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Abstract An eccentric contraction involves the active
lengthening of muscle under an external load. The
molecular and neural mechanisms underpinning eccentric
contractions differ from those of concentric and isometric
contractions and remain less understood. A number of
molecular theories have been put forth to explain the
unexplained observations during eccentric contractions that
deviate from the predictions of the established theories of
muscle contraction. Postulated mechanisms include a
strain-induced modulation of actin-myosin interactions at
the level of the cross-bridge, the activation of the structural
protein titin, and the winding of titin on actin. Accordingly,
neural strategies controlling eccentric contractions also
differ with a greater, and possibly distinct, cortical acti-
vation observed despite an apparently lower activation at
the level of the motor unit. The characteristics of eccentric
contractions are associated with several acute physiological
responses to eccentrically-emphasised exercise. Differ-
ences in neuromuscular, metabolic, hormonal and anabolic
signalling responses during, and following, an eccentric
exercise bout have frequently been observed in comparison
to concentric exercise. Subsequently, the high levels of
muscular strain with such exercise can induce muscle
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damage which is rarely observed with other contraction
types. The net result of these eccentric contraction char-
acteristics and responses appears to be a novel adaptive
signal within the neuromuscular system.

Key Points

Eccentric contractions, whereby the muscle is
actively lengthened under an external load, display a
number of molecular and neural characteristics
which distinguish them from isometric and
concentric contractions.

The distinct characteristics of eccentric contractions
have a number of physiological implications for
eccentrically-biased exercise, and, subsequently, the
acute responses to exercise.

The characteristic responses to eccentrically-biased
exercise may be related to an adaptive signal within
the neuromuscular system not observed with
concentrically-biased exercise.

1 Introduction

An eccentric muscle contraction refers to a muscle activity
that occurs when the force applied to the muscle exceeds
the momentary force produced by the muscle itself and
results in a lengthening action (i.e. work is done on the
muscle) [1]. The absorbed mechanical energy may be
dissipated as heat in a dampening manner, or, alternatively,
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the energy may be recoverable and added to the active
force produced during subsequent concentric action [1, 2].
In the latter manner the muscle—tendon system functions as
a spring when active muscle lengthens before subsequent
shortening. The coupling of eccentric with concentric
muscle actions is referred to as the stretch shortening cycle
(SSC); a phenomenon ubiquitous to efficient and powerful
movements [1]. Despite the importance of eccentric muscle
function to human movement, the mechanisms underpin-
ning eccentric contractions remain to be determined. While
concentric and isometric contractions are well described by
the molecular theories of muscle contraction first described
by Huxley and Niedergerke [3] and Huxley and Hanson
[4], the mechanics of eccentric contractions are not [5]. A
number of nuanced molecular mechanisms and neural
strategies have been proposed to account for unexplained
observations during eccentric contractions. A growing
body of evidence indicates that eccentric-emphasised
exercise can elicit acute responses which differ from con-
centric-only or traditional mixed exercise. In particular,
eccentric resistance exercise which accounts for eccentric
strength (i.e. is not constrained by concentric strength)
appears to have a potent effect on a number of physio-
logical variables underpinning a novel adaptive response.
The purpose of this review is to describe the current the-
ories which seek to explain the unique physiological
characteristics of eccentric contractions. The novel
responses to eccentric exercise are described, with partic-
ular reference to differences to concentric or traditional
resistance training. Therefore, this review describes the
specific molecular and neural characteristics of eccentric
muscle actions and also provides the current state of
knowledge regarding some of the acute responses to
eccentric exercise, including neuromuscular, cardiorespi-
ratory, hormonal and molecular aspects.

2 Characteristics of Eccentric Contractions
2.1 Molecular Characteristics

During muscle contraction the filaments actin and myosin
remain at a constant length and a change in fibre length is
achieved via a change in overlap between the two in a
sliding motion; hence the sliding filament theory of muscle
contraction [3, 4]. The driving force for the sliding motion
is generated by myosin cross-bridges where the two fila-
ments overlap. Myosin heads repeatedly interact with
binding sites on actin, with each contact contributing to the
force developed [6]. The performance of any one bridge is
believed to remain uninfluenced by the activity of other
bridges [7], and the number of cross-bridges formed is
determined by the magnitude of contractile activation and
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amount of actin-myosin overlap (i.e. the length-tension
relationship). This process effectively explains both con-
centric and isometric muscle actions [6]. In the case of
isometric actions where there is no change in muscle
length, cross-bridge turnover does still occur with bridges
spontaneously dissociating and being replaced by new
bridges maintaining the net cross-bridge formation, and
energy expenditure occurs in the absence of external work
[7, 8]. When the force applied is sufficient to overcome the
external load, the muscle can shorten with thin filaments
sliding towards the centre of thick filaments. With
increasing speed this process decreases exposure time of
myosin heads to actin binding sites [7], and thus reduces
the number of cross-bridges that may be formed (i.e. a
force—velocity relationship). Unfortunately, the cross-
bridge theory alone is inadequate in explaining the greater
force produced during active lengthening [9], the time-
dependent residual force enhancement [10], and the
reduced energy expenditure of eccentric contractions
[8, 11].

The increased force production during lengthening
contractions above isometric force capabilities may be
related to differences in the number of attached cross-
bridges and mechanical detachment of active cross-bridges.
It has been proposed that the activation of the second (i.e.
partner) head of a myosin molecule to actin increases the
total number of active cross-bridges [9]. During isometric
and concentric contractions only one myosin head is
bound, whereas the increased strain on a single myosin
head during lengthening contractions may facilitate the
activation of the second head [9]. This mechanism would
lead to twice the number of active cross-bridges during
active lengthening and could be increasingly utilised with
increasing contraction velocity [9]. It has further been
postulated that cross-bridges do not complete a full cycle
during eccentric contractions [12]; they become suspended
in an active state bound to actin and become forcibly
detached followed by a rapid re-attachment [13], because a
full cross-bridge cycle is not completed less ATP is
required to maintain force [13]. Linari and colleagues [12]
also demonstrated that while fast myosin heavy chain
(MHC) isoforms produced 40—-70 % higher isometric force
than slow isoforms, the slow isoform produced similar
forces during lengthening. The kinetic and mechanical
properties of actin-myosin interactions therefore appear to
be independent of MHC isoform under lengthening con-
ditions [12].

The greater force achieved during isometric contractions
immediately following eccentric contractions indicates that
passive factors beyond active cross-bridge mechanisms
may underpin the observations that are not accounted for
by the cross-bridge theory of contraction [14]. The passive
component is postulated to be related to a change in
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stiffness of the molecular spring titin [15, 16]. Herzog [14]
cites three theories to explain the residual force enhance-
ment phenomenon: (1) an increase in active force of cross
bridges, (2) a structural non-uniformity across the length-
tension curve, and (3) the engagement of passive struc-
tures. Studies have demonstrated that the predictions of the
first two theories fail [14, 17]. A passive mechanism for
force enhancement remains plausible and may better rec-
oncile experimental findings [14]. It is believed that a
passive structural element within the sarcomere, and
specifically the structural protein titin, is a key factor in the
residual force enhancement with eccentric contractions [5].
Titin is the largest protein currently known in the natural
world [18], and is an important structural component of the
muscle cytoskeleton. Titin spans a half sarcomere inserting
into a Z-band on one end and the M-line at the other, and
has spring-like properties in the I-band region [14, 19]
(Fig. 1). Titin’s passive force is directly related to sar-
comeres and muscle length, is in parallel with the cross-
bridge forces, is strengthened when cross-bridge forces
become weak, and provides stability to sarcomeres
[14, 18, 20, 21]. Therefore titin is logically posited as an
important contributor to the regulation of muscle force [6].

A three-filament model of contraction has been pro-
posed with actin and myosin retaining their established
roles; but titin additionally acts as a spring that binds cal-
cium upon activation and binds to actin upon cross-bridge
attachment [14]. Calcium binding to certain regions of titin
has been demonstrated to increase its stiffness and subse-
quently increase force upon lengthening [14, 18, 22, 23].
While the binding of titin to actin has not been directly
demonstrated in situ, the proposition is supported by
observations that even in the presence of calcium activa-
tion, increases in titin force are dependent on cross-bridge
activation [18]. Further to this, Nishikawa and colleagues
[24] propose a ‘winding filament’ hypothesis whereby
cross bridges serve as rotors that wind titin on actin, storing
elastic energy in the proline-glutamate-valine-lysine
(PEVK) region of titin, which can subsequently contribute
to the energy recovered during active shortening. Further

research is necessary to verify both the three-filament
model and the winding filament hypothesis, but both serve
as promising avenues in explaining phenomena of eccen-
tric contractions.

In summary, the sliding filament theory fails at a number
of levels to reconcile aberrant experimental observations
related to the greater force produced during active
lengthening, residual force enhancement and lower energy
expenditure of eccentric contractions. In addition to the
theory of mechanical cross-bridge detachment, the three-
filament model and winding filament hypothesis may pro-
vide additional insight into many of the unexplained
observations associated with eccentric contractions, with
titin probably being the long sought ‘skeletal muscle
spring’.

2.2 Neural Characteristics

The neural strategies controlling eccentric contractions
appear to be unique in comparison with concentric and
isometric contractions [25, 26]. The differences between
contraction types under maximal conditions have been
investigated using three primary methods: surface elec-
tromyography (EMG), twitch interpolation and single
motor unit assessment [27]. When muscle activity is
inferred from surface EMG, the observed amplitude has
been demonstrated to be lower during maximal eccentric
contractions than maximal concentric and isometric con-
tractions [28-31], although not in all cases [32-34]. This
difference appears to be more pronounced in untrained
individuals and may be attenuated with heavy load resis-
tance training [28, 31]. The twitch interpolation technique
has been used to assess the discrepancy between maximal
voluntary contraction (MVC) and maximal muscle activa-
tion via superimposed electrical stimulation [35]. A greater
voluntary activation deficit has been found in eccentric
compared with concentric contractions [31, 36, 37],
although this discrepancy can be removed with resistance
training (Fig. 2) and may be muscle-group dependent [26,
27, 28, 31]. The assessment of single motor unit activity
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Fig. 2 Representative torque-angular velocity curve during a single
joint isokinetic movement (i.e. knee extension) for (a) an untrained
and (b) a trained participant during a maximal voluntary contraction
(MVC) and a MVC with superimposed electrical activation
(MVC + SEA). Data from Amiridis et al. [31]

also indicates lower and more variable motor unit dis-
charge rates during maximal eccentric versus concentric
contractions [27, 38]. In effect, untrained individuals dis-
play an inhibited voluntary activation during maximal
eccentric contractions, which is believed to be primarily
constrained by mechanisms that establish motor unit dis-
charge rates [27, 39].

The greater intrinsic force capacity of muscle during
eccentric contractions means fewer motor units are
required to attain a given absolute force and a lower net
activation is required for a given submaximal load [27].
The strategies of muscle control during submaximal
eccentric contractions can also differ from concentric
contractions. It has been demonstrated that high-threshold
motor units can be selectively recruited during eccentric
contractions, particularly at fast eccentric velocities [40]. It
has further been shown that preferential recruitment of
predominantly fast-twitch synergists can occur with
increasing eccentric contraction velocities [41, 42]. How-
ever, most studies have found little difference in motor unit
recruitment between contraction types [43—46]. Indeed, a
progressive de-recruitment of the highest threshold motor
units may occur during submaximal eccentric contractions.
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This observation aligns with Henneman’s size principle
[47]. Fewer and/or smaller motor units are required to
match the lower force demands during eccentric contrac-
tions. A reduced motor unit discharge rate in conjunction
with progressive de-recruitment during eccentric contrac-
tions supports the notion of a general size-related recruit-
ment strategy irrespective of contraction type [25, 27],
although further research is necessary to elucidate the
adjustments that can occur during fast eccentric contrac-
tions and differing mechanical conditions [39].

Mechanisms underpinning the unique neural strategies
during eccentric contractions are not well understood, but
are likely a combination of supraspinal and spinal factors
[39]. Cortical excitability appears to be enhanced during
eccentric contractions and a greater brain area is involved
irrespective of the load condition and lower motor unit
activity [48, 49]. Indeed, efferent motor output is not only
regulated by central descending pathways, but also mod-
ulated by inflow from Golgi organs, muscle spindles,
muscle afferents and recurrent inhibition from Renshaw
cells [26]. Spinal inhibition is believed to be a primary
mechanism underpinning reduced motor activity during
eccentric contractions [27]. The enhanced cortical
excitability and descending drive has been postulated as a
compensatory response to such inhibition [50]. Motor
evoked potentials in response to transcranial magnetic
stimulation (TMS) have been found to be smaller during
eccentric contractions [50-52], probably as a result of both
pre- and post-synaptic mechanisms at the level of the
motoneuron [27, 50]. Furthermore, depressed Hoffman
reflex (H-reflex) amplitude is indicative of a disfacilitation
of the motoneuron pool during eccentric contractions
[32, 39]. Given a similar response across maximal and
submaximal eccentric conditions [53], a tension-related
Golgi tendon organ inhibition is unlikely to be a primary
factor [39], while a clear reciprocal inhibition has also yet
to be demonstrated [27]. Experimental data demonstrating
recurrent inhibition are lacking, but this is a known
mechanism for reducing motor unit discharge rates and
stands as a possible mechanism in the reduced motor
response during eccentric contractions, especially in
untrained subjects [27, 39].

In summary, eccentric contractions exhibit unique neu-
ral strategies compared with concentric and isometric
contractions under both maximal and submaximal condi-
tions. Differences appear to be primarily mediated by
spinal inhibition, although further research is necessary to
determine the precise mechanisms. Heavy load resistance
training has been established as an efficacious strategy in
attenuating reflex inhibition during maximal eccentric
contractions and can therefore induce improvements in
neuromuscular activation and maximal eccentric strength
[39].
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3 Acute Responses to Eccentric Exercise
3.1 Neuromuscular Responses

The magnitude of joint moment is greatest during eccentric
contractions, exceeding the isometric moment by 30-40 %
[54]. The in vivo difference is smaller than previously
demonstrated in single muscle fibres [55], and may be due
to the greater voluntary activation deficit with eccentric
contractions [30], particularly in untrained subjects [28, 31]
(Fig. 2). Indeed, isometric force can occasionally exceed
eccentric force at a given joint angle [56], probably due to
difficulties with full activation during slow eccentric
velocities and large ranges of motion [57]. When using
dynamic isoinertial loads during conventional resistance
exercises, individuals are 20-60 % stronger eccentrically
than concentrically [58], which aligns with findings using
isokinetic dynamometry [59]. Females can exhibit a greater
difference between eccentric and concentric strength [58],
possibly due to differences in elastic energy storage, motor
unit recruitment and inhibition of maximal force [56, 60].
Unlike the force—velocity relationship during concentric
contractions, force during eccentric contractions increases
with velocity up to a certain point, after which it levels off,
or declines slightly [54, 60, 61]. The ability to fully activate
muscle in resistance-trained subjects may facilitate the
increase in force with increasing eccentric contraction
velocities [31]. It is presently unclear whether such a
force—velocity relationship is influenced by sex, or the
muscle group assessed [56, 60]. EMG activity does not
appear to vary with eccentric contraction velocity, indi-
cating that factors other than motor unit recruitment (e.g.
viscoelastic properties and non-contractile elements) con-
tribute to an increased force production capacity that can
be observed with increased velocity [41]. The differences
in force—velocity relationships between concentric and
eccentric contractions mean that the discrepancy between
moments becomes even greater with increasing angular
velocities [54].

The unique neural strategies underpinning eccentric
contractions can also affect the control of muscle force.
The majority of research has investigated slow finger
movements that may not translate to exercise-related tasks,
but the control of knee extensor torque has been investi-
gated in healthy young participants [62, 63]. Peak force
variability (i.e. coefficient of variation of the % MVC)
appears to be higher during anisometric contractions
compared with isometric contractions [63], although in a
follow-up study Christou and Carlton [62] found higher
peak force variability during eccentric contractions at high
contraction velocities. Furthermore, at low levels of force
the time to peak force was demonstrated to be more

variable during eccentric contractions [62]. The differences
in motor output variability have been attributed to the
greater motor unit discharge rate variability during eccen-
tric contractions [38, 39] in conjunction with a possible
selective recruitment of high threshold motor units [40].
Interestingly, the control of force during eccentric cycling
has been found to be highly correlated with world ranking
in elite alpine slalom skiers [2], which may have implica-
tions for the relevance and trainability of eccentric force
control to the athletic population.

In summary, individuals are typically stronger eccen-
trically than concentrically and force production may not
be impaired with increased contraction velocities. Age, sex
and training history all appear to influence the eccentric to
concentric strength ratio and force—velocity relationship
[64]. The fine control of eccentric muscle contractions may
be lower than concentric contractions, which could have
implications in the performance of eccentric exercise
modalities. It remains to be demonstrated whether this is a
trainable quality, or relatively innate to elite athletes
involved in eccentrically biased sports.

3.2 Cardiorespiratory and Fatigue Responses

For a given mechanical power output eccentric exercise is
less metabolically demanding than concentric exercise
[65, 66], with fewer motor units required for the same work
rate [67]. Subsequently, oxygen consumption (\702) is
lower during downhill walking versus uphill walking [68],
downhill running versus uphill running at a given velocity
[69], and during eccentric cycling versus concentric
cycling at a given power output [65, 67, 70-72]. Further-
more, energy consumption during combined concentric and
eccentric resistance exercise appears to be mostly related to
the concentric component [73]. The ratio of VO, for con-
centric versus eccentric exercise always exceeds 1.0,
although the precise value will depend on the modality,
movement velocity and method of assessment [54, 74]. The
observation of an increased ratio with increased movement
velocity [75] may be related to the differences in force—
velocity relationships between contraction types [54]. Per
unit of muscle activation (i.e. EMG), VO, can be around
three times lower during eccentric contractions [75].
Independent of any change in anaerobic metabolism [76],
eccentric exercise (i.e. eccentric cycling and downhill
walking) requires 4-5 times less oxygen [67], and a
markedly lower cardiac output (Q) and heart rate (HR)
response to concentric exercise at similar mechanical
workloads [65]. The lower metabolic intensity of eccentric
cycling has been demonstrated to result in lower perceived
exertion, blood lactate accumulation, energy expenditure
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and carbohydrate oxidation, and higher fat oxidation than
concentric cycling at a matched mechanical workload
(66, 77]. To attain a similar VO, during cycle ergometry, a
substantially higher mechanical power output is necessary;
under these conditions Q and HR are higher than at a
similar V02 for concentric cycling [65, 67]. Above a cer-
tain threshold (i.e. >1 L/min), Q can be 27 % higher and
HR 17 % higher for a given VO, during eccentric exercise
[65], accompanied by a higher rating of perceived exertion
[67]. Below this threshold eccentric and concentric cycling
at similar metabolic intensities result in a similar HR
response [78]. Pulmonary ventilation (Vg) may also be
higher during eccentric exercise (i.e. downhill walking) for
a given VO, [79], which is probably due to larger muscle
forces eliciting a higher neurogenic respiratory drive and
Vg response [54]. Under such circumstances eccentric
exercise is also more heat stressful (e.g. 2 °C higher muscle
temperature), instigating a thermoregulatory response
which can affect muscle metabolism and oxygen dissoci-
ation kinetics [54, 79, 80]. It should be noted that the
relationship between Vg and VO, may be modality
dependent as eccentric cycling has been reported to elicit
an equivalent Vg to concentric cycling for a given VO,
[71]. The higher mechanical loads with eccentric cycling
require a postural bracing via activation of the upper
extremities which may impair rib cage expansion, lung
volume displacement and therefore Vg [71].

Fatigue seems to be less apparent during isokinetic
eccentric exercise compared with isokinetic concentric
exercise [81, 82]. Higher average mean and peak forces
have been found across 100 maximal isokinetic eccentric
contractions of the knee extensors in conjunction with a
higher total work and lower fatigue index [82]. As with
concentric fatigue there are a number of central and
peripheral sites which can contribute to an impaired motor
output [82], but fatigue resistance during eccentric actions
may be particularly influenced by the capacity to maxi-
mally recruit muscle [81]. Aligning with this hypothesis,
Hortobagyi et al. [83] found that increasing eccentric
strength (i.e. a 42 % increase) somewhat attenuated
(i.e. ~10 %) the fatigue resistance during an eccentric
exercise protocol, albeit non-significantly. Irrespective of
the lower energy expenditure and fatigue during eccentric
exercise, it appears that the elevated energy expenditure
following exercise (e.g. 48—72 h) is directly related to the
eccentric contribution and may be due to muscle damage
[74, 84, 85]. It should be noted that eccentric cycling
exercise has been demonstrated to induce muscle damage
without influencing resting energy expenditure in the days
following the bout [66, 77], and therefore further research
is necessary to draw firm conclusions.
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In summary, eccentric exercise is less metabolically
expensive at matched workloads and a substantially higher

workload is necessary to elicit a comparable VO, during
downhill running and eccentric cycling. Furthermore, the
energy expenditure during resistance exercise may be
predominantly attributed to the concentric phase, while
fatigue is substantially lower with eccentric versus con-
centric contractions. It may therefore be possible to attain
higher session workloads with eccentric exercise in com-
parison to concentric or mixed exercise.

3.3 Hormonal Responses

Eccentric resistance exercise has been found to elicit
comparable and lower testosterone and growth hormone
(GH) responses, respectively, than concentric exercise at
the same absolute workload [86]. Exercise at the same
absolute load across contraction types precludes an
equivalent relative intensity, and it was subsequently
demonstrated that the GH response was similar during both
concentric and eccentric resistance exercise Wwhen
accounting for eccentric strength [87]. Kraemer and col-
leagues [88] reported that eccentric resistance exercise
elicits similar GH and testosterone responses to concentric
exercise at approximately equivalent relative intensities.
Insulin-like growth factor-I (IGF-I) appears to be more
responsive to the higher mechanical tension with eccentric
contractions and has been found to be higher 48 h fol-
lowing eccentric exercise versus concentric exercise [89],
although the body of evidence suggests little difference
[88]. Most studies have compared concentric-only to
eccentric-only protocols which may not, anecdotally at
least, represent the diversity of approaches used within the
field. Ojasto and Hakkinen [90] investigated the effects of
an eccentric overload applied on top of a typical concentric
load (i.e. with the addition of weight releasers which
unhooked at the bottom portion of the lift) during a bench
press. When eccentric and concentric loads were used
equivalent to 90 and 70 % of the concentric one repetition
maximum (IRM), respectively, the highest blood lactate
and GH responses were observed [90]. It was proposed that
this loading scheme allowed an optimal combination of
intensity and volume as fewer repetitions were achieved
with eccentric and concentric loads of 100 and 70 % 1RM
with a concomitantly attenuated GH response [90]. Irre-
spective of contraction type, it appears that a slow con-
traction velocity maximises the GH response, while IGF-I
and testosterone seem to be less influenced by time under
tension [88]. Although much of the available data comes
from untrained subjects [88], Calixto et al. [91] demon-
strated in resistance-trained participants a higher GH
response with slower eccentric velocities compared with
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fast eccentric velocities. The blood lactate response was
also substantially higher with slow contractions, which
implies a relationship between the GH response and the
anaerobic glycolytic contribution to the exercise bout [91].
Indeed, less lactate accumulation has been observed fol-
lowing eccentric versus concentric resistance exercise at
similar absolute workloads [86], and the magnitude of the
difference is partly attenuated with matched relative
intensities [87]. Eccentric contractions do not appear to
elicit notably different insulin or cortisol responses from
concentric contractions, although most studies have used
matched absolute loads and therefore the influence of rel-
ative intensity remains less clear [88].

In summary, the hormonal response does not appear to
be largely influenced by contraction type but rather a
combination of load and time under tension. Whether the
acute hormonal response to exercise mediates long-term
adaptations remains contentious [92], and is perhaps less
important than other transcriptional factors.

3.4 Molecular Responses

The upregulation of satellite cell activity, in conjunction
with other transcriptional pathways, has an important role
in the adaptive response to training [93]. Satellite cells are
mitotically and metabolically quiescent precursor (i.e.
stem) cells that reside between the basal lamina and the
sarcolemmal membrane of skeletal muscle [94]. With an
appropriate stimulus (i.e. muscle damage from injury or
exercise), satellite cells are activated, proliferate and
migrate to areas of damage, fusing to surrounding muscle
[95, 96]. Satellite cells produce daughter cells and subse-
quently new myonuclei within muscle, which increases the
capacity for protein synthesis [97]. Although resistance
training has been well established to increase myonuclear
and satellite cell content [94], Hyldahl et al. [95] showed
that maximal (i.e. isokinetic) eccentric but not concentric
resistance exercise elicited satellite cell proliferation
acutely following exercise. They suggested that the muscle
damage associated with the eccentric component may be
the primary driver activating the satellite cell gene pool
[95]. This aligns with the finding that the cytokine inter-
leukin-6, a signalling molecule for satellite cell activation
[96], increases in the acute period following eccentric
exercise, with a role in the immediate immune response to
muscle damage [98]. In the 24-h period following a single
bout of maximal isokinetic eccentric exercise, satellite cell
content can increase from 30 to 150 % [94, 96, 97], and
while satellite cell activity has been demonstrated to
increase from 24 to 72 h [95, 96], other markers (e.g.
natural cell adhesion molecule and the fetal antigen 1) can
be elevated for up to 8 days following an eccentric exercise
bout [99]. There is also evidence indicating a preferential

satellite cell increase in fast twitch muscle fibres. A single
bout of maximal eccentric exercise was found to induce a
significant increase in satellite cell activity in type II fibres
in contrast to no apparent change in type I fibres [94].

Protein synthesis is a key variable regulated in the post-
exercise period [93]. Maximising net protein accretion (i.e.
protein synthesis — protein breakdown) will benefit the
hypertrophic response to a given training protocol [100].
Force generation and stretch have been established to
activate protein synthesis [93], and given that eccentric
contractions involve both, it is plausible that there is an
additive effect beyond what could be attained with each
mechanism in isolation [101]. Indeed, Z-disk streaming
with eccentric resistance exercise is proposed to be an
important factor in the hypertrophic response due to the
presence of phospholipase D, which may mediate stretch-
induced anabolic signalling [102, 103]. Changes in protein
synthesis rates are mediated by the activation of enzymes
which control protein translation into muscle [101], and
intracellular signalling has been found to be influenced by
contraction type [104, 105]. Matched for total work, max-
imal isokinetic eccentric exercise can induce a more rapid
rise in myofibrillar protein synthesis and subsequently a
greater myofibrillar protein accretion in the post-exercise
period (i.e. 8.5 h) compared with maximal concentric
exercise [100]. A modest bout of eccentric exercise (i.e.
4 x 6 maximal isokinetic contractions) can upregulate p70
S6 kinase (p705%%) activity and thus protein translation
initiation in the absence of nutritional intake for at least 2 h,
while maximal concentric exercise may not [101]. The
activation of p703°* is an important step in the P13 K/Akt/
mTORCI/p703%* muscle hypertrophy signalling pathway
which is known to increase protein synthesis in response to
mechano growth factor messenger RNA expression [102].
Variation in eccentric contraction velocity (i.e. 20°s~" vs.
210°s~") does not appear to influence the magnitude of
p705%% upregulation [102]. In alignment with other findings
of a fibre-type specific response to maximal eccentric con-
tractions, type I and II muscle fibres may exhibit pro-
nounced differences in p70°°* upregulation following
eccentric resistance exercise with a substantially greater
increase in type II fibres [103]. The striated muscle activator
Rho signalling pathway assists with the transcription of
specific myofibrillar genes in response to an acute exercise
bout and is also upregulated to a greater extent with maxi-
mal eccentric contractions [104]. Maximal eccentric con-
tractions can increase markers of collagen expression (i.e.
transforming growth factor-B-1 [TGF-B-1]) in skeletal
muscle to a greater extent than concentric contractions in
rats, although tendon collagen expression was reported to be
less sensitive to contraction type than muscle [106].

In summary, muscle satellite cell activity and anabolic
signalling pathways appear to be upregulated to a greater
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extent with maximal eccentric contractions, while there is
evidence that type II fibres in particular benefit from these
anabolic processes.

3.5 Exercise-induced Muscle Damage
and the Repeated Bout Effect

Fewer motor units are recruited for a given submaximal
load during eccentric versus concentric contractions, which
implies that there will be greater force per active motor unit
[74,75]. This is related to exercise-induced muscle damage
(EIMD) to recruited muscle fibres [64], while aspects of
eccentric contractions not related to tension per se also
appear to predispose to the occurrence of EIMD [107, 108].
The extent of EIMD from eccentric exercise appears to be
greater with higher loads [109], fast contraction velocities
[110], long muscle lengths during exercise [107] and in
untrained participants [111]. EIMD is characterised by
increased circulating intramuscular enzymes such as cre-
atine kinase (CK), along with skeletal troponin I, myo-
globin and MHCs [112], and is known to impair force and
power production [74]. Reductions of 10-60 % of MVC
have been reported for up to a week following eccentric
exercise [64, 113]. The magnitude of MVC impairment
appears to be directly related to the number of muscle
fibres with myofibrillar disruption [114]. Power output at
various cycling cadences can be substantially impaired (i.e.
11-15 %) for at least 48 h following an eccentric cycling
bout [115], with the impairment being specific to the
muscle group (i.e. knee extensors) that absorbs the most
force during the particular task [108]. The reduced neuro-
muscular performance with EIMD may, at least partly, be
underpinned by impaired sarcolemmal action potential
conduction velocity [116] and transient changes (e.g. 24 h)
in central nervous system activity [74]. Delayed onset-
muscle soreness (DOMS) refers to the dull, aching pain felt
during movement or upon palpation of the affected tissue
and often accompanies EIMD [117]. Muscle soreness
appears in the hours following eccentric exercise, peaks
after 1-3 days and disappears after 7-10 days [118].
Interestingly, DOMS appears to be independent of other
markers (e.g. MVC, range of motion and plasma CK) of
EIMD [119]. The finding that DOMS can reflect connec-
tive tissue damage and inflammation more so than muscle
fibre damage and inflammation, may partly explain this
discrepancy [120-122].

Passive tension, swelling of muscle and increases in
muscle hardness [113] may all contribute to a reduced
range of joint motion often observed following eccentric
exercise [117]. Sense of force and position can both be
negatively affected following eccentric exercise [107],
which may have implications for the performance of
sporting tasks. Running economy following a bout of
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downhill running can be reduced for 3 days [123], and may
be particularly impaired at higher intensities with increased
muscle fibre recruitment [124]. Gait can be affected by
EIMD in a muscle-specific manner [125]. Two days (i.e.
48 h) following damaging isokinetic eccentric knee
extensor exercise, subjects exhibited reduced knee joint
range of motion during both walking and running [125]. A
lack of change in stride frequency or stride time in con-
junction with altered pelvic kinematics suggests subjects
modulated gait in an effort to minimise pain [125], and a
stiffer leg spring has been observed during SSC activities
in the presence of EIMD, which supports a possible com-
pensatory stiffness modulation [126]. As noted, knee joint
power is most affected following eccentric cycling (i.e.
19 %), but total power is reduced to a lesser extent (i.e.
11 %), indicating that multi-joint performance can be
better maintained in the presence of EIMD than single-joint
performance [108]. A number of metabolic consequences
of EIMD have also been reported, including decreased
glucose uptake and insulin sensitivity, impaired glycogen
synthesis, elevated metabolic rate and a shift towards non-
oxidative metabolism [112]. Symptoms of EIMD become
prominent 12-48 h after intense or unfamiliar eccentric
exercise, peaking between 24 and 72 h, and gradually
disappearing in 5—7 days in concert with the restoration of
neuromuscular capabilities [64, 74].

The pathophysiology of EIMD is not entirely under-
stood and several theories have been proposed to explain
the phenomenon. It has been disputed whether disruption to
sarcomeres within the myofibrils or damage to the excita-
tion—contraction coupling system is the primary event
underpinning EIMD [127]. Proske and Morgan [127] have
argued in favour of the former (e.g. the ‘popping sarcom-
ere’ hypothesis), and proposed that a region of instability
on the descending limb of the length-tension curve is the
basis for EIMD with eccentric exercise. When myofibrils
are stretched while contracting, sarcomeres with an overlap
closer to their optimum value resist stretch more so than
others, meaning that weaker sarcomeres take up most of
the stretch. These sarcomeres become progressively
weaker if this occurs on the descending limb of the length-
tension curve, and upon reaching their yield point will
lengthen uncontrollably (i.e. ‘popping’) to the point of no
myofilament overlap [128], subsequently engaging passive
structures to maintain active tension equivalent to adjacent
sarcomeres [127]. Across a series of contractions, an
increasing number of sarcomeres (i.e. from weakest to
strongest) become overstretched and may not reinterdigi-
tate during relaxation and subsequently become disrupted
[129]. With a progressive increase in overstretched and
disrupted fibres, damage may spread longitudinally to
adjacent sarcomeres in the myofibril and transversely to
adjacent myofibrils [107]. Overstretched sarcomeres
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become disorganised (e.g. Z-disk streaming), leading to
lesions of the sarcolemma, transverse tubule dilation, sar-
coplasmic reticulum fragmentation [64] and thus disruption
to excitation—contraction coupling machinery [127, 130].
Extensive damage from repeated eccentric contractions can
elicit symptoms of inflammation and necrosis [74], trig-
gering nociceptor (i.e. type III and IV afferents) stimulation
and subsequently DOMS [127]. Passive tension can rise
with EIMD and muscle stiffness can double, remaining
elevated for around 4 days [127]. The uncontrolled release
of Ca®" resulting from membrane damage may elicit a
low-level muscle activation and subsequent rise in passive
tension [127], although this process remains to be
demonstrated. While both slow and fast twitch fibre types
can be damaged with eccentric exercise, there is evidence
to suggest that type II fibres are particularly susceptible to
damage from intense eccentric exercise [131, 132]. Large
fast-fatigable motor units may be more vulnerable due to
their lack of oxidative capacity, a higher tension generating
capacity and/or because they have a shorter optimum
length for tension [127].

The repeated bout effect refers to the phenomenon
whereby the magnitude of EIMD and DOMS is progres-
sively attenuated with repeated exposures to the same
eccentric exercise bout [133]. A second similar bout elicits
substantially less EIMD and DOMS [134], with the pro-
tective effects lasting from several weeks and possibly up
to 6 months [135, 136]. Trained individuals, and particu-
larly those engaged in eccentric exercise, are less suscep-
tible to EIMD and the associated pathophysiological
symptoms [111]. The mechanisms underpinning the repe-
ated bout effect are not entirely clear but it appears that
neural, mechanical and cellular adaptations all contribute
to the adaptive response [74]. Given the unique neural
strategies during eccentric contractions, it is plausible that
neural adjustments underpin the repeated bout effect [133].
Specifically, changes in activation may better distribute the
fibre stresses to limit myofibrillar damage [137]. Support-
ing this are EMG data indicating a redistribution of stress
across a greater number of fibres [83]. The observation of a
protective effect on the contralateral limb with ipsilateral
training is supportive of a neural component of the repeated
bout effect [138], although these adjustments do not appear
to completely account for the phenomenon [133]. The
mechanical avenue postulates changes in passive and
dynamic stiffness via adaptations to non-contractile ele-
ments of the musculoskeletal system [133]. As noted,
damage to the cytoskeleton is believed to be an important
determining factor in EIMD, and subsequently an increase
in the structural protein desmin content has been demon-
strated within 3-7 days following damaging eccentric
exercise in rats [139]. The increase in desmin content is
proposed to provide additional reinforcement against

mechanical sarcomere strain [139]. Increases in intramus-
cular connective tissue may also be a protective mechanism
by dissipating myofibrillar shear stresses [133]. However,
the role of changes in tissue stiffness with the repeated bout
effect remains to be clarified as it has been found that
stiffer muscles can exacerbate markers of EIMD [140].

Changes at the cellular level of the contractile
machinery and in the inflammatory response to exercise
may also play a role in the repeated bout effect [133].
Aligning with the popping sarcomere hypothesis, longer
muscle lengths during eccentric contractions have been
demonstrated as an important determinant of the extent of
muscle damage. Morgan (1990) suggested the number of
sarcomeres in series increases as an adaptive response to
eccentric training, which provides a protective effect
against this mechanism of muscle damage by reducing
sarcomere strain and mechanical disruption [128]. Indeed,
a rightward shift of the length-tension curve can occur
following damaging eccentric exercise and may be
attributed to added sarcomeres in series [141, 142],
although such morphological adaptations require a longer
period of time to materialise (e.g. 7 days) indicating a
biphasic mechanism underpinning length-tension changes
[135]. Shorter term rightward shifts in the length-tension
curve reflect popped sarcomeres on the descending limb,
while the longer term shift is likely a protective adapta-
tion [135]. Finally, the inflammatory response to eccentric
EIMD can exacerbate damage (i.e. secondary damage)
prior to any obvious recovery [143]. An attenuated
inflammatory response to eccentric exercise was observed
when preceded by a training intervention which elicited
an initial inflammatory response [143]. Whether this
reflects a decrease in secondary proliferation damage or a
reduced insult to myofibrillar elements remains to be
determined [133].

In summary, EIMD associated with eccentric modalities
has a number of consequences for the performance of
subsequent exercise within the short term (e.g. <7 days).
Symptoms of EIMD can be attenuated by a progressive
increase in eccentric loading, or via the incorporation of
other preconditioning exercises. Trained athletes are less
affected by EIMD, and thus a simple progressive overload
will probably suffice to minimize the detrimental effects of
muscle damage.

4 Conclusion

During eccentric contractions the external force exceeds
that produced by the muscle [2]. The molecular mecha-
nisms underpinning eccentric contractions have yet to
be confidently elucidated, but recent theories have, at
least partly, reconciled unexplained eccentric-related
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phenomena with established theories of muscular contrac-
tion. The increased force produced with lengthening con-
tractions may be a function of mechanical detachment of
cross bridges suspended in an actively bound state [9, 12],
while residual force enhancement may be explained by the
passive action of titin interacting with actin and myosin
[5, 24]. Unique neural strategies are apparently involved
during maximal and submaximal eccentric contractions
[25]; cortical excitability seems to be greater with eccentric
contractions yet motor unit activity is lower [27]. Lower
motor unit discharge rates suggest spinal inhibition con-
strains eccentric force [39], particularly in untrained sub-
jects [26, 31]. The unique characteristics of eccentric
contractions have important implications for the acute
responses during and following eccentric exercise bouts.
Approximately 20-60 % more force can be generated
during eccentric contractions compared with eccentric
contractions [58, 59], yet eccentric exercise requires less
energy per unit work and thus elicits a substantially lower
cardiopulmonary response [65, 67]. It remains unclear
whether contraction type influences hormonal responses
[88], although there is some evidence indicating a larger
increase in IGF-I following eccentric exercise [89]. Muscle
satellite cell activity [95] and anabolic signalling pathways
[100, 101, 104—106] are upregulated to a greater extent
with eccentric contractions, while fast twitch fibres appear
especially responsive to these anabolic stimuli [94, 103].
Eccentric contractions are damaging to muscle, and a host
of consequences have been reported in the acute post-ex-
ercise period [64]. Type II fibres are seemingly most sus-
ceptible to EIMD [131, 132], which aligns with findings of
increased anabolic signalling within these fibres. Repeated
exposure to the same eccentric bout attenuates EIMD
symptoms and has been termed the repeated bout effect
[133]. The acute responses to eccentric exercise probably
underpin many of the unique chronic adaptations observed
with long-term eccentric training.
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