
the relative importance of revascularization. The differing time course between various events
during healing in species of different size will affect the response to an injected growth factor.
It is possible that injections in a larger species will have to be given at a later time point, or
perhaps repeated. Our experiment in sheep must therefore be regarded as a first attempt only.
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Tendons must be capable of resisting high tensile forces with limited elongation. They are
designed to transmit loads with minimal energy loss and no permanent deformation. Because
of the tendons’ mechanical functions, our experiments mainly focus on mechanical
parameters as outcome variables. Comparison of force at failure between transected treated
and control groups in our experiments was generally chosen to test our hypotheses, but force
at failure values of intact tendons also have a great value. These, however, are not easy to
obtain. In the sheep, the calcaneal bone was imbedded in a methyl methacrylate resin and
fixed in a specially designed metal clamp. The gastrocnemius muscles were scratched away
from the aponeurosis, so that thin tendon fibres could bee fixed between metal clamps, using
a fibre polish cloth between the clamp and the tissue. Still, during testing it could be seen with
the naked eye that tendon fibres ruptured one after another, starting close to the clamp.
In the rats, however, it was possible to create a rupture in the mid -tendon substance in most
cases. The reason is unknown, but the method involves meticulous fanning of the proximal
fibres to be clamped, to get an even stress distribution. Also, the dorsiflexed position of the
calcaneus was developed to achieves a physiologic loading angle and avoid tearing off of the
tendon from the insertion. In vivo, tendon rotation plays an important role in human Achilles
tendon pathology. The collagen fibres are twisted along the tendon’s longitudinal axis, which
can produce high stress concentration and hydrostatic pressure in the tendon (Curwin et al.,
1988; Stanish et al., 1985). In the Achilles tendon, this appears to happen mainly in the area
2-5 cm above the calcaneal insertion (Barfred, 1973), which is the area where most complete
ruptures occurs. This mechanical situation is hard to mimic during mechanical testing.
Tractional forces are not distributed evenly between all fibres, but concentrate at the edges of
the clamps which hold the tendon. The alternative to our testing device could be the cryo-jaw.
The basic principle is that the clamps are chilled with fluid nitrogen so that the adjacent tissue
is snap frozen together with the clamp (Wieloch et al., 2004).
Another possibility is to remove parts of the midtendon substance, so that a “waist” is
produced, where the tendon is predetermined to rupture. One can then calculate the total force
at failure from the original and waist transverse areas (Bruns et al., 2000). However, there is a
risk that the tendon structure is variable, making the waist portion not representative. The
waist segment also needs to be parallel with the collagen fibres, which is difficult to achieve.
These problems are likely to result in too low values.
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We used qualitative histology to determinate the maturing of the tendon callus and identify or
exclude bone or cartilage formation. It is possible to quantify tendon callus maturity by use of
special staining in combination with polarized light. The better longitudinal organization of
the collagen, the more polarized transmitted light will be (Ehrlich et al., 2005). We have not
utilized this method, because mechanics (especially stress at failure) is our opinion a more
direct measure of callus maturity.
Loading plays a critical role in the differentiation of tendon tissue. This is likely true during
organ development, and definitively during the later phases of healing. Running and
swimming are the most used methods for tendon loading in animals (Murrell et al., 1998; Ng
et al., 2004). We tried activity cages as a new method for Achilles tendon loading in rats. The
cages consist of two floors connected by a narrow pass. The rats had nest boxes on the ground
floor from which they could jump up to the first floor, which was constructed as a maze. In
two corners of the maze, food pellets were placed (Carlsson, 2005). In a study on behaviour,
nesting, grooming, feeding and sleeping of untreated rats in this environment was observed
during two periods with one week in between. The rats spent 75% of the time in the maze,
and used less time for sleeping and grooming. In other tests, rats from the activity cages
showed less anxiety related behaviours. However, more research is needed to quantitate the
activity differences between activity and control cages (Carlsson, 2005).
Interestingly we noted that not only did the increased physical activity lead to a stronger
callus, it also led to significant callus shortening (unpublished data). In a blinded fashion, the
tendons were held up against a lamp, and the original tendon stumps could be seen as
shadows in the translucent callus. The distance between the stumps was decreased from 9.2 to
8.6 mm.
There is a variety of animal models for unloading of tendons, like hindlimb suspension,
partial tenotomy (window), internal fixation with cerclage wires, external fixation with
fibreglass cast or with Kirschner wires connected by external frames (Almeida-Silveira et al.,
2000; Iwuagwu and McGrouther, 1998; Matsumoto et al., 2003; Murrell et al., 1994; Palmes
et al., 2002; Yamamoto et al., 1996). Our group has previously used denervation and forefoot
amputation (Forslund and Aspenberg, 1998; Forslund and Aspenberg, 2002).
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As a new and practical model for unloading of the healing tendon, we used Botox injection
into the gastrocnemius muscles. Botox is a highly specific inhibitor of acetylcholine release in
the neuromuscular endplate, and should have no effects on the tendon other than from the
absence of muscle contraction. As long as the muscle is relaxed and pliable, traction forces in
the tendon callus should be low. Earlier models have used immobilization, and in animals it is
unclear to what extent immobilization really leads to unloading. Human patients probably
load their injured Achilles tendons while in plaster (Benum et al., 1984), and similarly, most
animals probably strain their tendons by muscle contraction in external or fixation. Therefore,
the dramatic inhibition of repair by unloading in the Botox model appears to give us new
opportunities to study the influence of loading in tendon repair.
The theory of mechanical control of differentiation postulates that an undifferentiated
mesenchymal tissue develops into fibrous tissue, cartilage or bone depending on its
mechanical loading history. In previous work of our group, a decrease in load led to an
increase in bone formation in response to exogenously applied CDMP-2. Thus, the bone
formative response to CDMP-2 is influenced by the local mechanical environment, and not
only by the origin of the responding cells. This extends the theory of mechanical control of
differentiation to include also the response to signalling proteins.
CDMP-2 did not induce bone formation in the unloaded rabbit Patellar tendons. This was
either because of species differences in the response to CDMPs, or because unloading was
incomplete. The normal position of the sitting rabbit’s knee is flexion, in which the patellar
tendon is slightly curved around the femoral condyles. We observed that the unloading wires
between the patella and the tibial tubercle were also slightly bent around the condyles, and
straightened out in extension. A mismatch in the curvature of the tendon and the wires could
probably provide a small amount of motion in the patellar tendon defect, which might have
been enough for mechanical stimulation. We observed a change in the size of the gap between
the tendon ends of 1 to 2 mm during flexion and extension.
Platelets had no effect on repair at 2 weeks without mechanical loading. Moreover, with
loading, a further increase in physical activity improved repair but not the response to
platelets. Our interpretation of these findings is that the healing process can be mechanically
stimulated first when the early healing response has produced a matrix capable of transferring
some load. We showed that platelets stimulated the early phases of regeneration. This
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suggests that clinical use of platelets might be successful only if combined with some kind of
mechanical stimulation. It is possible that patients with an Achilles tendon rupture while
immobilized in a short leg cast, as estimate from EMG activity (Benum et al., 1984). Platelets
not only play a role in tendon healing, but also have an antibacterial effect (Dankert et al.,
2001), which might be beneficial if it is to be used clinically.
There are some aspects on platelet concentrate preparation. In our experiments, the platelet
concentrate was activated by calcium chloride and thrombin. A gelatinous structure was
formed, that could be grasped by a forceps and implanted into the tendon defect. We used
thrombin to be sure that the platelets would become activated and growth factors released
from the alpha-granules. There are some variations in how platelet gels are prepared in
different studies. For example, addition of calcium chloride alone can promote the formation
of native thrombin, mimicking the physiological clotting process and enabling a more
sustained release of growth factors, so that adding of thrombin is not needed to activate
platelets (Tsay et al., 2005). This procedure eliminates the risk of disease transmission and
immunological reactions associated with the use of exogenous bovine thrombin (Landesberg
et al., 1998). Another risk with platelet gel preparations is that they may contain neutrophiles,
which are viewed as the “smart bomb” of inflammation. They express matrix
metalloproteinases (MMP-8 and MMP-9), which are matrix-degrading enzymes, and can
release reactive oxygen species, which are non-specifically toxic and destroy all surrounding
cells, no matter if they are injured or healthy (Scott et al., 2004). In order to reduce the risk of
a graft versus host reaction, the platelet concentrate was irradiated at 25 Gy at the beginning
of our work with them. In later years, this has become regarded as an unnecessary.
Interestingly, neutrophil depletion resulted in faster repair in a mouse wound model, which no
adverse effect on strength (Dovi et al., 2003). This finding may open for a discussion about
the role of neutrophils in a surgically sterile wound and the possibilities of local neutrophilinhibition.
We used thrombin to activate the platelets. Thrombin is a proteolytic enzyme, which activates
several proteins and converts fibrinogen to fibrin. It can also act as a growth factor. We found
a significant improvement of tendon healing by thrombin alone. We therefore hypothesised
that inhibition of thrombin by LMWH (widely used in orthopaedics) could delay tendon
healing. We found that continuously given thromboprophylaxis impaired tendon healing, but
if given intermittently twice a day, it had no effect. How these results relate to the clinical
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situation is unknown, but worrisome. Especially modern thromboprophylactic drugs with a
long half-life, and a continuous effect on thrombin, might have deleterious effects.
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Conclusions
1. PC can be used to improve tendon healing.
2. Thrombin can be used to improve tendon healing and thrombosprophylaxis might
delay tendon healing.
3. Mechanical stimulation improves tendon healing with and without PC, and is a
prerequisite for long-time effects of PC.
4. CDMP-2 can improve tendon healing in a mechanically unloaded model.
5. The tendency of CDMPs to induce cartilage or bone formation in a rat tendon was not
observed in rabbits and sheep.
6. Sheep showed a large variation in repair, which precluded conclusions regarding
CDMP-2 effects.
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The future
The next step of our research would be clinical applications of either platelets or CDMP-2 to
injured Achilles tendons in combination with early loading. This requires methods for
evaluation of the mechanical characteristics of healing tendons in humans. One such method,
developed in Linköping, uses implanted marker beads in the tendon in combination with 3D
radiography (Röntgen stereometric analysis; RSA) and loading. The strain at different loads
allows calculation of tendon stiffness. It is also possible to estimate the load on the Achilles
tendon by use of EMG (Benum et al., 1984).
We believe that surgical treatment of Achilles tendons with intraoperative addition of a
platelet gel might lead to faster recovery. Another possibility is conservative treatment with
percutaneous injection of platelets or CDMP-2, which might become an attractive alternative
to surgical treatment. Both treatments should probably be combined with early rehabilitation.
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