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A single bout of eccentric exercise induces a protective adaptation against damage from a repeated bout.
The aim of this study was to determine whether this repeated bout effect is due to a change in the length–
tension relationship. Twelve individuals performed an initial bout of six sets of 10 eccentric quadriceps
contractions and then performed a repeated bout 2 weeks later. Eccentric contractions were performed on
an isokinetic dynamometer at 1.04 rad × s71 with a target intensity of 90% of isometric strength at 708 of
knee ﬂexion. Isometric strength and pain were recorded before and after both eccentric bouts and on each
of the next 3 days. Isometric strength was tested at 308, 508, 708, 908 and 1108 of knee ﬂexion. On the days
following the initial bout, there was a signiﬁcant loss of isometric strength at all knee ﬂexion angles except
1108 (bout6angle: P 50.01). On day 2, strength averaged 86% of baseline for 30–908 and 102% of baseline
for 1108. Strength loss and pain after the initial bout was contrasted by minimal changes after the repeated
bout (pain: P 50.001; strength: P 50.01). The repeated bout effect was associated with a rightward shift in
the length–tension curve; before the repeated bout, isometric strength was 6.8% lower at 308 and 13.6%
higher at 1108 compared with values before the initial bout (bout6angle: P 50.05). Assuming that torque
production at 1108 occurs on the descending limb of the length–tension curve, the increase in torque at
1108 may be explained by a longitudinal addition of sarcomeres. The addition of sarcomeres would limit
sarcomere strain for subsequent eccentric contractions and may explain the repeated bout effect observed
here.
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Introduction
The repeated bout effect refers to the protective effect
provided by a single bout of eccentric exercise against
muscle damage from a subsequent eccentric bout
(McHugh et al., 1999). This protective effect of
previous exercise was ﬁrst indicated by Highman and
Altland (1963) and speciﬁcally attributed to eccentric
contractions in later work (Schwane and Armstrong,
1983). The repeated bout effect has subsequently been
demonstrated in humans and in animal models, with
various types of activities using different muscle groups
(see McHugh et al., 1999, for a review). Many theories
have been proposed to explain the repeated bout effect,
but a speciﬁc mechanism has yet to be identiﬁed.
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One theory to explain the repeated bout effect is the
sarcomere strain theory of muscle damage proposed by
Morgan (1990). According to this theory, muscle
damage is the result of irreversible sarcomere strain
during eccentric contractions. Evidence to support this
theory was provided by Wood et al. (1993), who
demonstrated that strength loss in the frog sartorius
muscle immediately after a series of eccentric contractions was associated with a shift to the right in the
length–tension relationship. These ﬁndings are consistent with the intact sarcomeres adopting a shorter
length subsequent to strain of disrupted sarcomeres.
Electron micrographs of damaged sarcomeres provided
additional support. Saxton and Donnelly (1996) and
Child et al. (1998) demonstrated greater strength loss at
short muscle lengths in humans after bouts of eccentric
exercise of the elbow ﬂexors and knee extensors,
respectively. The disproportionate strength loss at short
muscle lengths was also attributed to intact sarcomeres
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adopting a shorter length subsequent to strain of
disrupted sarcomeres.
Based on the theory that muscle damage is due to
irreversible sarcomere strain, Morgan (1990) proposed
that an increase in the number of sarcomeres
connected in series would reduce sarcomere strain
during a repeated bout and limit the subsequent
damage. Data from animal studies have provided
evidence of the addition of sarcomeres with eccentric
exercise (Lynn and Morgan, 1994; Lynn et al., 1998).
Indirect evidence of the longitudinal addition of
sarcomeres in humans was recently demonstrated after
a damaging bout of eccentric hamstring contractions
(Brockett et al., 2001). A rightward shift in the length–
tension relationship following recovery from the initial
bout was attributed to the longitudinal addition of
sarcomeres. To date this is the only study (Brockett et
al., 2001) to show a sustained shift in the length–
tension relationship. It is not known if the rightward
shift in the length–tension relationship is speciﬁc to the
hamstring muscle group. Furthermore, the length–
tension relationship has been shown to return to
normal within 5 h in toad sartorius muscles (Wood et
al., 1993) and within 2 days in the human triceps
surae muscles (Jones et al., 1997; Whitehead et al.,
2001). The aim of this study was to compare changes
in the length–tension relationship between repeated
bouts of eccentric quadriceps exercise of sufﬁcient
intensity to demonstrate a repeated bout effect. We
hypothesized that the repeated bout effect would be
associated with a rightward shift in the length–tension
relationship.

McHugh and Tetro
Eccentric contractions were performed on an isokinetic dynamometer (Biodex System 2, Shirley, NY)
from full extension to 1158 of knee ﬂexion. The
participants were seated in an upright position with
the trunk at approximately 908 of ﬂexion. The knee
joint was aligned with the axis of rotation of the
dynamometer and the leg was secured to the dynamometer arm at the ankle. The dynamometer arm was set
to move through the selected range of motion at 1.04
rad × s71; the participants resisted with sufﬁcient intensity to reach a visually displayed target equal to 90%
of isometric MVC at the optimal angle. This target
torque was the same for the initial and repeated bouts.
On each occasion, six sets of 10 contractions were
performed with 1 min rest between sets.
Isometric strength testing was performed on the same
dynamometer as eccentric testing, in the same seated
position. At each of the test angles, the participants
were asked to perform a maximal contraction for 3 s.
Three contractions were performed at each angle with
5 s between contractions and 2 min between tests at the
different angles. Peak torque was identiﬁed for each
contraction and the average of the three peak torques
was recorded for each test angle.
Before eccentric exercise and on each of the
subsequent 3 days, the participants were asked to
report their perception of pain. They were asked
speciﬁcally to report a single score for quadriceps pain
elicited with activities of daily living such as walking,
stepping and squatting. Pain ratings were recorded on a
scale of 0 = ‘no discomfort’ to 10 = ‘walking with a limp’
(it was assumed that if the pain was sufﬁcient to cause a
limp, the participants would also have pain with
stepping or squatting).

Methods
Experimental procedures

Sample size estimate

Twelve individuals (7 males, 5 females; age 28+6
years, height 1.72+0.09 m, mass 76.6+15.3 kg:
mean+s) volunteered to participate in the study. All
participants provided written informed consent and the
protocol was approved by the institutional review
board. None of the participants had an orthopaedic
injury and none had been involved in any weight
training in the preceding months. All participants were
asked to refrain from other exercise and not to take any
pain medication during the course of the study. The
participants performed an initial bout of six sets of 10
eccentric quadriceps contractions at 90% isometric
maximal voluntary contraction (MVC) and then
performed a repeated bout 2 weeks later. Isometric
strength and pain were recorded before and immediately after both eccentric bouts and on each of the next
3 days. Isometric MVCs were performed at 308, 508,
708, 908 and 1108 of knee ﬂexion.

The sample size for this study was based on the ability
to detect a change in isometric strength at the different
angles between bouts of eccentric exercise (i.e. a shift in
the length–tension relationship). An error estimate of
10% for normal within-individual variability in repeated
isometric strength tests was used – that is, the standard
deviation of the between-test differences would equal
10% of the mean strength. This estimate for withinindividual variability was based on values reported for
repeated isometric strength tests of the hamstrings
(McHugh et al., 2001) and elbow ﬂexors (Komi and
Buskirk, 1978). With 12 participants, an alpha of 0.05
and a beta of 0.2 (80% power), a minimum effect size of
8% was estimated (Kirkwood, 1988). Given the
hypothesis that torque would be decreased at short
muscle lengths and increased at long muscle lengths
(rightward shift), the estimated minimum effect size
represents a net difference of at least 8% (e.g. 4%
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Angle–torque relationship
decrease vs a 4% increase) between effects at short and
long muscle lengths.

Strength after the initial bout of exercise was expressed
as a percentage of strength before the eccentric bout
(baseline). Strength loss was assessed using a time (pre,
post, day 1, 2, 3)6angle (308, 508, 708, 908, 1108)
repeated-measures analysis of variance (ANOVA).
Evidence of a repeated bout effect was tested with a
bout (initial vs repeated)6time (post, day 1, 2, 3)
repeated-measures ANOVA for isometric strength and
pain. Evidence of a shift in the length–tension curve was
assessed with a bout6angle repeated-measures ANOVA for isometric strength before the initial and repeated
bouts. Greenhouse-Geisser corrections were applied to
signiﬁcant analyses of variance that did not meet
Mauchly’s sphericity assumption. The GreenhouseGeisser correction reduces the likelihood of a type I
error. Probability values that have been corrected are
denoted by the subscript GG.

Length–tension relationship
Comparison of the angle–torque curves before the
initial and repeated bouts of eccentric exercise provided
an indication of whether the repeated bout affect was
associated with a change in the length–tension relationship. This bout6angle interaction (P = 0.022GG) demonstrated a decrease in torque at knee ﬂexion angles
below the optimal angle and an increase in torque above
the optimal angle (Fig. 4). Speciﬁcally, torque was 6.8%
lower at 308, 7.4% lower at 508 and 3.5% lower at 708
before the repeated bout, compared with values before
the initial bout. By contrast, torque was 13.6% higher at
1108 before the repeated bout.

Results
Repeated bout effect

Discussion

There was signiﬁcant loss of strength (P 50.05) and
pain (P 50.001) after the initial bout. Strength loss was
signiﬁcantly affected by test angle (P 50.01), with less

In this study, there was clear evidence of a repeated
bout effect, with strength loss and pain after the
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Statistical analysis

strength loss at 1108 than at the other angles (Fig. 1).
Strength (averaged across all angles) had returned to
baseline before the repeated bout (159+40.2 vs
157+45.4 N × m; P = 0.71). The participants also reported resolution of all pain before the repeated bout.
After the repeated bout, there was minimal strength loss
(Fig. 2) and pain (Fig. 3), providing clear evidence of a
repeated bout effect (bout effect: strength loss,
P 50.01; pain, P 50.001).
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Fig. 1. Isometric strength loss after the initial bout of eccentric exercise. Strength values are percent of isometric strength
immediately before the eccentric bout (baseline strength). Strength loss (main effect: P 50.05) was signiﬁcantly affected by test
angle (time6angle: P 50.01).
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Fig. 2. Isometric strength loss (averaged across all ﬁve test angles) after the initial (&) and repeated (&) eccentric bouts. Strength
loss was signiﬁcantly greater after the initial than after the repeated bout (bout6time: P 50.01).
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Fig. 3. Subjective reports of pain on a 0–10 scale (0 = no discomfort, 10 = walking with a limp) after the initial (&) and repeated
(&) eccentric bouts. Pain was signiﬁcantly higher after the initial than after the repeated bout (bout6time: P 50.001).

initial bout contrasting with no strength loss or pain
after the repeated bout. The main ﬁndings were
that strength loss after the initial bout was less
apparent at the longest muscle length tested and
that the repeated bout effect was associated with a
rightward shift in the length–tension curve. These
results are consistent with the sarcomere strain
theory of muscle damage and the longitudinal
addition of sarcomeres as the adaptation explaining
the repeated bout effect.
Greater strength loss on the ascending limb (308,
508, 708) than on the descending limb (1108) of the
length–tension curve can be explained by excessive
strain in disrupted sarcomeres, such that at any given

muscle length the intact force-producing sarcomeres
are at a shorter length. This effectively shifts the
length–tension curve to the right and is consistent with
previous studies (Wood et al., 1993; Jones et al., 1997;
Whitehead et al., 2001) showing a rightward shift in
the length–tension curve following the induction of
muscle damage. Furthermore, knee extension strength
loss after 75 maximal eccentric contractions was
shown to be greater at 208 (short length) than at
1008 (Child et al., 1998) of knee ﬂexion. This effect
was most apparent immediately after exercise. A
similar effect was evident in the present study;
however, it was more apparent on the days following
the eccentric exercise (Fig. 1).
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A rightward shift in the length–tension curve is in line
with the ﬁndings of Brockett et al. (2001), who
demonstrated a similar effect in the hamstring muscle
group. Peak isokinetic knee ﬂexion torque occurred at
approximately 68 less knee ﬂexion (greater muscle
length) after recovery from an initial eccentric bout.
Torque production at shorter muscle lengths was less
than values before the initial bout and torque production at longer muscle lengths was greater than values
before the initial bout (Brockett et al., 2001). In the
present study, there was no obvious change in the
optimal angle for peak torque (Fig. 4), while force was
decreased at short muscle length ( 5708) and increased
at 1108. These changes demonstrate a rightward shift in
the length–tension curve with no change in maximal
torque production. Since loss of force production on
the descending limb of the length–tension curve is a
function of myoﬁlament overlap, an increase in torque
production at 1108 can be interpreted as an increase in
myoﬁlament overlap. Such an effect would occur with a
longitudinal addition of sarcomeres as proposed by
Morgan (1990).
An alternative explanation for increased torque
production at 1108 would be a decrease in tendon–
aponeurosis stiffness, thereby allowing greater muscle
ﬁbre shortening during eccentric contractions. The
ability of the tendon–aponeurosis complex to absorb
muscle–tendon unit lengthening during eccentric contractions has been demonstrated in cats (Grifﬁths,
1991). Decreased tendon–aponeurosis stiffness would
decrease the series elastic stiffness of the contracted
muscle–tendon unit. However, eccentric training is
associated with an increase in series elastic stiffness
(Pousson et al., 1990; Reich et al., 2000).

In the present study, angle–torque relationships were
taken to represent the length–tension relationship. In
the quadriceps muscle group, the patellar tendon
moment arm changes with knee ﬂexion angle and the
true length–tension curve is shaped differently from the
torque–angle curve. The patellar tendon moment arm is
maximal at around 30–608 of knee ﬂexion and is
reduced at 908 and 1208 (Nisell, 1985). The optimal
knee ﬂexion angle for peak torque production before
the initial bout was 508 in one participant, 708 in seven
participants and 908 in four participants. Therefore, it is
likely that peak muscle force occurred at 708 or 908 in
all participants. Since there is minimal difference in the
patellar tendon moment arm between 908 and 1208
(Nisell, 1985), it can be concluded that torque
production at 1108 occurred on the descending limb
of the length–tension curve.
If a rightward shift in the length–tension curve serves
a protective mechanism, it follows that the shape of the
length–tension curve may affect an individual’s susceptibility to damage. To examine this possibility in the
present study, the participants were ranked according to
the severity of their symptoms (pain and strength loss)
after the initial bout. The participants were then ranked
according to the decline in torque from 708 to 1108 as
an indication of the decline in torque on the descending
limb of the length–tension curve. There was a positive
correlation (Spearman rho) between these rankings
(r = 0.59, P 50.05), indicating that participants with a
greater decline in force on the descending limb of the
length–tension curve experienced more symptoms of
damage. In a related study, Marginson and Eston
(2001) recently demonstrated that the length–tension
curve is shifted to the right in children compared with
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Fig. 4. Isometric torque at 308, 508, 708, 908 and 1108 for contractions performed before the initial (&) and repeated (&) bouts
(bout6angle: P 50.05GG).
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adults and concluded that this may explain the apparent
decreased susceptibility of children to muscle damage
(Duarte et al., 1999). In another study (Gleeson et al.,
2003), concentric strength training was shown to
increase the susceptibility to muscle damage and this
effect was thought to reﬂect a leftward shift in the
length–tension curve. Together these ﬁndings point to
the need for further examination of the relationship of
the shape of the length–tension curve to the susceptibility to damage from eccentric exercise.
In conclusion, the protective adaptation to a single
bout of eccentric exercise (repeated bout effect) was
associated with a rightward shift in the length–tension
relationship. This effect is consistent with the theory that
the repeated bout effect is due to a longitudinal addition
of sarcomeres, thereby limiting sarcomere strain during
the subsequent eccentric exercise. However, it is
unlikely that longitudinal addition of sarcomeres is the
exclusive mechanism for the repeated bout effect. Other
inﬂammatory (Pizza et al., 2002) and neural (Warren et
al., 2000) adaptations may be occurring concurrently
and the repeated bout effect may be due to the
interaction of various protective adaptations dependent
on the particulars of the initial exercise bout and the
muscle groups involved (McHugh et al., 1999).

References
Brockett, C.L., Morgan, D.L. and Proske, U. (2001).
Human hamstring muscles adapt to eccentric exercise by
changing optimum length. Medicine and Science in Sports
and Exercise, 33, 783–790.
Child, R.B., Saxton, J.M. and Donnelly, A.E. (1998).
Comparison of eccentric knee extensor muscle actions at
two muscle lengths on indices of damage and anglespeciﬁc force production in humans. Journal of Sports
Sciences, 16, 301–308.
Duarte, J.A., Magalhaes, J.F., Monteiro, L., Almeida-Dias,
A., Soares, J.M. and Appell, H.J. (1999). Exerciseinduced signs of muscle overuse in children. International
Journal of Sports Medicine, 20, 103–108.
Gleeson, N., Eston, R., Marginson, V. and McHugh, M.
(2003). Effects of prior concentric training on eccentric
exercise-induced muscle damage. British Journal of Sports
Medicine, 37, 119–125.
Grifﬁths, R.I. (1991). Shortening of muscle ﬁbers during
stretch of the active cat medial gastrocnemius muscle: the
role of tendon compliance. Journal of Physiology, 436, 219–
236.
Highman, B. and Altland, P.D. (1963). Effects of exercise
and training on serum enzyme and tissue changes in rats.
American Journal of Physiology, 205, 162–166.
Jones, C., Allen, T., Talbot, J., Morgan D.L. and Proske U.
(1997). Changes in the mechanical properties of human
and amphibian muscle after eccentric exercise. European
Journal of Applied Physiology, 76, 21–31.

McHugh and Tetro
Kirkwood, B.R. (1988). Calculation of required sample size.
In Essentials of Medical Statistics, pp. 191–200. Oxford:
Blackwell Scientiﬁc.
Komi, P.V. and Buskirk, E.R. (1978). Effect of eccentric and
concentric muscle conditioning on tension and electrical
activity of human muscle. Ergonomics, 15, 417–434.
Lynn, R. and Morgan, D.L. (1994). Decline running
produces more sarcomeres in rat vastus intermedius
muscle ﬁbers than does incline running. Journal of Applied
Physiology, 77, 1439–1444.
Lynn, R., Talbot, J.A. and Morgan, D.L. (1998). Differences in rat skeletal muscles after incline and decline
running. Journal of Applied Physiology, 85, 98–104.
Marginson, V. and Eston, R. (2001). The relationship
between torque and joint angle during knee extension in
boys and men. Journal of Sports Sciences, 19, 875–880.
McHugh, M.P., Connolly, D.A.J., Eston, R.G. and Gleim
G.W. (1999). Exercise-induced muscle damage and
potential mechanisms for the repeated bout effect. Sports
Medicine, 27, 157–170.
McHugh, M.P., Connolly, D.A.J., Eston, R.G. and Gleim,
G.W. (2001). Electromyographic analysis of repeated bouts
of eccentric exercise. Journal of Sports Sciences, 19, 163–170.
Morgan, D.L. (1990). New insights into the behavior of
muscle during active lengthening. Biophysical Journal, 57,
209–221.
Nisell, R. (1985). Mechanics of the knee: a study of joint
and muscle load with clinical applications. Acta Orthopaedica Scandinavica, suppl. 216, 1–42.
Pizza, F.X., Koh, T.J., McGregor, S.J. and Brooks, S.V.
(2002). Muscle inﬂammatory cells after passive stretches,
isometric contractions, and lengthening contractions.
Journal of Applied Physiology, 92, 1873–1878.
Pousson, M., Van Hoecke, J. and Goubel, F. (1990).
Changes in elastic characteristics of human muscle
induced by eccentric exercise. Journal of Biomechanics,
23, 343–348.
Reich, T.E., Lindstedt, S.L., LaStayo, P.C. and Pierotti,
D.J. (2000). Is the spring quality of muscle plastic?
American Journal of Physiology: Regulatory, Integrative and
Comparative Physiology, 278, R1661–R1666.
Saxton, J.M. and Donnelly, A.E. (1996). Length-speciﬁc
impairment of skeletal muscle contractile function after
eccentric muscle actions in man. Clinical Science, 90, 119–
125.
Schwane, J.A. and Armstrong, R.B. (1983). Effects of
training on skeletal muscle injury from downhill running
in rats. Journal of Applied Physiology, 55, 969–975.
Warren, G.L., Hermann, K.M., Ingalls, C.P., Masselli, M.R.
and Armstrong, R.B. (2000). Decreased EMG median
frequency during a second bout of eccentric contractions.
Medicine and Science in Sports and Exercise, 32, 820–829.
Whitehead, N.P., Weerakkody, N.S., Gregory, J.E., Morgan,
D.L. and Proske, U. (2001). Changes in passive tension of
muscle in humans and animals after eccentric exercise.
Journal of Physiology, 533, 593–604.
Wood, S.A., Morgan, D.L. and Proske, U. (1993). Effects of
repeated eccentric contractions on structure and mechanical properties of toad sartorius muscle. American Journal
of Physiology, 265, C792–C800.

