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Abstract Skeletal muscles fatigue after exercise, and
reductions in maximal force appear. A diVerence in training
status between the legs was introduced by unilateral immo-
bilization of the calf muscles for 2 weeks in young men,
who were randomly assigned to two groups, either a RUN
group (n = 8) that was exposed to prolonged exercise (1-h
running: individual pace) or a REST group (n = 12) that
did no exercise after immobilization. Cross-sectional area
(CSA) of the triceps-surae muscles was calculated by mag-
netic resonance imaging (MRI), and maximal voluntary
contraction (MVC) force of the plantar Xexors was mea-
sured before and after immobilization and after the running
protocol. The CSA of triceps-surae muscles decreased sig-
niWcantly with a 7% reduction in both groups. A signiWcant
drop in the MVC of the triceps-surae muscle (10%;
P < 0.05) was observed in response to immobilization.
When subjected to running exercise immediately after
immobilization, the muscle strength of the triceps-surae
muscles dropped even further, but just in the immobilized
leg (41%; P < 0.05). The present study highlights the
importance of determining the muscle endurance when
evaluating the eVect of immobilization on muscle parame-
ters.

Keywords Immobilization · Fatigue · Skeletal muscle · 
Injury

Introduction

Skeletal muscle demonstrates enormous plasticity, and
increases and decreases in activity level inXuence strength
and endurance of the muscle. While strength training will
increase maximal voluntary contraction (MVC) and endur-
ance training will increase the oxygen uptake of muscles
(Alway et al. 1988), inactivity or unloading will decrease
both strength and endurance of the muscle (Appell 1990).

Studies on immobilization and unloading have under-
lined the fact that skeletal muscle tissue responds quickly to
unloading with a lowering of muscle strength by approxi-
mately 10–22% after 2 weeks (Alfredson et al. 1998; Berg
and Tesch 1996; Urso et al. 2006), and that longer periods
of unloading decrease the muscle strength and cross-sec-
tional area (CSA) even further (Christensen et al. 2008;
Stevens et al. 2006). In addition to the muscle strength,
neuromuscular functions have also shown impairment by
immobilization (Clark et al. 2006). Numerous studies have
measured MVC before and immediately after immobiliza-
tion, or in response to a recovery period with reloading
(Christensen et al. 2008; Vandenborne et al. 1998; White
et al. 1984). But the question is whether measurements of
MVC or neuromuscular control are suYcient to describe
the changes taking place within the muscle tissue in
response to immobilization and inactivity. Fatigue can be
deWned as any exercise-induced reduction in the ability to
generate muscle force or power (Gandevia 2001), and sub-
divided into central fatigue, described as a failure in the
neural drive, and peripheral fatigue related to the impair-
ment of the force-generating capacity of the muscle
(Maclaren et al. 1989). Numerous studies of fatigue have
shown that both peripheral and central fatigue impair exer-
cise performance (Nybo and Nielsen 2001; Saldanha et al.
2008; Bigland-Ritchie et al. 1986), and that the risk of
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injuries increases when athletes are in a fatigued state
(Thorlund et al. 2008; Ostenberg and Roos 2000; Hawkins
et al. 2001). One explanation could be that untrained mus-
cles experience higher levels of load and stress than do
trained muscles, and that when the load exceeds the capac-
ity of the tissue, injuries might result.

In the present study design, immobilization is utilized as
a model to weaken the muscle, which provides the contrast
of a paired untrained and trained legs. When subjected to
the same absolute load (running), this design allowed the
authors to determine the diVerentiated response based on
training status. Thus, the aim of the present study is to
determine whether a reduction in muscle strength as a result
of previous immobilization inXuences the fatigue state of
the muscle. The authors hypothesized that the immobilized
leg would respond with a further drop in muscle strength
when subjected to a workload. This would help clarify
whether untrained tissue has a higher injury risk as com-
pared to well-trained tissue.

Materials and methods

Twenty young healthy non-smoking men (age 24 § 3 years,
height 184 § 7 cm, weight 84 § 12 kg, BMI 25 § 3 kg m¡2)
were recruited for this study, which evaluated the eVects of
2 weeks of immobilization with plaster of Paris from below
the knee to the toes. The ankle joint was immobilized at a
90° angle, leaving the tendon in a neutral position. This
study randomized whether it was the non-dominant or the
dominant leg that was immobilized. The subjects used
crutches, since no weight bearing was allowed on the immo-
bilized leg through the whole protocol. None of the subjects
suVered from any present or previous muscle-tendon prob-
lems or injuries in the lower extremity. All subjects gave,
after receiving oral and written information, written
informed consent to participate in the study, in adherence to
the declaration of Helsinki. The study was approved by the
local Human Subject Ethics Committee of Copenhagen and
Frederiksberg [(H KF) 319605].

The subjects were all immobilized in one leg and then
randomly assigned to either a control group (REST; n = 12)
or a group that was exposed to 1-h acute running exercise
immediately after the immobilization period was complete
(RUN; n = 8). After 2 weeks of immobilization, the cast
was checked for signs of load bearing (which would have
resulted in exclusion from the study) and then removed,
and then an magnetic resonance imaging (MRI) scan was
taken. Immediately after removal of the plaster casts, the
subjects of the REST group were strength tested, while the
subjects of the RUN group were remobilized on a treadmill
for 1 h at individual pace. The subjects were told to keep
running at all times and as close to 70–80% of maximum

heart rate as possible. However, the subjects were allowed
to lower the pace if the exercise became uncomfortable.
During the run, the subjects’ heart rates were monitored.
Following the running exercise, a subsequent strength test
of the calf muscles was made.

MVC force

The subjects were seated in a custom-made rigid steel
frame as previously described (Magnusson et al. 2003).
One leg at a time was tested, and the right leg was always
tested Wrst. The testing position of the leg was with knees
fully extended, the foot resting in a neutral position on the
middle of the steel plate, and the hip in 90° of Xexion. The
position of the heel was adjusted to ensure that the mechan-
ical axis of rotation corresponded to the lateral malleolus.
Plantar Xexion force was measured with a strain gauge load
cell attached between the footplate and the steel frame. Two
sets of Wve contractions were performed (three force ramp
contractions and two maximum isometric plantar Xexions).
The Wrst set was used as a warm-up and the second set sam-
pled at 50 Hz by an analog-to-digital converter. Each con-
traction lasted 5 s, and there was a resting period of 1 min
between each contraction. Data were analyzed for maxi-
mum isometric plantar Xexion force deWned as the highest
eVort out of the two maximum isometric plantar Xexions.

Muscle morphology

Axial plane images of the calf muscle with the ankle joint in
90° were obtained by MRI. CSA of the triceps-surae muscle
was measured at 10 cut points using a lower extremity coil
(General Electric Sigma Horizon LX, 1.5 T, (T1)-weighed
spin echo). The scanning protocol for the triceps surae was
repetition time to echo time 400:6; Weld of view 28; matrix
320 £ 320; slice thickness 6 mm; spacing 25 mm. To avoid
diVerences in scanning procedure, one person scanned all
images using a standardized protocol. CSA from triceps-surae
muscle was manually outlined using the software (http://
www.sim.hcuge.ch/osiris; National Institutes of Health color
scale mode). To account for the superimposed magnetic gra-
dient Weld, the software program Osiris 4.19 was used to
adjust the color intensity of each image (Couppe et al. 2008).
The intensity was increased until the Wrst pixel turned white in
the tibia bone. Further, the image was shifted back to the
gray-scale image display for analyzing CSA. All images were
manually analyzed three times, single blinded, and the mean
of the three measurements was calculated for further analysis.

Statistics

To analyze the interactions between the two groups
(REST, RUN), between the two time points (pre- and
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post-immobilization) and between the two legs (control
and immobilized legs), a three-way ANOVA and a Tukey’s
HSD post hoc test were applied using the computer soft-
ware SAS 9.1. Paired t tests were used to analyze diVer-
ences between pre- and post-immobilization and between
the control and the immobilized legs. Graph Pad PRISM
4.0 was used for all subsequent statistical analyses. In all
statistical analyses, the level of signiWcance was set to
P < 0.05. All results are expressed as mean § SD.

Results

Immobilization

In none of the subjects could any indications of loading of
the immobilized leg be detected.

Muscle strength

A signiWcant interaction between the two groups (REST,
RUN), between the two time points (pre- and post-immobi-
lization), and between the two legs (control and immobi-
lized legs) has been observed (P · 0.05). Furthermore,
signiWcant interactions between the legs (control and
immobilized legs) and the time points (pre- and post-immo-
bilization) were observed (P · 0.05). In additional, signiW-
cant diVerences were observed between the groups (REST
and RUN) and time points (pre- and post-immobilization)
(P · 0.05). No diVerence in MVC of the triceps-surae mus-
cle could be detected between the legs involved in this
study prior to immobilization (P > 0.05). Furthermore, both
the interactions between the leg and time and between
groups and time were signiWcant (P < 0.05 and P < 0.05,
respectively).

Immobilization of the triceps-surae muscle resulted in a
signiWcant drop in MVC of 10% [REST: 233 § 31 to
207 § 22 N m (mean § SD); P < 0.05] (Fig. 1). When
exposed to exercise (1-h running), a signiWcant drop of
41% in strength was determined (RUN: 225 § 72 to
129 § 66 N m; P < 0.05) (Fig. 2). This drop in strength due
to the combination of immobilization and exercise was sig-
niWcantly larger than that due to the immobilization alone.
However, there was not a signiWcant reduction in strength
(7%) resulting from the exercise alone (RUN: 210 § 66 to
192 § 72 N m; n.s.) (Fig. 2).

Cross-sectional area of the triceps-surae muscle

An equal and signiWcant decrease of CSA in the triceps-
surae muscle was observed in both groups in response to
2 weeks of immobilization in the immobilized leg [REST
(6%): 5,413 § 908 to 5,077 § 824 mm2 (mean § SD); RUN

(7%): 5,226 § 794 to 4,844 § 675 mm2 (mean § SD);
P < 0.05] (Fig. 3). The non-immobilized legs of both the
REST and RUN groups showed no signiWcant changes in
CSA of the triceps-surae muscle over the 2 weeks of the
experiment (P > 0.05) (Fig. 3).

Discussion

The major Wnding of the present study is that the muscular
strength of the calf muscles drops dramatically (¡41%) in
response to a period of 2 weeks of immobilization followed
immediately by a prolonged run. This decrease is more pro-
nounced than the drop in force due to immobilization per se
(10%). This paper is the Wrst to demonstrate such a very
large reduction in muscle strength due to the combination
of immobilization and endurance exercise.

However, it has been demonstrated previously that
5 weeks of unilateral lower limb suspension increased the
vulnerability to eccentric exercise-induced dysfunction and
muscle injury, even at relatively light loads (Ploutz-Snyder
et al. 1996). These results strongly support our Wndings.

Measurements of MVC, whether isometric, eccentric or
concentric, have often been used to monitor the loss in
muscle functionality and recovery in response to surgery,

Fig. 1 Muscle strength of REST group. Maximal voluntary contrac-
tion (MVC) force of the control and the immobilized legs, pre- and
post-immobilization of the REST group. A signiWcant interaction
between the two groups (REST, RUN), between the two time points
(pre- and post-immobilization) and between the two legs (control and
immobilized legs) has been observed (P · 0.05). The immobilized leg
weakened signiWcantly in response to immobilization (P · 0.05),
while no signiWcant changes took place in the control leg. Further anal-
ysis showed a signiWcant diVerence between the control leg and the
immobilized leg post-immobilization (P · 0.05). All values are shown
as mean § SD
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immobilization and rehabilitation interventions (Alfredson
et al. 1998; Christensen et al. 2008; Berg and Tesch 1996).
In many cases, only a single MVC measurement has been

made to determine the changes in muscle performance
(Christensen et al. 2008). The present data, however, under-
line that a single measurement of MVC after immobiliza-
tion leads to an underestimation of the strength deWcit. This
is very important for many clinical situations, where the
strength recovery of an immobilized or injured extremity,
measured as MVC, is used to determine the return of the
athlete/patient to sport or to labor (Maaløe and Poulsen
2003). This could potentially predispose the athlete to over-
loading and thus injury in the muscular-tendinous unit. A
spaceXight study supports this suggestion. It has been
observed that 17 days of spaceXight resulted in signiWcant
changes in muscle function during the recovery phase and
not in microgravity (Narici et al. 2003). Furthermore,
unloading has been shown to increase the vulnerability to
injury from ECC exercise. The authors of this study con-
cluded that dysfunction and injury during reloading were
suYcient to prolong recovery (Ploutz-Snyder et al. 1996).

Full recovery of human tissue after immobilization is
known to be a slow process (Alfredson et al. 1998). Often,
both muscle strength (Alfredson et al. 1998) and neuromus-
cular functions are strongly impaired in response to unload-
ing (Karladani et al. 2001). Thus, a 5-year follow-up study
on patients surgically treated for Achilles tendinosis fol-
lowed by immobilization showed the persistence of a sig-
niWcant side-to-side diVerence in strength at 1- and 5-year
follow-up after the surgery (Ohberg et al. 2001).

It is well documented that hypertrophy, determined as
increased muscle CSA, is a result of resistance training
(Cureton et al. 1988; Brown et al. 1990), and that muscle
CSA correlates with muscle strength (Mayhew et al. 1993).
Furthermore, it is well known that immobilization leads to
muscle atrophy (Stevens et al. 2006; Stehno-Bittel et al.
1998; Veitch et al. 2006). In the present study, we observed
a dramatic reduction in MVC strength of triceps-surae mus-
cle following the immediate remobilization of the immobi-
lized leg, although no diVerence in CSA of the triceps-surae
muscle was detected between the REST and RUN groups.
In both groups, there was a reduction in triceps-surae mus-
cle CSA of approximately 7% after 2 weeks of immobiliza-
tion. The present data indicate that the decrease in MVC in
response to running exercise after immobilization might be
caused by multiple physiological and biochemical factors,
rather than only the loss of muscle contractile tissue as
determined by CSA.

Fatigue is deWned as a reduction in maximal force or
power output that occurs with exercise (Gandevia 2001).
Fatigue can arise from peripheral changes at the level of the
skeletal cells (peripheral fatigue) and/or due to a decreased
activation of the central nervous system (central fatigue)
(Gandevia 2001; Allen et al. 2008). Central fatigue can be
caused by a decline in the supraspinal drive of motorneu-
rons and by direct inhibition of motorneurons due to altered

Fig. 2 Muscle strength of RUN group. Maximal voluntary contraction
(MVC) force of the control and the immobilized legs, pre- and post-
immobilization of the RUN group. A signiWcant interaction between
the two groups (REST, RUN), between the two time points (pre- and
post-immobilization) and between the two legs (control and immobi-
lized legs) has been observed (P · 0.05). The immobilized leg weak-
ened signiWcantly in response to immobilization (P · 0.05), while no
signiWcant changes took place in the control leg. Further analysis
showed a signiWcant diVerence between the control leg and the immo-
bilized leg post-immobilization (+running exercise) (P · 0.05). All
values are shown as mean § SD

Fig. 3 CSA of the triceps-surae muscle. CSA of the triceps-surae
muscle of the control and the immobilized legs, of both the REST and
the RUN groups, pre- and post-immobilization. There was no
signiWcant diVerence between the REST and the RUN groups, but a
signiWcant decrease of CSA was observed in the immobilized leg post-
immobilization in both REST (P < 0.05) and RUN (P < 0.05) groups,
which is a reduction of approximately 7%. All values are shown as
mean § SD
123



Eur J Appl Physiol (2009) 106:605–611 609
input from muscle receptors (Gandevia 2001). One study
showed a central activation failure in response to exercise;
a marked reduction was observed in voluntary force devel-
opment during prolonged maximal isometric contractions,
despite the fact that total muscle force was not aVected
(Nybo and Nielsen 2001). In a recent study, it was found
that 2 h of treadmill running caused a reduction in MVC
(17%) of plantar muscle strength which was mainly related
to central fatigue (Saldanha et al. 2008).

Fatigued and weak muscles have been shown to exhibit
marked neural impairments. Two weeks of ankle joint
immobilization not only led to a decrease in MVC, but was
also accompanied by an increase in the H-reXex excitability
(Lundbye-Jensen and Nielsen 2008).

Furthermore, unloading has been shown to cause a
decrease in the central activation. Neural factors in central
activation have been shown to explain 48% of the variabil-
ity in strength loss, while muscular factors, such as sarco-
lemma function, explained 39% of the variability (Clark
et al. 2006).

The present study observed also a reduction in MVC due
to the 1-h run (7%) which Wts nicely with the data in the lit-
erature. The additional drop in MVC of 30–40%, as deter-
mined in the present study in response to exercise, had not
previously been reported in the literature. This indicates
that peripheral fatigue had a great impact on the present
subjects and this leads to the suggestion that fatigue in
untrained muscles in response to endurance exercise pri-
marily is related to peripheral factors. Our observations are
in agreement with the Wnding of an accelerated develop-
ment of peripheral fatigue following 8 weeks of bed rest
(Mulder et al. 2007). The results do not exclude the impor-
tance of central fatigue. Most studies are done in healthy
and trained subjects, a fact which could cause overestima-
tion of the peripheral fatigue as compared with untrained
individuals. Our results indicate that untrained and weak
muscles might react diVerently to load than trained mus-
cles, and that peripheral fatigue might have a relatively
greater impact on performance in weak muscles than cen-
tral fatigue.

The subjects of the present study were exposed to only a
single bout of running exercise, so unfortunately it was not
possible to investigate whether running performance was
aVected by the 2 weeks of immobilization. This would be
an interesting issue for future studies. In conclusion, the
present data underline that untrained and weak muscles
react diVerently to load than do trained muscles, and indi-
cate that peripheral fatigue might have an impact on perfor-
mance in previously immobilized and weak muscles.

Both exercise and immobilization are known to impair
muscle strength (Christensen et al. 2008; Petersen et al.
2007). While exercise causes fatigue (Westerblad and Allen
2002), immobilization leads to weakness of the tissue

(Christensen et al. 2008; Berg and Tesch 1996; Pathare
et al. 2006). Fatigue has been deWned as any exercise-
induced reduction in the maximal power capacity to generate
force or power output (Vollestad 1997), whereas weakness
describes a maintained low maximal force, which persists
over longer periods and appears independent of exercise
(Vollestad 1997). Both conditions might be of interest in
relation to development of musculo-skeletal injuries. It is
well established that the risk for acute injuries increases
with fatigued state (Ostenberg and Roos 2000; Hawkins
et al. 2001), as muscle fatigue alters the neuromuscular sys-
tem, leads to impaired muscle performance, and modiWes
both peripheral proprioceptive system and the central pro-
cessing of sensory inputs (Gandevia 2001; Taylor et al.
2000). Such fatigue causes impaired balance, clumsiness
and decreased precision of motor control (Salavati et al.
2007; Corbeil et al. 2003; Sharpe and Miles 1993). While
the coherence between fatigue and acute injuries is well
documented, it is still unclear whether weak and untrained
muscles or muscles with increased fatigability, such as
those following immobilization, play a role in the develop-
ment of overuse injuries as well. Achilles tendinopathy is a
very common injury among long distance runners (Schepsis
et al. 2002). Training errors, such as running excessive dis-
tances and a great running intensity, have been reported to
be major causes of tendon overuse injuries in runners
(Clement et al. 1984; Kannus 1997). It now seems obvious
to give consideration as to whether overuse injuries might
be due to weakness or fatigue of the musculature, or alter-
natively to other extrinsic factors. It has been suggested
previously that a weak or fatigued muscle, as in the present
case, is unable to protect the tendon from strain injury since
the energy-absorbing capacity of the whole muscle-tendon
unit is reduced (Kannus 1997). Thus, fatigue or general
muscle weakness might result in repeated tissue overload
and lead to the development of overuse injuries.

The present study combines factors of weakness and
fatigue by exercising a strong and a weak muscle simulta-
neously with the same relative load during 1-h running
exercise. This “model” allows for the investigation of how
a weak muscle-tendon unit reacts on reloading or overload-
ing. This model may be used in an attempt to understand
the etiology of contraction-induced overuse injuries in the
Achilles tendon. The optimal treatment to prevent and/or
rehabilitate injuries is a central problem facing both work-
ers and athletes, and more evidence is needed to solve these
problems.

Given the design of this present study, it is not possible
to determine whether the fatigue following the run is due to
peripheral fatigue. The application of electrical stimulation
before and after the running exercise might be able to
demonstrate the appearance or absence of central
fatigue. Another limitation is the lack of postural control
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measurements, which could have underscored a greater risk
of injury due to weak muscles, e.g. loaded very early after
immobilization.

Conclusion

The present Wndings show a signiWcant diVerence in MVC
in the immobilized leg in response to 1-h running exercise,
while only a minor drop in MVC was observed in response
to immobilization per se. The drop in force-generating
capacity indicates that the present model can be used as a
way to investigate the divergent response to the same abso-
lute workload in trained, weak and fatigued muscles. In
addition, the present study design may also be used in an
attempt to understand the etiology of contraction-induced
overuse injuries in the muscle-tendon unit.
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