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Abstract Resistance training has been shown to consid-
erably increase strength and neural drive during maxi-
mal eccentric muscle contraction; however, less is known
about the adaptive change induced by subsequent de-
training. The purpose of the study was to examine the
effect of dynamic resistance training followed by de-
training on changes in maximal eccentric and concentric
isokinetic muscle strength, as well as to examine the
corresponding adaptations in muscle cross-sectional
area (CSA) and EMG activity. Maximal concentric and
eccentric isokinetic knee extensor moment of force was
measured in 13 young sedentary males (age
23.5±3.2 years), before and after 3 months of heavy
resistance training and again after 3 months of detrain-
ing. Following training, moment of force increased
during slow eccentric (50%, P<0.001), fast eccentric
(25%, P<0.01), slow concentric (19%, P<0.001) and
fast concentric contraction (11%, P<0.05). Corre-
sponding increases in EMG were observed during ec-
centric and slow concentric contraction. Significant
correlations were observed between the training-induced
changes in moment of force and EMG (R2=0.33–0.77).
Muscle CSA (measured by MRI) increased by 10%
(P<0.001). After 3 months of detraining maximal
muscle strength and EMG remained preserved during
eccentric contraction but not concentric contraction.
The present findings suggest that heavy resistance
training induces long-lasting strength gains and neural
adaptations during maximal eccentric muscle contrac-
tion in previously untrained subjects.
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Introduction

The expression of voluntary muscle force is influenced
by both muscle cross-sectional area (Schantz et al. 1983),
muscle architecture (Aagaard et al. 2001a) and neural
drive to the muscle (Karlsson and Gerdle 2001). It has
been suggested that a neural force-regulating mechanism
exists, preventing utilization of maximum inherent
muscle force, during conditions of very high muscle
tension (Perrine and Edgerton 1978; Caiozzo et al. 1981;
Wickiewicz et al. 1984). Superimposed electrical stimu-
lation onto maximal eccentric muscle contraction yields
marked gains in moment of force, which suggest the
presence of substantial neural inhibition during this type
of contraction (Dudley et al. 1990; Westing et al. 1990;
Amiridis et al. 1996). Lowered EMG activity during
eccentric relative to concentric or isometric contraction
further supports this notion (Tesch et al. 1990; Westing
et al. 1991; Seger and Thorstensson 1994, 2000; Higbie
et al. 1996; Kellis and Baltzopoulos 1998; Komi et al.
2000; Aagaard et al. 2000). In response to resistance
training intervention the most pronounced strength
gains typically occur during maximal eccentric muscle
contraction (Colliander and Tesch 1990; Aagaard et al.
1996, 2000). Furthermore, hypertrophy of the resistance-
trained muscles (Narici et al. 1989, 1996; Aagaard et al.
2001a), changes in muscle architecture (Aagaard et al.
2001a; Reeves et al. 2004) and increased neural drive
(Moritani and deVries 1979; Hakkinen and Komi 1983;
Hakkinen et al. 1985; Narici et al. 1989; Higbie et al.
1996; Hortobagyi et al. 1996; Aagaard et al. 2000, 2002)
have been reported. Thus, it is generally accepted that
both neural and muscular morphological adaptations
contribute to the strength gains observed in response to
resistance training (Moritani and deVries 1979; Narici
et al. 1989).
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Cessation of resistance training, commonly known as
detraining, is typically associated with a diminished
physiological function. Reductions in maximal volun-
tary muscle strength (Hakkinen and Komi 1983; Hous-
ton et al. 1983; Narici et al. 1989; Colliander and Tesch
1992), muscle cross-sectional area (Narici et al. 1989)
and neural drive to the muscle (Hakkinen and Komi
1983; Hakkinen et al. 1985; Narici et al. 1989) have been
reported. In contrast, some studies have reported par-
tially preserved gains in dynamic muscle strength when
resistance training was followed by 6–12 weeks (LeMura
et al. 2000; Kraemer et al. 2002) and even 30–32 weeks
of detraining (Staron et al. 1991; Lemmer et al. 2000).
Particularly eccentric muscle strength has been reported
to be sensitive to detraining in trained subjects (Hort-
obagyi et al. 1993; Mujika and Padilla 2001; Kraemer
et al. 2002) and in certain muscles of the shoulder
(McCarrick and Kemp 2000). On the other hand, in
previously untrained subjects a preservation of eccentric
strength of the muscles of the lower limb for 8–12 weeks
has been reported (Colliander and Tesch 1992; Housh
et al. 1996). However, a learning effect (Rutherford and
Jones 1986) may have influenced the latter results due to
the use of identical training and testing devices. Thus
some controversy appears to exist.

Therefore, the aim of the present study was to
examine the effect of dynamic resistance training fol-
lowed by detraining on changes in maximal eccentric
and concentric isokinetic muscle strength; and further-
more, to evaluate the corresponding change in muscle
cross-sectional area and EMG.

Methods

Subjects

Thirteen healthy sedentary male subjects (age
23.5±3.2 years, stature 179±8 cm, body mass
75.4±9.6 kg, mean±SD) volunteered to participate in
the present training study. Additionally, ten subjects
(age 23.9±3.1 years, stature 181±8 cm, body mass
76.0±5.0 kg) were recruited as a control group that was
tested but not trained. None of the subjects had previ-
ously participated in regular resistance training, and
none of the subjects had participated in regular exercise
within the last year. All subjects gave written informed
consent to participate in the study, which was approved
by the local Ethics Committee.

Training

Training was performed for 3 months with 38 sessions
evenly dispersed, followed by 3 months of detraining
(=no training). The resistance training program con-
sisted of 4–5 sets of each of the following bilateral ma-
chine exercises: incline leg press, hack squat and isolated
knee extension. In addition, 4–5 sets of hamstring curls

were performed. All exercises were performed in a tra-
ditional manner using consecutive concentric and
eccentric muscle contractions, i.e. raising and lowering
the weight stack in a controlled manner without pause
or breaks. In the early training phase (sessions 1–15),
exercises consisted of 10–12 RM loads (4 sets), followed
by 8–10 RM loads (4 sets) in the mid phase (sessions 16–
25), and heavier loads of 6–8 RM (5 sets) in the later
phase (sessions 26–38). During the final few weeks of the
resistance training period very heavy loadings (4 RM)
were used in the final set of each exercise. Absolute
training loads were progressively increased to maintain
relative loadings at the intended level. To ensure ade-
quate training load and intensity, all training sessions
were surveyed and supervised by the authors of the
study.

EMG measurements

After careful preparation of the skin, bi-polar surface
EMG electrodes (Medicotest M-00-S) were placed on
the medial portion of the vastus lateralis (VL), vastus
medialis (VM) and rectus femoris (RF) muscles. The
EMG electrodes were connected directly to small pre-
amplifiers located approximately 10 cm from the
recording site. The signals were lead through shielded
wires to custom-built differential instrumentation
amplifiers, with a bandwidth of 10–10,000 Hz and a
common mode rejection ratio >100 dB (Aagaard et al.
2000). To quantify the degree of antagonist muscle
involvement, EMG signals were obtained also in the
biceps femoris caput longus and semitendinosus muscles
(Aagaard et al. 2000).

Isokinetic strength testing

Unilateral isokinetic concentric and eccentric moment of
force was measured for the knee extensors of the right
leg using an isokinetic dynamometer (Kinetics Com-
municator, Chattecx Corp., Chattanooga, TN, USA).
All strength testing was preceded by a 15-min warm-up
and preconditioning to the isokinetic dynamometer
(Aagaard et al. 1996). Isokinetic concentric and eccentric
quadriceps moment of force was obtained at slow and
fast angular velocities (30 and 240� s�1, respectively).
Range of motion was 10 to 90� anatomical knee joint
angle (0�=knee fully extended). Trials were performed,
separated by rest periods of at least 45 s until peak
moment could not be visually improved any further,
which was usually achieved within 6–8 maximal at-
tempts.

Signal sampling

EMG and dynamometer strain gauge and lever arm
position signals were sampled synchronously at
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1,000 Hz using an external A/D-converter (dt2801-A,
Data translation, Marlboro, USA) and stored on a
personal computer for later analysis.

Data analysis

The dynamometer force and lever arm position signal
was digitally lowpass-filtered at 15 and 8 Hz cut-off
frequencies, respectively. Subsequently, the moment of
force signal was corrected for the effect of gravity on the
lower leg and foot (Aagaard et al. 1995). All raw EMG
signals were filtered using linear EMG envelopes, which
consisted of highpass filtering at a 5-Hz cut-off fre-
quency, followed by full-wave rectification and sub-
sequent lowpass filtering at a 10 Hz cut-off frequency
(Winter 1990). All digital filtering routines were based
on fourth-order zero phase lag Butterworth filters
(Winter 1990). Mathematical integration of the filtered
EMG signals with respect to time was performed, in the
60–80� knee joint range of motion, to yield integrated
EMG (iEMG). The iEMG signal was then divided by
the respective integration time to yield the average EMG
in the 60–80� interval (Aagaard et al. 2000). Likewise,
the average moment exerted in the 60–80� interval were
calculated. The rationale for choosing this knee joint
angle interval was that the highest moment of force
occurred in this particular range of motion.

Normalized quadriceps EMG

According to previous procedures EMG obtained at
slow and fast eccentric and slow concentric contraction
were normalized relatively to that measured during fast
concentric contraction (Seger and Thorstensson 1994;
Aagaard et al. 2000). This was based on the assumption
that full neuromuscular activation can be achieved
during fast concentric contraction. Two lines of evidence
exist to support this view. First, when electrical percu-
taneous muscle stimulation is superimposed onto fast
concentric voluntary quadriceps contraction this does
not result in an increased knee extension moment of
force (Dudley et al. 1990; Westing et al. 1990; Amiridis
et al. 1996). Second, the highest absolute EMG values
consistently occur at fast concentric contraction (West-
ing et al. 1991; Seger and Thorstensson 1994; Aagaard
et al. 2000). Uniform changes in VL, VM and RF EMG
were observed with training. Therefore, data were col-
lapsed for the three superficial muscles, i.e. normalized
quadriceps EMG=(normalized VL + VM + RF
EMG)/3.

Normalized hamstring EMG

Antagonist hamstring EMG was expressed relative to
that measured in separate trials of maximal hamstring
muscle contraction performed at identical contraction

modes and angular velocities (Seger and Thorstensson
1994).

Muscle cross-sectional area

Quadriceps anatomical cross-sectional area (CSA) was
determined at mid-femur (Narici et al. 1996; Aagaard
et al. 2001b) from 2D T1-weighted fast field echo (TR/
TE, 500/14 ms; FOV180; matrix 512·512; slice thickness
6 mm) magnetic resonance images (MRI) (Philips, Gy-
roscan ACS-NT 1.5 T, Best, Holland) at pre- and post-
training and post-detraining. The length of the femur
was determined in coronary scout scans as the distance
from the greater trochanter to the lateral femur condyle.
During analysis, CSAs of individual muscles of the thigh
were determined using the computer software of the
MRI scanner. CSA of the quadriceps muscle was defined
as the sum of cross-sectional area of the vastus lateralis
(VL), rectus femoris (RF), vastus medialis (VM) and
vastus intermedius (VI) muscles. Due to the high cost of
MRI these measurements were not performed for the
non-trained control group.

Statistical analysis

Repeated measures ANOVA, and subsequent post-hoc
analysis (Bonferroni corrected students t test) was used
to answer the question if selected parameters changed
over time. Values are reported as mean±standard
deviation unless otherwise stated. For correlation anal-
ysis Pearson’s product moment correlation coefficient
(R) were calculated.

Results

Muscle CSA

Anatomical quadriceps CSA increased by 10% in re-
sponse to resistance training (77.4±9.1–85.2±10.1 cm2,
P<0.001), and decreased to pre-training levels following
the period of detraining (77.7±7.6 cm2, P<0.001). Re-
presentative axial MRI scans are shown in Fig. 1.

Isokinetic muscle strength and EMG

Maximal muscle strength and normalized EMG at pre-
and post-training and post-detraining are illustrated in
Fig.2. Following the period of resistance training, slow
eccentric strength increased by 50% (P<0.001) with a
parallel increase in normalized quadriceps EMG of 53%
(P<0.001), and these changes were closely correlated
(R2=0.77, P<0.001) (Fig. 3). Fast eccentric strength
increased by 25% (P<0.01) while normalized EMG
approached a significant increase of 21% (P=0.08),
with a correlation between these changes (R2=0.33,
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P<0.05). Slow concentric muscle strength and normal-
ized EMG increased by 19% (P<0.001) and 14%
(P<0.05), respectively, and these changes also showed a
correlation (R2=0.35, P<0.05). Fast concentric
strength increased by 11% (P<0.05). Following
3 months of detraining, maximal muscle strength and

normalized EMG during concentric contraction de-
creased to pre-training levels. In contrast, maximal
moment of force and normalized EMG during slow and
fast eccentric contraction were fully preserved compared
to post-training (Fig. 2 left).

Antagonist EMG activity in the medial and lateral
hamstring muscles did not change with resistance
training or detraining. The levels of pre-training antag-
onist EMG activity in the biceps femoris were 14±1%,
13±2%, 17±3% and 26±4% during fast eccentric,
slow eccentric, slow concentric and fast concentric con-
traction, respectively. Corresponding values in the sem-
itendinosus were 12±2%, 13±1%, 16±1% and
17±5%.

No significant changes occurred in the control group
for any of the examined parameters (Fig. 2 right).

Discussion

The resistance training regime used in the present study
resulted in considerable gains in isokinetic knee extensor
strength and EMG, particularly during eccentric con-
traction. Likewise, quadriceps CSA was found to in-
crease. Following 3 months of detraining, concentric
strength as well as quadriceps CSA decreased towards
pre-training levels; however, eccentric strength gains
were fully preserved.

Eccentric strength gains evoked by heavy resistance
training

It is well established that both muscular and neural
factors are responsible for gains in voluntary muscle
strength following a period of resistance training (e.g.
Moritani and deVries 1979; Narici et al. 1989). The
quadriceps CSA values measured prior to the present
training intervention as well as the hypertrophic gains
observed after the period of training are in agreement
with previous reports (Narici et al. 1989; Aagaard et al.
2001a). In the present study gains in slow eccentric
muscle strength markedly exceeded the magnitude of
muscular hypertrophy. Further, strength gains in re-
sponse to resistance training were matched by parallel
increases in EMG. This relationship was most pro-
nounced during slow eccentric contraction (R2=0.77),
which indicates a strong relation between increased
neural drive and muscular strength during this particular
type of contraction (Fig. 3). Increased EMG amplitude
in response to training is commonly believed to reflect
increased recruitment and firing rate of motor units
(Suzuki et al. 2002), which in turn would increase force
output of the muscle. However, increased EMG could
also reflect increased synchronization of motor units
(Yao et al. 2000; Day and Hulliger 2001), which may not
per se increase muscle force. The present results indicate
that neural factors contributed substantially to the gain
in slow eccentric maximal muscle strength. It is possible

Fig. 1 Representative axial MRI scans of the right thigh obtained
at 50% femur length pre-training (top), post-training (middle) and
post-detraining (bottom). Hypertrophy (10%, P<0.001) occurred
in response to resistance training. Following detraining these
hypertrophic gains were lost
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however that changes in muscle architecture via an in-
creased muscle fiber pennation angle could also have
contributed to increase the maximal eccentric strength
(Aagaard et al. 2001a; Reeves et al. 2004). The observed
muscle hypertrophy must have contributed to some ex-
tent as well.

A twofold greater increase was observed in muscle
strength and EMG during slow compared to fast
eccentric contraction. The present resistance training
exercises consisted of coupled concentric and eccentric
contractions, i.e. raising and lowering the weight stack in
a controlled manner. Training that included eccentric
muscle contractions has previously been reported to
induce similar fast and slow eccentric strength gains
(Aagaard et al. 2000; Spurway et al. 2000) or greater
slow eccentric strength gains (Colliander and Tesch
1990, 1991). One reason for these findings may reside in
the velocity of training compared to that during testing.
When employing free weight or machine training exer-
cises it is difficult to control knee joint angular velocity.
In the present study the subjects lowered the weight
stack in a controlled manner (approximately 1–1.5 s �
knee joint angular velocity of 50–100� s�1). Eccentric
resistance training has previously been shown to result in

eccentric strength gains at and below the eccentric
training velocity (Seger et al. 1998; Paddon-Jones et al.
2001). It can therefore be speculated that the relatively

Fig. 2 Moment of force (above)
and normalized quadriceps
EMG (below) at slow and fast
eccentric and slow and fast
concentric contraction, at pre-,
post-training and post-
detraining in the training group
(left) and the control group
(right). Values are mean ± SE.
Notice that the increase in
strength and normalized EMG
during maximal eccentric but
not concentric contraction was
preserved after 3 months of
detraining. *: post-training
> pre-training and post-
detraining (P<0.001–0.05), i.e.
gains in response to resistance
training that were lost after the
period of detraining, **: post-
training and post-detraining >
pre-training (P<0.001–0.05),
i.e. gains in response to
resistance training and full
preservation following
detraining. #: a tendency
towards a significant increase,
P=0.08

Fig. 3 The pre- to post-training change in moment of force and
normalized EMG during maximal slow eccentric contraction were
closely related (R2=0.77, P<0.001)
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slow training speeds employed in the present study in-
duced velocity-specific neural adaptations that were
most pronounced during slow eccentric contraction, but
less so during fast eccentric contraction.

Preservation of eccentric strength gains following
detraining

A major finding of the present study was that muscle
strength and EMG during maximal eccentric contrac-
tion remained preserved following 3 months of de-
training. In contrast, quadriceps CSA decreased to
pre-training levels. EMG and muscle strength during
concentric contraction returned to pre-training levels
following the period of detraining. This indicates that
the present resistance training regime, using combined
concentric and eccentric contractions and relatively
heavy loadings induced long-lasting neural adaptations
and parallel strength gains during maximal eccentric but
not concentric contraction. Thus, although both
concentric and eccentric muscle strength increased in
response to resistance training, the underlying neural
adaptation mechanisms may differ. In concert with the
present findings, Colliander and Tesch (1992) observed
that coupled concentric-eccentric quadriceps resistance
training in an isokinetic dynamometer resulted in
eccentric muscle strength gains that were partially pre-
served across 12 weeks of detraining. In another study
dynamic eccentric resistance training resulted in in-
creased dynamic eccentric muscle strength that was re-
tained after 8 weeks of detraining (Housh et al. 1996). In
contrast to the present study, these studies (Colliander
and Tesch 1992; Housh et al. 1996) used identical
training and testing devices, and the results may there-
fore have been influenced by the effect of learning
(Rutherford and Jones 1986). Furthermore, these studies
did not measure EMG.

The present results suggest that the neural circuitry
involved in the control of force development during
maximal eccentric muscle contraction exhibits consid-
erable adaptive plasticity in response to strength training
and that these adaptations are long-lasting. Possible
mechanisms could involve modulated feedback from
Golgi tendon organs and muscle spindles. In animal
experiments Golgi tendon organs have been demon-
strated to discharge proportionally to increasing force
(Gregory and Proske 1979; Crago et al. 1982). In con-
sequence, substantial autogenic motoneuron inhibition
from Golgi tendon organs (Jami 1992), may be present
during maximal eccentric contraction in untrained sub-
jects as previously indicated (Dudley et al. 1990; Westing
et al. 1990; Seger and Thorstensson 1994; Amiridis et al.
1996; Kellis and Baltzopoulos 1998; Aagaard et al.
2000). Furthermore, reduced H-reflex excitability has
been observed during both active (Romano and
Schieppati 1987; Abbruzzese et al. 1994) and passive
muscle lengthening (Pinniger et al. 2001). Thus, muscle
lengthening by itself appears to cause a reduced level of

motoneuron excitability and/or an increased presynaptic
inhibition of Ia afferents, which suggests influential
neural feedback from spindle afferents. Importantly,
interneurons at the spinal level are influenced by higher
cortical centres via descending pathways (Nielsen and
Petersen 1994; Bawa et al. 2000), which allow suprasp-
inal pathways to modulate the magnitude of excitatory
and inhibitory afferent input to the motoneurons.
Speculatively, specific eccentric neural adaptation
mechanisms could include disinhibition of inhibitory Ib-
interneurons during maximal muscle contraction and/or
reduced Ia-afferent presynaptic inhibition during muscle
lengthening. However, it is likely that the resultant level
of neuromuscular activity reflects the integration of a
large number of neural pathways related to both central
pre-programmed and peripheral feedback mechanisms,
and that the neural adaptations induced by strength
training can occur at several levels in the nervous system
(Bawa 2002; Aagaard and Thorstensson 2002).
Regardless of the exact nature of these neural adapta-
tion mechanisms the present study is the first to suggest
that the adaptations are long lasting.

In the present study, muscular atrophy as a result of
detraining did not appear to significantly influence
eccentric muscle strength. In contrast, Hortobagyi et al.
(1993) reported that eccentric muscle strength and
muscle fiber size decreased with 2 weeks of detraining in
power athletes, whereas maximum EMG activity re-
mained unchanged. In general it has been found that
particularly eccentric muscle strength is susceptible to
detraining in trained subjects (Hortobagyi et al. 1993;
Mujika and Padilla 2001; Kraemer et al. 2002). Thus,
the adaptive change in eccentric muscle strength with
detraining is likely influenced by the initial training
status of the subjects.

The control group did not display any change in is-
okinetic muscle strength and EMG during the three test
sessions. Therefore, testing in the isokinetic dynamom-
eter per se at pre- and post-training could not have
influenced the test results at post-detraining.

In conclusion, the present findings suggest that heavy
resistance training in previously untrained subjects in-
duces long-lasting neural adaptations and parallel
strength gains during maximal eccentric but not con-
centric muscle contraction.
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