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Abstract This study examined acute and long-lasting
effects of fatigue and muscle damage on fast and accu-
rate elbow flexion and extension target movements (TM)
with eight male students. An isokinetic machine was
used to perform 100 maximal eccentric and concentric
elbow flexions at 4-week intervals. Movement range was
40–170� in eccentric exercise (ECCE) and 170–40� in
concentric exercise (CONE), with an angular velocity of
2 rad s�1. TM was performed in sitting position with the
right forearm fixed to lever arm above protractor. Sub-
jects performed TM in horizontal plane (amplitude 60�)
by visual feedback of movement from a television
monitor. Surface EMG was recorded from the biceps
brachii and triceps brachii muscles. TM measurements
and serum creatine kinase (CK) determinations were
conducted before, after, 0.5 h, 2 days, and 7 days after
both exercises. Blood lactate was taken before, after, and
0.5 h after the exercises. Both ECCE and CONE led to a
large decline in maximal voluntary contractions, but the
recovery was slower after ECCE when it remained
incomplete even until day 7 post-exercise. Lactate in-
creased (P<0.001) similarly after both exercises. De-
layed-onset muscle soreness peaked on day 2 and CK
peaked on day 7 after ECCE. Exhaustive eccentric
exercise of agonistic muscles impaired the flexion TM
performance, and had a long-duration modulation effect
on the triphasic EMG activity pattern of flexion and
extension TM. In the acute phase, the observed changes

in performance and in the EMG patterns are suggested
to be related to metabolic changes via III and IV muscle
afferents. The delayed recovery, on the other hand, may
be related to problems in the proprioceptive feedback
caused by muscle damage.
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Introduction

Numerous deafferentation studies have reported various
degrees of motor deficit in humans (Nathan and Sears
1960; Rothwell et al. 1982) and in animals (Mott and
Sherrington 1895; Taub and Berman 1963; Taub et al.
1975), thus emphasizing the importance of somatosen-
sory afferent input in the performance of voluntary
movements. On the other hand, it has been shown in
man that movement can be controlled to a certain degree
by central activation without sensory feedback (Lashley
1917). Polit and Bizzi (1979) demonstrated that correct
elbow movements could be performed by a trained
monkey after surgical deafferentation of the upper limb.
In fact, the exact significance of sensory peripheral
feedback in the control of voluntary movement remains
unclear, even in a simple motor task such as rapid
monoarticular movement towards a target.

A goal-directed movement performed as fast and as
accurately as possible is generated by a sequence of
EMG bursts called triphasic activity pattern (Hallett
et al. 1975; Lestienne 1979). In this pattern, the first
agonist burst accelerates the movement, the antagonist
burst decelerates it, and the second agonist burst makes
the final correction to stabilize the limb on the target.
This triphasic activity has been suggested to be produced
by the central command based on the observation of this
pattern in humans who were lacking proprioceptive and
cutaneus feedbacks (Hallett et al. 1975; Rothwell et al.
1982; Sanes and Jennings 1984; Forget and Lamarre
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1987). On the other hand, deafferented patients are
known to have difficulties in controlling their target
movement amplitude due to an improper adjustment in
both size and timing of the decelerating antagonist
activity (Forget and Lamarre 1987).

Muscle fatigue induced by isometric type exercises
has been reported to deteriorate the sense of velocity
(Jaric et al. 1997) and final position (Jaric et al. 1999)
of rapid discrete movements. In those two experiments,
the agonist fatigue was associated with prominent
drops in performance whereas the antagonist fatigue
had no effect. On the other hand, it is well known that
strenuous, unaccustomed eccentric exercise induces
greater damage to muscle fibers than concentric and
isometric exercise (e.g. Komi and Rusko 1974; Clark-
son et al. 1992). It is also associated with muscle
swelling and soreness, reduced range of motion, and
performance decrements that may all last for several
days (Komi and Rusko 1974; Clarkson et al. 1992).
Fatiguing eccentric exercise may also lead to impaired
position (Skinner et al. 1986; Brockett et al. 1997;
Saxton et al. 1995) and force (Gandevia and McClos-
key 1978; Brockett et al. 1997; Carson et al. 2002)
senses. Reduced ability to discriminate muscle stretches
of varying amplitudes in animals (Pedersen et al. 1998)
as well as movement velocity in humans (Pedersen
et al. 1999) has been demonstrated. Some of the per-
formance impairments have been attributed to fatigue-
induced disturbance of proprioceptive sensors within
both muscle and tendon. In this line, exhaustive
stretch–shortening cycle exercises, that include eccentric
muscle actions, have been reported to lead to signifi-
cant reductions in both passive and active stretch–reflex
amplitude that may last for several days (Nicol et al.
1996; Avela et al. 1999). The possibility of damaged
intrafusal fibres has been suggested (Komi and Nicol
1998) to partly explain this disfacilitation. In addition,
fatiguing eccentric exercise may result in 20–40% in-
crease in the passive muscle tension (Whitehead et al.
2001). Furthermore, recent studies of Gregory et al.
(2002, 2003) demonstrated the reliability and high
sensitivity of Golgi tendon organs in signalling any
change in muscle tension after fatiguing eccentric
exercise. Another hypothesis refers to a potential reflex
inhibition via the sensitisation of group III and IV
receptors by the mechanical, thermal and, chemical
changes associated to the inflammatory phase of the
muscle regeneration process (Nicol and Komi 2003).

Thus, it is of interest to examine if eccentric-type
muscle fatigue would result in similar phenomena in
fast and accurate target movements than those ob-
served in deafferented patients. For this purpose, the
present study examined the acute and long-lasting ef-
fects of an exhaustive eccentric exercise of the elbow
flexors on fast and accurate elbow flexion and exten-
sion target movements (TM). To clarify the specific
eccentric fatigue effects, these results were compared to
those observed in the same subjects after an exhaustive
concentric exercise.

Methods

Eight physically fit male students aged 21–33 years
volunteered for this study. The subjects’ mean height,
body mass, and body fat were 181.0 (SD 6.0) cm, 77.3
(7.3) kg, and 11.9 (4.2)%, respectively. They were aware
of possible risks and discomfort of the study, and they
all gave their written informed consent to participate.
The study was conducted according to the declaration of
Helsinki, and was approved by the ethics committee of
the University of Jyväskylä.

At 4-week intervals, the subjects performed 100
maximal eccentric and concentric elbow flexions with an
isokinetic machine (Komi et al. 2000). This machine did
not adjust its resistance to the subjects force production.
The supinated right forearm was fixed to the lever arm
of the machine. The force applied to the wrist for elbow
flexion and extension was measured by a strain gauge
transducer. The movement range was from 40� to 170�
in eccentric exercise (ECCE), and from 170� to 40� in
concentric exercise (CONE). The 180� position refers to
full extension in the elbow joint. The angular velocity
was 2 radÆs�1 in both exercises. Thus, one repetition
lasted 1.1 s. All 100 actions were performed maximally
at 2-s intervals. From this time period, approximately
0.5 s was used for the maximal isometric preactivation
that preceded each muscle action. The total exercise
duration averaged 5 min with almost 3 min of actual
work.

The TM task was performed with a specific apparatus
equipped with a potentiometer constructed in the Neu-
romuscular Research Center of Jyväskylä University. As
shown in Fig. 1, the subject was in a sitting position with
the right forearm fixed to the lever arm of the apparatus
in the horizontal plane above the protractor. The
shoulder joint was abducted around 80� and the forearm
was in semi-supinated position. As compared to the fully
extended (180�) elbow joint position, the flexion move-
ment was performed from 140 to 80�, and the extension

Fig. 1 Target movement test arrangement
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movement from 80 to 140�. The subject performed TM
with a visual online feedback of the movement from a
television monitor. In total, 20 extension TMs followed
by 20 flexion TMs were performed at a preferred pace.
The subjects were instructed to perform the movement
as fast and as accurately as possible. The TM tests were
conducted before, immediately after, 0.5 h later, as well
as 2 days and 7 days after the fatiguing exercises. In
each of these testing sessions, the TM test was immedi-
ately followed by two maximal voluntary tests (MVCs)
that included maximal eccentric and concentric actions
of the elbow flexor muscles.

Surface electromyographic activity (EMG) was re-
corded from the biceps brachii (BB) and triceps brachii
(TRI) muscles of the right arm using bipolar skin elec-
trodes (Beckman miniature-size). According to the
SENIAM 8 recommendations, (Hermens et al. 1999),
the electrodes were placed longitudinally on the muscle
belly and distally from the motor point, with a 20-mm
interelectrode distance. The electrode position was
marked on the skin to ensure the same location during
the whole experimental period. EMG signals were re-
corded telemetrically (Glonner Biomes 2000, Germany;
bandwidth 3–360 Hz) with a sampling frequency of
2,000 Hz. In the TM analysis, the EMG signals were
fullwave rectified and averaged over 20 repetitions at
every measurement point (Fig. 2). The averaged EMG
curves and the movement trajectory curve were
smoothed with one direction sliding average of 50 ms for
further analysis. As shown in Fig. 3, the EMG variables
included burst peak amplitude and duration. The kine-
matic data included peak velocity and peak amplitude
and timing values as well as oscillation amplitude over
the target zone. The time delay of the EMG and kine-
matics was determined from the onset of movement.

Blood lactate concentration was determined (Bi-
ochemica Boehringer, Germany) from the fingertip
blood samples drawn before, immediately after and 0.5 h
after both exercises. For determination of the serum
creatine kinase activity (CK) (Boehringer Mannheim,
Germany), blood samples were drawn from the ulnar

vein before, immediately after, 0.5 h later, as well as
2 days and 7 days after both exercises. In addition, the
subjects reported daily the soreness level of their exer-
cised arm muscles. The pain sensation was rated on a
scale from zero (no pain) to five (intolerable pain).

Data were analysed by a univariate analyses of vari-
ance (ANOVA) with repeated measures using an SPSS
analysis program. ANOVA with METHOD/UNIQUE
was used. Multiple comparisons were made with a sig-
nificance level of P<0.05.

Results

Maximal voluntary contractions

As shown in Fig. 4, the eccentric fatiguing exercise
(ECCE) led to a large acute decline in both maximal
concentric and eccentric forces, with a subsequent par-
tial recovery 0.5 h later that remained incomplete until
day 7 post-exercise. The concentric fatiguing exercise
(CONE) led to similar acute reductions in force, but
only the concentric force recovery was delayed by
7 days. Similar peak levels of blood lactate concentra-
tion were reached after both exercises (P<0.001)
(Fig. 5). However, only ECCE led to muscle soreness
and elevated serum CK activity that peaked on day 2
and day 7 (Fig. 5).

Fig. 2 The flexion target movement EMG activity and movement
curves. Examples are of one rectified EMG curve (upper left) and 20
averaged (upper middle) and smoothed (upper right) EMG curves.
Also the movement curve was smoothed for the analysis (lower
traces). BB Biceps brachii, TRI triceps brachii

Fig. 3 Target movement for the flexion target movement. Oscilla-
tion is the amplitude (degrees) between peak and minimum
amplitude of movement trajectory over the target zone. Dashed
lines Times to the various points. Also the time to EMG variables
were determined
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Acute recovery period (immediately and 0.5 h after)

Flexion TM

TM velocity and amplitude Despite no change in peak
velocity, both ECCE and CONE led to a significantly
increased time-to-peak velocity (Fig. 6A). This was still
the case 0.5 h later, andwas found tooccur in parallel with
the later timed peak amplitude [6 (5)%, P<0.01] after
ECCE.

Oscillation amplitude Bi-directional oscillation over the
target was also greater immediately after and 0.5 h after
ECCE, but had come back to normal 0.5 h after CONE
(Fig. 6B).

EMG amplitude The parallel EMG analysis revealed a
significant immediate reduction of the agonist BB peak
amplitude, which was quite similar after ECCE [�16
(29)%; P<0.05] and CONE [�18 (9)%, P<0.05]. After
CONE, this was still the case 0.5 h later [�18 (16)%;
P<0.05]. The antagonist TRI peak showed reduction
0.5 h after ECCE [–10 (8)%, P<0.05].

EMG timing The respective analysis of the EMG timing
revealed a delayed antagonist TRI peak immediately
post-exercise after both exercises, and up to 0.5 h after
ECCE (Fig. 7A). The second burst of BB (BB2) was

similarly delayed immediately after CONE and ECCE,
and up to 0.5 h after ECCE (Fig. 7B). Changes in the
EMG amplitude and timing have been summarized in
Table 1.

Extension TM

The analysis of the various movement kinematics did
not show any significant change in the extension TM.

EMG amplitude CONE led to immediate [�12 (14)%,
P<0.05] and 0.5-h [�15 (12)%, P<0.05] reductions of
both agonist TRI and antagonist BB peak amplitudes
[�12 (21)%, P<0.01; and �18 (14)%, P<0.05, re-

Fig. 6A Relative changes in time-to-peak velocity in the flexion
TM after the ECCE and CONE fatiguing exercises. *P<0.05,
***P<0.001). B Relative changes in the movement oscillation over
the target area at the end of the flexion TM after the ECCE and
CONE exercises. *P<0.05

Fig. 4 Maximal eccentric and
concentric force after eccentric
(ECCE) and concentric (CONE)
exercise

Fig. 5 Blood lactate concentration and serum creatine kinase
activity before and after the ECCE and CONE exercises. B Before,
A immediately after, 1/2h 0.5 h later, 2d 2 days after, 7d 7 days
after the exercise. **P<0.01, ***P<0.001
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spectively]. In contrast to CONE, ECCE resulted in a
decreased peak of the second agonist TRI burst [�20
(17)%, P<0.05] at the 0.5-h point.

EMG timing Up to 0.5 h post-exercise, ECCE also re-
sulted in an earlier timing of the first agonist TRI peak
amplitude [�41 (1)%, P<0.05] in contrast to its delayed
second burst shown in Table 1.

Delayed recovery period (2 days, 7 days)

Flexion TM

TM velocity and amplitude The kinematic analysis re-
vealed that the acutely delayed time-to-peak velocity
was not recovered on day 7 after ECCE [5 (5)%,
P<0.05] (Fig. 6A). The movement peak amplitude [4
(4)%; P<0.05] was also timed later on day 2 after
ECCE.

Extension TM

Similar to the acute recovery period, there was a dif-
ference in the results between ECCE and CONE in this
test.

EMG amplitude The fatigued antagonist BB burst
amplitude decreased [�13 (27)%, P<0.05] on day 2
after CONE, whereas the second agonist TRI (TRI2)
burst decreased after ECCE [�28 (16)%, P<0.01].

EMG timing After ECCE, the second agonist TRI burst
was also delayed on day 2 (P<0.01) and day 7
(P<0.05), in contrast to the absence of change in burst
timing after CONE.

Discussion

Independently of the exercise type used (ECCE or
CONE) to exhaust the elbow flexors, the effects on the
movement kinematics were seen primarily in the flexion,
but not in the extension TM. Agonist fatigue was asso-
ciated with a prominent acute reduction in TM perfor-
mance (delayed time-to-peak velocity and larger
oscillation in the target area), while antagonist fatigue
had no effect. Similar phenomena have also been ob-
served earlier by Jaric et al. (1997, 1999). Following both
exercises, changes in the EMG characteristics (EMG
amplitude and EMG timing; Table 1) were observed in
the fatigued biceps muscle as well as in the antagonist
triceps muscle. The fatigue effects on the movement and
EMG differed between the two fatigue modes. In gen-
eral, the effects were longer lasting after ECCE as
compared to CONE.

It has been suggested that deterioration of TM per-
formance, including a decreased movement peak veloc-
ity (Corcos et al. 2002) and/or a delayed movement peak
velocity (Miles et al. 1997), may be the consequence of
the reduced force production of the agonist muscles. In
the present study this is well supported by the observed
changes in both concentric and eccentric MVC, which
were large after both CONE and ECCE. After ECCE,
the recovery in force production was slower than after
CONE. This delayed recovery is likely to be related to
ultrastructural muscle damage known to take place after
repeated eccentric actions (Lieber and Fridén 1988;
Fridén and Lieber 1992). Besides delayed recovery,
possibly due to myofilament disruption, a shift of the
peak force towards longer muscle lengths after eccentric
exercise has been observed (Jones et al. 1997). A similar
phenomenon was also observed in the present study.
Whether the disruption of myofilaments also plays a role
in accurate target movements in which the force levels
are submaximal is not clear at present. Supporting the
hypothesis of on-going inflammatory and regenerative
processes of damaged muscle fibres (Armstrong 1990),
the present CK activity levels peaked 7 days after
ECCE. The preserved movement performance in the
extension TM would suggest that the large delayed de-
crease in eccentric MVC of the flexors after ECCE did
not affect the flexors’ ability to decelerate the movement.
Thus, it seems that the antagonist force production
capacity does not play a major role in accurate TM
performance.

Fig. 7A Relative changes in the timing of the peak EMG of the
antagonist TRI during the flexion TM after the ECCE and CONE
exercises. **P<0.01, ***P<0.001. B Relative changes in the
timing of the second peak EMG of the agonist biceps brachii
muscle (BB2) in the flexion TM after the ECCE and CONE
exercises. *P<0.05, **P<0.01)
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In TM task, force production deficit is likely to be
compensated by modulations in the central motor pro-
gram, e.g. by the elongated agonist burst (Miles et al.
1997; Corcos et al. 2002). The present study did not
reveal any change in the agonist burst duration, but
instead it showed an acute decline in the BB burst peak
amplitude. It is noteworthy that BB burst amplitude was
also reduced while acting as an antagonist in the
extension movement. Referring to the underlying
mechanisms of the reduced BB activation up to 0.5 h
after CONE, the parallel observation of significant in-
creases in blood lactate concentrations would suggest a
potential inhibitory influence via III and IV muscle
afferents (Bigland-Ritchie et al. 1986; Duchateau and
Hainaut 1993; Nicol et al. 1996). BB reduction was
preceded in the extension movement by a reduced and
earlier timing of the agonist TRI burst. This modified
TRI activation pattern is expected to reflect a central
adjustment to the BB fatigue. This is well in line with the
inter-muscular compensatory changes observed in case
of similar fatigue during the preactivation phase (muscle
activation prior to a ground contact) of rebound jumps
(Horita et al. 2000). According to Gandevia (2001),
‘‘several possible routes for peripheral inputs (including
III and IV) may affect the firing rates of motoneurons in
fatigue’’. In addition, it is possible that pain itself may
cause inhibition of motor system excitability both at the
cortical level and the spinal level (Le Pera et al. 2001). In
the present study, BB muscle afferents could thus result
in neural adjustments of both BB and TRI muscles. The
EMG timing analysis revealed that the deterioration of
the flexion performance occurred and disappeared in

parallel with the delayed timing of both antagonist TRI
and second agonist BB2 bursts. In the extension TM,
although the performance was maintained, clear changes
in the triphasic EMG pattern were observed after both
exercises. In the acute phase of recovery, the extension
movement was characterized by an earlier burst of the
non-fatigued agonist TRI muscle, followed by its de-
layed second burst (TRI2) after ECCE. This was con-
trasted with the reduced activation of both TRI and BB
burst amplitudes after CONE. These different EMG
changes emphasize the possibilities of neural adjust-
ments to contractile failure of one muscle group. As
suggested by Jaric et al. (1999), different peripheral
segmental reflex and/or central mechanisms may operate
in agonist versus antagonist muscle fatigue. This would
allow the CNS to adjust for fatigue of the antagonistic
flexor muscles.

Referring to the potential mechanisms modulating
the two latter EMG bursts of the triphasic pattern, the
visual information is known to be important for proper
timing of breaking antagonist activity (van der Meulen
et al. 1990). In the present study, and in spite of visual
information, antagonist TRI and BB2 bursts were de-
layed in the flexion movement, and associated with an
imprecise forearm on the target. Delayed timing of
these later bursts has been attributed to the elongated
activation of the agonist muscle (Miles et al. 1997;
Corcos et al. 2002). This was not, however, the case in
the present study. On the other hand, in a deafferented
patient, Forget and Lamarre (1987) demonstrated that
peripheral sensory information does modulate the
timing and size of the antagonist activity in fast target

Table 1 Relative changes in EMG amplitude and timing during flexion and extension target movement immediately after (Post), 0.5 h
after, 2 days after and 7 days after eccentric (ECCE) and concentric (CONE) exercise. Pre Before, BB biceps brachii, TRI triceps brachii,
BB2 second burst of BB, TRI2 second burst of TRI

Changes in EMG amplitude (% pre) Changes in EMG timing (% pre)

Flexion Post 0.5 h 2 days 7 days Flexion Post 0.5 h 2 days 7 days

BB BB
ECCE �16 (29)* – – – ECCE – – – –
CONE �18 (9)* �18 (16)* – – CONE – – – –

TRI TRI (Fig. 6A)
ECCE – – �10 (8)* – ECCE Delayed*** Delayed*** – –
CONE – – – – CONE Delayed** – – –

BB2 BB2 (Fig. 6B)
ECCE – – – – ECCE Delayed*** Delayed*** – –
CONE – – – – CONE Delayed** – – –

Extension Post 0.5 h 2 days 7 daysD Extension Post 0.5 h 2 days 7 days
TRI TRI (Fig. 7A)
ECCE – – – – ECCE Earlier* Earlier* – –
CONE �12 (14)* �15 (12)* – – CONE – – – –

BB BB
ECCE – – – – ECCE – – – –
CONE �12 (21)* �18 (14)* �13 (27)* – CONE – – – –

TRI2 TRI2 (Fig. 7B)
ECCE – �20 (17)* �28 (16)* – ECCE – – – –
CONE – – – – CONE Delayed** Delayed** Delayed** Delayed**

*P<0.05
**P<0.01
***P<0.001
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movements. It is also well known that the second
agonist burst is possibly affected by proprioceptive
information during the movement (e.g. Hallett et al.
1975). In fatigue situation, the functional role of pro-
prioceptive information in position matching has been
found to be disturbed after repeated maximal eccentric
muscle actions (Saxton et al. 1995; Brockett et al. 1997,
Pedersen et al. 1999). In the position-matching test
performed without vision, the exercised arm was either
flexed more (Saxton et al. 1995) or less (Brockett et al.
1997) as compared to the non-exercised arm. These
authors explained the matching errors by the exercise-
induced changes in muscle afferent discharge, while
Gregory et al. (2004), on the other hand, did not see
consistent changes in muscle spindle responses after
series of eccentric contractions.

The present study emphasizes the absence of perfor-
mance decrement in the extension movement despite the
expected exercise-induced changes in the fatigued BB
muscle. Here we refer to an increased muscle stiffness
and a reduced stretch–reflex EMG response (Avela et al.
1999; Nicol et al. 1996). It has also been shown that the
tendon organs are sensitive to the passive tension
changes in the muscle related to muscle damage after
eccentric exercise (Gregory et al. 2003). In addition to
the initial adjustment of the agonist TRI burst, our re-
sults would suggest that muscle-fatigue-related mecha-
nisms were operative in optimal modulation of the
second TRI burst amplitude and timing. Referring to the
unsuccessful neural adjustments in the flexion move-
ment, this emphasizes the importance of a final adjust-
ment on the target by a non-fatigued muscle group.

In conclusion, both eccentric and concentric fatiguing
exercises led to alterations in performance and in the
muscle activation pattern in flexion TM when the fati-
gued muscle acted as agonist. The recovery was slower
after eccentric exercise, most likely due to muscle dam-
age. In extension TM with the fatigued muscle as
antagonist, the actual performance did not change much
although some changes were observed in the triphasic
EMG pattern. In the acute phase, the observed changes
in performance and in the EMG patterns are suggested
to be related to metabolic changes via group III and IV
muscle afferents. The delayed recovery, on the other
hand, may be related to problems in the proprioceptive
feedback caused by muscle damage.
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Jyväskylä
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