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creases intratendinous glucose uptake in the Achilles tendon.
J Appl Physiol 101: 196-201, 2006. First published March 30,
2006; doi:10.1152/japplphysiol.00004.2006.—The metabolic ac-
tivity of tendinous tissues has traditionally been considered to be of
limited magnitude. However, recent studies have suggested that
glucose uptake increases in the force-transmitting tissues as a
response to contractile loading, which in turn indicates an elevated
tissue metabolism. The purpose of the present study was to
investigate whether such a mechanism could be observed for the
human Achilles tendon following tensile loading. Six subjects
participated in the study. Unilateral Achilles tendon loading was
applied by 25-min intermittent voluntary plantar flexor contrac-
tions. A radioactive tracer (['®F]-2-fluoro-2-deoxy-D-glucose) was
administered during muscle action, and glucose uptake was mea-
sured by use of PET. Regions of interest were defined on the PET
images corresponding to the cross section of Achilles tendon at two
longitudinally separated sites (insertion and free tendon). Glucose
uptake index was determined within respective regions of interest
for the active and resting leg. Tendon force during voluntary
contractions was ~13% of maximal voluntary contraction force.
Tendon loading induced an elevated glucose uptake index com-
pared with that of the contralateral resting tendon in the region of
tendon insertion (0.13 = 0.05 vs. 0.09 = 0.02; P < 0.05) and at the
free tendon (0.12 = 0.01 vs. 0.08 £ 0.02; P < 0.05). The present
data suggest that tissue metabolism is elevated in the human
Achilles tendon in response to low-intensity loading.

tendon metabolism; tendon mechanical function; connective tissue;
imaging

TENDONS HAVE TRADITIONALLY been described as rigid and co-
herent structures that transmit contractile force in a linear
manner to produce joint movement. However, it has become
increasingly apparent that tendons undergo considerable defor-
mation during loading and thereby contribute to locomotion by
storing and releasing energy (10, 24, 35, 44). Moreover, the
general perception has until recent years been that tendons
exhibit a limited ability to react to mechanical loading by
structural adaptation. Nonetheless, recent studies have demon-
strated that tendinous tissues respond to both acute and habitual
contractile loading, as indicated by either increased glucose
uptake, oxygen consumption, and/or collagen synthesis of
intra- or peritendinous tissues (8, 30—34). Furthermore, in vivo
investigations of the mechanical properties of human tendon
tissue indirectly suggest that tendons may adapt with respect to
tissue “quality” in response to changes in loading patterns of

considerable magnitude, i.e., high-intensity exercise or disuse
(26-28, 39-41). Collectively, these data suggest that the
human tendon is far more dynamically responsive to loading
than previously assumed.

Positron emission tomography (PET) enables three-dimen-
sional depiction of glucose uptake and offers a minimally
invasive method for investigating tissue metabolism. Several
studies have successfully used PET to demonstrate exercise-
induced increases in glucose uptake in heart and skeletal
muscle (13, 14, 22, 37, 38); however, few studies have
applied PET scanning to tendinous tissues (18, 21). Elevated
glucose uptake was recently demonstrated in the quadriceps
and patellar tendons after dynamic exercise (21), and con-
currently it was suggested that exercise induced an increase
in Achilles tendon glucose uptake (18). However, in the
latter study, no resting values were obtained, and it therefore
remains unknown whether the Achilles tendon responds
metabolically to loading.

The Achilles tendon and its associated aponeuroses is a
complex collagenous structure that undergoes substantial load-
ing and deformation during human locomotion (12, 16, 35, 42).
The tendon receives direct muscular insertion from three sep-
arately activated muscle compartments, and due to this com-
plexity the mechanical function in vivo of the triceps surae
muscle-tendon complex is poorly understood. Nonetheless,
advances in this field would increase the understanding of
Achilles tendon injury and exercise mechanisms. Interestingly,
it was recently suggested that the Achilles tendon may undergo
nonuniform loading due to heterogeneous activation of single
muscles (2, 3, 7), although to what extent the three separate
muscle compartments contribute to the loading of the common
free tendon remains unanswered.

Therefore, the purpose of the present study was to apply
PET to investigate /) whether Achilles tendon glucose
uptake increases in response to contractile loading and 2)
whether selective activation of one of the muscles of the
triceps surae (supposedly inducing nonuniform tendon load-
ing) results in a different pattern of intratendinous glucose
uptake compared with that during uniform tendon loading
(voluntary contraction). We hypothesized /) that glucose
uptake increases in tendinous tissues after low-intensity
loading and 2) that activating a single muscle of the triceps
surae yields a heterogeneous pattern of glucose uptake
intensity across the tendon to indicate that the Achilles
tendon may undergo nonuniform loading during in vivo
muscular contraction.
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MATERIALS AND METHODS

Subjects. Six healthy men participated in the study (age, 21 = 1 yr;
height, 177 = 6 cm; body weight, 74.5 = 6.9 kg). Subjects were
recruited among recreationally active students. Before inclusion, all
subjects filled out a questionnaire regarding medical history, and
subjects were excluded if current lower extremity or lower back pain
was reported or in case of present or recent leg injury. The ethical
Committee of the Hospital District of the South-Western Finland
approved the experimental procedures, and the study was performed
in accordance with the Declaration of Helsinki. The purpose, proce-
dures, and associated risks were explained to the subjects, and written,
informed consent was obtained.

Experimental protocol. Each subject participated in two experi-
mental sessions separated by at least 4 days. Between sessions, a
disparate tendon-loading pattern was achieved by applying percuta-
neous stimulation of a single triceps surae muscle compartment
(lateral gastrocnemius muscle) in session I and voluntary contraction
in session 2. Apart from the contraction mode, the protocol was
similar in the two sessions. After insertion of catheters into the
antecubital veins in both arms, the subjects were situated in a seated
position with the hip joints slightly abducted and the knee joint of the
experimental leg (left leg) extended (Fig. 1). A small amount of saline
was continuously administered to keep catheters clear. The total
amount of saline infused during the 4 h of experiments was <500 ml.
The left ankle joint was in a neutral position (~90° between the sole
of the foot and the tibia), and the forefoot was resting on a force
transducer (I-KON, Chattanooga Group, Oxfordshire, UK) that was
rigidly attached to the experimental bench. The subjects were sup-
ported with firm padding, and the backrest was adjusted such that no
ankle joint movement was possible during plantar flexor contractions.
The force sampling apparatus enabled audiovisual feedback to the
subjects during voluntary contractions.

In session 1, two self-adhering surface electrical stimulation elec-
trodes [StimTrode, model ST32D (32-mm RND), Axelgaard Manu-
facturing] were attached to the skin over the lateral gastrocnemius
muscle (interelectrode distance of ~45 mm). The electrodes were
attached to an electrical stimulation apparatus (Elpha II 3000 Danme-
ter, Biofina). Each subject was familiarized to percutaneous stimula-
tion by several submaximal electrical stimuli (range: 1-20 mA) over
a period of 5-10 min. During all stimulation, subjects were in control
of the stimulator and were instantly able to discontinue stimulation if
intolerable pain or discomfort occurred. The current was progressively
increased until a clear muscle fiber contraction was visualized. The
subjects were encouraged to increase stimulation intensity to a bear-
able maximum considering the duration of the stimulation. The
corresponding contractile force was registered. The following param-
eters were used during the electrical stimulation of the muscle: current
amplitude of ~20-30 mA, 50 Hz, impulse time of 300 ms, ascending
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time of 1.5 s, total stimulation time of 3 s, descending time of 1.5 s,
rest time of 3 s. After 10 min of stimulation, 240 MBq of ['3F]-2-
fluoro-2-deoxy-p-glucose in 2 ml of saline were infused, and stimu-
lation was continued for an additional 25 min. All subjects were able
to sustain 35 min of stimulation without decreasing stimulation
intensity. The contractile force was registered every 5 min during the
contraction protocol.

For the voluntary contraction protocol, a “target force” was deter-
mined based on the force obtained from the stimulation experiment in
an attempt to have the lateral gastrocnemius muscle exert a force of
similar magnitude in the two experimental situations. The voluntary
target force was estimated based on the physiological cross-sectional
areas of the lateral gastrocnemius (taken from the literature) relative to
that of the entire triceps surae (15). The magnitude of force during
voluntary contraction averaged ~13% of plantar flexor maximal
voluntary contraction (MVC) and was performed as 3-s contractions
separated by 3 s of rest. To mimic the stimulated contraction protocol,
voluntary contractions were controlled by audiovisual signals to the
subject such that one signal was given to initiate contraction, one
signal was given when a target force was reached, and one signal was
given to terminate contraction. The low contraction intensity meant
that all subjects were able to perform the voluntary task for the
required time duration. Tendon force was estimated based on mea-
surement of the distance from the lateral malleolus and the Achilles
tendon and point of force application under the foot.

PET image acquisition and processing. Immediately after the
muscle contractions were terminated, subjects were relocated to the
PET scanner (Siemens ECAT HR+, Knoxville, TN) while care was
taken to minimize any muscular contraction. The lower legs were
divided into three segments starting from the heel and covering up to
the fossa popliteus. Each segment was scanned in 4-min time frames,
and this was repeated three times (21) (Fig. 2). After all emission
scans, transmission scans for attenuation correction were performed
for the same three areas. All data sets were corrected for attenuation,
and they were reconstructed iteratively [6 iterations; 16 ordered
subsets; Hann filter; 128 X 128 matrix; zoom of either 2 (tendon
region) or 1.8 (muscle region)]. Standard random, dead time, and
scatter corrections of the manufacturer were employed. The axial and
in-plane resolution of the reconstructed images was ~5-mm full width
at half maximum. A venous blood sample for blood radioactivity
determination was taken 50 min after the tracer injection and used for
the calculation of glucose uptake index as described below.

Additionally, a MRI scan was performed of the lower legs of each
subject (Fig. 3). This enabled a reference for determining the regions
of interest (ROIs) that were defined during subsequent analysis.

Based on clinical observations of where tendon pain and injury
often occur, two ROIs were defined for each tendon: 7) the “calcaneus
region” just proximal to the insertion of the Achilles tendon on the

Fig. 1. Experimental setup. On both experimental days, sub-
jects were in a seated position with the knee joint of the
experimental leg extended and the ankle joint in neutral posi-
tion (~90° between the sole of the foot and the tibia). The
forefoot was resting on a force transducer (A). The subjects
were supported with firm padding, and the backrest was ad-
justed such that no ankle joint movement was possible during
plantar flexor contractions. The sampling apparatus enabled
audiovisual (B and C) feedback to the subjects during voluntary
contractions.
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Fig. 2. Representative PET images from 1
subject obtained subsequent to unilateral
contractile activity of the plantar flexor mus-
cles. A and C: axial scans at ~50% of the
gastrocnemius muscle belly length. B and D:
frontal plane scans of the proximal region of
the lower legs. A and B: unilateral voluntary
contraction of the plantar flexor muscles
(right leg in image is the subject’s left leg). C
and D: unilateral selective stimulation of the
m. gastrocnemius lateralis (C and D are ori-
ented as A and B).

calcaneus and 2) the “free tendon” area ~3-4 cm proximal to
insertion where the tendon cross section exhibits a more rounded
shape and where no muscle fibers insert on the tendon structure (Fig.
3). The ROIs were constructed by combining three adjacent scanning
slices (each ~2.4 mm thick), and therefore the ROIs should be
regarded as 3D cross-sectional tendon volumes with a longitudinal
thickness of ~7.2 mm. During subsequent analysis, the glucose
uptake index in the respective ROIs was calculated by dividing the
tissue radioactivity with blood radioactivity (21, 45). Furthermore, the
voxel values of glucose uptake index (a voxel is ~16 mm?, 2.6 X 2.6
mm in plane multiplied with the slice thickness of ~2.4 mm) were
extracted from the PET images, and the relative dispersion (equal to
heterogeneity) of these values was calculated as relative dispersion =
SD X 100%/mean for each ROI in each subject. In addition, the
skewness and kurtosis of the distribution of voxel values were calcu-
lated.

Statistical analysis. Wilcoxon matched-pairs tests were used for
comparing the glucose uptake index between resting and loaded

Fig. 3. Representative PET images from 1 subject after unilat-
eral voluntary contraction at the level of the calcaneus (A) and at
the more proximal tendon level (B). Images are oriented as
described in Fig. 2. C and D: corresponding magnetic resonance
(MR) images in which the Achilles tendon can be identified by
its dark color [MR image (C) is for technical reasons slightly
more proximal than the PET image]. Glucose uptake is elevated
in and/or around the tendon that has been loaded compared with
the tendon of the resting leg. Note the wide crescent-shaped
insertion area that corresponds to the most distal Achilles tendon
inserting at the calcaneus.
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Posterior

tendons and the glucose uptake heterogeneity of loaded tendons
between conditions (voluntary vs. stimulated contraction). An « level
of <0.05 was considered significant.

RESULTS

The estimated tendon force during voluntary plantar flexor
contractions was 655 = 89 N, which corresponded to ~13% of
MVC force. In the stimulation experiment, the stimulation
intensity of 24 *= 4 mA yielded an estimated tendon force of
75 = 14 N or ~2% of MVC.

At the level of the calcaneal insertion, the voluntary activa-
tion resulted in an elevated glucose uptake index compared
with that of the contralateral resting side (0.13 = 0.05 vs.
0.09 = 0.02; P < 0.05; Fig. 4). Similarly, at the level of the
free tendon, the voluntary activation resulted in an elevated
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Fig. 4. Glucose uptake at the tendon insertion on the calcaneus. Glucose
uptake is elevated in the tendon that has been loaded by voluntary contraction
compared with the resting tendon. For the stimulation experiment, no differ-
ence is observed between loaded and unloaded tendon. *Significantly different
from resting tendon (P < 0.05).

glucose uptake index compared with the contralateral resting
tendon (0.12 = 0.01 vs. 0.08 = 0.02; P < 0.05; Fig. 5).

No increase in glucose uptake index was observed subse-
quent to electrical stimulation of the lateral gastrocnemius
compared with the resting side. Glucose uptake heterogeneity
was not different in any of the two anatomical tendon regions
between electrically stimulated and voluntary contraction con-
ditions. Skewness and kurtosis of voxel value distributions did
not differ between the conditions.

DISCUSSION

The main finding of the present study was that the Achilles
tendon tissues exhibit elevated glucose uptake as a response to
tendon loading. The tissue loading was generated by 25 min of
voluntary intermittent isometric muscle contraction at low
contraction intensity (~13% MVC). An increase in intra-
and peritendinous glucose uptake suggests the occurrence of
intratendinous metabolic activity as a response to contractile
loading.

Intratendinous metabolism. Previous studies have demon-
strated that cardiac and skeletal muscle tissue display large
increases in tissue metabolism in response to exercise (14, 37,
38), which plausibly corresponds to the high density and nature
of the cells in these tissues. Conversely, tendons have tradi-
tionally been regarded as metabolically inactive due to the
limited occurrence of cells within tendinous tissues. Nonethe-
less, previous studies have demonstrated the presence of oxi-
dative and glycolytic enzymes in tendons (20, 29). These
enzymes are associated with the fibroblasts, which are the
principal cells within tendinous tissues. The present experi-
mental setup does not allow for a mechanistic explanation for
the observed increased glucose uptake after loading. Nonethe-
less, previous in vitro studies have demonstrated that loading
produces deformation of tendon, and hereby also of the em-
bedded fibroblast cells and their nuclei (4, 43), and that
fibroblasts respond to strain via mechanotransduction pathways
to remodel the extracellular matrix (1, 5, 6, 46). It seems
plausible that the observed glucose uptake in the present study
may be associated to this plethora of intracellular processes
that is elicited by fibroblast deformation.
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Recent in vivo work in human models has demonstrated an
increased oxygen uptake and blood flow in and/or around
force-transmitting tissues as a response to mechanical loading
(8, 9), and enhanced metabolic activity and collagen synthesis
has been demonstrated in the peritendinous tissue of the Achil-
les tendon subsequent to acute loading (30-34). Attempts to
examine human in vivo tendinous metabolism in response to
loading have included near-infrared spectroscopy (9), micro-
dialysis (33), and tendon biopsy (36), of which the latter two
include considerably invasive procedures. PET scanning offers
a minimally invasive technique to study physiological pro-
cesses in the human body, and two recent studies have applied
PET to investigate glucose uptake in tendinous tissues sub-
jected to loading. Kalliokoski et al. (21) demonstrated an
elevated tissue metabolism in the patellar tendon following
fatiguing dynamic knee extensor contractions. Concomitantly,
Hannukainen et al. (18) measured glucose uptake in the Achil-
les tendon tissues following bicycle exercise, and although
resting levels of glucose uptake were not acquired the data
indicated an elevation in glucose uptake as a response to
tendon load. In the present study, glucose uptake was com-
pared with resting levels of the contralateral tendon, and thus
the present data extend the findings of Hannukainen et al. with
respect to load-induced increase in Achilles tendon metabo-
lism. Moreover, tendon load was not measured in the two
previous PET studies since dynamic pedaling or kicking mus-
cle actions were applied, and, hence, the present data add to
previous results by showing that tendinous tissues respond with
an increase in glucose uptake following isometric tendon
loading at a low force level of ~13% of MVC.

The voluntary contraction intensity of the present study was
chosen to match that of the stimulated contractions (relative to
muscle volume; see above), resulting in an estimated tendon
load during voluntary contractions of ~650 N or ~0.9 times
body weight. For technical reasons, few studies have directly
measured Achilles tendon force during daily movement tasks:
using an optic-fiber technique, Finni et al. (12) observed peak
tendon forces of ~1,400 N during walking, although large
variation was observed between subjects. Computer models
have been used to estimate that peak Achilles tendon forces
reaches three to four times body weight during walking (16),
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Fig. 5. Intratendinous glucose uptake at free-tendon level (~3—4 cm proximal
to the insertion). Glucose uptake is elevated in the tendon that has been loaded
by voluntary contraction compared with the resting tendon. For the stimulation
experiment, no difference is observed between loaded and unloaded tendon.
*Significantly different from resting tension (P < 0.05).
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whereas Komi (23) recorded far greater peak Achilles tendon
forces using a buckle transducer implant during running and
jumping (3—10 kN). One study used the tendon buckle trans-
ducer to record tendon forces that were comparable to those of
the present study during cycling (n = 1; Ref. 17). It seems that
the mechanical loading of the tendon in the present study is
similar to or just below that associated with walking or cycling.
The present data, therefore, suggest that even low-intensity
loading, which may be associated with some rehabilitation
protocols, elicits a certain metabolic response that may involve
regenerative processes within the tendinous tissues.
Nonuniform tendon deformation. The Achilles and patellar
tendons are force transmitters for the triceps surae muscle and
the quadriceps muscle and, as such, are highly involved in
human locomotion. The two tendons exhibit vastly distinct
mechanical function: the patellar tendon has both a bony origin
and insertion, whereas the Achilles tendon originates from
contractile tissue and inserts onto bone. Although variation in
tissue mechanical properties have been observed within the
patellar tendon (19), which may suggest nonuniform loading, it
seems plausible that the Achilles tendon to a greater extent may
be subjected to nonuniform loading compared with the patellar
tendon if the associated single muscle compartments are het-
erogeneously activated. Nonuniform activation would, in the-
ory, result in uneven tendon deformation, and previous results
have suggested that such a mechanism occurs in the Achilles
tendon-aponeurosis complex (3, 7, 11). These recent findings
are based on cadaver experiments or in vivo methods such as
magnetic resonance scanning and ultrasonography. Impor-
tantly, these observations were performed at the aponeurosis
level and are therefore solely indirect evidence of uneven
tendon deformation. One in vivo study has directly observed
nonuniform Achilles tendon deformation (35). In this study, a
syringe needle (0.5-mm diameter) was (for other purposes)
inserted transversely into the Achilles tendon, after which the
subjects performed maximal voluntary plantar flexor contrac-
tions. In a subgroup of the subjects, the needle was perma-
nently distorted on retraction. Because direct in vivo assess-
ment of Achilles tendon deformation is presently not feasible,
the secondary goal of the present study was to investigate
whether regional difference in glucose uptake (i.e., heteroge-
neity) could be observed following different loading paradigms
of the tendon. Tendon cross-sectional or longitudinal differ-
ence in glucose uptake between voluntary contraction and
selective stimulation of a single compartment would indicate
nonuniform stress distribution within the tendon. Due to lim-
ited scanning resources and safety issues regarding the infusion
of the radioactive tracer, a model was chosen where voluntary
contraction was compared with selective stimulation of one
single muscle compartment of the triceps surae. The lateral
gastrocnemius was chosen based on pilot experiments that
demonstrated greater glucose uptake index within the tendon
compared with selective stimulation of other triceps surae
compartments. Nonetheless, when six subjects were included,
no difference was observed between the resting tendon and the
loaded tendon subsequent to lateral gastrocnemius stimulation,
and therefore the previous notion of nonuniform tendon load-
ing and/or associated heterogeneous tendon deformation is not
supported by the present data. However, it should be noted that
the stimulation of the lateral gastrocnemius yielded a limited
stress on the associated force-transmitting tendon structures,
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and although the loading was of a certain time duration, the
present stimulation protocol may not have been a sufficient
stimulus to be detected with the current scanner resolution. The
axial and in-plane scanner resolution in the present study was
~4-5 mm, which becomes a limiting factor when the target of
study (the Achilles tendon) has a diameter of ~8—-12 mm and
a cross-sectional area of ~100-120 mm? (25, 35). Future
technical developments will likely increase scanner resolution,
which potentially will allow explication of the mechanisms of
tendon function in more detail than presently feasible. Further-
more, additional experiments applying greater stimulation in-
tensity and/or additional stimulated muscle mass are required
to address the question.

In conclusion, the present data demonstrate that glucose
uptake in the Achilles tendon tissues increases during mechan-
ical loading at low contraction intensity. This observation was
made at the site of tendon insertion as well as in more proximal
areas. An increased glucose uptake within the tendon indicates
that tendinous tissues are metabolically active and likely ex-
hibit greater ability to structural adaptation and remodeling in
response to loading stimuli than previously appreciated. No
conclusions regarding nonuniform tendon deformation were
feasible with the present experimental approach; however, the
PET scanning technique combined with other in vivo methods
such as MRI and ultrasonography seem promising tools to
investigate the distinct mechanical and structural function of
human muscle-tendon complexes and their response to loading
stimuli.
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