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3.1.Structuralfeatures

Amongstallthetracedfibrils,asinglefibrilendwasobserved,
whichwasinthepatellartendonsample.Theterminatingfibril
wasthin(45nm)butdidnotdisplaynoticeabletaper.Thefibril
curvedbackonitselftwice,oncerightbeforeterminatingandonce
about20lmdeeperinthespecimen(Fig.3A-D).Sevenotherfibrils
werealsoobservedtocurvebackonthemselvesformingahairpin
loop(4inhamstringand3inpatellartendon)(Fig.4A-C).Three

fibrilswereobservedwithgrosslyirregularstructure(1inham-
stringand2inpatellartendon)(Fig.4D-F).Finally,fibrilbranching
pointswereobservedon4occasions(all4inthesameimagestack
onpatellartendon)(Fig.5A-D).

Basedonthesingleobservedfibrilend,theestimatedfibril
length(Eq.(1))isequaltothetotaltracedlengthof67.5mm.
Duetothelownumberofobservations,thestatisticalcertainty
ofthisnumberislow.Usingbinomialstatistics,the95%confidence
intervalcanbeestimatedbyfindingthelargestfibrillength(low-
estprobabilityofanend)thatwould–with95%probability–have
yieldedlessthanoneobservedend(upperlimit)ortheshortest
fibrillengththatwould–with95%probability–producemore
thanoneobservedend(lowerlimit).Usingthisapproach,the
95%confidenceintervalonfibrillengthbecomes14–1228mm.

Sincetheupperconfidencelimitismuchgreaterthantheactual
patellartendonlength(!50mm)analternativeinterpretationof
thedataistoconsidertwofibrilpopulations,onethatspansthe
lengthofthetendonandhasnoends,andanotherthatisdiscon-
tinuouswithalengthupto50mm.Usingthisapproachthelower
confidencelimitcouldbedescribedby100%discontinuousfibrils
withanaveragelengthof14mm,themeanvaluewouldbeequiv-
alentto26%continuousfibrilsand74%discontinuousfibrilswitha
lengthof50mmandtheupperconfidencelimitwouldbeconsis-
tentwithapopulationof96%continuousfibrilsand4%discontin-
uousfibrilswithalengthof50mm.Iftheassumedlengthofthe
discontinuousfibrilswasshorter,theirproportionwouldalsobe
reduced.

3.2.Fibrildimensionsalongtheirlength

Averagevaluesforthemeasuredhumantendonfibrilsare
reportedinTable1.Toelucidatethedimensionalvariabilityof
thecollagenfibrilsthestandarddeviationandcoefficientofvaria-
tionalongeachfibrilwasdetermined.Therewasnorelation
betweenfibrildiameterandthewithin-fibrilstandarddeviation.
Weinterpretthisfairlyconstantvarianceasmeasurementuncer-
taintyresultingfromthesomewhatblurredfibriloutlines
(Fig.3B-D),ratherthanafunctionalmodulationtofibrildiameter.
Manualdiametermeasurementsalongthefibrils(Fig.6),providing
greaterlongitudinalresolution(50measurementsitesvs.5),were
ingoodagreementwiththesemi-automatedmethod(Table1).In
additiontothediametervariabilitywealsoinvestigatediftaper
wasapparent.Theaverageabsoluteslope(i.e.independentoftaper
direction)was0.56nm/lm.Assumingthattaperisonlypresent

A 

BCD

Fig.3.Illustrationoftheonlyobservedfibrilend.(A)3Drenderingofthewholefibril,thewidthoftheimageis11lm.Itformsahairpinlooptowardsboththeleftandthe
right.Arrowmarkstheend.(B-D)ConsecutiveFIB-SEMsections(!500nmapart)ofthefibrilend.Arrowsmarktheendingfibril.Scalebar=150nm.SeealsoSupplementary
videos4and5.

Fig.2.Illustrationoffibriltracingthroughthetendon.(A)ThefirstsectioninaFIB-
SEMstackwitharegionof!300individualcollagenfibrilsmanuallysegmented.
Scalebar=1lm.(B)Thesamefibrilsina3Drendering.SeealsoSupplementary
videos2and3.
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(Fig. 5) for both AF (r2 ! 0.903; P " 0.01) and PF (r2 !
0.902; P " 0.01). No correlations were observed for any of the
measured cross-link types and fibril morphology. Likewise,
fibril mean diameter, fibril concentration, and fibril volume
fraction were unrelated to Young’s modulus and peak stress
(Fig. 6).

DISCUSSION

The findings of the study were that PF from human patellar
tendon reached lower peak stress and modulus values before
failure compared with the AF. PF also demonstrated greater
fibril density and a tendency toward smaller fibril cross-sec-
tional area. There were no differences in fibril volume fraction.
Biochemically, PF had greater concentrations of enzymatically
derived HP and LP cross-links but similar collagen, PENT, and
pyrrole concentrations. Finally, measures of cross-linking and
fibril morphology seemed unrelated to the mechanical proper-
ties of the fascicles. Notably, PENT cross-linking correlated
very strongly with subject age.

Collagen cross-links are considered essential for providing
strength to dense collagen tissues (4, 5); however, few studies
have directly assessed the importance of HP and LP in relation
to mechanical tissue properties. HP has been shown to be
related to material behavior of rabbit medial collateral ligament
when the results for healing and control tissue were pooled
(15). Others have shown a positive relationship between HP
content and the stiffness (modulus) of goat bone-tendon-bone
ACL graft and ACL (28). However, the modulus of the graft
and ACL differed considerably despite comparable HP con-
centrations, which suggests that factors other than HP likely
play an important role in tendon mechanics. It has been
reported that pyridinoline may be a better indicator of ultimate
tensile stress than hydroxyproline (9). In summary, pyridinium
cross-links seem related to mechanical function in healing
ligament and tendon tissue, but we are unaware of reports that
address the importance of mature cross-links in relation to the
mechanical properties of healthy human tendon.

In the present study, we were unable to show any association
between the mechanical properties of the tested fascicles and
the concentration of the pyridinium type cross-links HP and
LP, suggesting that other factors are also important for tendon

strength. One such factor could be the putative inter-fibrillar
pyrrole cross-link, which has been positively associated with
strength of cortical bone (20) but so far has not been explored
in relation to tendon mechanics. We observed no association
between pyrrole concentrations and mechanical properties of
the isolated tendon fascicles. Accordingly, the present data do
not support the notion that pyridinium, pyrrole cross-links, or
the AGE marker PENT are sole principle determinants of
tendon mechanical function. However, it must be kept in mind
that the sample size of the present study was limited, which
precludes firm conclusions.

Importantly, we did observe marked differences in the con-
centration of HP and LP between AF and PF. In humans, it has
been shown that the supraspinatus tendon displays elevated HP
density compared with the biceps tendon, which may reflect
different loading patterns and perhaps morphology between the
two tendons (6). In the present study, the observed differences
in pyridinium type cross-links may relate to different loading
patterns of the anterior and posterior patellar tendon regions.

Fig. 4. First-order linear regression plot of HP concentration against Young’s
modulus of anterior (AF; !) and posterior fascicles (PF; !). There was
no association between HP and modulus (AF: r2 ! #0.003, P ! 0.9; PF:
r2 ! #0.044, P ! 0.6).

Fig. 5. First-order linear regression plot comparing pentosidine concentration
against patient age. There was a remarkably linear association between the
variables for both anterior (!) and posterior fascicles (!) (AF: r2 ! 0.903,
P " 0.01; PF: r2 ! 0.902, P " 0.01).

Fig. 6. First-order linear regression plot of fibril cross-sectional area against
peak stress of anterior (!) and posterior fascicles (!). There was no
association between fibril cross-sectional area and fascicle strength (AF:
r2 ! #0.002, P ! 0.9; PF: r2 ! 0.05, P ! 0.7).
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Diabetes

Achilles tendon morphology. Details of the tendon morphology
measurements have previously been published (29). In brief, the
subject was sitting with the hip, knee, and ankle at 90°, and by using
a 100-mm-long ultrasound probe the full length of the free tendon
from its insertion on the calcaneus to its fusion with the soleus muscle
was imaged in B-mode. By using the ultrasound “shadow” of a long
needle, the calcaneus and soleus insertions were marked on the skin
with a permanent marker. Three evenly spaced marks were placed
between the two ends (proximal, mid, and distal), and axial ultrasound
images were recorded at each point for determining tendon cross-
sectional area (CSA) as previously described (29). The average tendon
CSA was calculated and used for analysis. The paired Student’s t-test
(systematic error), Pearson correlation coefficient (strength of rela-
tionship), and typical error percent for duplicate measures within the
day were 0.64, 0.93, and 3% for proximal; 0.70, 0.90, and 4% for mid
tendon; and 0.57, 0.90 and 4% for distal tendon. The Achilles tendon
moment arm was determined as the distance from the foot axis of
rotation (mean of medial and lateral malleoli) to the tendon line of
action (midline between calcaneus and soleus insertion), as previously
described (29).

Achilles tendon mechanical properties. Mechanical properties of
the Achilles tendon were assessed by a method that has previously
been described and validated in detail (29). In brief, subjects were
seated in a rigid chair with the hip, knee, and ankle at 90°. The foot
was resting on a footplate with the foot axis of rotation vertically
above the plate axis of rotation (see Fig. 1). The knee was immobi-
lized by a steel crossbar to prevent lower limb motion (29). A load cell
fixed to the footplate was used to measure the plantar flexor moment.
Electromyography (EMG) electrodes were attached to the tibialis
anterior and soleus muscles to monitor muscle activation and correct
for antagonist coactivation as previously described (29). Achilles
tendon deformation was monitored by B-mode ultrasound imaging
(Hitatchi EUB-6500) with a 100-mm-long 10-MHz probe positioned
along the tendon to visualize the insertion at the calcaneus and soleus.

Achilles tendon mechanics were assessed during slow (10 s)
isometric plantar flexion ramps to maximum voluntary contraction.
Force and EMG were recorded synchronously with ultrasound video
(29). To correct the Achilles tendon force for antagonist muscle
coactivation, the relationship between tibialis anterior EMG amplitude
and its resulting dorsiflexor moment was determined during a maxi-
mal isometric dorsiflexion lasting 5 s (29).

Tendon deformation was obtained from the ultrasound videos by
feature tracking of the calcaneus and soleus insertions (29). The

force-deformation data were fitted to a third-order polynomial, and
this fit was used for further analysis. Stiffness was measured as the
slope over the last 20% of tendon deformation. Material properties—
stress, strain, and modulus—of the Achilles tendon were obtained by
dividing force with the mean tendon CSA and dividing deformation
with the initial free tendon length. To compare tendon properties at
identical load, all parameters were also determined at the largest
common tendon force observed across participants. To avoid the
highly nonlinear toe region commonly observed in tendon at low load,
seven participants (all from the diabetic groups) with particularly low
force production were omitted from this comparison. The decision to
omit the data points in these seven participants was made prior to
running any between-group analyses. The selected common tendon
force level was 1,815 N. Five participants did not complete all
morphology and mechanical tests because of logistical reasons.

Gait analysis. Load distribution on the foot during walking was
determined with a pressure plate (4 sensors/cm2; Emed, Novel,
Germany) integrated into a wooden walking path. Subjects were
instructed to walk normally along the path, and the pressure plate was
hit at the third step after start. The mean pressure distribution during
five steps from each foot was calculated, and pressure distribution was
assessed by the forefoot/rearfoot peak-plantar-pressure ratio (PPP).
Two participants did not complete gait analyses because of logistical
reasons.

Data reduction and statistics. The study was initially powered for
the comparison of the WDC and PCD groups, with the CON included
only as a baseline. Tendon stiffness was considered the primary
outcome, and sample size was determined to be 21 for an effect size
of 0.2 with 80% power and a significance level of 5%. Differences
between WCD and PCD were determined by an unpaired two-tailed
Student’s t-test corrected for unequal variances. No differences were
observed between the two diabetic groups for any of the outcome
variables related to the hypothesis. For this reason it was decided to
also report findings relative to the healthy group as a more exploratory
approach, in spite of this group being underpowered. Acknowledging
that the study is underpowered, we also report some near-significant
trends as a basis for future investigation. Diabetic patients were
combined into a merged diabetes group (DB) and subsequently
compared with CON by unpaired two-tailed Student’s t-tests cor-
rected for unequal variances. Pearson product-moment correlation
analysis was used to analyze the strength of relationships between
variables within the DB. P ! 0.05 was considered significant. Results
are reported as means " SE unless otherwise reported. Student’s
t-tests were performed with Excel for Mac 2011 (Microsoft), while all
correlation analysis was performed with Prism 6 (Graphpad Soft-
ware).

RESULTS

Subject characteristics. Diabetes duration was not different
between the WCD and PCD groups. HbA1c concentration was
higher in PCD compared with WCD, both at present (8.9 " 1.7
vs. 7.2 " 0.9%, P ! 0.01) and as 2-yr average (9.4 " 1.4 vs.
6.9 " 0.5%, P ! 0.01). Subject characteristics are shown in
Table 1. Body mass was greater in DB compared with CON
(P ! 0.01). The difference in IPAQ score was not significant
between the groups.

Collagen cross-linking. Tendon collagen cross-link data are
shown in Table 2. None of the parameters collagen, pentosi-
dine, HP, and LP concentration differed significantly between
DB and CON. Tendon pentosidine was positively related to
age (r # 0.42, P ! 0.01). Skin collagen cross-link data are
shown in Table 2. In contrast to tendon, skin pentosidine (P !
0.05), LP (P ! 0.01), and HP (P ! 0.01) concentrations were

Fig. 1. The Achilles tendon stress-strain relationship based on largest common
tendon force observed for merged diabetic patients (DB) and age-matched
healthy controls. Data are given as means " SE. DB showed higher Achilles
tendon modulus than controls at highest common tendon force (P ! 0.001).
A # ultrasound transducer; B # strain gauge.

132 The Human Diabetic Tendon • Couppé C et al.
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muscle cells, and TGF-b1 was found to mediate collagen
type I production in these types of cells (Gutierrez and
Perr, 1999; Nakatani et al., 2002). TGF-b1 is a member
of the transforming growth factor family and is known
to play an important role in the regulation of
extracellular matrix protein production (Massague,
1998; Miyazono and Heldin, 1992), such as stimulating
collagen production during tendon and ligament healing
(Molloy et al., 2003). TGF-b1 interacts with transmem-
brane serine/threonine protein kinases of the TGF-b
receptor family. The signal is then mediated through the
activation of SMAD proteins, which initiate various
cellular responses including gene expression and protein
synthesis (Massague, 1998).

The purpose of this study was two-fold: first, we
wanted to examine proliferation, collagen gene expres-
sion and production of human patellar tendon fibro-
blasts (HPTFs) under cyclic uniaxial mechanical
stretching conditions in vitro; second, we were interested
in determining whether TGF-b1 gene and protein
production increase in cyclically stretched tendon
fibroblasts, and if so, whether TGF-b1 mediates
collagen production by tendon fibroblasts under cyclic
uniaxial stretching conditions. To isolate the effects of
mechanical stretching on the tendon fibroblasts, serum-
free medium was used in all cell stretching experiments.
The results of this study show that cyclic uniaxial
mechanical stretching only slightly increases the pro-
liferation of tendon fibroblasts, but markedly increases
the gene expression and protein levels of collagen type I
and TGF-b1. Also, this study showed that TGF-b1 is a
mediator of collagen type I production by HPTFs under
cyclic uniaxial stretching as well as non-stretching
conditions.

2. Materials and methods

2.1. Culture of tendon fibroblasts

HPTFs were isolated from fresh tendon samples
donated by three healthy male subjects (15, 20, and 40
years old) who underwent ACL reconstruction using a
patellar tendon autograft. The protocol for obtaining
the tendon sample was approved by the University of
Pittsburgh Institutional Review Board (IRB#0108109).
The tendon sample was minced aseptically, transferred
to a polystyrene Petri dish, and cultured with 10ml of
Dulbecco’s Modified Eagle Medium (DMEM), 10%
fetal bovine serum (FBS), and 1% penicillin/streptomy-
cin (50U/ml). The culture was maintained at 37!C in an
incubator with a humidified atmosphere of 5% CO2. To
obtain enough tendon fibroblasts for stretching experi-
ments described below, the cells were sub-cultured up to
four times. These sub-cultured cells did not show
apparent changes in morphology or doubling time.

2.2. Stretching experiments

The tendon fibroblasts were transferred to custom-
made silicone dishes, which had been coated with 10 mg/
ml of ProNectin-F (Sigma, St Louis, MO) to promote
cell attachment on the silicone surface. The dishes, each
having a culture surface of 3" 6 cm2, were transparent
and non-toxic to cultured cells (Wang and Grood,
2000). A special feature of these dishes was that the
culture surface was fabricated with microgrooves, with a
ridge and groove width of 10 mm and a depth of 3 mm.
The microgrooves in each dish were oriented along the
stretching direction. With or without stretching, the
tendon fibroblasts in the microgrooved surface of the
silicone dish were highly elongated and aligned parallel
to the microgrooves, which was also the direction of
applied uniaxial stretching (Fig. 1).

A total of 2" 105 tendon fibroblasts were plated to
each dish and grown in regular growth medium
(DMEM plus 10% FBS and 1% P/S) for 36–48 h.
Then, the medium was replaced by serum-free medium,
which is the DMEM supplemented with 1% serum-
replacement (Sigma, St Louis) and 25 mg/ml ascorbic
acid to promote cellular collagen synthesis. After
incubation for 12 h, the tendon fibroblasts were cycli-
cally stretched using a custom-made stretching appara-
tus as described previously (Neidlinger-Wilke et al.,
2001). The stretching magnitude varied from 0% (i.e.,
no stretch for control), to 4%, and to 8%, but stretching
frequency and duration were kept constant at 0.5Hz
and 4 h, respectively. Note that the stretching magnitude
was defined to be the percentage change in the length of
the dish between two clamps, and therefore they were
not the strains seen by the cells on the dish surface,
which are generally much smaller than the applied
substrate strains (Wang et al., 2001).

Following the end of stretching, the stretched tendon
fibroblasts were incubated in stretching-conditioned
medium for 4 h. One exception, however, was the cell
proliferation experiments, where the incubation time
was extended to 20 h after stretching, so that cells had

ARTICLE IN PRESS

Microgrooved Culture Surface

Cyclic Uniaxial 
Stretching

Fig. 1. HPTFs were cultured on microgrooved silicone surfaces and
subjected to cyclic uniaxial mechanical stretching. The cells were
elongated in shape and aligned in the direction of the microgrooves.
Under cyclic uniaxial stretching (arrows), these cells remained aligned
in the stretching direction (a blank arrow points to a fibroblast residing
in the microgrooves). Note that the width of the ridges and grooves is
10 mm, and the depth is about 3mm.
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The expression of TGF-b1 mRNA showed a pattern
similar to that of collagen type I. Specifically, the TGF-
b1 mRNA expression level increased with stretching
magnitude (Fig. 3). Compared to non-stretched tendon
fibroblasts, the cells stretched at 4% and 8% increased
TGF-b1 mRNA expression levels by 11.5% (po0:001)
and 24.6% (po0:001), respectively.

Also, compared to that of non-stretched cells, 4% and
8% stretching of tendon fibroblasts increased the
collagen type I level in medium by 11% (p ¼ 0:03) and
25% (po0:001), respectively (Fig. 4A). The results from
the ELISA assay were confirmed by Western blot
analysis of collagen levels in medium (Fig. 4B). No
significant changes in the collagen type III level in the
medium, however, were found at either 4% or 8%
stretching, as compared to non-stretched cells.

Furthermore, cyclic stretching of the tendon fibro-
blasts also affected their TGF-b1 expression levels. The
levels in medium at 4% and 8% stretching were

significantly increased by 25% (po0:002) and 64%
(po0:001), respectively, compared to that of non-
stretched cells (Fig. 5). The TGF-b1 level at 8%
stretching was also significantly higher than that at
4% stretching (po0:001). Therefore, TGF-b1 produc-
tion by stretched tendon fibroblasts increased in a
stretching-magnitude-dependent manner.

Finally, the level of collagen type I in the medium at
8% stretching was found to be significantly increased by
29% (po0:0001) compared to that non-stretched
fibroblasts (Fig. 6). The addition of anti-TGF-b1
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Fig. 3. The effect of cyclic mechanical stretching on the mRNA
expression of collagen type I, collagen type III, and TGF-b1 in human
tendon fibroblasts. The cells were cyclically stretched at 0.5Hz with a
stretching magnitude of either 4% or 8% for 4 h, followed by 4 h of
incubation in the stretching-conditioned medium. (A) Representative
RT-PCR results of tendon fibroblasts derived from three different
subjects are shown here. The results show that collagen type I and
TGF-b1 mRNA levels are markedly increased, but collagen type III
mRNA levels were only slightly increased. (B) Quantitative measure-
ments of the RT-PCR results. The stretching induced expression levels
of collagen type I, collagen type III and TGF-b1 in stretched tendon
fibroblasts are expressed as a percentage of the mRNA level of non-
stretched cells. Note that collagen type I and TGF-b1 mRNA levels
were measured in four separate experiments, whereas collagen type III
was done in three separate experiments. (NS—No Stretch; M15—
Male, 15 years old; M20—Male, 20 years old; M40—Male, 40 years
old).
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Fig. 4. The level of collagen type I in medium was measured by ELISA
assay and reported as a percentage of the collagen type I level in the
medium of the non-stretched tendon fibroblasts (A). The cells were
stretched at 0.5Hz for 4 h at either 4% or 8%, followed by 4 h of rest.
Two sets of separate stretching experiments (n ¼ 6) were performed. It
was found that the level of collagen type I was significantly increased
by stretching and its expression was stretching magnitude dependent
(po0:05). This result was confirmed by Western blot analysis (B). Four
separate experiments were performed. Note that two separate bands
seen in the blot are respectively a1 chain, and a2 chain of collagen
type I.

TG
F-
b1

 L
ev

el
 (%

)

0

50

100

150

200

No stretch 4% 8%

*
*

Fig. 5. This illustrates the effect of cyclic mechanical stretching on the
TGF-b1 levels in the medium. The tendon fibroblasts were cyclically
stretched at a magnitude of either 4% or 8% for 4 h, followed by 4 h of
rest. Cyclic stretching of the tendon fibroblasts significantly increased
TGF-b1 levels compared with that of non-stretched cells. Note that the
results were expressed as a percentage of TGF-b1 expression levels in
the medium of non-stretched cells. Two sets of separate experiments
(n ¼ 5) were performed.
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The expression of TGF-b1 mRNA showed a pattern
similar to that of collagen type I. Specifically, the TGF-
b1 mRNA expression level increased with stretching
magnitude (Fig. 3). Compared to non-stretched tendon
fibroblasts, the cells stretched at 4% and 8% increased
TGF-b1 mRNA expression levels by 11.5% (po0:001)
and 24.6% (po0:001), respectively.

Also, compared to that of non-stretched cells, 4% and
8% stretching of tendon fibroblasts increased the
collagen type I level in medium by 11% (p ¼ 0:03) and
25% (po0:001), respectively (Fig. 4A). The results from
the ELISA assay were confirmed by Western blot
analysis of collagen levels in medium (Fig. 4B). No
significant changes in the collagen type III level in the
medium, however, were found at either 4% or 8%
stretching, as compared to non-stretched cells.

Furthermore, cyclic stretching of the tendon fibro-
blasts also affected their TGF-b1 expression levels. The
levels in medium at 4% and 8% stretching were
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(po0:001), respectively, compared to that of non-
stretched cells (Fig. 5). The TGF-b1 level at 8%
stretching was also significantly higher than that at
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tion by stretched tendon fibroblasts increased in a
stretching-magnitude-dependent manner.
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29% (po0:0001) compared to that non-stretched
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RT-PCR results of tendon fibroblasts derived from three different
subjects are shown here. The results show that collagen type I and
TGF-b1 mRNA levels are markedly increased, but collagen type III
mRNA levels were only slightly increased. (B) Quantitative measure-
ments of the RT-PCR results. The stretching induced expression levels
of collagen type I, collagen type III and TGF-b1 in stretched tendon
fibroblasts are expressed as a percentage of the mRNA level of non-
stretched cells. Note that collagen type I and TGF-b1 mRNA levels
were measured in four separate experiments, whereas collagen type III
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Fig. 5. This illustrates the effect of cyclic mechanical stretching on the
TGF-b1 levels in the medium. The tendon fibroblasts were cyclically
stretched at a magnitude of either 4% or 8% for 4 h, followed by 4 h of
rest. Cyclic stretching of the tendon fibroblasts significantly increased
TGF-b1 levels compared with that of non-stretched cells. Note that the
results were expressed as a percentage of TGF-b1 expression levels in
the medium of non-stretched cells. Two sets of separate experiments
(n ¼ 5) were performed.
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Collagen production of human patellar tendon fibroblasts in response
to cyclic uniaxial stretching

Collagen productionGrowth factor
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Tensile loading increases intratendinous glucose uptake in the 
Achilles tendon

Bojsen-Moller et al, J Appl Physiol 2006

13% MVC

PET
radioactive tracer 
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D-glucose)
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Collagen synthesis in human tendon
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Heinemeier et al. FASEB J, 2013

Lack of tissue renewal in the core of human adult 
Achilles tendon

tendon grows like a tree, adding and removing collagen
only on the outside [18].

Because tendons are dynamic tissues, understanding

how exercise and nutrition increase the synthesis of col-
lagen and improve tendon function could allow us to

improve performance, prevent injury, and accelerate return

to play. However, unlike many tissues, tendons largely
comprise extracellular proteins. In fact, the number of cells

within a tendon decreases with age until in adult tendons,

fewer than 0.01 cells/lm2 remain [19]. Therefore,

obtaining sufficient intracellular protein from a tendon

biopsy to perform standard biochemical assays can be
extremely challenging. Together with the fact that proteins

within the core of the tendon turn over very slowly [17],

this means that it is very difficult to understand how the
cells within a healthy adult tendon respond to nutrition or

exercise.

For these reasons, over the last 10 years, my laboratory
and others have developed a three-dimensional model of a

human tendon/ligament [20– 24]. To achieve this goal, we
isolate human fibroblasts from the remnants of ruptured

ACLs collected during reconstructive surgery [25]. The

collagen within the ACL is enzymatically digested and the
cells from within this matrix are released and grown in

culture. The cells can be expanded and this allows us to

make hundreds of ligaments from the same donor, elimi-
nating any genetic differences between subjects. To engi-

neer ligaments, cells are embedded into a gel made from

fibrin, the same protein that forms blood clots. We use this
matrix because it is the biological matrix that the cells are

exposed to in development or during injury repair [26].

Furthermore, using fibrin instead of collagen allows us to
quantify collagen production as an outcome measure in our

experiments because any collagen in the graft has to have

been made by the cells. The cells continue to divide within
the fibrin gel and over 7 days contract around two calcium

phosphate cement anchors that are placed in the culture

dish to serve as bones (Fig. 4). After 7 days, the fibrin
contracts into a single tissue between the anchors and

continues to develop like an embryonic tendon or ligament

[21]. As with developing tendons/ligaments [27], these
engineered tissues have more cells and less matrix [21],

Fig. 3 Slow turnover of collagen within the central core of the
Achilles tendon. The amount of C14 as a percent modern carbon
(pMC) in collagen isolated from the central core of the Achilles
tendon was compared with that in the atmosphere over time to
determine the rate of collagen turnover in the Achilles tendon. The
relationship between the C14 levels in the central core and that found
in the atmosphere indicates that the turnover rate of collagen is
extremely slow. In fact, most of the samples measured indicated that
the collagen in the center of the Achilles had not turned over since the
individual was 17 years of age Adapted from Heinemeier [17]

Fig. 4 Engineered ligament
model. Engineered ligaments
can be formed by embedding
human anterior cruciate
ligament fibroblasts into a fibrin
gel. A tubular ligament results
from limiting the natural
contraction of the gel using
anchors pinned into a tissue
culture plate that has been
modified such that the bottom of
the plate is coated with a
silicone polymer
(polydimethylsiloxane;
Sylgard!). Following plating,
the cells within the fibrin gel
(depicted in yellow) contract the
gel around the anchors forming
a tubular ligament by day 7 in
culture

Lessons from Engineered Ligaments S7
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‘…the tendon core is formed during height growth and 

is essentially not renewed thereafter.’
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Regional collagen turnover and composition of the human 
patellar tendon

the regions within each individual. Three donors born before
1940 had 14C levels that equaled the prebomb levels. The
remaining two donors had elevated 14C levels, which were
found to fit well with a moving average of atmospheric 14C
covering the first 15 yr after birth.

Samples used for 14C measurements underwent a collagen
purification procedure, and biochemical measurements per-
formed after purification are shown in Supplemental Fig. S3.
Fluorescence did not change much with purification and was
still not different between regions (Supplemental Fig. S3A).
GAG content decreased from around 0.27% to 0.075% and no

longer differed between regions (Supplemental Fig. S3B).
Collagen content showed no differences between regions (Sup-
plemental Fig. S3C) but appeared to be reduced after purifica-
tion, most likely because of a technical error (see Supplemental
Material).

Specific AGEs and Lysine Measurement

The same four regions used in the 14C measurements were
used in the analysis of protein-bound AGEs. CML concentra-
tion normalized to lysine was ~5,500 (nmol/mmol) and did not

Fig. 2. Biochemical results. Samples were
taken from different regions: insertion (Ins),
proximal side (PS), proximal central anterior
(PCA), proximal central posterior (PCP),
middle side (MS), middle central anterior
(MCA), middle central posterior (MCP), and
distal (Dis). A: autofluorescence (advanced
glycation end products) normalized to dry
weight. B: DNA content normalized to dry
weight. C: glycosaminoglycan (GAG) con-
tent in %dry weight. D: collagen content in
%dry weight. Means ! SE; n " 5 donors.
AU, arbitrary units. *P # 0.05 significantly
different from Ins. #P # 0.05, ##P # 0.01,
###P # 0.001 significantly different from
Dis.

Fig. 3. 14C in different regions of patellar
tendon. The solid black curve shows the 14C
level in the atmosphere (24, 27) up to 2012
(extrapolated to 2020). Levels of 14C in
purified collagen from different regions of
patellar tendon are plotted according to the
birth year of the donors (n " 5 donors). The
green dashed curve shows a moving average
of the atmospheric 14C concentration over
the following 15 yr. The 14C levels of patel-
lar tendon fit well with the dashed curve,
suggesting that the patellar tendon was grad-
ually formed during the first 15 yr with little
to no turnover thereafter. Dis, distal; Ins,
insertion; MCA, middle central anterior;
MCP, middle central posterior; pMC, per-
centage of modern carbon.
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found to fit well with a moving average of atmospheric 14C
covering the first 15 yr after birth.

Samples used for 14C measurements underwent a collagen
purification procedure, and biochemical measurements per-
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Fluorescence did not change much with purification and was
still not different between regions (Supplemental Fig. S3A).
GAG content decreased from around 0.27% to 0.075% and no
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Collagen content showed no differences between regions (Sup-
plemental Fig. S3C) but appeared to be reduced after purifica-
tion, most likely because of a technical error (see Supplemental
Material).
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The same four regions used in the 14C measurements were
used in the analysis of protein-bound AGEs. CML concentra-
tion normalized to lysine was ~5,500 (nmol/mmol) and did not
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Fig. 3. 14C in different regions of patellar
tendon. The solid black curve shows the 14C
level in the atmosphere (24, 27) up to 2012
(extrapolated to 2020). Levels of 14C in
purified collagen from different regions of
patellar tendon are plotted according to the
birth year of the donors (n " 5 donors). The
green dashed curve shows a moving average
of the atmospheric 14C concentration over
the following 15 yr. The 14C levels of patel-
lar tendon fit well with the dashed curve,
suggesting that the patellar tendon was grad-
ually formed during the first 15 yr with little
to no turnover thereafter. Dis, distal; Ins,
insertion; MCA, middle central anterior;
MCP, middle central posterior; pMC, per-
centage of modern carbon.
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Human tendon adaptations in response to loading ?

3.1. S
tructu

ral fea
tures

Amongst
all th

e traced
fibrils

, a single
fibril

end was obser
ved,

which was in the patell
ar tendo

n sample. T
he terminatin

g fibril

was thin (45 nm) but
did not displa

y notice
able taper.

The fibril

curve
d back on itself

twice, on
ce rig

ht bef
ore te

rminatin
g and once

about
20 lm

deepe
r in the sp

ecimen (Fig. 3
A-D).

Seven
other

fibrils

were also obser
ved to curve

back on themselves
forming a hairpi

n

loop (4 in hamstring
and 3 in patell

ar tendo
n) (Fi

g. 4A-
C). Th

ree

fibrils
were obser

ved with grossl
y irregu

lar struct
ure (1 in ham-

string
and 2 in patell

ar ten
don) (

Fig. 4D
-F). Fi

nally,
fibril

branc
hing

point
s were obser

ved on 4 occas
ions (

all 4 in the same image stack

on patell
ar ten

don)
(Fig. 5

A-D).

Based
on the single

obser
ved fibril

end,
the estim

ated
fibril

length
(Eq. (

1)) is equal
to the total

traced
length

of 67.5 mm.

Due to the low number of obser
vation

s, the
statis

tical c
ertain

ty

of this
number is

low. Usin
g binom

ial sta
tistics

, the 9
5% confid

ence

interv
al can

be estim
ated by findin

g the larges
t fibri

l leng
th (low-

est pr
obabi

lity of an
end) t

hat w
ould – with 95% proba

bility
– have

yielde
d less than

one obser
ved end (uppe

r limit) or
the shorte

st

fibril
length

that would
– with 95% proba

bility
– produ

ce more

than
one obser

ved end (lower limit). U
sing this appro

ach, t
he

95% confid
ence

interv
al on

fibril
length

becom
es 14

–1228
mm.

Since
the up

per co
nfiden

ce lim
it is m

uch greate
r than

the ac
tual

patell
ar tendo

n length
(!50 mm) an altern

ative
interp

retati
on of

the data is to consid
er two fibril

popul
ations

, one
that s

pans
the

length
of the

tendo
n and has n

o ends,
and anoth

er tha
t is discon

-

tinuo
us with a length

up to 50 mm. Usin
g this a

pproa
ch the lower

confid
ence

limit cou
ld be descr

ibed by 100%
discon

tinuo
us fibrils

with an avera
ge length

of 14
mm, the mean value

would be equiv
-

alent
to 26% contin

uous
fibrils

and 74% discon
tinuo

us fib
rils w

ith a

length
of 50

mm and the upper
confid

ence
limit would be consis

-

tent w
ith a popul

ation
of 96%

contin
uous

fibrils
and 4% discon

tin-

uous
fibrils

with a length
of 50

mm. If th
e assum

ed length
of the

discon
tinuo

us fibrils
was shorte

r, the
ir propo

rtion
would

also be

reduc
ed.

3.2. F
ibril d

imension
s alon

g their
length

Avera
ge value

s for the measur
ed human tendo

n fibrils
are

repor
ted in Table

1. To
elucid

ate the dimensio
nal variab

ility of

the collag
en fibrils

the stand
ard devia

tion and coeffi
cient

of var
ia-

tion
along

each
fibril

was determ
ined.

There
was no relatio

n

between fibril
diameter and the within-

fibril
stand

ard devia
tion.

We interp
ret th

is fairly
const

ant va
riance

as measur
ement u

ncer-

tainty
result

ing from
the somewhat blurre

d fibril
outlin

es

(Fig. 3
B-D),

rather
than a functi

onal m
odula

tion to fibril
diameter.

Manual
diameter m

easur
ements a

long the fib
rils (F

ig. 6),
provid

ing

greate
r long

itudin
al res

olutio
n (50 measur

ement si
tes vs

. 5), w
ere

in good
agree

ment w
ith the semi-auto

mated method
(Table

1). In

additi
on to the diameter variab

ility we also invest
igated

if tap
er

was app
arent.

The a
verag

e abso
lute s

lope (
i.e. in

depen
dent o

f tape
r

direct
ion) was 0.56 nm/lm. Assu

ming that taper
is only

prese
nt

A 

B

C

D

Fig. 3
. Illus

tratio
n of the

only obser
ved fibril

end. (
A) 3D

rende
ring of the

whole fibril,
the width of the

image is 11
lm. It for

ms a hairpi
n loop towards b

oth the left an
d the

right.
Arrow

marks t
he end. (

B-D) C
onsec

utive
FIB-SE

M sectio
ns (!5

00 nm apart)
of the

fibril
end. A

rrows mark the endin
g fibril.

Scale
bar =

150 nm. See also Suppl
ementary

video
s 4 and 5.

Fig. 2
. Illus

tratio
n of fibr

il trac
ing throu

gh the tendo
n. (A)

The first s
ection

in a FIB-

SEM stack
with a region

of !3
00 indivi

dual c
ollage

n fibrils
manual

ly segm
ented

.

Scale
bar =

1 lm. (B) T
he same fibrils

in a 3D rende
ring.

See also Suppl
ementary

video
s 2 and 3.
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Can tendon undergo hypertrophy?
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hypertrophy. Furthermore, the lead extremity displayed greater
tendon stiffness without a significant difference in modulus,
suggesting that the change in mechanical properties was
largely the result of a change in size.

The present data show a tendon hypertrophy response asso-
ciated with chronic loading as evidenced by the greater tendon
CSA (20–28%) on the lead extremity. Although tendon tissue
until recently has been considered basically inert, human
in vivo data persuasively demonstrate that human tendon tissue
is very responsive to single bouts of loading and chronic
mechanical loading (4, 20, 21, 26). However, whether the
elevated synthesis generates an increase in tendon size (hyper-
trophy) or an altered composition and a change in mechanical
function remains largely unknown. Data from animal models
show increased (1, 35, 39), decreased (39), or unchanged (5,
36) tendon size in response to endurance exercise. In humans,
cross-sectional data show that endurance-trained persons have
a larger Achilles tendon CSA compared with that of untrained
persons (17, 24, 33). On the other hand, it has been shown that
9 mo of endurance training did not produce any measurable
increase in the Achilles tendon CSA or mechanical properties
(13). It is possible that duration of the endurance training may
explain this apparent discrepancy.

Animal studies have shown a positive relationship between
muscle strength/size and tendon CSA (8), which suggests that

the magnitude of loading may also be an important variable
with respect to tendon response and adaptation. It was recently
shown (30, 31) that 14 wk of resistance training in elderly
individuals that produced increases in muscle strength of up to
21% did not result in an increase in tendon CSA measured at
the mid-tendon level. In contrast, a recent investigation showed
that young men who engaged in resistance training for 12 wk
that produced a 15% increase in strength and a 6% increase in
muscle CSA had a significant increase (6%) in PT CSA. It is
important to note that this tendon hypertrophy was observed in
the distal and proximal portion but not in the middle of the
tendon (18). Thus possible factors for the inconsistency be-
tween these studies include the age of the subjects and the
location and method of tendon CSA measurement. The sub-
jects of the present study were elite badminton players and

Fig. 3. Patellar tendon force-deformation relationship to a common force.
Values are means of all subjects. Stiffness was higher on the lead extremity
compared with the nonlead extremity (P ! 0.05).

Fig. 4. Patellar tendon stress-strain relationship based on common force.
Values are means of all subjects. Stress was lower on the lead extremity
compared with the nonlead extremity at the proximal tendon level (P ! 0.05).

Table 1. Patella tendon mechanical properties based on
maximum force

Lead Extremity Nonlead Extremity

Force, N 6,886"833* 5,832"631
Deformation, mm 2.8"0.3 3.1"0.4
Stiffness, N/mm 6,011"906* 4,436"570
Stress, MPa

Proximal tendon 62.1"5.1* 73.0"8.4
Mid-tendon 77.0"6.4 77.1"8.7
Distal tendon 47.9"4.8† 50.8"3.9†

Strain, % 5.5"0.5 6.1"0.6
Modulus, GPa

Proximal tendon 2.88"0.35 2.76"0.33
Mid-tendon 3.65"0.53 2.92"0.34
Distal tendon 2.22"0.35† 1.98"0.28†

Values are means " SE. *Significantly different from nonlead extremity,
P ! 0.05. †Significantly different from mid- and proximal tendon, P ! 0.01.

Table 2. Patella tendon mechanical properties based on
common force

Lead Extremity Nonlead Extremity

Deformation, mm 2.5"0.3 3.0"0.4
Stiffness, N/mm 4,766"716* 3,494"446
Stress, MPa

Proximal tendon 52.9"4.8† 66.0"8.0
Mid-tendon 65.6"5.6 71.2"8.2
Distal tendon 40.9"4.4*‡ 46.6"4.4‡

Strain, % 5.0"0.5 5.9"0.6
Modulus, GPa

Proximal tendon 2.27"0.27 2.16"0.28
Mid-tendon 2.87"0.39 2.26"0.25
Distal tendon 1.79"0.25‡ 1.54"0.19‡

Values are means " SE. *Significantly different from nonlead extremity,
P ! 0.05. †Significantly different from nonlead extremity, P ! 0.01. ‡Sig-
nificantly different from mid- and proximal tendon, P ! 0.01.

808 PATELLAR TENDON HYPERTROPHY
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 on April 20, 2010 
jap.physiology.org

D
ow

nloaded from
 

Couppé et al, JAP 2008

20-28%

The effect of habitual unilateral high load on tendon properties

22% stronger

1) training history, 
2) selection bias, 
3) inter-subject variations
4) short duration training 

15

The relationship between tendon properties and function

Wilkie, J Physiol 1949

added compliance

Bojsen-M oller et al, JAP 2005

Quadriceps tendon

16

Tendon ‘overuse’ 

• Insidious onset

• Activity related pain

• Palpation tenderness

• Local swelling

Scott et al, JOSPT 2015

Unaffected Affected

Kongsgaard et al, SJMSS 2009

17

Histopathology of tendon overuse

Vascular 
ingrowth

Glycosaminoglycan 
accumulation

Matrix 
degeneration

Normal

(Shalabi, Acta Radiologica 2002; Movin, Acta Orthop Scand 1997; Astrom, Clin Orthop 1995; Kannus, Am J Bone 
Joint Surg 1991)

Fredberg & Stengaard-Pedersen, SJM SS 2008

‘The prevailing opinion is that no 
histological evidence of acute 
inflammation has been 
documented in ruptured tendons 
or  tendinopathic tendons 
undergoing surgery or biopsies.’

18
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Inflammation and tissue adaption

• Inflammation, through macrophage activation, controls stem cell fate 
and coordinates muscle tissue repair (Saclier 2013).

• Two-phase tissue damage respons (M1 and M2 invasion), universal for all 
tissue regeneration

Inflammatory (M1)

Anti-Inflammatory (M2)

19

Trends in the theory that inflammation plays a causal role in 
tendinopathy

5Mosca MJ, et al. BMJ Open Sport Exerc Med 2018;4:e000332. doi:10.1136/bmjsem-2017-000332

Open access

Figure 2  Time trends in conclusions about the role of inflammation in tendinopathy (intervals of 3 years).

an integral part of the discussion and/or conclusion 
about the role of inflammation in tendinopathy.

Potential correlates of the conclusion that inflammation has 
a role in tendinopathy: cells and molecules incorporated into 
discussions
Conclusions about the role of inflammation in tendinop-
athy were stratified by immune cell type and inclusion 
of signalling molecules/effectors to determine if asso-
ciations were present (figure 5). Reviews that discussed 
neutrophils or an ‘inflammatory infiltrate’ largely 
concluded that there is not an inflammatory component 
to tendinopathy. The same trend was present in reviews 
that did not discuss any immune cell type. However, 
reviews that included discussions on monocytes and 
lymphocytes largely concluded that there is an inflam-
matory component to tendinopathy. There was little 
difference on the types of immune cells discussed in 
reviews whose conclusion about the role of inflammation 
was ambiguous or not clearly stated.

Similar associations exist for the inclusion or exclusion 
of signalling molecules/effectors and conclusions about 
inflammation in tendinopathy. To be categorised as 
‘including’ these molecules, a review could have discussed 
any cytokine, activation pathway or molecular effector 
with a focus on its role in initiating and/or propagating 

pathology. They did not have to be proinflammatory or 
anti-inflammatory pathways or molecules to be included; 
however, most reviews that were categorised as including 
these in their discussions focused on inflammatory cyto-
kines and activations pathways (eg, cyclo-oxygenase, 
nuclear factor-κβ, prostaglandin E1, prostaglandin E2, 
interleukin 6, interleukin 10, tumour necrosis factor-α). 
Reviews that did not include these molecules/effectors 
largely concluded no inflammatory component to tendi-
nopathy. Reviews that did include these molecules mostly 
supported an inflammatory paradigm; however, a size-
able portion of these reviews were ambivalent.

A binary logistic regression was performed to ascer-
tain any effects inclusion of monocytes, macrophages, 
lymphocytes and signalling molecules on the likelihood 
that a review concludes inflammation plays a role in 
tendinopathy. Only reviews that explicitly supported or 
refuted an inflammatory paradigm to tendinopathy were 
included in the model (n=113). The logistic regression 
model was statistically significant: x2(2)=35.4, p<0.001. 
The model explained 36.1% (Nagelkerke R2) of the 
variance in conclusions about the role of inflammation 
in tendinopathy and correctly classified 75.2% of cases. 
Reviews including monocytes and lymphocytes in their 
discussions were 5.23 times more likely to conclude 

Mosca MJ, et al. BMJ Open Sport Exerc Med 2018

Reviews including monocytes and 

lymphocytes in their discussions were 5.23 
times more likely to conclude inflammation 
was important 

Prior studies focused on the lack of 

neutrophils, often referred to as ‘the 
inflammatory infiltrate

20

Time course of development of tendinopathy

Inflammation ?

No inflammation?
‘… increased numbers of 
inflammatory cells are present…’
Dean et al, BJSM 2015

‘…. no histological evidence of 
acute inflammation …’
Fredberg & Stengaard-Pedersen, SJMSS 2008

21

Loading for tendinopathy ?

• Loading based rehab 
• NSAID 

• Corticosteroid injections

• Sclerosing therapy

• PRP 

• Surgery

•Ultrasound therapy

• Shockwave therapy

• Oxygen therapy

• Stretching

• Cryotherapy

• ………..

• ………..

eccentrics

22

Eccentric Exercise in Chronic Tendinitis

Stanish et al, Clin Orthop, 1986

‘Chronic tendinitis, ……..In order for 
the healing tendon to be adequately 
rehabilitated, the treatment program 
must include specific eccentric 
strength rebuilding exercises.’

Silbernagel et al, 2001

23

Heavy-Load Eccentric Calf Muscle Training
For the Treatment of Chronic Achilles Tendinosis

Alfredson et al, AJSM, 1998

‘Our treatment model with heavy-load eccentric calf muscle training has a very good 

short-term effect on athletes in their early forties’

Controls; ‘… the patients in this group were resting and were not on any training regimen.’

Isolated eccentric
‘Gold Standard’

24
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Heinemeier et al, J Physiol 2007

Tendon response to muscle contraction mode

Farrup et al, SJMSS, 2013

Collagen gene expression

25

Open – concentric
Closed - eccentric

Fo
rc

e 
(N

)

Deformation (m)

‘Ut tensio sic vis’, As the extension so the force’
Robert Hooke, ’ 1679Chaudhry et al, J App Biomech 2015

Tendon response to contraction mode

26

Eccentric Exercise in Chronic Tendinitis

• ‘The patient, from a standing position, 
flexes the knees and drops to a squatting 
position abruptly, then recoils to the 
standing position’ 

• The progression of the exercise protocol 
with abating symptoms is then 

• to increase the speed of the 
movement,

• and thereafter an external load is 
added for additional progression 

Stanish et al, Clin Orthop, 1986

Stretch-shortening
Eccentric-concentric

27

Time course of development of tendinopathy

Inflammation?

No inflammation?

28

Effect of NSAIDs on tendon cell proliferation and migration

Riley et al, J of Hand Surg 2011 Tsai et al, Conn Tissue Res 2007

celecoxib

Rat AchillesHuman Patella & digital extensor

Cell proliferation

29

No effect on Collagen I or III expression

n=9 n=12

Heinemeier et al, J Appl Physiol 2017

1-wk with ibuprofen (600 mg  3/day) (n=13) or placebo (n=13) (double-blinded). 

Effects of anti-inflammatory (NSAID) in chronic 
Achilles  tendinopathy

30
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What is the evidence for use of NSAIDs in tendinopathy?

Åström & Westlin, Acta Orthop Scand 1992

NSAID (600 mg x 3/day/1 week) 
Treadmill running x 1h
Biopsy 2h after

Pingel et al, EJAP 2013

31

�It is what we think we know that 
keeps us from learning�

Claude Bernard

Thank you for your attention!

32
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Update på ny viden 
indenfor behandling af: 
Tidlig tendinopati, fasciitis
plantaris & springerknæ

Minisymposium BBH 
Juni 2022
Anne-Sofie Agergaard, PT, PhD 

1

2

Tendinopati i UE

YEARS

2

33

• NSAID 

• Corticosteroid injections

• Dry Needling

• Platelet-rich plasma injections

• Surgery

• Loading based rehab
• Ultrasound therapy

• High-volume injections 

• Blood flow restriction training

• Stretching

• Shockwave therapy

•………

Behandling af tendinopati ?

3

4

Udvikling af tendinopati 

4

I den tidligere fase 
• Anti-inflamation (Clausen et al AJSM 2021) 

5

Behandling af tendinopati – Ny viden fra BBH 

I den sene fase 

• Træning (Agergaard et al AJSM 2021) 

• Træning + Injektion (Knee Surg Sports Traum Arthr 2019) 

• Træning + Væksthormon (Olesen et al AJSM 2021) 

5

6

Tidlig behandling af Achilles tendinopati

(Clausen et al AJSM 2021) 

• Idrætsaktive 
• Mænd + kvinder 
• Symptomer <3 måneder

Naproxen 500 mg x 2 i 1 uge

6
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7

Tidlig behandling af Achilles tendinopati

(Clausen et al AJSM 2021) 

VISA-A score

Ingen additiv klinisk eller 
fysiologisk effekt af kort-
tids anti-inflammatorisk 
behandling i tillæg til 
belastnings-reduktion i 
tidlig Achilles tendinopati

7

8

Tidlig behandling af Achilles tendinopati

Rehabiliterings succes 
med belastnings reduktion 
i den tidlige fase af 
Achilles tendinopati er 
afhængigt af symptom 
varighed hos den 
individuelle idrætsudøver

(Clausen et al AJSM 2021) 

RØD: 0-1 mth, GRØN: 1-2 mths, BLÅ: 2-3 mths
Kort symptom varighed = hurtigere retur

*

8

9

Behandling af tendinopati i den sene fase 
Træning – hvad ved vi? 

Stretch-shortening 
exercise

(Stanish, 1986)

Isolated eccentric 
contraction 
(Alfredson, 1998) 

Isolated concentric 
(Mafi, 2001)

HSR
(Kongsgaard, 2009)

(Beyer 2015)

Isometric
(Rio, 2015)

(Holden, 2020)

9

10

Betydning af mekanisk belastning for seneheling

Mechanical load Tendon repairFibroblast deformationTendon cells (fibroblasts)

10

11

Betydning af belastning for seneheling

(Murphy et al, Sports Med 2018)  

11

12

Træning som behandling af tendinopati 

CORT

ECC

HSR

Half-year follow-up

(Kongsgaard et al, SJMSS 2009)

12
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13

Parameters that influence loading program

LOADSET REPS Restitution
TUT ?

VOLUME

13

14

Betydning af belastningsstørrelse i træningsbasseret 
behandling af kronisk springerknæ

(Agergaard et al AJSM 2021) 

• Idrætsaktive mænd  
• Symptomer 3-12 mdr

Post-test
Follow-

upMid-test

MSR

HSR

R

0 wk 52 wk6 wk

Post-testMid-test

HSR

MSR
Follow-

up

12 wk

N=44

55% 
of 1RM

90% 
of 1RM

90% 
of 1RM90% 

of 1RM
90% 

of 1RM
90% 

of 1RM

90% 
of 1RM

90% 
of 1RM

90% 
of 1RM

14

15

Clinical outcomes 

Two-way RM ANOVA
Interaction ns
Time <0.0001
Group ns

20% deficit

(Agergaard et al AJSM 2021)

15

16

Functional outcomes

Two-way RM ANOVA
Interaction ns
Time <0.0001
Group ns

Two-way RM ANOVA
Interaction ns
Time <0.0001
Group ns

+ 15% + 10%

(Agergaard et al AJSM 2021)

16

17

Tendon structure

Two-way RM ANOVA

Interaction ns
Time 0.01
Group ns

Two-way RM ANOVA

Interaction ns
Time ns
Group ns

(Agergaard et al AJSM 2021)

17

18

• Both heavy  (90% 1RM) and moderate (55% 1RM) load 
treatments demonstrated clinical improvement after the 12-
weeks intervention. 

• Exercising with heavy load was not superior to exercising with 
moderate load in relation to clinical outcome, tendon structure
and function.

• The clinical improvement was maintained at one-year follow-
up, although it did not reach the same level as asymptomatic 
tendons. 

Konklussion

18
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SET REPS RestitutionTUT ?

VOLUME

LOAD

Co
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?
Væ
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?

20

21

Behandling med væksthormon i tillæg til træning

(Olesen et al AJSM 2021) 

Outcome: 
Spørgerskemaer (uge 0, 3, 12 og 52)
Ultralyd (uge 0,12,52)
Sene-biopsi bilateralt ved uge 12

• Idrætsaktive
• Mænd og kvinder
• Symptomer >3 måneder

21

22

Behandling med væksthormon i tillæg til træning

(Olesen et al AJSM 2021) 

Mens der fandtes en mindre umiddelbar 
klinisk effekt af IGF-I injektioner i tillæg 
til træning, fandtes ingen additiv 
langtidseffekt af intra-tendinøs IGF-I på 
strukturelle eller kliniske outcomes i 
human patella tendinopathy

22

23

Kortikosteroid

(Haraldsson et al, SJMSS 2009) 

InjektionInkubation

3 eller 7 dage

Fascicle

(Haraldsson et al, AJSM 2006) 

23

24

Behandling af plantar fasciitis
med corticosteroid & træning  

(Knee Surg Sports Traum Arthr 2019) 

• Mænd og kvinder
• Symptomer >3 måneder
• Senetykkelse >4 mm

Outcome: 
• Foot function index(FFI) + VAS (0, 1, 2, 3, 6, 12 og 24 måneder)
• Ultralyd (0, 1, 2, 3, 6, 12 måneder)

24

25

Den bedste behandling for 
plantar fasiitis på både kort og 
lang sigt, er kombinationen af 
styrketræning og kortikosteroid. 

(Knee Surg Sports Traum Arthr 2019) 

Behandling af plantar fasciitis
med corticosteroid & træning  

25
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Opsamling tendinopati behandling

Aflastning undgå overbelastning - (derimod reduceret stivhed og turnover
Styrke træning stimulering af nyt væv og +++ (mange studier, mange forskellige 

genskaber alignement træningsformer virker)

Corticosteroid Anti-inflam., nedsat celle aktivitet + (primært kortidseffekt) langsigt? 
NSAID Anti-inflammatorisk 0 Både tidlig og kronisk
Væksthormon Stimulere vækst 0 (IGF-I)

Shock wave therapy De-structuring ? Måske hvis calcifikation (få studier)
High-volume injection Løsne peritendinøse væv ? Få studier. Nyt fra 2022 viser 0 effekt 
PRP Stimulere vækst 0 (jo bedre studier jo mindre effekt) 

Kirurgi Fjerne væv/ løsning af peritendiet Måske + ??, men få og små studier 

Behandling Mekanisme Virker det

26

27

Igangværende studier BBH 

Tidlig tendinopati

27

28

Future studies

Restitution
& 

28

30

“The More You Know – The More You Realize You Don’t Know”
Aristotle)

Tak for opmærksomheden 

30

31

Ny viden implementeret i praksis 

31
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Tidlig tendinopati - behandling

Rikke Høffner, 
PhD student, MSc, PT,

1

2

Fysioterapi 
instruktion

Studie 2

N= 69 sports-
aktive deltagere

Studie 1

N= 200 sports-
aktive deltagere

To studier om 
tidlig tendinopati

Studie 1: 

Tran et al, The FASEB 
Journal 2019

Studie 2: 

Malmgaard-Clausen et al, 
AJSM 2021

2

3

Karakteristika for patienter med tidlig tendinopati

• Alle 200 deltagere var sportsaktive

• Gennemsnitsalder 38 (± 0.75) år

• Erfaring med fysisk træning: 7 (± 0.92) år

• Træning pr uge 7.5 (± 0.3) timer

• 44 % var løbere 

Tran et al, The FASEB Journal 2019

3

4

Diagnose

• Smerter i forbindelse med fysisk aktivitet
• Palpationsømhed
• Fortykket sene
• Tenformet sene
• Dopplersignal

4

5

Kliniske test

Single leg squat

• Hofte

• Knæ

• Fod

5

6

Kliniske test

Evt. løbestilsanalyse
• Skridtlængde

• Kadence
• Hoftedrop 
• Fodafvikling (isæt/afsæt)

6
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Fysioterapi instruktioner

Øvelse Uge Repetition
er

Achilles 1 og 2 1-3 3 x 15

4-12 3 x 10

Core 1 1-12 3 x 

udtrætning

Core 2 1-12 3 x 15

• “Tung langsom
styrketræning”

• Core øvelser

• 12 uger (min.)

• 3 x pr. uge

• Load management

7

8

Achilles øvelser

• 1) M. Gastrocnemius

• 2) M. Soleus

8

9

Achilles øvelser

• 1) M. Gastrocnemius

• 2) M. Soleus

9

10

Core (hofte stabilitet) øvelser

• 1) Core -

Sidestep

• 2) Core -

Alignment

10

11
Silbernagel et al, JOSPT 2015

Load management

11

12

Udførelse af øvelsesprogrammet

GROUP N SESSIONS
MEAN               95 % CONFIDENCE INTERVAL

NSAID 34 26 23-29
PLACEBO 35 27 23-30

Malmgaard-Clausen et al, AJSM 2021

Compliance:

26/27 ud af 36 mulige træninger. 

= 74 % 

12
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13

VISA-A

Malmgaard-Clausen et al, AJSM 2021

Ø Ingen forskel

mellem

grupperne

Ø Signifikant

forbedring fra

baseline til

follow-up i

begge

grupper

13

14

Numerisk rang skala

Malmgaard-Clausen et al, AJSM 2021

Ø Ingen forskel 

mellem 

grupperne.

Ø Signifikant 

færre smerter 

fra baseline til 

follow-up i 

begge 

grupper.

14

15

Load management og øvelser til tidlig tendinopati
• Høj succesrate efter 12 uger

• Tydlige forbedringer

• Muligt at fortsætte med et højt aktivitetsniveau og alligevel 

blive bedre

15

16

Differentialdiagnose

• Entesopati og Mb. Haglund
Obs. ikke træning under gulvniveau

• Mb. Sever (børn/unge)
Obs. indlæg

16

17

Take home message!

•Et individuelt tilpasset træningsprogram

•Fokus på load management

•Ingen effekt af NSAID i den tidlige fase

17

18

Tak for jeres 
opmærksomhed!

18
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Ny viden 
implementeret i 
praksis - behandling af 
patienter
med springerknæ
Minisymposium BBH 
Juni 2022
Rudi Hansen, PT, PhD-stud.

1
2

2

3

3

4

Diagnostik

4

5

Diagnostik

Midtiby S. et al.: Dansk selskab for sportsfysioterapis faglige katalog

5
6

Diagnostik

6
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• 49-årig mand, ernæringstilstand ”over middel”. Skoleleder. Tidl. fodboldspiller

• Henvist med smerter i begge knæ foran og på siderne. For 6 år siden forløb med 
bilat. springerknæ. Ømheden er tilstede det meste af dagen, kan blive provokeret 
af 4 km gang med hund, hvor pt for 2 år siden kunne gå længere ture uden gener. 
Ingen traumer. Hø knæ kan hæve, især foran. Ikke svigt, aflåsninger. PT 
træner/genoptræner ikke aktuelt. Er meget generet af knægenerne.

• UL: hypoekkoisk fortykkede proksimal (7,1mm på højre, 6mm på venstre) med 
tydelig doppler (grad 3), der er en lille forkalkning i senen på venstre side

7

Behandling (Case 1)

7

Behandling (Case 1)

8

•49-årig mand, ernæringstilstand ”over middel”. Skoleleder. Tidl. 
fodboldspiller

•Henvist med smerter i begge knæ foran og på siderne. For 6 år siden 
forløb med bilat. springerknæ. Ømheden er tilstede det meste af dagen, 
kan blive provokeret af 4 km gang med hund, hvor pt for 2 år siden kunne 
gå længere ture uden gener. Ingen traumer. Hø knæ kan hæve, især foran. 
Ikke svigt, aflåsninger. PT træner/genoptræner ikke aktuelt. Er meget 
generet af knægenerne.

•UL: hypoekkoisk fortykkede proksimal (7,1mm på højre, 6mm på venstre) 
med tydelig doppler (grad 3), der er en lille forkalkning i senen på venstre 
side

8

Behandling (Case 1)

9

•Er netop begyndt til holdtræning i fitnesscenter ”Ryg og Knæ” én gang om 
ugen. Mærker ømhed undervejs men har det godt efter.

•Behandling?

9

Behandling (Case 2)

10

• 23-årig kvinde, elite vollyball-spiller. Træner 5 gange om ugen + kampe

• Henvist med smerter i begge knæ, værst i venstre. Smerter on and off i 3 år.

• Ømheden er tilstede det meste af dagen, men især ved træning der indebærer 
mange spring og landinger. Laver genoptræning hver/hver anden dag i form af 
styrketræning ”HSR”.

• UL: hypoekkoisk fortykkede proksimalt (7,6 mm. på venstre – 6,9 mm. på højre). 
Betydelig doppler (grad 3 bilat.)

• Behandling?

10

Behandling (Case 2)

11

• 23-årig kvinde, elite vollyball-spiller. Træner 5 gange om ugen + kampe

• Henvist med smerter i begge knæ, værst i venstre. Smerter on and off i 3 år.

• Ømheden er tilstede det meste af dagen, men især ved træning der indebærer 
mange spring og landinger. Laver genoptræning hver/hver anden dag i form af 
styrketræning ”HSR”.

• UL: hypoekkoisk fortykkede proksimalt (7,1 mm. på venstre – 6,2 mm. på højre). 
Betydelig doppler (grad 3 bilat.)

• Behandling?

11

• Motivation og ressourcer: Lav

• Prioritet

• Øge aktivitetsniveau

• Holde motivationen,

• Tage ejerskab af behandlingen

12

Behandling (Case 1)

• Motivation og ressourcer: Høj

• Prioritet

• Modificere aktivitetsniveau

• Motivation i fht. nedsat aktivitet

Behandling (Case 2)

12
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• Motivation og ressourcer: Lav

• Prioritet

• Øge aktivitetsniveau, holde 
motivationen, tage ejerskab af 
behandling (empowerment)

13

Behandling (Case 1)

• Motivation og ressourcer: Høj

• Prioritet

• Modificere aktivitetsniveau

• Motivation i fht. nedsat aktivitet

Behandling (Case 2)

13

Behandling

Tid

B
el

as
tn

in
g

• Svøm ning og vandbaseret træ ning

• Gang i roligt tem po og cykling på fladt underlag

• Cykling m ed højere tem po eller i kuperet terræ n

• Rask gang, trappegang og cykling m ed højere 

intensitet

• Langsom t løb på fladt underlag

• Løb i jæ vnt til højt tem po

• Løb på bakker

• Træ ning m ed spring, retningsskift, landinger, spurt 

m v.

14

Behandling

Tid

B
el

as
tn

in
g

• Svøm ning og vandbaseret træ ning

• Gang i roligt tem po og cykling på fladt underlag

• Cykling m ed højere tem po eller i kuperet terræ n

• Rask gang, trappegang og cykling m ed højere 

intensitet

• Langsom t løb på fladt underlag

• Løb i jæ vnt til højt tem po

• Løb på bakker

• Træ ning m ed spring, retningsskift, landinger, spurt 

m v.

15

Behandling

16

Behandling

17

Behandling

Uge Sæt og 

gentagelser

1 3 x 15 

2-3 3 x 12

4-5 3 x 10

6-12+ 4 x 8-10

• Langsom udførelse

• Ca. tre gange om ugen

• Kombineres med modificeret

aktivitet

+ styrketræning af andre

muskelgrupper

+ cardiotræning u. 

knæbelastning
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Nyeste viden inden for 
seneforskning; 
Fasciitis Plantaris
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Anatomien
• Den plantare aponeurose udspringer fra calcaneus og hæfter 

på de distale fodknogler

• Består af tre bånd: Det laterale, mediale og det centrale
bånd. Det centrale bånd udspringer fra den mediale tuberkel 
på calcaneus og deler sig og hæfter på de 5 metatarsale
hoveder 

• Dens primære opgave er at understøtte fodbuen samt 
stødabsorbering

• (Theodorou 2000,Buchbinder 2004)

2
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Fasciitis Plantaris- Svangsenebetændelse

• Fasciitis Plantaris (FP) er den hyppigste fodlidelse, med en 
livstidsrisiko på 10 %, og er ofte en langvarig problematik!

• Den typiske smertelokalisation for plantar fasciitis er omkring 
tilhæftningen af det centrale bånd ved den mediale
tuberkulum på calcaneus i forbindelse med vægtbærende 
aktivitet og ofte ved de første skridt om morgenen 

• Rammer bredt – både atletiske samt ikke atletiske personer, 
men typisk fra 40 års alderen og opefter

• (Buchbinder 2004, Johannsen 2018)

3
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Årsag
• Interne faktorer

• Stram achillessene, som medfører en stramning af fascia
plantaris

• Stram gastrocnemius muskulatur
• Nedsat dorsalfleksion i ankelleddet. 
• Nedsat stødabsorbtion i fødderne (pes planus, pes cavus)
• Malalignment i UE (knævalgus)
• Forhøjet BMI. 
• Menopause og deraf nedsat østrogen-niveau

• (Chang, 2014, Chang, 2012, Riddle 2010, Monteagudo 2013, Di Caprio 2010, Johannsen 2018) )

4

4

Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Årsag
• Eksterne faktorer

• Uvant mange afsæt ved hurtig øgning af f.eks
løbetræning, tennis, badminton eller hopsport

• Uvant mange hårde hælisæt

• Sko uden tilstrækkelig stødabsorbering og stabilitet

• (Chang, 2014, Chang, 2012, Riddle 2010, Monteagudo 2013, Di Caprio 2010, Johannsen 2018)

5
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Diagnose
• Anamnese (morgensmerter og klassisk 

smertetriade)

• Smerter ved palpation af mediale tuberculum
på calcaneus og langs fascia plantaris

• Ultralydsskanning kan vise en fortykket sene 
(>4 mm), og er et godt diagnostisk redskab

• OBS: Fasciitis Plantaris og Hælspore er 
ikke det samme og der er ingen 
sammenhæng!!!
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Differential diagnoser

• Fascia ruptur (partiel eller komplet)

• Calcaneus fraktur

• Stress fraktur i mellemfoden

• Hælpudesyndrom

• Tarsaltunnelsyndrom

7
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

• Sammenligne effekten 

af corticoid-injektion, træning samt en 

kombination heraf.

• Primary oucome: VAS samt FFI

• Secondary outcome: FP-tykkelse målt med UL
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

• 90 patienter inkluderet mellem 2013-2015, 
randomiseret til 3 grupper:

• 1: 3 måneders træning med jvnl. supervision af 
fys.

• 2: 3 corticosteriod-inj. i løbet af 3 måneders 
periode.

• 3: Kombination af træning og corticoid-inj.

9
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Stødabsorberende indlæg samt optapening af svangsenen
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Resultater

• Signifikant fremgang i alle 3 grupper

• Den bedste behandling for fasciitis plantaris er 
kombinationen af træning og corticosteroid.
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Udspænding

12

Daglig udspænding:  3 x 45 sek 2 x daglig udspænding: 10x10 sek
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Styrketræning af læg efter HSR-regime
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Styrke- samt alignmenttræning
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

• Sammenligne effekten af operation og
træning + corticosteroid.

• Inklusion i 2017. 2 års follow-up

15

Primary oucome: VAS samt FFI
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

16

• 30 inkluderede patienter randomiseret til 2 
grupper:

• 1: 3 måneders træning med jvnl. supervision af 
fys. samt 3 blokader

• 2: Operation med endoskopisk løsning af Fascia
Plantaris
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

• Signifikant fremgang i begge grupper

• Signifikant forskel efter 12 og 24 mdr (VAS) og 
12 mdr (FFI)
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

Så……..
• Bedst effekt af træning hvis kombineret med 

corticoid-inj.

• Fokus på udspænding af FP samt 
styrketræning af gastronemius Derudover 
behandling af de udløsende årsager 
(malalignment, løbestil mm)

• En operation kan overvejes ved manglende 
fremgang og synes at være en effektiv og 
sikker behandling.

•Fasciitis Plantaris ≠ 
Hælspore
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Bispebjerg and Frederiksberg Hospital
Dept. Physical & Occupational Therapy / Institute of Sports Medicine 
Copenhagen 

• Pjecen findes på BBH’s hjemmeside under 
Afdelinger -> Fysio- og Ergoterapien
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