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We tested the hypothesis that exercise training with maximal
eccentric (lengthening) muscle actions results in greater
gains in muscle strength and size than training with concen-
tric (shortening) actions. Changes in muscle strength, muscle
fiber size, and surface electromyographic (EMG) activity of
the quadriceps muscle were compared after 36 sessions of
isokinetic concentric (n = 8) or eccentric (n = 7) exercise
training over 12 wk with use of a one-leg model. Eccentric
training increased eccentric strength 3.5 times more (pre/post
46%, P < 0.05) than concentric training increased concentric
strength (pre/post 13%). Eccentric training increased concen-
tric strength and concentric training increased eccentric
strength by about the same magnitude (5 and 10%, respec-
tively, P > 0.05). Eccentric training increased EMG activ-
ity seven times more during eccentric testing (pre/post 86%,
P < 0.05) than concentric training increased EMG activity
during concentric testing (pre/post 12%). Eccentric training
increased the EMG activity measured during concentric tests
and concentric training increased the EMG activity measured
during eccentric tests by about the same magnitude (8 and
11%, respectively, P > 0.05). Type I muscle fiber percentages
did not change significantly, but type IIa fibers increased and
type IIb fibers decreased significantly (P < 0.05) in both
training groups. Type I fiber areas did not change signifi-
cantly (P > 0.05), but type II fiber area increased ~10 times
more (P < 0.05) in the eccentric than in the concentric group.
It is concluded that adaptations to training with maximal
eccentric contractions are specific to eccentric muscle actions
that are associated with greater neural adaptation and
muscle hypertrophy than concentric exercise.

eccentric exercise; muscle fibers; electromyography

CLASSICAL VIEWS hold that gains in muscle strength and
size are directly proportional to the magnitude of
functional overload (1, 28). Overload stimulates protein
synthesis and slows degradation (3), resulting in a net
increase in the size of individual muscle fibers and the
whole muscle. However, the magnitude of mechanical,
metabolic, and neural stimuli varys according to the
type of muscle contraction, as dictated by the force-
velocity relationship (21). When a skeletal muscle
actively shortens (i.e., concentric contraction), the force,
hence the mechanical stimulus, is less than the forces
and mechanical stimuli during lengthening (eccentric
contraction).

Several studies have compared the effects of resistive
training with concentric and/or eccentric actions, postu-
lating that eccentric training should result in superior
gains in muscle strength and size due to the greater
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overload represented by muscle lengthening. However,
no consensus has emerged. Whereas some authors
have reported benefits from incorporating eccentric
actions into resistive exercise paradigms (8, 22), others
have reported no superiority of eccentric training over
concentric training to induce greater strength gains
(20, 29). These latter studies seem to support the
premise of a general strength component (15, 16); i.e.,
strength gains can be achieved by any method as long
as force levels exceed a critical threshold. The pub-
lished data are also discrepant on hypertrophy; some
authors report significantly more hypertrophy with
muscle lengthening (13), whereas others report similar
changes (20) or no changes (5) after training with the
two modes of resistive exercise.

Several recent studies suggest that muscle activation
may not be complete during maximal eccentric com-
pared with concentric contractions (12, 31). This lack of
complete activation may be due to differences in central
drive and/or in the processes involved in the transforma-
tion of axonal action potential to sarcolemmal action
potential, i.e., neuromuscular propagation (9). Submaxi-
mal muscle activation could represent a greater reserve
for neural adaptation to repeated eccentric contrac-
tions. In addition, at the same activation level, forces
are 20-30% greater during eccentric than during iso-
metric contractions in humans (9, 21). This greater
loading could provide a greater mechanical stimulus to
muscle fibers for hypertrophy (3). Thus the aim of the
present study was to test the hypothesis that maximal
eccentric exercise training brings about greater neuro-
muscular adaptations through neural as well as hyper-
trophic mechanisms than does maximal concentric
training.

METHODS

Subjects and design. Table 1 describes the physical charac-
teristics of the 21 sedentary male volunteers who were
randomly assigned to one of three groups: eccentric training
(Ecc; n = 7), concentric training (Con; n = 8), and control
(Kon; n = 6). A subject was included in the study if he did not
participate in resistive training for =1 yr before the study,
was free of lower extremity orthopedic problems, and agreed
to sign an informed consent form.

Figure 1 depicts the experimental design. The three groups
of subjects were tested twice initially (week 0), once at week 6
during training, and once after 12 wk of training (week 12).
Two initial testing sessions, 3 days apart, were used to assess
the reliability of the strength and electromyographic (EMQG)
measures. Strength and EMG were measured, and a percuta-
neous muscle biopsy of the vastus lateralis was performed on
each leg. Biweekly blood samples were drawn, and thigh
muscle soreness was subjectively evaluated weekly on a
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Table 1. Physical characteristics of the subjects

Ecc Con Kon
(n=17) (n=8) (n=6)
Age, yr 20.1+0.5 21.3+1.6 225*1.1
Height, cm 173.1+2.0 176.6 1.9 176.1 1.7
Mass, kg 73.9+1.9 76.5+3.9 75.8+17.0

Values are means + SE. Ecc, eccentric training; Con, concentric
training; Kon, control.

questionnaire. The subjects in the control group were sub-
jected to all testing except muscle biopsy and blood sampling,
and they did not train.

Strength testing and EMG. Unilateral maximal voluntary
isometric and isokinetic eccentric and concentric strength of
the left knee extensors and flexors was measured with a
dynamometer (Kin-Com, 500H, Chattecx, Chattanooga, TN).
Subjects sat with knees and the hip at a joint angle of 1.57 rad
(90°) and arms folded in front of the chest. The anatomic zero
was set at a knee angle of 3.14 rad. Extraneous movement of
the upper body and the involved leg was limited by two
crossover shoulder harnesses, a lap belt, a thigh strap, and an
ankle cuff. The transverse axis of the knee joint was aligned
with the transverse axis of the dynamometer’s power shaft.
The length of the lever arm was individually determined.
Torque was measured by a strain gauge embedded in the
ankle cuff. Gravity-corrected force was computed by the
software based on lever arm length and torque data. Familiar-
ization with the dynamometer included two trials of 50, 75,
and 90% of perceived maximal isometric and dynamic contrac-
tions at each speed separated by 1 min of rest.

Maximal isometric force was measured at a knee angle of
2.36 rad. Two maximal-effort 5-s trials were performed with 1
min of rest between trials. Maximal concentric and eccentric
strength of the knee extensors and flexors was measured at
1.05, 2.09, and 3.14 rad/s, but only the data at 1.05 rad/s for
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Fig. 1. Experimental design.
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the quadriceps muscle are presented. Subjects performed two
trials with a 1-s pause at either end of the range of motion to
avoid the facilitating effects of the prior action. The order of
isometric vs. dynamic actions and eccentric vs. concentric
actions was counterbalanced across subjects, and the order of
speeds was randomized. The concentric and eccentric force-
angle curves were digitized at a constant angle of 2.36 rad.
The average of two trials was used as the criterion measure.
Reliability, as estimated with an intraclass correlation coeffi-
cient (R) over 2 days and two trials, was acceptable and
ranged from R = 0.74 (eccentric 3.14 rad/s) to R = 0.92
(concentric 3.14 rad/s). There were no significant trials or
days effects for any of the strength variables. The coefficient
of variation ranged from 6.9 to 16.7% for strength and from
7.8 to 32.6% for the EMG variables.

According to standard procedures (9), the bellies of the
vastus lateralis and biceps femoris and the lateral aspect of
the knee joint were shaved and washed with alcohol. We
report EMG data only for the qudriceps muscle. Two electro-
cardiogram electrodes, spaced 2.5 cm apart, were placed on
each muscle belly and one ground electrode was placed on the
lateral aspect of the uninvolved knee. The electrode sites
were marked weekly with an indelible marker for reliable
repositioning. The signals were preamplified (model HDX-82,
Oxford Medical, Oxford, UK) with a nominal gain of 1,000,
input impedance of 0.5 M), bandwidth of 0.4-400 Hz, and
common mode rejection ratio =100 dB. The signal passed
through an isolation amplifier for patient safety, a buffer
amplifier, and then a 60-Hz notch filter. The signal was then
band-pass filtered between 58 and 490 Hz at 3 dB and passed
through a variable-gain amplifier (21-41 dB). The signal
from this amplifier was averaged over 10 ms, and the peak
root mean square (in pV) values are reported after normaliza-
tion to the EMG of the isometric tests. Figure 2 depicts a
typical force-EMG recording in one subject.

Muscle biopsy and histochemistry. Muscle samples were
taken from both thighs before and after training in the
exercising groups. Under local anesthesia (3 ml of 1% lido-
caine), a 20- to 80-mg sample was removed from the belly of
the vastus lateralis by application of suction to a 5-mm
Bergstrom needle. The repeat biopsy was taken 2-3 cm
proximal to the first sample at 4- to 5-cm depth. The
specimens were dissected of visible fat and connective tissue,
mounted in an OCT-trigacanth gum mixture (Miles, Elkhart,
IN), frozen in precooled isopentane, and stored in liquid
nitrogen. Fiber types I, Ila, and IIb were determined from
10-pm sections by use of myosin adenosinetriphosphatase
staining at preincubations of pH 10.3 and 4.54 (4). Additional
sections were stained with the a-glycerophosphate technique,
and cross-sectional area was calculated from ~25 representa-
tive type I and II fibers by computerized digitometry (model
2.0, Autosketch, Sausalito, CA). The total number of fibers
counted before and after training averaged 492 = 37 and
524 =+ 54, respectively.

Blood sample. Sampling was done at pretests 1 and 2 and
weeks 2, 4, 6, 8, 10, and 12 in the training groups and pretests
1 and 2 and posttraining in the control subjects. In the
morning, a 5-ml blood sample was drawn from an arm vein
after a 12-h overnight fast. The samples were centrifuged at
4°C, and the serum was removed and stored at —80°C for
further analysis. Serum creatine kinase (CK) was determined
with a standard kit (Sigma Diagnostics, St. Louis, MO). All
determinations were done in duplicate at biweekly intervals
for the duration of the study.

Soreness. Subjects were weekly asked to rate the soreness
of the quadriceps muscle on a scale of 1 (no soreness) to 10
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Fig. 2. Typical recording of force and

(extremely sore). This assessment was done at the beginning
of the last training session of each week.

Training. The training regimen consisted of 12 wk of
isokinetic eccentric (Ecc) or concentric (Con) quadriceps
strengthening of the left leg at 1.05 rad/s. Table 2 displays the
training protocol. The subjects performed 1,890 maximum-
effort repetitions distributed over 36 training sessions fluctu-
ating 4-6 sets of 8—12 repetitions from week to week accord-
ing to the periodization principle (30). There was a 1-min rest
period between sets.

During the last session of each week of training, repetitions
of the initial, middle, and final sets were recorded. The initial
and final two repetitions of each set were averaged. Percent
fatigue was computed in two ways: within a set (initial —
final/initial value * 100 within a set) and within a session for a
given week (initial value of first set — final value of last
set/initial value * 100).

Statistical analysis. The BMDP PC-90 statistical package
was used to perform the group (Ecc, Con, Kon)-by-testing
mode (eccentric, concentric)-by-time (pre/mid, mid/post, pre/
post) repeated-measures analysis of variance for force ratios
and EMG ratios, respectively. Instead of the absolute values,
the analysis was done on the ratios with use of the isometric
value as an internal reference (force and EMG) and to reduce
error due to electrode placement (EMGQG). Fiber type data were
analyzed with a group (Ecc, Con)-by-leg (trained, untrained)-
by-time (pre, post) repeated-measures analysis of variance.

Table 2. Training protocol

Week Sessions/wk Sets Reps/Set Reps/Session Reps/wk
1 3 4 8 32 96
2 3 4 10 40 120
3 3 4 12 48 144
4 3 5 8 40 120
5 3 5 10 50 150
6 3 5 12 60 180
7 3 6 8 48 144
8 3 6 10 60 180
9 3 6 12 72 216
10 3 6 8 48 144
11 3 6 10 60 180
12 3 6 12 72 216
Total 36 1,890

Reps, repetitions.
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Because of the significant differences in the initial scores
between groups, the fiber area data were analyzed with
group-by-leg-by-time analysis of covariance with the pretest
data as a covariate for type I and II fiber areas, respectively.
The percent fatigue data were analyzed by a group (Ecc,
Con)-by-set (initial, middle, final)-by-week (initial and final
scores for 12 wk) analysis of variance. In case of a significant
F ratio, Tukey’s post hoc contrast was performed to determine
the means that were different at the significance level of P <
0.05.

RESULTS

Strength and EMG. Figure 3 shows the changes in
force in absolute values. In the pre-to-post comparison,
the eccentric group improved eccentric and isometric
force by 116 and 45% and the concentric group im-
proved concentric and isometric force by 53 and 36%.
Figure 3 also shows the changes in EMG in absolute
values. In the pre-to-post comparison, the eccentric
group increased the EMG activity associated with
eccentric and isometric contractions by 188 and 58%
and the concentric group increased EMG associated
with concentric and isometric actions by 28 and 36%.
The largest change in the control group was 8%.

Figure 4 shows the percent changes in eccentric-to-
isometric and concentric-to-isometric force ratios. There
was a significant group (Ecc, Con, Kon)-by-testing
mode (eccentric, concentric)-by-time (pre/mid, mid/
post, pre/post) three-way interaction (Fy35 = 4.3; P =
0.030). Eccentric training increased eccentric strength
3.5 times more (pre/post 46%, P < 0.05) than concentric
training increased concentric strength (pre/post 13%).
Eccentric training increased concentric strength and
concentric training increased eccentric strength by
about the same magnitude (5 and 10%, respectively,
P > 0.05). The largest change in the control group was
4% (P > 0.05).

Figure 5 depicts the percent changes in the eccentric-
to-isometric and concentric-to-isometric EMG activity
ratios in the vastus lateralis. There was a significant
group-by-mode-by-time three-way interaction (Fyzs =
4.4; P = 0.036). Eccentric training increased the EMG
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Fig. 3. Changes in knee extensor muscle force (A) and vastus
lateralis surface peak root-mean-square EMG activity (B) in eccentri-
cally (Ecc) and concentrically (Con) trained groups. For clarity,
control group’s data are not shown. See results of statistical analyses
in Figs. 4-6.

activity during eccentric testing seven times more
(pre/post 86%, P < 0.05) than concentric training
increased EMG activity during concentric testing (pre/
post 12%). Eccentric training increased EMG activity
measured during the concentric test and concentric
training increased EMG activity measured during the
eccentric test by about the same magnitude (8 and 11%,
respectively, P > 0.05). EMG activity increased signifi-
cantly more initially (pre-to-mid) under both training
and testing modes, except for the changes in EMG
activity measured during eccentric testing after concen-
tric training (Fig. 5A, left open bar). The EMG activity
of the antagonist biceps femoris muscle did not change
significantly (P > 0.05) during training or between
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groups (data not shown). The largest change in the
control group was 6% (P > 0.05).

Percent fatigue. Figure 6 shows the percent fatigue
data during training. No significant two- or three-way
group (Ecc vs. Con)-by-set (3 sets)-by-week (12 wk)
interactions occurred (P > 0.05), but there was a
significant group main effect (P < 0.05). Over the 12 wk
of training, the eccentric group showed an average
fatigue rate of 3%, which is actually an increase in force
from the beginning to the end during a given session. In
contrast, the concentric group demonstrated a —12%
fatigue rate, yielding a 15% net between-group differ-
ence (P < 0.05).

Muscle size. Type I muscle fiber percentage did not
change significantly, but type Ila increased and type IIb
decreased significantly (P < 0.05) in both training
groups (Table 3). Analysis of covariance revealed no
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Fig. 4. Percent change in eccentric (1.05 rad/s)-to-isometric (A) and
concentric (1.05 rad/s)-to-isometric (B) force ratios at pre/mid, mid/
post, and pre/post in eccentrically trained and trained exercise
groups. For clarity, control group’s data are omitted. *Significant
(P < 0.05) change; **significantly (P < 0.05) more change than
opposite group.
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Fig. 5. Percent change in eccentric (1.05 rad/s)-to-isometric (A) and
concentric (1.05 rad/s)-to-isometric (B) EMG ratios of vastus lateralis
muscle at pre/mid, mid/post, and pre/post in eccentrically and
concentrically trained exercise groups. *Significant (P < 0.05) change;
**significantly (P < 0.05) more change than opposite group.

significant changes in type I fiber areas (P > 0.05; Table
4). After an adjustment for the significant initial differ-
ences between groups (P < 0.05), type II fiber area
increased 10.3 times more (P < 0.05), and these fibers
were greater after training in the eccentric than in the
concentric group (P < 0.05). There were no significant
changes in fiber type or size of the untrained leg (P >
0.05).

CK and soreness. No significant (P > 0.05) changes
occurred in serum CK level in either group over the
12-wk training period. The highest mean value was
80.4 = 33.7 and 162.4 = 69.7 IU/I in the eccentric and
concentric groups, respectively.

Muscle soreness of the vastus lateralis, subjectively
assessed by the subjects on a scale of 1-10, was not
different between groups and did not change signifi-
cantly over the 12-wk training period. The highest
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value was 2.9 = 1.1 at week 9 in the eccentric group and
1.5 = 0.9 also at week 9 in the concentric group.

DISCUSSION

Strength and muscle adaptations. There were two
important observations concerning muscle strength
and size. One was that eccentric training increased
eccentric strength 3.5 times more than concentric train-
ing increased concentric strength, and strength gains
were similar in the mode opposite to which training
occurred. The second was that type II muscle fiber area
increased ~10 times more after eccentric than concen-

Table 3. Changes in fiber type composition consequent
to eccentric and concentric training

Pretraining Posttraining Change
Trained leg
Type I
Ecc 47.7+2.7 427+24 -5.0*+2.6
Con 48.9+2.1 47.1+x2.1 -1.8+21
Type Ila
Ecc 38.1+3.8 50.0+2.2 11.9+ 3.0%
Con 39519 48.2*2.7 8.7+2.3*
Type IIb
Ecc 141+14 74*19 —-6.7x1.7*
Con 11.7+1.8 4.7+1.0 —7.0+1.4%
Untrained leg
Type I
Ecc 47.5+2.1 48.3*1.9 0.8+1.9
Con 52.3+£3.0 47.7+34 -4.6*3.2
Type I1a
Ecc 39.1+2.7 42.3+1.3 3.2*x2.0
Con 38.0+2.7 42.9+3.5 49+3.1
Type IIb
Ecc 13.4+1.1 16.2+6.2 2.8+3.6
Con 9.7+1.9 9.4+1.0 -0.3+14

Values are means * SE in percent. * Significant change (P <0.05).
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Table 4. Changes in fiber areas consequent to eccentric
and concentric training

Posttraining

Pretraining Posttraining (Adjusted)* Change
Trained leg
Type I
Ece 3,5630+331 3,883+298 4,038+263 14.4+4.2
Con 4,261 =257 4,609+222 4,473+244 4.9*+3.9
Type I1
Ecc 4,168 283 5,635208 5,742+201 37.8*5.37
Con 4,935+289 5,269+239 5,088 +187 3.1x4.8
Untrained leg
Type I
Ecc 3,329+£316 3,487+286 3,581*254 76*4.1
Con 4,425+311 4,375+307 4,213+324 -4.8*53
Type II
Ecc 4,163 284 4,248+293 4,246+276 1.9*44
Con 4,898£371 4,928+344 4,767+355 —2.7*+3.9

Values are means = SE in pm?. * Adjusted for pretraining differ-
ences by analysis of covariance. fSignificantly more change than
opposite group (P <0.05).

tric training. Overall these results are in concert with
some findings reported previously (7, 15, 22, 23, 32) but
are also in disagreement with several other reports
(18-20, 26, 29).

Eccentric and concentric training may differently
influence the contribution of mechanical and metabolic
stimuli to increases in strength per unit cross section of
a muscle. It is possible that concentric strength gains
after concentric training were primarily caused by a
metabolic stimulus. The greater metabolic demand of
concentric than of eccentric exercise training is appar-
ent when one considers that combining eccentric ac-
tions with concentric leg press results in a similar net
caloric cost: 3.5 + 0.3 and 3.1 = 0.2 X 1073 (SE) cal/J,
respectively (7). This metabolic demand may have
placed the muscle in a hypoxic state that in turn
induced capillary proliferation (13), leading to an en-
hanced (predominantly glycolytic) energy delivery.

Fatigue may be one mechanism that can mediate
strength gains through increased metabolic flux. Fig-
ure 5 provides some evidence for this reasoning. The
concentrically trained subjects revealed a force deficit
at the end of every session, implying fatigue. However,
the link between the subcellular mechanism of meta-
bolic flux and strength gain is unclear. If such a
mechanism is nonetheless in operation, then it is
surprising that no significant differences occurred in
protein synthesis of the rat gastrocnemius between
acute and chronic stimulated concentric training (3).
Such data would imply that once a threshold of concen-
tric activity is exceeded, no further benefits would
ensue in terms of muscle enlargement. Interestingly, in
humans, doubling the number of concentric actions
doubled strength gains (15%) compared with training
with half the number of concentric actions (8%) (13). In
contrast, during our training, eccentric muscle force
was ~35% greater than concentric force, providing a
greater mechanical stimulus for strength and hypertro-
phy. Similarly, imposing a greater resistance on the rat
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tibialis anterior by stimulated eccentric contractions
resulted in a higher protein synthesis rate, as did an
increase in the number of eccentric contractions from
24 to 192 further increase protein synthesis by 15% (3).
The increased specific tension by eccentric training in
the rat resulted in no fatigue, as was also the case for
the eccentrically trained subjects in the present study
(cf. Fig. 5). Thus the increased mechanical load seems
to be directly related to increases in protein synthesis
rates, muscle size, and strength in humans and ani-
mals.

Despite the recent description of a human skeletal
muscle fiber-specific gene cluster (33), it is unknown
whether protein synthesis is greater in the type II
fibers, as the preferential enlargement of these fibers
would suggest in the present study (Table 3) and,
though not as distinctly, in some prior studies (13). One
reason for the 10 times greater hypertrophy of the type
II fibers in the present study could be a preferential use
of these fibers during eccentric actions. Fridén et al.
(11) reported greater glycogen depletion in type II fibers
after 8 wk of bicycle exercise training using eccentric
contractions. Interestingly, a preferential type II fiber
hypertrophy occurred even at an intensity as low as
50—60% of the maximal eccentric force in a combined
eccentric-concentric leg press paradigm (8, 13). In
contrast, eccentric and concentric training resulted in
no significant differences in computerized axial tomo-
graphic-scanned quadriceps areas (20) or in muscle
fiber areas (5). With type II muscle fiber hypertrophy
following eccentric training, one would have also ex-
pected increases in concentric strength, but this did not
occur. Apparently eccentric training resulted in an
activation pattern during concentric actions that failed
to recruit hypertrophied larger units, leading to a
minimal increases in concentric strength.

In summary, according to the specificity principle of
exercise training, eccentric training has brought about
greater strength gain in the specific contraction type
than has concentric training. This greater strength
gain seems to be associated with a significant type II
muscle fiber hypertrophy. The modest strength gains in
the contraction mode opposite to the one used during
training may imply a failure in one or more of the
events of transformation of axonal action potential to
sarcolemmal action potential (9) and/or a different
recruitment pattern of muscle fibers during eccentric
and concentric contractions.

Neural mechanisms. Eccentric training increased
EMG activity during eccentric test contractions about
seven times more than concentric training increased
EMG activity during concentric test contractions. Our
working hypothesis was that eccentric training may
lead to greater strength gains caused, at least in part,
by a greater neural adaptation. This hypothesis has
emerged from two prior findings. One was that un-
trained individuals displayed depressed forces, espe-
cially on the eccentric segment of the force-velocity
curve (14), suggesting incomplete muscle activation.
Second, EMG analysis of repeated eccentric contrac-
tions revealed an incomplete muscle activation in un-
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trained subjects (12, 31). Incomplete muscle activation
at the initial stages of exercise training would repre-
sent a greater reserve for neural adaptation.

Several mechanisms could mediate such increases in
EMG activity. Eccentric actions are associated with
higher forces at lower EMG activity than concentric
actions, possibly because of passive elements (21). Thus
an increased EMG activity must emanate from muscle
fibers specially adapted to repeated eccentric actions.
Data in Table 3 suggest that type II muscle fibers were
probably preferentially recruited during eccentric train-
ing, leading to a selective recruitment and hypertrophy
of the type II fibers. When more of the available type II
fibers are recruited after eccentric training, surface
EMG activity may increase.

This mechanism, i.e., recruitment of more of the
available type II muscle fibers after training, seems
also feasible for the following reason. If one wishes to
account for an increase in surface EMG activity through
an increase in central neural drive during training (9,
21), such an increase could occur from two sources.
First, for surface EMG to increase, an increased neural
drive must activate a greater number of motor units
after than before training. However, there is no evi-
dence for exercise training to increase the number of
motor units in humans (9). Second, if there were no
more large motor units activated after training, the
only alternative for surface EMG to increase is an
increase in the discharge rate of motor units. Although
Freund (10) concluded that the “force generation in the
upper force range is mainly accomplished by firing-rate
modulation” (p. 408), there is no evidence to suggest
that exercise training actually increases discharge rate
as a means for strength gains. Even if discharge rate
were increased by training, in large muscles only the
final 15% of maximal force is due to a modulation of
discharge rate (27), a narrow margin to account for the
doubling of eccentric strength observed in the present
study.

The mechanism of recruiting more of the available
type II muscle fibers after eccentric training is further
strengthened by the recent findings that suggest a
preferential recruitment of type II motor units during
eccentric actions in the human of the triceps surae (25)
and first dorsal interosseus (17). Although these obser-
vations were made during submaximal eccentric con-
tractions, they seem to correlate with the selective
hypertrophy of the type II muscle fibers observed in the
present study after eccentric training (Table 4). In
addition, selective glycogen depletion of type II muscle
fibers after eccentric contractions in the rabbit tibialis
anterior (24) and the human quadriceps (11) also seems
to validate the hypothesis that the greater strength
gains with eccentric training were probably mediated
by learning to recruit more of the available type II
fibers within a motoneuron pool after training.

Finally on a practical note, subjects in the eccentric
group indicated moderate soreness initially and no
soreness later, whereas subjects in the concentric group
complained throughout the study of the large motiva-
tion required to sustain every contraction at a maximal
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level. This observation correlates well with the data in
Fig. 5 that suggest that concentric actions lead to
fatigue. We are not advocating pure maximal eccentric
regimens to replace conventional conditioning meth-
ods; instead we suggest that the benefits of emphasiz-
ing eccentric muscle actions in recreational settings
and in the rehabilitation of patients with orthopedic (2)
or neuromuscular deficits be explored.

In conclusion, adaptations to training with maximal
eccentric contractions are specific to eccentric muscle
actions that are associated with greater neural adapta-
tion and muscle hypertrophy than concentric exercise.
The lack of hypertrophy and moderate strength gains
with concentric training is not unusual (6) and once
again underscores the important role of muscle length-
ening in these adaptive processes.
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