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ABSTRACT. Gruber, M., S.B.H. Gruber, W. Taube, M. Schubert, 
S.C. Beck, and A. Gollhofer. Differential effects of ballistic ver
sus sensorimotor training on rate of force development and neu
ral activation in humans. J. Strength Cond. Res. 21(1):274-282. 
2007.-Balancing exercises on instable bases (sensorimotor 
training [SMT)) are often used in the rehabilitation process of 
an injured athlete to restore joint function. Recently it was 
shown that SMT was able to enhance rate of force development 
(RFD) in a maximal voluntary muscle contraction. The purpose 
of this study was to compare adaptations on strength capacity 
following ballistic strength training (BST) with those following 
an SMT during a training period of 1 microeycle (4 weeks). Max
imum voluntary isometric strength (MVC), maximum RFD 
(RFDmax) and the corresponding neural activation of M. soleus 
(SOL), M. gastrocnemius (GAS), and M. tibialis anterior (TIB) 
were measured during plantar flexion in 33 healthy subjects. 
The subjects were randomly assigned to a SMT, BST, or control 
group. RFDmax increased significantly stronger following BST 
(48 :t 16%i P < 0.01) compared to SMT (14 :t 5%i P < 0.05), 
whereas MVC remained unchanged in both groups. Median fre
quencies of the electromyographic power spectrum during the 
first 200 ms of contraction for GAS increased following both BST 
(45:!: 21%iP < 0.05) and SMT (45 :!: 22%iP < 0.05), but median 
frequencies for SOL increased only after SMT (13 :t 4%; P < 
0.05). Additionally, mean amplitude voltage increased following 
BST for SOL (38 :t 12%; P < 0.01) and for GAS (73 :t 23%; P < 
0.01) during the first 100 ms, whereas it remained unchanged 
after SMT. It is concluded that BST and SMT may induce dif
ferent neural adaptations that specifically affect recruitment 
and discharge rates of motor units at the beginning of voluntary 
contraction. Specific neural adaptations indicate that SMT 
might be used complementarily to BST, especially in sports that 
require contractile explosive properties in situations with high 
postural demands, e.g., during jumps in ball sports. 
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INTRODUCTION 

(f) 
rowing interest has been given to the ability of 
the muscle to produce maximum power and 
high force values within short periods of time. 
Explosive muscle strength is considered to be 

of major importance in many sports that involve ballistic 
muscle contractions (30) and in injury-related situations, 
in which a joint has to be stiffened in a very short time 
period (14). More functionally, training in the elderly 
could reduce the risk of falls by fast activation of the mus
cles concomitant with improvements of postural control 
(23). 

It has been shown that adaptations in muscular per
formance are highly specific depending on the training 
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loads (22). Therefore, different training methods have 
been established with the aim of developing distinct 
strength qualities. Training with high loads (high.inten
sity strength training) improved maximum voluntary iso
metric strength (MVC) considerably with only minor 
changes in the rate of force development (RFD), whereas 
moderate loads that were accelerated with maximal effort 
(ballistic strength training [BST]) had minor effects on 
the MVC but enhanced RFD extensively (10, 18,29). The 
underlying neural mechanisms of a BST were recently 
examined by Van Cutsem et al. (36). Through analysis of 
single motor unit (MU) recordings, earlier recruitment of 
high-threshold MUs, enhanced maximal discharge rates 
of MUs, and an increased incidence of "doublets" during 
ballistic contractions after 3 months of dynamic training 
were demonstrated for M. tibialis anterior (TIB). The au
thors suggested that these adaptations were caused by an 
enhanced neural drive to the motoneurons of the trained 
muscle. Most probably the actuating stimulus is the ex
ecution of a voluntary motor command with the intention 
to accelerate a load as fast as possible (3, 39). 

Recently, comparable effects on RFD were reported 
following a sensorimotor training (SMT) (17). The authors 
reported an enhanced maximal RFD (RFDmax) of 33% for 
voluntary isometric leg press exercises after a 4-week 
training period. This is remarkable as during SMT the 
muscles are innervated constantly with only submaximal 
intensity in order to ensure balance. The authors there
fore suggested that afferent contributions might play an 
important role for the observed adaptations in explosive 
strength. Recently, Grande and Cafarelli (16) examined 
the recruitment thresholds and the firing rates of single 
MUs when recruited via the la afferent pathway com
pared to voluntary activation during force matched iso
metric knee extensions. The authors reported that MUs 
of M. vastus lateralis were recruited earlier but with low
er firing rates when activated via the la afferent pathway 
compared to a voluntary activation. This clearly indicates 
that recruitment thresholds and firing rates of MUs de
pend on the amount of afferent input. 

If the muscle activation during SMT is differentially 
organized compared to BST, it could be hypothesized that 
neural adaptations should differ as well. This could be 
quite important because it is known that the increases in 
strength observed during the first weeks of a specific 
training (e.g., a microcycle) may primarily result from 
considerable neural adaptations (26). Therefore, the pur
pose of this study was to compare specific adaptations in 
explosive strength capacity and neural activation be
tween BST and SMT for 1 microcycle. 

http://nbn-resolving.de/urn:nbn:de:bsz:352-169783
http://journals.lww.com/nsca-jscr/pages/default.aspx


METHODS 

Experimental Approach to the Problem 

To test our hypothesis, specific adaptations f()r SMT and 
BST were compared in a controlled longitudinal training 
study. The training period lasted 4 weeks (microcycleJ in 
order to ensure neuromuscular adaptations. Neural vs. 
muscular improvements were verified by an analysis of 
twitch torques that were released by supramaximal nerve 
stimuJations. In both training regimens, focus was set on 
ankle plantar flexors. Plantar flexors, especially triceps 
Surae muscles, are functionally important in t110se sport 
disciplines that involve jumping or running. Here, devel
opment of high forces within a short time period te.g., 
muscle power) is of vital importance for performance. 

Explosive contractions served as reference to elabo
rate strength and power adaptation in both training reg
imens. These tests were performed isometrically in order 
to ensure high reliability. From a functional point of view, 
contractile impulses were evaluated in order to predict 
segmental angular velocity in nonisometric conditions. 
Analysis of torque and the corresponding electromyogra
phy (EMG) of agonistic and antagonistic muscles allowed 
detection of functional mechanisms of the observed ad· 
aptations. The following sections will explain and specify 
the different parameters. 

Subjects 

Thirty-three subjects participated in the study. All sub
jects were healthy with no neurological disorders and no 
injuries of the lower extremities. They were not involved 
in any other systematic training during the experiment 
and had not engaged in BST or SMT before. All the sub
jects gave their written informed consent before partici
pating in the study. They were randomly assigned to lof 
:3 gr<lUps: BST (6 male and 5 female subjects; age, 27 ± 
6 years; height, 1.72 ± 0:08 m; weight, 68 ± 13 kg), SMT 
(5 male and 6 female subjects; age, 25 ± 3 years; height, 
1.72 ± 0.08 m; weight, 64 ± 9 kg), or control (CON; 6 
male and .5 female subjects; age, 26 ± 4 years; height, 
1.73 ±. 0.07 m; weight, 68 ± 8 kg). The study was ap
proved by the local ethics committee and conducted ac
cording to the Declaration of Helsinki. 

Procedures 

Training. The SMT and BST groups trained over a period 
of 4 weeks, with a total of 16 training sessions. All ses
sions were documented, surveyed, and supervised by the 
authors of the study. The SrvrT and BST groups trained 
according to protocols that have been used previously (10, 
17, 32, 36). Figure 1 gives a detailed description of the 
respective training regimens. Care was taken to nuitch 
training duration and intensity between the BST and 
SMT groups. The SMT was characterized by a complex 
activation pattern in the muscles encompassing the ankle 
joint in order to maintain Or regain balance. The BST, in 
contrast, was characterized by isolated voluntary explo
sive activations of plantar and dorsal nexors in order to 
move a light load as fast as possible. For both training 
regimens, the procedure was controlled very carefully by 
the authors'ofthis study to ensure maximum effort of the 
subjects. The training was intensifi.ed after 8 sessions by 
increasing the number of sets to 6. The control group 
maintained their normal physical activities throughout 
the experimental period. Moreover, all subjects were not 
allowed to reduce or raise their daily sport activities be
tween pretests and posttests. 
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FIGURE 1. Tmining protocols fbr sensorimotor training (SMT) 
and ballistic strength training (B8'1'). Exerdses were 
performed with the right leg except exercise 1 of BST. which 
was performed with both legs 8imultane(1u~ly. The total 
duration of each training session (8MT ilnd BST) was 60 min. 
The wm:m-up and cool-down lasted for 10 min each on a 
bicycle dynamometel' at 100 W. 

MeaBuremenl of MVC and Maximal RFD. Maximum 
voluntary isometric ankle plantar flexion stret1f,rth was 
measured on an isokinetic system (lsol1lod 2000, D.&R. 
.i<'erstl GmbH, Remau, Germany). The maximum error of 
the torque sensor was <0.2%. The subjects were posi
tioned on the seat of the isokinetic device with the hip 
and the knee angJe adjusted to 90° and the ankle angle 
to 100°. The waist, the thigh, and the shank were fixed 
on the isokinetic system and the subjects were asked to 
cross their arms in front of their chest. The exact position 
of each subject was dO<:U1l1enh.ld and saved in the isoki
netic system, so that it W(;lS identic(;l) in the pretraining 
and posttraining conditions. Testing was perfhrmed only 
on t.he right leg. A warm-up period of 10 minutes on a 
bicycle ergometer at 100 W was mandatory for each sub
ject. After the ergometer warm-up, 3 to 5 sllbmaximal 
isometric contractions were allowed for each subject to get 
accustomed to the testing procedure. Thereafter, each 
subject performed 5 plantar flexions. The two first trials 
had to be.performed with submaximal effort. According 
to the visual inspections of the first two trials and of the 
resulting torque time curve, the subjects were instructed 
to perform a propertechnical execution of the contraction. 
The last 3 trials of each set were performed with maximal 
voluntary effort. For each of these trials, subjects were 
thoroughly instructed to act "as forcefully and fast as pos
sible." 

The torque signal and the EMG signals were sampled 
simultaneously at 1 kHz. The raw unfiltered signals were 
analog-to-digital converted (DAQ700, National Instru
ments, Austin, TX) mid stored on a PC. During later off· 
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line analysis, the torque signal was filtered by a digital 
fourth-order recursive Butterworth low-pass filter, upper 
cutoff frequency 50 Hz. 

Maximum voluntary isometric strength (MVC) and 
EMG were measured for each of the last 3 maximal iso
metric contractions and afterwards reported as mean val
ues of the respective trials. Onset of torque was deter
mined when torque exceeded 2 N·m. Contractile impulses 
were defined as integrals of the torque-time curve from 0 
to 50, 50 to 100, 100 to 150, and 150 to 200 ms relative 
to the onset of force production (Figure 2A). Contractile 
impulse is of functional importance because it constitutes 
segmental angular velocity in nonisometric conditions. 
The significance of this parameter has been discussed in 
detail by Aagaard et a1. (1). The RFDmax was defined as 
the maximal slope of the torque time curve (dT/dt) and 
time to reach RFDmax was determined relative to the 
onset of torque (Figure 2B). 

Electromyography. Bipolar surface electrodes (Hellige, 
Freiburg, Germany; diameter 10 mm, center-to-center 
distance 25 mm) were placed over M. soleus (SOL), M. 
gastrocnemius medialis (GAS), and TIB of the right leg. 
The longitudinal axes of the electrodes were in line with 
the presumed direction of the underlying muscle fibers. 
All electrode positions were carefully determined and 
marked to ensure identical pretraining and posttraining 
recording sites. Interelectrode resistance was kept below 
5 kD by means of shaving, light abrasion, and degreasing 
and disinfecting the skin. The EMG electrodes were di
rectly connected to custom-built differential preamplifiers 
(gain 200, input impedance 4,000 MD, common mode re
jection 75 dB at 60 Hz) and taped to the skin. The pream
plified signals were transmitted via shielded cables to the 
main amplifier (band-pass filter [10 Hz to 1 kHz], gain 
6.25 [resulting in an overall gain of 1,250]) and recorded 
with 1 kHz. 

The onset of EMG integration was set 30 ms prior to 
the onset of torque to account for the occurrence of elec
tromechanical delay. Absolute contractile EMG was de
termined as mean average voltage (MA V) in the distinct 
time intervals of -30 to 20, 20 to 70, 70 to 120, and 120 
to 170 ms relative to the onset of torque as well as 100 
ms before and after MVC (MAV_MVC; Figure 2C). Nor
malized MA V values were calculated as MA V relative to 
MAV..MVC (expressed as percentage of MAV..MVC) for 
each trial. The frequency domain of the EMG signal of 
the first 200 ms relative to the onset of torque and 100 
ms before and after MVC was analyzed by fast Fourier 
transformation (37). Only frequencies with a power ex
ceeding 30% of peak power were used to determine the 
median frequency (MF). 

Supra maximal nerve stimulation. The complete H-re
flex recruitment curve was recorded in a sitting position 
with the ankle joint at 100° before and after the training. 
The foot was strapped by a snowboard binding system to 
a foot plate dynamometer. H-reflexes were evoked by a 
0.5-ms current pulse applied to the tibial nerve in the 
popliteal fossa with a constant current square wave stim
ulator (Digitimer DS7; Digitimer, Hertfordshire, UK). A 
large 10 X 5-cm carbon rubber anode was placed below 
the patella and a small 2-cm-diameter electrode was used 
as a cathode. A suitable position for stimulation was lo
cated by carefully modifying cathode position in the pop
liteal fossa and simultaneously monitoring the SOL and 
the TIB EMG on an oscilloscope. Finally, the cathode was 
fixed, when a stable H-reflex with minimal stimulus cur
rent and no TIB EMG activity was obtained. Electrode 
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FIGURE 2. Torque and electromyography (EMG) signals of 1 
subject recorded during a trial of maximal isometric plantar 
flexion in the isokinetic device. (A) Time 0 corresponds to the 
onset of the torque curve, which was determined when torque 
exceeded a value of 2 N·m. The highest torque value indicated 
maximum voluntary isometric strength (MVC). Contractile 
impulses were defined as integrals of the torque-time curve 
from 0 to 50, 50 to 100, 100 to 150, and 150 to 200 ms. (B) 
Rate of force development (RFD) was derived as the slope of 
the torque-time curve (dT/dt). The highest value indicated 
RFDmax. The tRFDmax was calculated as the time interval 
from torque onset to RFDmax. (C) M. soleus (SOL) and M. 
gastrocnemius (GAS) EMG were analyzed in the time interval 
of 100 ms prior to 100 ms following MVC and from 30 ms 
prior to 170 ms following torque onset. The beginning of EMG 
analysis was set 30 rus prior to torque onset in order to 
account for electromechanical delay. For both time intervals, 
median frequencies of the power spectrum (MF) as well as 
mean amplitude voltage (MA V) were calculated. Moreover, the 
time interval from -30 to 170 ms was subdivided into 50-ms 
intervals in order to gain detailed insight into the early phase 
of contraction. 



positioning was done in a standing position and checked 
in the sitting position before starting the experiment. 
During the experiment, the electric current was progres
sively increased until the maximal direct motor response 
(Mmax) was obtained. The Mmax was verified at least 1 
time by increasing stimulation intensity beyond the in
tensity required for obtaining Mmax. The EMG signals of 
SOL, GAS, and TIB as well as the torque signal were 
recorded with 4 kHz. The mechanical response of supra
maximal nerve stimulation was identified and the torque 
signal was filtered using a digital fourth-order recursive 
Butterworth low-pass filter, with a cutoff frequency of 50 
Hz. The onset of torque development was determined 
when the signal level exceeded 0.1 N·m. From the maxi
mal twitch response, peak torque (PT) and contraction 
time (Ct, defined as the time period from onset of torque 
to PT) were determined. Maximal rate of torque devel
opment (d[T)/d[t)max) was calculated as the maximal 
slope of the torque time curve (Figure 3). 

Statistical Analyses 

Data are presented as group mean values:!:: SE. The data 
were analyzed by analysis of variance (ANOV A). The ef
fect of the different interventions on muscle strength and 
neural activation were analyzed by means of ANOVA for 
repeated measures (3 [group) X 2 [time] and 3 [group) X 
2 [time] X 2 [muscle], respectively). After an overall F 
value was found to be significant (p < 0.05), preplanned 
a priori contrasts were performed to evaluate significant 
pretraining-posttraining changes in each group and dif
ferences in time between groups (Figure 4 and Tables 1 
and 2). An ANOVA for repeated measures (3 rgroup] X 4 
[time interval]) was used to assess gains in contractile 
impulse and the corresponding EMG in distinct time in
tervals at the beginning of contraction. In case of signif
icance, Tukey post hoc tests were calculated to detect dif
ferences between groups (Figure 5). All analyses were ex
ecuted using SPSS 13.0 software (SPSS, Inc., Chicago, 
IL). 

RESULTS 

Adaptations of Strength and Agonistic 
Neuromuscular Activation 

The different training interventions caused various ad
aptations of the neuromuscular system. Figure 4 lists the 
most important parameters of torque and corresponding 
muscular activation before and after the training for the 
two training groups as well as for controls. 

~Whereas MVC and the corresponding agonistic neural 
activation (MA V and MF 100 ms prior to 100 ms following 
MVC) remained unchanged following BST and SMT (Fig
ure 4D-F), specific adaptations were found considering 
the beginning of contraction (Figure 4A-C). The RFDmax 
increased by 48 :!:: 16% (p < 0.01) in the BST group and 
by 14 :!:: 5% (p < 0.05) in the SMT group. Increased 
RFDmax was accompanied by decreased time to reach 
RFDmax (tRFDmax) for the BST group (14 :!:: 5%; from 
58 :!:: 3 to 49 :!:: 2 ms; p < 0.01) as well as for the SMT 
group (14 :!:: 3%; from 55 :!:: 4 to 47 :!:: 3 ms; p < 0.01). 
Concerning tkFDmax, no differences were found between 
the training groups. Absolute agonistic EMG at the onset 
of activity (-30 to 70 ms after the onset of contraction) 
increased after BST. This increase was found for SOL (77 
:!:: 15%;p < 0.05) as well as for GAS (69 :!:: 25%;p < 0.05). 
The MF of SOL and GAS increased after SMT. Gains 
were 13 :!:: 4% (p < 0.05) for SOL and 45 :!:: 22% (p < 0.05) 
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FIGURE 3. Torque and soleus electromyography (EMG) of 1 
subject recorded following supramaximal stimulation of the 
tibial nerve. The Mmax was determined as the peak-to-peak 
amplitude of EMG response. Contraction time (Ct) was 
calculated as the time interval between onset of torque (when 
the signal level exceeded 0.1 N·m) and peak torque (PT). 
Additionally, maximal rate of torque development (d[T]/ 
d[t]max) was determined at the maximal slope of the torque
time curve. 

for GAS. After BST, MF increased only for GAS (45 :!:: 
21 %; P < 0.05). Preplanned a priori contrasts revealed 
that gains in RFDmax and MA V at the beginning of con
traction (-30 to 70 ms) were statistically different be
tween the training groups (p < 0.05; Table 1). 

To get a more detailed insight in training-specific ad
aptations concerning the first 200 ms of contraction, 
changes in the torque time course are depicted as mean 
group values in Figure 5. In 10 out of 11 subjects for the 
BST as well as for the SMT group, a distinct peak in 
torque increase was observed after the training when 
compared to pretraining values, whereas in the CON 
group no increases in torque were observed. Group mean 
and SE for the peaks in amplitude and timing that were 
found after SMT and BST are displayed in Figure 5A. 
After BST, the maximum increase in torque, 57 :!:: 15%, 
was observed 46 :!:: 5 ms after the onset of torque devel
opment. Very similarly, after SMT the maximum increase 
in torque, 32 :!:: 7%, was observed after 45 :!:: 8 ms. 

Contractile impulses increased for both training 
groups at the beginning of muscular contraction (Figure 
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FIGURE 4. Most important parameters of the torque-time 
curve before and after 4 weeks of training as well as in 
controls. (A) Maximum rate of force development (RFDmax) 
increased following ballistic strength training (BST) and 
sensorimotor training (SMT), respectively. (B) 
Electromyography (EMG) mean amplitude voltage (MA V) 
increased for both M. soleus (SOL) and M. gastrocnemius 
(GAS) muscles in the time interval -30 to 70 ms following 
BST only. (C) Median frequencies (MF) determined in the time 
interval ·-30 to 170 ms increased following SMT for SOL and 
GAS and following BST only for GAS. (D-F) Maximal 
voluntary contraction (MVC) as well as MA V and MF in the 
time interval 200 ms around MVC remained unchanged 
following BST and SMT, respectively. No changes were found 
for the control group. Pretraining and posttraining differences: 
* p < 0.05 and ** p < 0.01. 

TABLE 1. Analysis of training and muscle-specific adaptation 
in explosive strength (Figure 4 A-C). Significant training effects 
(time) were demonstrated for maximum rate of force develop
ment (RFDmax) as well as for mean amplitude voltage (MA V) 
and median frequencies (MF) at the beginning of contraction 
(-30 to 70 ms and -30 to 170 ms, respectively). Moreover, 
changes over time were significantly different between the 
groups (time X group). Preplanned a priori contrasts revealed 
significant differences in adaptation between the sensorimotor 
training (SMT) and ballistic strength training (BST) groups for 
RFDmax and MA V. Concerning muscle-specific adaptation, a 
significant time x muscle effect occurred for MA V values only. 
However, muscle-specific changes in MA V were not caused by a 
certain training regimen, as indicated by no significant time x 
group x muscle effect. * 

ANOVA RFDmax MAV MF 

Time p < 0.01 p < 0.05 p < 0.Q1 
Time x group p < 0.01 p < 0.01 P < 0.05 
Time x muscle p < 0.05 ns 
Time x group X muscle ns ns 
A priori contrast (SMT vs. BST) p < 0.05 p < 0.05 ns 

* ANOV A "" analysis of variance; ns = not significant. 

TABLE 2. Contractile properties of the plantar flexors. The 
table displays peak twitch torque (PT), maximal rate of torque 
development (d[T)ld[tlmax), contraction time (Ct), and the cor
responding maximal direct motor response (Mmax) amplitudes 
for M. gastrocnemius medialis (GAS) and M. soleus (SOL).* 

Mean:!: SE 

Variable Before training After training 

PT (N'm) 
BST 7 '!:. 1 7 '!:. 1 
SMT 8'!:. 1 8'!:.1 
CON 9'!:.2 9'!:.2 

d{T)ld(t)max (N.m.s') 
BST 120 '!:. 20 120 ± 20 
SMT 180 '!:. 30 150 ± 20 
CON 160 :!: 40 170 ± 30 

Ct(ms) 
BST 112'!:. 5 106 ± 3 
SMT lOO'!:. 5 103 ± 4 
CON 112:!:9 110±8 

Mmax(mV) 
SOL 

BST 5.5 '!:. 0.7 5.5 :t 0.8 
SMT 5.8 '!:. 0.5 5.4 ::!: 0.4 
CON 5.7:!: 0.6 6.1 :!: 0.7 

GAS 
BST 6.4 :!: 0.6 6.6 :t 1.0 
SMT 6.3 :!: 0.4 6.2 ± 0.6 
CON 5.5:!: 0.9 5.5 :!: 0.5 

* BST = ballistic strength training; SMT = sensorimotor 
training; CON"" control. 

5B). After BST, contractile impulses increased by 39 :!: 
11 % (p < 0.01), 42 ± 14% (p < 0.05), 29 ± 11% (p < 0.05), 
and 23 ± 10% (p < 0.05) in the time intervals 0 to 50, 50 
to 100, 100 to 150, and 150 to 200 ms. Respective increas
es after SMT were 22 ± 6% (p < 0.01), 19 ± 5% (p < 
0.05), and 13 ± 5% (p < 0.05) in the time intervals 0 to 
50, 50 to 100, and 100 to 150 ms after onset of torque 
development. Gains in contractile impulse were accom
panied by gains in normalized contractile EMG of SOL 
and GAS at the onset of contraction following BST but 
not after SMT (Figure 5C). The MA V of SOL increased 
only for the first 100 ms of contraction (in the time inter
vals -30 to 20 and 20 to 70 ms) by 38 ± 12% (p < 0.01) 
after BST. Similar increases were found for GAS, with 
gains in MA V of 73 ± 23% (p < 0.05) for the respective 
time period (Figure 5D). Tukey's post hoc tests revealed 
a significant difference in MA V for both SOL and GAS 
between the training groups considering the time interval 
20 to 70 ms (p < 0.05). Following BST, SOL, and GAS, 
EMG was enhanced, whereas it remained unaffected fol
lowing SMT. 

Adaptations of Antagonistic Neuromuscular 
Activation 

Normalized TIB EMG increased after BST for the follow
ing time intervals: -30 to 20 ms (68 ± 17%; p < 0.01), 
20 to 70 ms (37 ± 15%; p < 0.01), and 70 to 120 ms (49 
± 18%; p < 0.01). No changes were observed after SMT 
or for CON. 

Muscular Adaptations (Single Twitches) 

Contractile properties of SOL and GAS were examined 
before and after the training period using single electrical 
supramaximal nerve stimulations. Neither PT, Ct, nor 
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d(T)/d(t)max changed after training. Moreover, maximal 
M-wave peak-to-peak amplitudes of both muscles re
mained unchanged for the training groups and for the 
control group (Table 2). 

DISCUSSION 

Both SMT and BST resulted in specific adaptations at the 
beginning of a voluntary isometric contraction.· It was 
shown that 4-week BST as well as SMT resulted in an 
increased RFDmax without considerable adaptations in 
MVC. However, increases in RFDmax and the corre
sponding EMG were more pronounced following BST 
compared to SMT. The results will be discussed with re
spect to possible underlying neuromuscular mechanisms. 

Maximum strength remained unchanged after both 
training regimens, whereas RFDmax increased consid
erably. These specific adaptations are most likely ex
plained by adaptations in neural drive during the time 
course of voluntary contraction (Figure 4). Increases in 
RFDmax were found to be higher after BST compared to 
SMT (Figure 4A; Table 1). However, comparable adap
tations where found for the contractile impulses deter
mined at the beginning of contraction (Figure 5b). During 
single-joint movements, the contractile impulse is directly 
proportional to the angular velocity that would be 
reached in a nonisometric condition. Therefore, this pa
rameter was suggested to be of functional importance to 
assess strength capacity at the onset of force production 
(1). An increase in contractile impulse of approximately 
40% after BST and 20% after SMT during the onset of 
muscular activation (-30 to 70 ms) can be interpreted as 
an increase in maximal unloaded movement speed at the 
same extent. This enhanced power capacity at the begin
ning of muscular contraction was clearly related to the 
training itself, as the control group did not show any 
changes. 

Interestingly, improvement rates after SMT were low
er compared to those reported in an earlier study in which 
subjects performed SMT with ski boots (17). In this spe
cific study, after 4 weeks of training a 33% increase in 
RFDmax was observed for a voluntary isometric leg press 
exercise, which is much higher than the 14% increase in 
the present study. In our study, both training protocols 
were almost identical in duration and intensity. However, 
during a leg press exercise, the interaction and strength 
ability of various muscles determine overall strength. Ad
aptations on a single-muscle level might add up with en
hanced intermuscular coordination and affect strength 
more clearly. 

The findings after BST are in line with earlier studies 
that reported effects of this type of training on RFD (18, 
36). Hiikkinen and Komi (18) showed that after 24 weeks 
of BST the time to reach 30% of MVC during voluntary 
isometric knee extensions was reduced without any 
changes in MVC. Van Cutsem et aI. (36) demonstrated an 
increased RFD after 12 weeks of dynamic training for vol-

as the additional area covered by the torque-time curve after 
training compared with pretraining values in the time 
intervals of -30 to 20, 20 to 70, 70 to 120, and 120 to 170 ms. 
Gains in electromyography (EMG) of M. soleus (SOL) (C) and 
M. gastrocnemius (GAS) (D) were calculated as increases in 
normalized mean amplitude voltage (MA V) after training 
compared to pretraining values in the above· named time 
intervals. Group differences: * p < 0.05 and ** p < 0.01. 
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untary isometric dorsiflexions but also an enhanced 
MVC. However, the training periods in these studies were 
much longer than 4 weeks and therefore it could not be 
excluded that changes in muscle properties contributed 
to adaptation in strength. 

Duchateau and Hainaut (10) provided evidence for 
muscular adaptation following BST. The authors ana
lyzed maximal evoked EMG (Mmax) together with the 
corresponding twitch response. They reported increased 
peak rates in tension development as well as reductions 
in contraction time after 3 months of moderate ballistic 
exercises in M. adductor pollicis. Interestingly, van Cut
sem et al. (36) did not find any changes in the time course 
of the muscle twitch after the identical training period in 
TIB. Therefore, it was speculated that muscular adapta
tions after prolonged BST are muscle specific. In the pres
ent study, after 4 weeks of both BST and SMT, isometric 
twitches in response to a single supramaximal tibial 
nerve stimulation (Mmax) for triceps surae muscles· 
showed no alterations in PT, Ct, or time to reach Pr. 
Moreover, Mmax of SOL and GAS remained unchanged 
after training: Therefore, increased RFD and contractile 
strength at the beginning of muscular contraction can be 
attributed basically to neural adaptive mechanisms. 

Strength gains at the onset of plantar flexions were 
associated with enhanced SOL and GAS EMG (Figure 
4B-C; Table 1). Although no differences were observed 
between the different training regimens considering MF, 
significant differences were detected in MAV (Table 1). 
This was reinforced by post hoc analysis of normalized 
MA V values in distinct time intervals at the beginning of 
contraction (Figure 5C-D). From 20 to 70 ms after the 
onset of contraction, which is exactly the time period to 
reach RFDmax, gains in MA V were significantly higher 
following BST compared with SMT. The results suggest 
that different mechanisms of adaptation are likely to be 
involved, which might account to some extent for the ob
served .difference in RFDmax. 

Neural mechanisms responsible for the increase in 
isometric strength could act within the muscle (intra
muscular adaptation) or within muscle groups (intermus
cular adaptation). In the present study, SOL and GAS 
EMG were found to be enhanced during the onset of con
traction for a highly standardized isometric plantar flex
ion. This suggest that adaptations on a single-muscle lev
el play a major role in a before/after training comparison. 
Single-MU recordings would be the only possibility to give 
direct evidence for specific adaptations on a motoneuron 
level. However, from other studies it is well known that 
the amplitude as well as the frequency information of the 
surface EMG encode control strategies like recruitment, 
discharge rates, and synchronization on a motoneuron 
level (12). 

Evidence has been produced that MF is closely related 
to the average conduction velocity of active MUs (2,6,24, 
34). Solomonow et al. (34) demonstrated that orderly 
stimulation of GAS MUs in the cat increased the MF of 
the EMG power spectrum linearly, whereas the increase 
in discharge rate of MUs did not affect MF. The authors 
suggested that recruitment control strategies that are re
sponsible for an increase in contraction force could be as
sessed by determination of MF. Therefore, MF was used 
to quantifY alterations in MU recruitment strategies after 
skill acquisition and between agonist and antagonist 
muscles in the dominant and in the nondominant arm 
respectively (4, 5). 

Two results of the present study underline the above
mentioned relation between MF and the recruitment of 
high-threshold MUs (Figure 4C,F). First, MF was lower 
during the onset of the contraction compared to MVC, 
which is well in line with the classic principle of Henne
man et al. (19). Second, MF of SOL was lower compared 
to GAS, which could account for the higher proportion of 
high-threshold MUs in GAS compared to SOL (15). Ac
cording to the fact that MF was enhanced following BST 
and SMT, it might be proposed that a shift in the exci
tation, i.e., an earlier recruitment of large MUs, poten
tially enhanced the RFD at a single-muscle level. 

No differences in adaptation were found between the 
training regimens with respect to MF, whereas MA V was 
specifically increased only following BST (Table 1). Ad
ditional recruitment of previously silent MUs as well as 
increased discharge rates of already recruited MUs could 
explain an increased MA V after BST. Furthermore, high
er activation amplitudes could result from improved lev
els of'synchrony between single MUs. This was recently 
predicted by a computer model of muscle contraction (38). 
More functionally, it was assumed that MU synchrony 
plays an important role in increasing RFD on the basis 
of experiments on the so-called premovement silent pe
riod (9, 27). It was shown that a strong depression of 
EMG activity that occurred 50 to 60 ms before the begin
ning of a ballistic movement was associated with an in
creased RFDmax (27). On a motoneuron level, tonically 
active MUs are silenced during this period in order to 
ascertain a subsequent phasic innervation (9). In the 
present study, MA V values of SOL and GAS at the be
ginning of contraction were even higher compared to 
MA V values at MVC. Normalized MA V values increased 
from 120 ± 10% before to 160 ± 20% after the training 
in SOL. For GAS, similar ratios were observed (120 ± 20 
vs. 180 ± 40). Therefore, higher MA V at the beginning of 
contraction compared to MA V during MVC might indicate 
an increased synchronization of MUs at the beginning of 
contraction, because it seems unlikely that recruitment 
or discharge rates should be lower during MVC compared 
to the beginning of contraction. Although we were not 
able to demonstrate alterations on a motoneuron level, it 
seems quite reasonable to assume that enhanced syn
chronization between MUs might have contributed to in
creased RFD. 

Interestingly, adaptations in MA V were found to be 
muscle specific for SOL and GAS (Table 1). However, as 
no significant group X time X muscle effect was detected, 
muscle-specific adaptation was not connected to a certain 
training regimen. This indicates that muscle specificity 
might instead be attributed to differences in functional 
properties of the muscles (15). Previously it was shown 
that GAS is preferentially activated during fast move
ments (11) and during the eccentric phase of a movement 
(28). Moreover, there is some evidence from experiments 
with rhesus monkeys that both muscles adapt specifically 
to microgravity conditions in their relative recruitment 
(31). Therefore it is suggested that altered neural control 
of the synergistic muscles involved in plantar fiexion can 
occur on the basis of their functional prerequisites. 

Specific adaptations following BST were not limited to 
synergistic muscles but also were prominent for the an
tagonist. The MA V values of TIB increased at the begin
ning of contraction. From a functional point of view, it 
has been argued that an increased agonist/antagonist 
coactivation offers specific advantages. During ballistic 
movements, an increase in antagonistic EMG has been 



reported together with an iricrease in velocity and loading 
(7, 8). Thus, this increased coactivation could enhance 
contractile performance (7) or just help to stiffen and pro
tect the joint (35). 

The SMT was characterized by a complex activation 
pattern in the muscles encompassing the ankle joint in 
order to maintain or regain balance. Therefore, it was not 
possible to quantify exactly the amount of training load 
and volume performed by the respective subjects during 
the training period. It could be estimated that during 
SMT work should be lower compared with BST because 
during SMT only minor joint movements take place, 
whereas during BST magnitude of movement is much 
higher. However, durations of muscular loading and mus· 
cular recovery were identical in the protocols. From a 
more functional point of view, it was important to ascer· 
tain the intensity of both training regimens to a maximal 
level. This was achieved by 4 training sessions per week 
over the time period of 4 weeks, which should result in 
maximal adaptations for both training regimens. 

A fundamental difference between SMT and BST may 
basically be seen in the amount of afferent contributions 
during the training itself. Although BST was performed 
sitting on a chair and the exercises comprised volitional 
activations of the muscles, SMT required an upright 
stance with the muscles being activated in order to con
trol balance on instable devices. Therefore, BST was char· 
acterized by almost no afferent input, whereas during 
SMT afferent contributions occurred frequently and were 
supposed to play an important role for an adequate actio 
vation of the stabilizing muscles. New findings emphasize 
that recruitment thresholds as well as discharge rates of 
motoneurons depend on the amount of afferent input (16). 
By analyzing single-MU recordings, Grande and CafareIli 
(16) were able to show that both recruitment thresholds 
and discharge rates were significantly lower during reflex 
contractions compared to voluntary contractions at the 
same force level. Moreover, additional la afferent input, 
provided to the motoneuron pool during voluntarily con
tracting the muscle, resulted in reduced discharge rates 
of active MUs while concomitantly recruiting others. The 
functional significance of spinal excitatory contributions 
to assist the voluntary descending drive in order to pro~ 
duce force as fast as possible was pointed out by Meunier 
and Pierrot-Deseilligny (25). The authors showed that 
presynaptic inhibition ofIa afferents is modulated in line 
with the steepness of RFD during voluntary ramp and 
hold contractions. During a ramp contraction of 50% MVC 
the supplementary heteronymous la facilitation was ap
proximately 4 times higher compared to a ramp contrac
tion of 12% MVC. 

In contrast to these findings, it was suggested recently 
that primarily supraspinal centers are involved in the 
planning and execution of muscle contraction during BST 
(21). Moreover, Behm and Sale (3) showed that the in
tended rather than the actual movement velocities were 
responsible for enhanced explosive muscle strength, and 
Yue and Cole (39) reported similar strength increases af
ter 4 weeks of isometric compared to mental training. 
These results suggest that after BST important underly
ing neural adaptations result from practice effects on cen
tral motor planning. Interestingly, not only discharge 
rates and recruitment depend on the ratio of spinal and 
corticospinal contributions (16). Recently, evidence for the 
contribution of the corticospinal pathway to MU synchro
nization was provided by two studies that compared MU 
synchronization between patients with conditions that af-
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feet the corticospinal pathway and controls (13, 33). 
Therefore, the difference in afferent input during both ex
ercise types might have resulted in different recruitment 
ofMUs and therefore caused different neural adaptations 
on a single muscle level. 

In conclusion, the present study demonstrated in
creased RFDmax after 4-week BST and SMT during max
imal isometric plantar flexions. Increased RFDmax was 
basically related to neural adaptations, as was shown by 
unchanged effects of supramaximal nerve stimulations. 
Following BST, training-induced increases in RFDmax 
were accompanied by increases in MF and MA V at the 
beginning of muscle contraction, whereas following SMT 
increases were observed only in MF. This clearly indi
cates differences in neural mechanisms of adaptation be
tween the two training regimens that are most probably 
caused by differences in afferent input during the train
ing. 

PRACTICAL APPLICATIONS 

The present study basically extends our knowledge of ex
plosive muscle strength adaptability. Significant increas
es in RFD and contractile impulses were observed after 
only 4 weeks of balance training (SMT). This impressively 
contradicts the paradigm that generally has been.consti
tuted for classical weight training: Adaptations in explo
sive muscle strength require voluntary activation of the 
respective muscles with the intention to accelerate a load 
as fast as possible (3, 39). Interestingly, EMG data sug
gest that BST and SMT involve different mechanisms of 
neural adaptation. This would offer the possibility of com
bining both training regimens with the intention to fur
ther increase the gain in explosive muscle strength. Al
though the subjects in our study were not at the elite 
level, similar adaptations could be assumed for highly 
trained athletes (29). It is suggested that SMT could be 
used complementarily to BST in sports that require high 
demands in explosive muscle power. Moreover, for ath
letes who need contractile explosive properties together 
with precise movement control, this type of combination 
might be an extra benefit. A striking example is ball 
sports in which jumps have to be performed coexistent 
with the attempt to adjust the direction correctly with 
respect to different players and ball positions. It could be 
supposed that SMT would lead to an adequate integration 
of various proprioceptive signals in order to adjust the 
motor program to the demands required in distinct situ
ations. 

Beside the application of SMT supplemental to BST 
for athletes, SMT seems to be of major importance in less
trained subjects (e.g., in the elderly). It is well known that 
the capacity for explosive force production, especially of 
the leg and foot extensor muscles, declines drastically 
with increasing age (23). Recently, it has been shown that 
this decreased ability of RFD is accompanied by impaired 
balance control (20). On the basis of their results, Izquier
do et al. (20) recommended strength training in combi
nation with explosive exercises as well as specific balance 
exercises in order to reduce the risk of faIling. On the 
basis of our results, SMT seems to be highly adequate as 
a countermeasure of these age-related compromises. 
Moreover, because of the nature of the training regimen 
itself, increases in RFD could be achieved with only minor 
strains of the muscle. This might be of importance, es
pecially for less exercise-experienced people. 
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