
Exercise is known to improve physical properties, e.g.
maximal tensile strength, as well as mass and turnover of
collagen in bone, ligaments and tendons (Tipton et al. 1975;
Kiiskinen, 1977; Suominen et al. 1980; Woo et al. 1982;
Michna & Hartmann, 1989). Nevertheless, the specific
mechanisms by which these tissues detect and convert
mechanical loading into physical properties of the relevant
tissue is still not thoroughly understood (Simonsen et al.
1995), but it has been suggested that local factors such as
prostaglandins and cytokines participate in the remodelling
process of collagen (Huffer, 1988).

Type I collagen, the dominant connective tissue protein in
tendon, ligaments and bone (Risteli et al. 1995), has been
considered to have a relatively low tissue turnover (Prockop

et al. 1979). However, recent studies have demonstrated that
the peritendinous connective tissue exerts more metabolic and
inflammatory activity than hitherto thought (Langberg et al.
1999) and is influenced by heredity, nerve supply, physical
activity, and systemic factors such as various regulating
hormones and local factors like cytokines, prostaglandins
and neuropeptides (Huffer, 1988; Goldring & Goldring,
1990; Banes et al. 1995; O’Brien, 1997). During recent years
the development of assays for determination of collagen
conversion has allowed for a more detailed study of collagen
turnover (Melkko et al. 1990, 1996; Eriksen et al. 1995). On
this background changes in type I collagen synthesis and
degradation have been studied by measuring the carboxy-
terminal propeptide of type I collagen (PICP) as a marker
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1. Physical activity is known to increase type I collagen synthesis measured as the
concentration of biomarkers in plasma. By the use of microdialysis catheters with a very
high molecular mass cut-off value (3000 kDa) we aimed to determine local type I collagen
synthesis and degradation in the peritendinous region by measuring interstitial concentrations
of a collagen propeptide (PICP; 100 kDa) and a collagen degradation product (ICTP; 9 kDa)
as well as an inflammatory mediator (PGEµ).

2. Seven trained human runners were studied before and after (2 and 72 h) 3 h of running
(36 km). Two microdialysis catheters were placed in the peritendinous space ventral to the
Achilles’ tendon under ultrasound guidance and perfused with a Ringer—acetate solution
containing ÅH-labelled human type IV collagen and [15-ÅH(N)]PGEµ for in vivo recovery
determination. Relative recovery was 37—59% (range of the s.e.m. values) for both
radioactively labelled substances.

3. PICP concentration decreased in both interstitial peritendinous tissue and arterial blood
immediately after exercise, but rose 3-fold from basal 72 h after exercise in the peritendinous
tissue (55 ± 10 ìg l¢, mean ± s.e.m. (rest) to 165 ± 40 ìg l¢ (72 h), P < 0·05) and by 25%
in circulating blood (160 ± 10 ìg l¢ (rest) to 200 ± 12 ìg l¢ (72 h), P < 0·05). ICTP
concentration did not change in blood, but decreased transiently in tendon-related tissue
during early recovery after exercise only. PGEµ concentration increased in blood during
running, and returned to baseline in the recovery period, whereas interstitial PGEµ
concentration was elevated in the early recovery phase.

4. The findings of the present study indicate that acute exercise induces increased formation of
type I collagen in peritendinous tissue as determined with microdialysis and using dialysate
fibre with a very high molecular mass cut-off. This suggests an adaptation to acute physical
loading also in non-bone-related collagen in humans.
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for collagen synthesis and the carboxy-terminal telopeptide
region of type I collagen (ICTP) as an indicator of collagen
breakdown after short and prolonged single bouts of
exercise (Takala et al. 1989; Virtanen et al. 1993; Salvesen et
al. 1994; Kristoffersson et al. 1995; Thorsen et al. 1996a;
Ashizawa et al. 1998) and after weeks of training (Price et
al. 1995; Eliakim et al. 1997; Hupli et al. 1997). These
studies have shown that a single short bout of exercise
does not have the ability to change collagen synthesis and
degradation in contrast to prolonged exercise or weeks of
training. However, all these studies have measured the
levels of PICP and ICTP in serum, making it difficult to
detect the location of the specific type of tissue in which
changes in synthesis and breakdown are taking place.

It has been suggested that prostaglandin is involved in the
conversion of mechanical force into collagen formation in
bone (Thorsen et al. 1996b) and thus in the present study
PGEµ was measured to investigate any potential increase in
interstitial PGEµ concentration and its coupling to changes
in collagen synthesis.

The microdialysis technique allows for in vivo monitoring of
biochemical substances in local tissue during various forms
of intervention (Delgado et al. 1972; Ungerstedt & Pycock,
1974). The method has recently been applied to the
peritendinous space around the Achilles’ tendon, measuring
low molecular mass substances such as glucose, lactate,
glycerol, prostaglandin (PGEµ) and thromboxane (TXBµ)
both at rest and during intermittent static exercise
(Langberg et al. 1999). It has, however, not been possible
so far to use microdialysis for detection of interstitial
concentrations of large molecules (> 20 kDa) as the maximal
molecular mass cut-off of the microdialysis membranes
commercially available was 20 kDa.

In the present study we describe, to our knowledge for the
first time, the use of microdialysis probes with a high
molecular mass cut-off (3000 kDa), allowing for large
molecules involved in type I collagen turnover such as PICP
(100 kDa) and ICTP (9 kDa) to be determined in a specific
region in situ. The microdialysis method was used to

monitor changes in local type I collagen turnover in the
connective tissue of the Achilles’ peritendinous space after
prolonged running in trained individuals.

METHODS

Subjects

Seven volunteers were included in the study (1 woman, 6 men;
mean age, 32 years (range, 26—40 years); mean body mass index,
22 (19—26); training period per week, 7 h (4—12 h)). All subjects
were experienced marathon runners and had been training for
several years, and none of the subjects had any previous history of
Achilles’ tendon symptoms or injuries. Trained individuals were
chosen to minimise the risk of the prolonged intervention being
traumatic to the muscular—skeletal system. None of the subjects
was on any medication and all were non-smokers. All subjects gave
written informed consent, and the study was approved by the
Ethical Committee of Copenhagen (KF 01_089Ï98).

Experimental protocol

All experiments were started at 09.00 h. The subjects were told not
to perform any kind of exercise either 24 h prior to the experiment
or during the 3 days following (between measurements), except for
ordinary daily working activities (students or sedentary office jobs).
The experiment consisted of a rest period of 60 min, an exercise
period of 180 min and a recovery period of 120 min following the
acute exercise, as well as an additional rest period of 120 min 72 h
after finishing the exercise bout (Fig. 1). During rest and recovery
periods the subjects were prone with the ankle joints in a relaxed
neutral position (70—80 deg) at a room temperature of 25°C. The
exercise intervention consisted of 36 km of running at a pace of
12 km h¢. The running was performed on a flat premarked route
of 12 km, with several checkpoints along the route to ensure that a
constant pace was kept for all runners.

Blood samples

During local analgesia, an arterial catheter (Ohmeda, Swindon,
UK) was inserted percutaneously into the radial artery of the non-
dominant arm for blood sampling. The catheter was kept patent by
regular flushing with isotonic sodium chloride containing heparin
(10 U ml¢). Arterial blood samples were drawn every 30 min
during both rest and recovery periods, and every 60 min during
running (during a 1 min stop) (Fig. 1). Haematocrit was
determined by the microhaematocrit method. The blood samples
used for determination of collagen synthesis and degradation were
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Figure 1. The experimental design and sampling

The experiment consisted of a rest period (60 min), an exercise period (180 min) during which the subjects
ran 36 km (12 km h¢), a recovery period (120 min) following the acute exercise, and an additional rest
period 72 h after the exercise bout (120 min). Microdialysis was performed during rest, recovery
immediately after exercise and recovery 72 h following exercise. Sampling was not done till 90 min after
insertion of the microdialysis catheters into the tissue in order to minimise the risk of the insertion trauma
influencing the results. Blood samples were drawn (arrows) every 30 min during rest, early and late (72 h)
recovery, and every 60 min during running.



centrifuged at 2000 g for 10 min at 4°C, and the plasma was stored
at −70°C for subsequent analysis. The blood samples used for
determination of PGEµ concentration had the prostaglandin
synthetase inhibitor indomethacin (10 ìg ml¢; I_7358, Sigma) and
4·5 mÒ EDTA added to them, and were centrifuged at 2000 g for
10 min at 4°C. The supernatant was stored at −70°C for subsequent
analysis.

Microdialysis

Microdialysis was performed in principle as described by L�onnroth
et al. (1987). Two microdialysis catheters, one for determining
collagen synthesis and degradation (right Achilles’ peritendon), and
one for PGEµ determination (left Achilles’ peritendon), were placed
under ultrasound guidance from the lateral side through the
peritendinous space to the medial side just ventral to the Achilles’
tendon in each individual. The active part of the membranes
covered the area from 30 to 60 mm proximal to the Achilles’ tendon
insertion on the calcaneus bone.

For determination of collagen synthesis and degradation, micro-
dialysis probes were constructed with a single plasmaphoresis
hollow fibre (0·4 mm in diameter, molecular mass cut-off 3000 kDa;
Asahi, Japan), glued to a gas-tight nylon inlet tubing and with an
inner wire (100 ìm stainless steel wire) to improve the mechanical
stability of the fibre. The fibre had a membrane of 30 mm available
for diffusion. The fibre was sterilised (STERRAD system: low-
temperature hydrogen peroxide gas plasma) before use. For
sampling of PGEµ (molecular mass, 350 Da) commercially available
fibres from CMA were used (20 kDa molecular cut-off, 0·5 mm outer
diameter, membrane length 30 mm; CMA 60, CMAÏMicrodialysis
AB, Sweden). Both types of microdialysis catheters were perfused
via a high-precision syringe pump (CMA 100) at a rate of 1 ìl min¢
with a Ringer—acetate solution (Pharmacia & Upjohn). ÅH-labelled
human type IV collagen (3 nÒ; 130 kDa; specific activity,
7·0 TBq mg¢; NEN, Boston, MA, USA) was added to the
perfusate used in the microdialysis probes for sampling of collagen
metabolism to try to mimic the in vivo recovery of PICP and ICTP
using the internal reference method (Scheller & Kolb, 1991).
Human type IV collagen was used as radioactively labelled type I
procollagen was not commercially available and we decided to use a
molecule that was larger rather than smaller than the studied
substrates. The perfusate used for measuring PGEµ contained
5 nÒ [15-ÅH(N)]PGEµ (specific activity, 3·7 GBq mmol¢; NEN)
for determination of the in vivo recovery of PGEµ as previously
described (Langberg et al. 1999).

After the microdialysis and arterial catheters had been positioned
(as described above) the subjects rested for at least 90 min before
starting the experiment to ensure that any reaction from the
insertion trauma had minimised (Langberg et al. 1999). This
procedure was followed during both rest and recovery and when
measuring 72 h after exercise (Fig. 1). After flushing the system,
dialysate samples were collected every 30 min, with a delay of
3 min due to a void volume from the probe to the sample collector
of 3 ìl, providing dialysis samples of 30 ìl each. The samples were
immediately frozen at −70°C until analyses were done within the
following 1—2 weeks. The microdialysis catheters were removed
before running and new microdialysis catheters were positioned
around the Achilles’ tendon after the running bout (Fig. 1).

Calculations

The interstitial concentrations (Cé) were calculated using the
internal reference calibration method (Scheller & Kolb, 1991). The
relative recovery (RR) was calculated for each microdialysis fibre as
(Cp − Cd)ÏCp, where Cp is disintegration per minute in the perfusate

and Cd is disintegration per minute in the dialysate. It is assumed
that RR from interstitial fluid to perfusate of unlabelled metabolite
equals relative loss from perfusate to interstitial fluid of labelled
metabolite.

Analytical methods

Collagen synthesis and degradation. The concentrations of PICP
and ICTP were measured in duplicate samples of plasma and
dialysate by equilibration radioimmunoassays (RIA) (Orion
Diagnositica, Espoo, Finland). All samples from any individual
subject were analysed in the same run. The intra-assay precision
(coefficient of variation) was 2·7% at 214 ìg l¢ for PICP and 4·9%
at 6·1 ìg l¢ for ICTP (Orion Diagnositica). As endurance exercise
has been shown to influence the plasma volume (Fellmann, 1992),
the erythrocyte volume fraction values before, immediately after
and 72 h after exercise, measured to estimate the relative changes
in plasma volume, and the adjusted serum concentrations of the
biochemical markers were calculated in accordance with the formula
given by van Beaumont (1972).

Inflammatory mediators. PGEµ was analysed using a
commercially available PGEµ RIA kit (NEK_020, Du Pont, Boston,
MA, USA) (Langberg et al. 1999). All samples from any individual
subject were analysed in the same run. The sensitivity of the assay
was 5 pg ml¢.

Statistics

PICP (Fig. 2), ICTP (Fig. 3) and PGEµ (Fig. 4) are given as pooled
data for rest, running, recovery and 72 h after exercise. All data
are presented as means ± s.e.m., or range. Wilcoxon’s non-
parametric ranking sum test for paired data was used to detect
significant differences between rest and running and between rest
and the two recovery periods. P < 0·05 (two-tailed test) was
considered significant.

RESULTS

Recovery of collagen and PGEµ

The relative recoveries (RR) of type IV collagen and of
PGEµ determined by internal reference calibration are
shown in Table 1. No significant differences were found in
the RR between rest, recovery and recovery at 72 h for
either the collagen metabolite or PGEµ. No ultrafiltration
was noted as determined from dialysate volume.

Collagen synthesis and degradation

During the recovery period following running PICP
concentration decreased significantly both in the tissue and in
plasma (P < 0·05; Fig. 2). However, 72 h after exercise the
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––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Table 1. Relative recovery of type IV collagen and PGEµ

determined by internal reference calibration

–––––––––––––––––––––––––––––
Rest Recovery 2 h Recovery 72 h

–––––––––––––––––––––––––––––
Type IV collagen 46 ± 4% 59 ± 6% 37 ± 1%
PGEµ 44 ± 5% 47 ± 5% 53 ± 7%
–––––––––––––––––––––––––––––
No significant difference was found between rest, recovery 2 h and
recovery 72 h after exercise for either of the two substances
measured. Values are means ± s.e.m.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



concentration of PICP both in the peritendinous tissue and
in the blood was significantly increased compared to pre-
exercise (P < 0·05; Fig. 2). The magnitude of the increase
was, however, significantly higher in the tissue (mean,
192% above basal) compared to the rise in plasma (24%
above basal) (P < 0·05).

ICTP concentration in the peritendinous tissue decreased
significantly immediately after exercise (P < 0·05; Fig. 3),
but 72 h after exercise was not significantly different from
the concentration measured before exercise. No significant
changes in ICTP were observed in plasma.

PGEµ

PGEµ concentration increased significantly in plasma during
running (P < 0·05), and returned to resting level during
recovery (Fig. 4). The concentration measured 72 h after
running was not significantly different from the values
measured before and after the exercise bout. Measured in
the tissue, PGEµ concentration was significantly elevated
during the early recovery period immediately after exercise
(P < 0·05; Fig. 4), but 72 h after exercise the concentration
of PGEµ in the tissue had returned to basal level.

DISCUSSION

In the present study concentrations of PICP and ICTP were
measured both in the peritendinous tissue around the
Achilles’ tendon by microdialysis and in plasma in response
to a prolonged bout of exercise. It was possible to quantify
changes in the interstitial concentration of high molecular
mass substances involved in type I collagen synthesis and
degradation in close association with tendinous tissue, and
to show that mechanical loading of the calf muscle—tendon
unit stimulates type I collagen synthesis in non-bone-
associated connective tissue.

Most studies on collagen synthesis and degradation have
measured plasma concentrations of PICP and ICTP (Takala
et al. 1989; Virtanen et al. 1993; Salvesen et al. 1994; Price
et al. 1995; Kristoffersson et al. 1995; Thorsen et al. 1996a;
Eliakim et al. 1997; Hupli et al. 1997; Ashizawa et al. 1998),
and as type I collagen mainly resides in bone, these results
mainly reflect adaptive changes in that tissue, rather than
in tendons, ligaments and intramuscular connective tissue
(Risteli et al. 1995; Eriksen et al. 1995). However, for in situ
measurements of non-bone-related collagen synthesis and
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Figure 3. Carboxy-terminal telopeptide region of type I collagen (ICTP) measured as an

indicator of collagen breakdown

ICTP concentration was determined in the tissue around the Achilles’ tendon and in plasma at the
indicated times (means and s.e.m.). *P < 0·05 vs. Rest.

Figure 2. Carboxy-terminal propeptide of type I collagen (PICP) measured as a marker for

collagen synthesis

PICP concentration was determined in the tissue around the Achilles’ tendon and in plasma during rest,
after 36 km of running (Recovery), as well as 72 h after termination of the exercise (means and s.e.m.).
*P < 0·05 vs. Rest.



degradation methods like for example microdialysis become
essential. Previously, studies have been carried out measuring
changes in local concentrations of PICP, ICTP and PIIINP
(the amino-terminal propeptide of type III procollagen) in
human skin (Haukipuro et al. 1991; Oikarainen et al. 1992).
In the present study the local synthesis and degradation of
type I collagen was measured using microdialysis membranes
with a high molecular mass cut-off (3000 kDa), which allows
molecules of the size of collagen synthesis and degradation
products to diffuse into the dialysate. The relative recovery
of these molecules over the membrane was determined by an
internal reference method (Scheller & Kolb, 1991) using
radioactively labelled type IV collagen molecules in the
perfusate. Interestingly, the relative recovery of the
radioactively labelled collagen molecules was found to be in
the range of, and not significantly different from, the well-
accepted recovery determined for glycerol, glucose and
prostaglandin (molecular mass of approximately 0·4 kDa)
using regular microdialysis membranes with a lower
molecular mass cut-off (5—20 kDa) (Langberg et al. 1999)
(Table 1). Relative recovery did not vary significantly
between sampling times (Table 1); however, some variation is
to be expected due to differences in catheter properties and
the exact positioning of the catheters within the tissue. In
order to account for these differences the relative recovery
for each single sample was determined by radioactive
substances and used when calculating the interstitial
concentration of each sample. Furthermore, the use of
microdialysis probes with a larger molecular mass cut-off did
not result in any ultrafiltration determined from the dialysate
volume. The findings in the present study suggest that the
described method would enable in vivo measurements of
local tissue concentrations of other substances like hormones
or proteins. It is, however, important to stress that the
permeability of these membranes for molecules of high
molecular mass also allows enzymes to diffuse through the
membrane and so react with the substances in the dialysate,
and thus potentially can result in degradation or conversion
that will lead to an underestimation of the dialysate
concentration for the studied substrate.

The concentration of PICP measured in the peritendinous
tissue increased significantly, when determined 72 h after
prolonged exercise. This indicates an increased synthesis of
type I collagen in the peritendinous area in response to
increased mechanical loading. In parallel with this, the
plasma concentration of PICP was also found to increase
72 h after exercise, which is in accordance with several other
studies that have demonstrated similar levels of PICP after
various types of exercise (Virtanen et al. 1993; Thorsen et al.
1997; Brahm et al. 1997c). In the present study, interstitial
PICP increased 200% in response to exercise when measured
in the peritendinous area, whereas plasma PICP only rose
25%. This could indicate that the adaptive andÏor reparative
process in the connective tissue of the peritendinous region
is pronounced after exercise and that its magnitude cannot
be deduced from the blood values. To what extent the rise in
plasma concentration of PICP reflects an adaptation in
tendon vs. bone cannot directly be determined in the present
study. However, the findings from our study underline the
importance of measuring local collagen synthesis in order to
draw conclusions regarding adaptation of specific non-bone-
related tissues towards mechanical loading. The fact that
the half-life of PICP in the blood of rats is only 5—6 min
(Smedsrod et al. 1990) and that no pool of previously formed
metabolites exists (Kristoffersson et al. 1995) further supports
the view that the concentration of PICP measured most
probably reflects the actual status of type I collagen
synthesis.

In the present study, physical activity induced a significant
decrease in both serum and tissue levels of PICP immediately
after exercise (Fig. 2; P < 0·05). This depression in PICP
has been demonstrated in several other studies (Virtanen et
al. 1993; Thorsen et al. 1996a, 1997; Ashizawa et al. 1998).
The explanation for this reduction in PICP immediately
after exercise is not known, but it has been hypothesised to
be a result of a temporary decrease in type I collagen
synthesis induced by intensive mechanical loading (Virtanen
et al. 1993) or an increased clearance of PICP by the kidneys
(Brahm et al. 1997b). Alternatively, an expansion of plasma
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Figure 4. Effect of exercise on the concentration of PGEµ

PGEµ concentration was measured in the tissue around the Achilles’ tendon and in plasma at the indicated
times (means and s.e.m.). *P < 0·05 vs. Rest. As microdialysis was not performed during exercise no value
for PGEµ was obtained in the tissue during Running.



volume, which has been shown to occur secondary to acute
exercise (Fellmann, 1992), could — at least partly — account
for the demonstrated reduction in plasma concentration.
However, in the present study no change in haematocrit was
observed during the recovery phase after running, which
makes this explanation unlikely. Extravasation to the tissue
around the Achilles’ tendon during running cannot be
excluded as a possible explanation for the reduction in tissue
PICP.

The concentration of ICTP in the tissue significantly
decreased immediately after exercise (Fig. 3; P < 0·05), but
normalized after 72 h, whereas the plasma concentration
remained unchanged throughout the study (Fig. 3). These
findings are in accordance with several other studies on
well-trained individuals demonstrating no change in ICTP
concentration in response to exercise (Salvesen et al. 1994;
Brahm et al. 1996, 1997a,b). However, in studies on
physically untrained individuals, ICTP has been found to
increase 72 h after exercise (Thorsen et al. 1996a, 1997).
These results may indicate that the level of physical fitness
could be of importance for the response in collagen
metabolism, and that degradation of mainly bone collagen
measured as a rise in plasma ICTP occurs only when the
load exceeds the strength of the tissue.

It has previously been shown that runners have an increased
cross-sectional area of the Achilles’ tendon (Engstrom et al.
1985) indicating that training induces a positive protein
balance, i.e. synthesis rate of collagen minus degradation
rate, compared with untrained individuals. The present
study demonstrates an increased PICP concentration in
plasma and in the connective tissue around the Achilles’
tendon along with an unchanged level of ICTP in the days
following acute prolonged exercise, thus supporting the view
that exercise induces a positive protein balance in the region
around the Achilles’ tendon.

The measured concentration of PGEµ in the present study
was in accordance with previous findings (Langberg et al.
1999), and it was found to increase in plasma during
running, whereas tissue concentration was not determined
during exercise, as no microdialysis fibre was present in the
tissue during that time period (Fig. 1). As the tissue
concentration of PGEµ was 8-fold higher than the plasma
concentration during rest, a release of prostaglandins from
the tissue to the bloodstream is likely, and it cannot be
excluded that the demonstration of an elevated plasma
concentration of PGEµ during exercise was due to increased
tissue spillover in response to exercise (Fig. 4). The fact that
tissue PGEµ concentration was elevated during early recovery
and presumably also during exercise together with the
demonstrated increase in type I collagen synthesis could
indicate that prostaglandins are at least indirectly involved
in collagen formation. In support of this, previous in vitro
studies of fibroblast cultures obtained from human tendons
and animal osteoblast cultures have shown that these types
of connective tissue cells release PGEµ when subjected to

mechanical load (Almekinders et al. 1993, 1995). Within
the physiological range of strain, the release of PGEµ has
been found to depend on the magnitude of the applied
strain (Murray & Rushton, 1990; Almekinders et al. 1993).
In addition animal studies have shown that systemic
administration or local intraosseus injection of PGEµ
enhances the skeletal response to mechanical loading,
leading to stimulation of bone formation, increased
metaphyseal bone mass and a marked increased amount of
osteoblasts and osteoclasts (Keller et al. 1992; Yang et al.
1993). Taken together, the present findings are in
accordance with the hypothesis that PGEµ is involved in the
conversion of mechanical stress to type I collagen synthesis
and incorporation into connective tissue in humans (Thorsen
et al. 1996b). If so the time delay between PGEµ and PICP
response seems rather long and may indicate that other
factors are involved and that PGEµ is only one part of a
cascade coupling loading to tissue adaptation.

In conclusion, the present study describes the use of
microdialysis as a reliable method for determination of high
molecular mass molecules locally in peritendinous tissue.
PICP was found to increase in the peritendinous tissue 72 h
after prolonged exercise indicating increased synthesis of
type I collagen. The elevated PGEµ levels after strenuous
exercise suggest that prostaglandins could be involved in the
cascade responsible for conversion of mechanical loading to
connective tissue formation.
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