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Abstract: The purpose of this study was to investigate the intramuscular and intermuscular neural adaptation after
resistance training in trained college athletes. The results indicated that, progressive resistance training significantly
(P<0.01) increased MVC and integrated electromyography (IEMG) of MG muscle. There were, however, a
significant decrease (P<0.01) in integrated electromyography (IEMG) of TA muscle. It was concluded that, with
strength improvement in trained limb agonist muscle activation increased whereas antagonist muscle coactivation
decreased. Consequently intermuscular neural adaptation (decrease of muscle coactivation) and intramuscular neural
adaptation include increase of motor unit recruitment, firing rate and firing duration, does occur in trained athletes
when a new training stimulus is implemented.
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1. Introduction morphological changes in human skeletal muscle

It is well established that physical activity induced by resistance training. Such changes include
that incorporates high muscle tensions, i.e., heavy- increases in anatomical muscle cross-sectional area
resistance strength training, can lead to an increase in [6-7], steeper muscle fiber pen nation angles [6],
maximal contractile muscle force. However, the physiological muscle fiber area and increased
specific mechanisms responsible for this adaptation percentage 2A fibers with a corresponding decrease
are not fully known [1]. The increase in maximal in 2X fibers [8-9]. Likewise, the neural adaptation
contraction force may not solely be explained by induced by resistance training has been addressed
increases in muscle cross-sectional area or volume. with the use of integrated electromyography (EMG)
Rather, an increased "neural drive" to the muscle as an indicator for a change in efferent neural drive.
fibers contributes to the training-induced increase in Several investigators have reported increases in
maximal contractile force, even in the absence of integrated EMG after resistance training and reported
increases in muscle size. Thus not only muscle size more synchronous motor unit impulses on
and muscle phenotype but also neural innervations electromyography (EMG) after resistance training
are important determinants of maximal contractile when compared with pre-training patterns [1-2,7],
muscle strength in vivo [1-2]. Physical training can although not consistently demonstrated in all studies
stimulate both neurological and muscular adaptation [10-11]. In addition, Rutherford and Jones [12]
[3-4], which can result in an increase in muscular suggested that training establishes new neural
force. Of the two, neurological adaptations to training pathways that increase the coordinated activation of
are less understood especially in trained athletes. the muscle groups involved in a particular muscle
Although the effect of resistance training on muscle action. Furthermore, Carolan and Cafarelli [13]
morphology has received considerable examination, proposed that reduced antagonistic co-contraction
less is known about the specific neural mechanisms after isometric training of the leg extensors may be
responsible for the training-induced increase in responsible for the greater torque-producing
maximal muscle strength [1]. Nonetheless, support capabilities of the agonist muscle. It has also been
for such change was demonstrated [3-5]. The specific proposed that training elicits alterations in the
neural adaptation that occurs is thought to be the excitatory and/or inhibitory input, so that a greater
result of improvements in intramuscular and inflow of impulses reaches the motor neuron of the
intermuscular  coordination. The intramuscular working muscle [2,14]. Recent investigations have
adaptations include motor unit recruitment, firing attempted to determine whether training induces
rate, synchronization of firing, and stretch reflex greater motor neuron activation by monitoring EMG
input; and the intermuscular adaptations include activity over the course of a resistance training
activation of synergists and co-contraction of program. Some studies have indicated that EMG
antagonists [3]. Numerous reports exist of the activity  increases with  training [2,7,14-16],
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supporting the hypothesis of increased neural
activation and Others, however, have reported no
such change [10-11,17]. Aagaard et al [1] reported
that some of this disparity may be explained by the
inherent methodological constraints associated with
the recording of surface muscle EMG during
maximal voluntary contraction (MVC). It is
commonly thought that these neurological
improvements occur during the initial stages of
training, after which a gradual crossover to muscular
adaptation occurs [18-19]. This would lead to the
assumption that neurological change does not occur
in the trained athlete, at least not to any significant
degree. However, it is also logical to assume that,
when a different training stimulus is introduced,
additional neurological and muscular adaptations
may occur. Because of lake and discrepancy in the
research literature to evaluating such a possibility
therefore, the purpose of this study was to investigate
the intramuscular and intermuscular neural adaptation
after resistance training in trained college athletes.

2. Methods

In order to determine if a new training stimulus
would stimulate neural adaptation in previously
trained men college athletes, the subjects were
divided into 2 groups, experimental (EXP) and
control (CON). The only alteration between CON
and EXP group was that the experimental group
engaged in a form of resistance training on plantar
flexor muscles, whereas the control group did not.
Various techniques have been employed to identify
whether neural mechanisms are involved during a
training program; however, we chose surface EMG
as a simple, noninvasive measure of neural
activation. Data were collected prior to initiating the
new training protocol and at the end of 8 weeks.

Thirty male college student athletes(body mass
74.03 + 5.41 kg, height 175.80 + 6.31cm, age 22.33 £+
1.26 yr and sport history =3.8 1.31years, means +
SD) with no neuromuscular dieses history served as
subjects for this experiment. The subjects were
randomly assigned to either CON (n=15) or EXP
(n=15) in an even distribution. The subjects were
carefully informed about the design of the study with
special information on possible risks and discomfort
that might result, and subsequently signed an
informed consent document prior to the start of the
study. Before the first test, limb dominance was
noted by the subject’s preference in kicking a ball
and taking off in a single-legged hop [20].

The young men were football athletes who were
in an off-season. Subjects in the training group
trained for 8 weeks. During training, they trained the
plantar flexor muscles. Two types of progressive
strength training, standing one-leg calf raises and
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Donkey calf raises, were performed 3 times a week
for 8 weeks. One-leg calf-raises were carried out with
each subject standing with their knee and hip joints
secured in a neutral position. Each subject raised the
heel of the training side from the neutral position to
30° plantar flexion in the sagittal plane, while
supporting a barbell on their shoulders. In order to
performance of Donkey calf raises exercise the
subject stood with toes on the edge of a calf board
(approximately 3-5 inches in height). The subject
bent forward at the hips until the torso was parallel to
the floor, and he stabilized the body by holding onto
a piece of equipment. In this position he allowed the
heels to drop as far as comfortably possible below the
level of the toes. Then he raised the torso as high as
possible on the balls of the feet. Once the top of the
movement is reached he slowly lowered the heels as
far below the level of the toes as possible, returning
to the starting position [21]. Weight bag according to
each subject 1RM put onto their back. Strength-
training exercise consisted of 3 sets of 10-12
repetitions at 70-75% of the one-repetition maximum
(1-RM) with a rest period of 1-2 min between sets.
The 1-RM was tested by the formula (1IRM = Bar
Wtkg + 1-(0.02 x Reps) [22] on the 1st day of every
week during training for 8 weeks, and the intensity
was adjusted to maintain a progressive resistance
training stimulus. Before testing, each subject
warmed up for 5 min with aerobic, low-resistance
ergometer cycling and static stretching of the leg
muscles [20]. One specific warm-up set of 15
repetitions was performed for each exercise at an
intensity of 45% of the 1 RM. For control of the
repetition speed compensatory acceleration technique
was used [22]. A single investigator supervised each
training session. The total time for carrying out the
training program was 30 to 45 min for each session.
Each subject completed three trials of MVC,
with each trial separated by a minimum of 180 s. In
the MVC test, the subject was asked to increase force
gradually for 2 s, and thereafter to try to keep the
maximal force for approximately 2 s [23]. Before the
pre-training measurements, each subject was
familiarized with the equipment used and the
procedures involved in the experiment. The force of
plantar flexion was measured by a load cell
(Lafayette, USA) placed between the metal base plate
and force lever plate. The force signal from the load
cell was amplified through a DC amplifier (32528,
Lafayette, USA). Each subject sat on a seat, and was
positioned at 80° hip flexion and 10° plantar flexion,
with the knee at the neutral position. A belt was used
as a support to keep the hip joint, knee joint, and
thigh unchanged during testing [23]. The foot was
also tightly secured by two straps to keep the ankle
joint unchanged. Arms were folded in front of the
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chest [20]. Verbal encouragement was given during
the exercises. Hip, knee and ankle postures were
measured using a SGI110 and SGI50 twin
axis goniometer, (Datalog, Model P3X8, Biometrics,
UK). The electrogoniometer was attached with
double-sided (medical) adhesive tape and secured
with adhesive medical tape. Goniometry recordings
were analyzed using the datalog ver.2.0a software
analysis package.

The measurements of each parameter were
performed at pre-training (PRE) and post-training
(POST) in both the training and the control groups.

The surface EMG signals of muscle were
recorded during MVC by way of surface bipolar
electrodes. The skin surface was cleaned with alcohol
and rubbed with sand paper. The index of good skin
impedance condition was that the skin gets a light red
color and for fixed skin impedance condition 5
minutes time was used [24]. The room temperature
fixed at 25 °C. Surface bipolar electrodes Ag-AgCl
(Medicotest blue sensor, M-o0-s), with 6 mm contact
diameter, and 1.5 cm inter-clectrode space were
placed at the tibialis anterior ~10 cm below the caput
fibulae, and at the gastrocnemius medial heads ~7 cm
below the caput fibulae (2). For avoid cable
movement artifacts and minimized the risk of
separating the electrodes from skin, the cable, pre-
amplifier and electrodes fixed on the skin by regular
tape and net bandages. In order to cooperate between
MVC test and EMG measurement we used alarm of
EMG device. A circle was drawn with a permanent
marker around all the electrodes to ensure consistent
relocation of the electrodes. The EMG signals were
amplified differentially with an AC amplifier (gain
375), and band-pass filtering was set at both low pass
(500 Hz) and high pass (10 Hz) cutoff filters
(ME3000p8, Mega Electronic, Finland) and sent to a
personal computer via an analog to digital (A/D)
board with Sensivity 3 mV and Resolution: 2.95 mV
(12-bit, 8 channels, Mega Electronic, Finland).

All signal processing was performed using
markers of Megawin software (version 2.0; Mega
Electronic, Finland). The signals were band-pass
filtered from 10-500 HZ. The EMG data of the MVC
trial was used to calculate the IEMG for 1- second
time between 800 ms before and 200 ms after the
peak.

Data are presented as mean (SD), and these were
computed by standard methods. The changes to each
variable during the experimental periods (PRE and
POST) were analyzed using paired students t-test.
The independent t-test was used to determine a
significant differences between trained and control
groups. A Statistical significance was set at the
P<0.05 level. These statistical analyses were
performed with SPSS software (SPSS 11.5, SPSS).

3. Results

The changes in MVCs, IEMG values
obtained from the medial gastrocnemius (MG)
(Agonist) and tibialis anterior (TA) muscle
(Antagonist) at PRE and POST in the EXP and CON
group are shown in Tables 1 and 2.

Table 1- Changes in variables at pre-training (PRE)
and post-training (POST) in the EXP group, Values
are means (SD). (MVC: Maximum isometric

voluntary contraction, IEMG: integrated
electromyography).
. EXP group
Variable PRE POST
MVC (Kg) 26122231 | 2.7%+24.84

TEMG of (MG) muscle (1V'5)|66.89+1321.13|68.36%+£1406.26
TEMG of (TA) muscle (uV-s) | 52.23£917.51 | 49.04*£823.59

*Significantly different from PRE at P<0.01

Table 2- Changes in variables at pre-training (PRE)
and post-training (POST) in the CON group, Values
are means (SD). (MVC: Maximum isometric

voluntary  contraction, IEMG: integrated
electromyography)
. CON group
Variable PRE POST
MVC (Kg) 2.63422.34 | 2.59+22.29

TEMG of (MG) muscle (uV's)[69.121319.53[67.98+1317.26
TEMG of (TA) muscle (uV's) [51.124916.38] 50.89+917.11

*Significantly different from PRE at P<0.01

Figures 1-3 show the percentage changes in plantar
flexor MVC, IEMG of the MG muscle and TA
muscle values at pre-training (PRE) and post-training
(POST), in the EXP and CON group.

(%)

EXP group CON group

| B percentage changes of plantar flexor MVC |

Fig 1- percentage changes in plantar flexor MVC at
pre-training (PRE) and post-training (POST) in the
EXP and CON group
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Fig 2- Percentage changes in MG muscle IEMG at
pre-training (PRE) and post-training (POST) in the
EXP and CON group

EXPgroup CON group

(%)

| B percentage changes of TA muscle IEMG

Fig 3- Percentage changes in TA muscle IEMG at
pre-training (PRE) and post-training (POST) in the
EXP and CON group

After training, MVC was significantly increased
(11.34%, P<0.000) in EXP group but no significant
change in the CON group. Percentage changes in
plantar flexor MVC at pre-training (PRE) and post-
training (POST) in the EXP and CON group was
shown in figure 1.

The IEMG of the MG muscle significantly
increased (6.44%, P<0.000) in EXP group after
training whereas there was no significant change in
the CON group. Percentage changes in MG muscle
IEMG at pre-training (PRE) and post-training
(POST) in the EXP and CON group was shown in
figure 2.

The IEMG of the TA muscle significantly
decreased (10.23%, P<0.000) in EXP group after
training. For the CON group there was no significant
difference in this variable. Percentage changes in TA
muscle IEMG at pre-training (PRE) and post-training
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(POST) in the EXP and CON group was shown in
figure 3.

The control subjects showed no significant
changes for all variables throughout the experimental
period, indicating that the changes observed in the
training group were due to the new progressive
resistance training programmer.

4. Discussions

The results of this study indicated a
significant increase in plantar flexor MVC, MG
muscle IEMG and a significant decrease in TA
muscle IEMG after a new progressive resistance
training in trained athletes. Some studies reported
that resistance training increased agonist muscle
EMG [1-2,7] although the others showed no
significant change in this factor [10-11]. The reason
for the discrepancies between the results of the
present investigation and those of others examining
EMG responses to training may be a function of
differences in the mode, intensity, period of training
and procedures used to analyze and quantify the
EMG signal [11]. The present study used different
contraction modes for isometric testing and for
isotonic strength training. Isometric strength was
assessed in order to avoid any positive learning
effect, as subjects did not train with isometric
contractions. Thus, differences in the muscle action
used for testing purposes and the methods used to
quantify EMG amplitudes could partly explain the
conflicting results between the present study and
other studies. Evetovich et al [11] reported that after
training as individual muscle fibers enlarge; their
positions under surface electrodes are altered.
Therefore, it is possible that hypertrophy alone could
have influenced the EMG signal. Garfinkel and
Cafarelli [25], however, hypothesized that if
electrode placement is constant, then the electrodes
are detecting EMG over the same area of muscle
membrane and, therefore, hypertrophy would not
alter the EMG. Maximal iEMG changes after training
may reflect the degree of electrical excitation of the
underlying muscles and is affected by the number
and size of motor units recruited, frequency of
stimulation, and the synchrony of firing [15]. The
interpretation of the increases in IEMG during
maximal muscle actions after training is uncertain.
Increases in IEMG can reflect increases in motor unit
recruitment and/or motor unit firing rates [15]. Some
studies that used the twitch interpolation technique
with isometric muscle actions [26] have suggested
that motor unit activation during maximal voluntary
contractions before training is maximal. If this were
the case, the increase in IEMG after training should
reflect increased motor unit firing frequency, which
may or may not cause greater force [25]. It is also
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possible that increased surface area of hypertrophied
muscle fibers could contribute to increased IEMG
after training, but the relatively small muscle
hypertrophy that occurred and the fact that muscle
hypertrophy is not always accompanied by increased
maximal IEMG [25] suggest that this is unlikely.
Higbie et al [15] reported that the significant changes
in strength after resistance training resulted from a
combination of muscle hypertrophy and increased
neural activation. However, it was not possible to
precisely determine the relative importance of the
two adaptations. They noted that based on the
magnitude of the mean changes, and the correlations
between changes in torque and changes in muscle
hypertrophy and maximal IEMG, muscle
hypertrophy and neural adaptations appeared to
contribute approximately equally to the changes in
strength after training. However, a substantial part of
the strength change could not be accounted for by
these two factors. Other studies have found that
changes in muscle size or maximal IEMG after heavy
resistance training are only moderately or poorly
correlated with strength changes [27-29]. In the
present study there was a significant decrease in TA
muscle IEMG (antagonist) after training in trained
athletes. Some studies found that after 8 weeks of
training there was an increase isometric torque during
resistance training that was not associated with a
change in maximal activation of the agonist muscle
but a decrease in EMG activity in the antagonist
[10,12-13]. It is possible that the increase in maximal
agonist muscle strength was due, in part, to a
training-related decrease in co-activation of the
antagonist muscles. It has been suggested, however,
that this should result in greater agonist activation,
and thereby cause increased agonistic EMG activity
[10]. Rutherford and Jones [12] have suggested that
changes in antagonist co-contraction are learned
adaptations, whereas Carolan and Cafarelli [13]
stated that the level of co-activation changes with
training. The magnitude and the time course of the
changes in the antagonist co-activation may be
related to the types of action used, to the exercises
utilized in the training and to the initial physical
status of the subjects in terms of experience and skill
in strength training. Nevertheless, the present result
support the concept that strength training can lead not
only to the increased activation of the agonist muscle
in trained athletes but training-induced learning
effects in terms of reduced co-activation of the
antagonist muscle also plays a role enhancing the net
force production of the agonists. The extent to which
reduced co-activation of the antagonist is mediated
by mechanisms in the central nervous system or
associated also with peripheral neural control,
especially during various dynamic actions, is difficult
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to establish [30]. Changes in co-activation could be a
learned adaptation manifested as an improvement in
coordination or skill. Reducing antagonist co-
activation requires no conscious effort and therefore
is likely mediated by mechanisms in the central
nervous system. It has been suggested that co-
activation is facilitated by Renshaw cell firing, which
inhibits the Ia inhibitory inter-neurons by excitation
of the Ib inter-neurons from the Golgi tendon organs
or by direct descending motor pathways. Attenuation
of any or all of these pathways would reduce co-
activation. Because adaptations in antagonist co-
activation do not account for all the nonhypertrophic
increases in quadriceps MVC, the possibility of
additional changes occurring elsewhere in the
neuromuscular system must be entertained [13].

Pucci et al [31] noted that an increase in
motor unit recruitment may have contributed to the
increase in surface EMG activity and may have
occurred independently of increases in mean motor
unit firing rates. Reductions in co-activation have
been proposed to be a contributing factor to the
increase in agonist MVC with training. They reported
that the small changes in activation and co-activation
observed in their studies are not likely to be sufficient
to solely account for the large increases in MVC
force during training. It is possible that other neural
adaptations may also have occurred. Such adaptations
include changes in the control of the synergistic
muscles [12,32] and motor unit firing rate
synchronization [33]. The argument for neural factors
being involved in strength increases hinged on
increases in muscle activation observed in the surface
electromyogram. At maximal efforts this adaptation
was interpreted to mean a more complete recruitment
of the entire motor unit pool or increased motor unit
firing rates [31]. Also it has been suggested that
training establishes new neural pathways that
increase the coordinated activation of the muscle
groups involved in a particular muscle action.

Corresponding Author:

Dr. Mansoure Shahraki

Department of Body Building & Sport Sciences
Zabol University

Zabol, Iran

E-mail: shahrakil389@yahoo.co.uk

References

1. Aagaard, P, Sinonsen, E.B., Andersen,JL.,
Poulsen,PD.,Neural adaptation to resistance training: Changes
in evoked V-wace and H-reflex responses, J. Appl Physiol,
92(6), 2309-2318, 2002.

2. Moritani, T, and deVries HA. Neural factors versus
hypertrophy in the time course of muscle strength gain. Am J
Phys Med Rehabil 58: 115-130, 1979



Journal of American Science, 2011;7(8)

http://www.americanscience.org

3. Hammett, JB, Willam T.H, Neuromuscular adaptation to
short-term (4weeks) ballistic training in trained high school
athletes, The Journal of Strength and Conditioning Research,
17(3), 556-560, 2003.

4. Vancutsem, M, Duchateau J, and Hainaut K. Changes in
single motor unit behavior contribute to the increase in
contraction speed after dynamic training in humans. J Physiol
513:295-305, 1998.

5. Duchateau, J.,and, Hainaut, K. Effect of immobilization on
contractile properties ,recruitment and firing rates of human
motor units, J. Physiol. 422. 55-65. 1990.

6. Aagaard, P, Andersen JL, Dyhre-Poulsen P, Leffers AM,
Wagner A, Magnusson SP, Halkjaer-Kristensen J, and
Simonsen EB. A mechanism for increased contractile strength
of human pennate muscle in response to strength training:
changes in muscle architecture. J Physiol 534: 613-623, 2001.
7. Narici, M.V., G.S. Roi, L. Landoni, A.E. Minetti, and P.
Cerretelli. Changes in cross-sectional area and neural
activation during strength training and detraining of the human
quadriceps. Eur. J. Appl. Physiol. 59:310-319. 1989.

8. Andersen, JL, and Aagaard P. Myosin heavy chain 11X
overshooting in human skeletal muscle. Muscle Nerve 23:
1095-1104, 2000.

9. Hather, BM, Tesch P, Buchanan P, and Dudley GA.
Influence of eccentric actions on skeletal muscle adaptations to
resistance training. Acta Physiol Scand 143: 177-185, 1991.
10. Ebersole, K.T., Housh, T.J., Johnson, G.O., Perry, S.R.,
Bull, AJ., & Cromer, J.T. mechanomyographic and
Electromyographic response to unilateral isometric training. J.
Strength Conditioning Research. 16(2), 192-201, 2002.

11. Eveytovich, T.K., Housh, D.J., Johnson, G.O., Smith, D.B.,
& Ebersole, K.T. The effect of Concentric Isokenetic strength
training of the Quadriceps Femoris on EMG and muscle
strength in the trained and untrained limb. J. strength &
conditioning Research, 15(4), 439-445, 2001.

12. Rutheford, O.M., and D.A. Jones. The role of learning and
coordination in strength. Eur. J. Apple. Physiol, 55: 100-105.
1986.

13. Carolan, B., and E. Cafarelli. Adaptations in coactivation
after isometric resistance training. J. Apple. Physiol, 73, 911-
917, 1992.

14. Hortobayyi, T., Lombert, N.J., & Hill, J.P. Greater cross
education following training with muscle lengthening than
shortening. Med. Sci. Sports Exerc., 29, 107-112,1997.

15. Higbie, E.J., K.J. Cureton, G.L. Warren, and B.M. Prior.
Effects of concentric and eccentric training on muscle strength,
cross-sectional area, and neural activation. J. Appl. Physiol.
81:2173-2181. 1996.

16. Komi, P.V., J. Viitasalo, R. Rauramaa, and V. Vihko.
Effect of isometric strength training on mechanical, electrical,
and metabolic aspects of muscle function. Eur. J. Appl.
Physiol. 40:45-55. 1979.

17. Komi, P.V., and E.R. Buskirk. Effect of eccentric and
concentric muscle conditioning on tension and electrical
activity of human muscle. Ergonomics. 15:417-434. 1992.

3/5/2011

693

18. Caiozzo, V.J.,, J.J. Perrine, and V.R. Edgerton. Training-
induced alterations of the in vivo force-velocity relationship to
human muscle. J. Appl. Physiol. 51:750-754. 1981.

19. Powers, S.K., and E.T. Howley. Exercise Physiology:
Theory and Application to Fitness and Performance (3rd ed).
Dubuque, IA: Brown & Benchmark,. 1997.

20. Benjamin, S., Beynnon, B.D., Helie, B.V., Alosa, D.M., &
Rennnstrom, P.A. The benefit of a single leg strength training
program for the muscles around the untrained ankle. American
J. Sport Med, 28: 568-573, 2000.

21. Bompa, T., Carnacchia, L. (1998). Serious strength
training, Human Kinetics, P: 25, 40, 58, 59, 69, 81 & 93.

22. Fleck, S.J., Kramer, W.J. Designing Resistance Training
Programs, Third Edition, Human Kinetics, P: 214, 2004.

23. Shima, N., Ishida, K., Katayama, K., Morotome, Y., Sato,
Y., & Miamura, M. Cross Education of muscular strength
during unilateral resistance training and detraining. Eur. J.
Appl. Physiol., 86(4), 287-294,2002.

24. Konrad, P. (2005). The ABC of EMG: A practical
introduction to kinesiological Electromyography, Noraxon
Inc.USA, PP: 14-55.

25. Garfinkel, S., and E. Cafarelli. Relative changes in
maximal force, EMG, and muscle cross-sectional area after
isometric training. Med. Sci. Sports Exercise 24: 1220-1227,
1992.

26. Sale, D. G. Neural adaptation to resistance training. Med.
Sci. Sports Exercise 20: S135-S145, 1988.

27. Hakkinen K, Alen M, Kraemer WIJ, Gorostiaga E,
Izquierdo M, Rusko H, Mikkola J, Hakkinen A, Valkeinen H,
Kaarakainen E, Romu S, Erola V, Ahtiainen J, Paavolainen L.
Neuromuscular adaptations during concurrent strength and
endurance training versus strength training. Eur J Appl
Physiol. 89(1):42-52, 2003.

28. Hakkinen, K., M. Alen, and P. V. Komi. Changes in
isometric force- and relaxation-time characteristics of human
skeletal muscle during strength training and detraining. Acta
Physiol. Scand. 125: 573-585, 1985.

29. Jones, D. A., and O. M. Rutherford. Human muscle
strength training: the effects of three different regimes and the
nature of the resultant changes. J. Physiol. Lond. 391: 1-11,
1987.

30. Hakkinen,K., Alen,M., Kaninen,M., Kraemer,WJ.
Neuromuscular adaptation during prolonged strength training,
detraining and re strength-training in middle- aged and elderly
people, Eur J Appl Physiol 83: 51-62, 2000.

31. Pucci, A.R, Griffin L. and Cafarelli E. Maximal motor unit
firing rates during isometric resistance training in men.
Experimental Physiology, 91.1:171-178,2006.

32. Digby, G.S., 2002. Neural adaptation to strength training,
In: Strength and power in sport (ED Komi, P.V), Blackwell
Publishing, PP. 294-308.

33. Semmler JG & Nordstrom MA (1998). Motor unit
discharge and force tremor in skill and strength-trained
individuals. Exp Brain Res 119, 27-38.



