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Changes in muscle morphology and neuromuscular function
with eccentric strength training —
Consequences for athletic performance and injury prevention

Institute of Sports Science and Clinical Biomechanics, University of Southern Denmark.

Eccentric (ECC) muscle contractions denote situations in which active muscles
generate contractile force while at the same time increasing their origin-to-insertion length.
Conversely, concentric muscle contractions are characterized by a decrease in origin-to-
insertion muscle length. In everyday life, eccentric muscle actions are mostly involved
with the deceleration or damping of specific limb movements, for example in downhill
running, when descending stairs or when landing from a jump. However, certain types of
movements, especially within sports and exercise, involve maximal or nearmaximal
eccentric muscle forces. One example is the take-off phase in maximal jumping.

When recorded in isolated muscle preparations, ECC contraction force is
substantially greater than that observed during concentric contraction (Fig.1). For the intact
muscle in vivo, however, a marked suppression in maximal ECC contraction strength may
be observed in untrained subjects (Figs.1, 3), suggesting that the pattern of neural motor
outflow is of particular importance for the expression of maximal muscle strength during
ECC contraction.
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Fig.1 Force-velocity relationships obtained during concentric and eccentric contractions of isolated single
muscle fibers, and during voluntary activation (triangles) and percutanous electrical muscle stimulation
(open boxes) or when electrical stimulation was applied to ongoing maximal voluntary contraction (closed
boxes) [reference 32].



Why is ECC muscle strength important?

High ECC muscle forces can be found in rapid stretch-shortening-cycle (SSC)
movements, i.e. during maximal sprint running and jumping, alpine skiing, karate, weight
lifting, etc. Also, high ECC forces may be generated by antagonist muscles during fast,
forceful limb movements. In SSC movements, high eccentric strength of the agonist and
antagonist muscles allows eccentric pre-stretch phases to be short lasting, thereby allowing
an increase in movement frequency (cadence) which in turn results in an increased
movement speed (e.g. in sprint running). In ballistic type of limb movements, high ECC
strength of the antagonist muscles may allow for a short phase of limb deceleration at the
end range of motion, in turn increasing the time available for limb acceleration thus
causing maximal movement speed to increase [2]. Moreover, high levels of ECC
antagonist muscle strength represent an elevated potential for muscular joint stabilization
that protect ligaments and capsular joint structures [3].

Effects of strength training on maximal ECC muscle strength

Heavy-resistance strength training appears to evoke marked increases in maximal
ECC muscle strength [4-8] (Fig.2). In contrast, strength training using low resistance does
not seem to have any effect on ECC muscle strength [7,9]. Men and women may
demonstrate similar increases in maximal ECC strength in response to strength training.
With more prolonged training, however, continued increases in ECC muscle strength were
observed to occur only in male subjects [4], suggesting that the range of adaptation in ECC
strength may differ between men and women. Regardless, strength training involving
maximal eccentric or coupled eccentric-concentric muscle contractions generally appears
to induce greater overall strength gains than concentric training alone, as indicated by data
obtained both in male and female subjects [4,10,11].
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Fig.2 Maximal concentric and eccentric quadriceps muscle strength measured as |sok|net|c peak moment

(triangles) and angle-specific moment generated at 50 knee joint angle (boxes) (0 = full knee extension),
before and after 12 wks of heavy-resistance strength training. Maximal eccentric and slow concentric
muscle strength increased markedly following a period of heavy-resistance strength training (** P < 0.01,
** P <0.05) [7].



Neuromuscular activation during maximal ECC contraction - effects of strength
training

Neuromuscular activation appears to be reduced during maximal voluntary eccentric
muscle contraction in untrained subjects, suggesting the presence of a neural inhibitory
mechanism [8,12,13] (Fig.1). In result, the strength-speed relationship recorded for
voluntarily activated human muscle does not resemble the force-velocity relationship
obtained in isolated muscle very well (Fig.2). Notably, the inhibition in neuromuscular
activation observed during ECC contraction appears to be reduced or fully removed in
response to heavy-resistance strength training [8] (Fig.3). In addition, ECC strength
training appears to induce large increases in EMG amplitude during ECC contraction,
together with significant albeit less marked increases during concentric contraction [10,11].

Changes in muscle size and structure with ECC strength training

Maximal eccentric or coupled concentric-eccentric strength training appears to
evoke greater increases in anatomical muscle cross-sectional area (CSA) obtained by MRI,
CT or anthropometry measures, compared to concentric training alone [6,10,14] (Fig.4).
Further, ECC strength training was reported to induce greater increases in muscle fiber
CSA evaluated by biopsy sampling [11,15,16]. Interestingly, more long-lasting
hypertrophy was observed during detraining from ECC strength training compared to
concentric training [15].

A remarkably high degree of muscle fiber hypertrophy (52% increased mean fiber
area) was reported to occur in response to 8 wks of high-volume ECC ergometry training
[17], a training regime that does not resemble conventional strength training or maximal
ECC strength training. The implications of these findings remain unsettled.

Also, an increased number of sarcomeres in-series were found in rats trained by
decline running which involved substantial ECC muscle loading, compared to rats
performing concentric training in terms of uphill running [18]. Whether eccentric strength
training can evoke a similar upregulation in fiber sarcomere number remains unknown. An
increase in muscle fiber length would be highly beneficial, as this would result in an
increased maximal shortening speed and hence elevated contractile power production.
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Fig.3 Heavy-resistance strength training results in marked increases in maximal eccentric muscle strength
(quadriceps muscle) (top panel). During maximal ECC contraction, characterized by high levels of
contractile force generation, neuromuscular activation appears to be suppressed in untrained subjects
(bottom panel). This inhibition in neuromuscular activation was removed partially (VL, VM) or fully (RF)
after a period of strength training [8].

What are the physiological stimuli involved with ECC strength training?

Numerous candidates may be responsible for initiating the physiological adaptation
processes associated with ECC strength training: high levels of contractile muscle force,
disruption of the cytoskeleton, large muscle strains (i.e. loading at long fiber lengths),
inflammatory responses, activation of satellite cells, as well as multi-factorial combinations
of these factors.

In ECC contraction excessive muscle strain rather than large contractile forces
appear to be detrimental to the cytoskeleton [19], causing desmin intermediate filaments to
be disrupted [20] with a following loss of transversal fiber stability. This may render the
muscle fibers vulnerable to further disruption of the cytoskeleton [20], in turn initiating
inflammatory processes that may activate dormant satellite cells [21]. Upon activation a
number of satellite cells would undergo fusion with the myofiber to provide additional
nuclei to the interior of the muscle cell [22.23], thereby contributing to the elevated muscle
protein synthesis observed with strength training.



Also, excessive ECC muscle loading may induce sarcomere "popping" due to non-
uniform sarcomere extension throughout the muscle fiber [24], thereby contributing to the
process of myofibrillar disruption.
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Fig.4 Changes in quadriceps muscle cross-sectional area (CSA) obtained by MRI before and after 10 wks of either
concentric (CONC) or eccentric (ECC) strength training. Although quadriceps CSA increased in response to both
CONC and ECC training (* P < 0.05), significantly greater changes occur with ECC training (**, arrows) [10].

Fig.4 Changes in quadriceps muscle cross-sectional area (CSA) obtained by MRI before and after 10 wks
of either concentric (CONC) or eccentric (ECC) strength training. Although quadriceps CSA increased in
response to both CONC and ECC training (* P < 0.05), significantly greater changes occur with ECC
training (**, arrows) [10].

Muscle protein turnover is influenced by growth factors produced locally within the
muscle. Insulinlike growth factor I (IGF-1) increase in the muscle acutely following ECC
strength training [25,26]. This rise in locally expressed IGF-1 may facilitate myofiber
hypertrophy by directly stimulating myofibrillar protein synthesis and/or inducing satellite
cell growth, differentiation and fusion [26].



Use of eccentric strength training in overuse injury rehabilitation

ECC muscle-tendon loading regimes recently have demonstrated promising results
in terms of injury rehabilitation. Thus, conditions such as Achilles tendinosis [27], anterior
patella-femoral pain [28], patella tendon pain and jumpers knee [29] may show remarkable
improvements following specially designed ECC training regimes. However, the specific
mechanisms remain unknown.

ECC strength training in rats resulted in increased collagen turnover and a marked
neoformation of vinculin and talin [30], which are key cytoskeletal proteins involved in the
force transduction between muscle fibers and the myotendinous junction. Further, as
demonstrated in rats a progressive neoformation of transversal collagen cross-links occurs
at increasing age, causing tendons to become stiffer [31]. However, endurance training
fully abolished this age related increase in collagen crosslink formation [31]. As a
hypothesis, ECC strength training may be even more effective in doing so.

Eccentric strength training: practical implications

Maximal ECC strength training (i.e. loads > 1RM) should be performed only in
individuals with several years of heavy-resistance training background. Importantly,
correct lifting techniques should be employed at all time. Sufficient restitution time (5 days
- 2 wks) should be allowed between training sessions, depending on the muscle groups
trained, training status, and the number of sets performed. To facilitate the muscle
hypertrophy response, timed protein intake (10-20 g) could be applied both prior to (20-60
min) as well as immediately after (0-10 min) ECC resistance exercise.
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