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Functional maximal strength training induces neural transfer
to single-joint tasks
Marius S. Fimland . Jan Helgerud . Markus Gruber .
Gunnar Leivseth . Jan Hoff

Abstract The purpose of this study was to investigate
whether neural adaptations following functional multiplejoint leg press training can induce neural adaptations to the
plantar flexor muscles in a single-joint contraction task.
Subjects were randomised to a maximal strength training
(MST) (n = 10) or a control group (n = 9). MST consisted
of 24 sessions (8 weeks) of 4 x 4 repetitions of horizontal
leg press using maximal intended velocity in the concentric
phase with the movement ending in a plantar flexion. Neural adaptations in the soleus and gastrocnemius medialis
(GM) were assessed by surface electromyographic activity
and V-waves during maximum voluntary isometric contraction (MVIC), and also by H-reflexes in the soleus during rest and 20% MVIC. One repetition maximum leg press

increased by 44 ± 14% (mean ± SD; P < 0.01). Plantar
flex ion MVIC increased by 20 ± 14% (P < 0.01), accompanied by 13 ± 19% (P < 0.05) increase in soleus, but not
GM surface electromyography. Soleus V/Msup increased
by 53 ± 66% and in GM by 59 ± 64% (P < 0.05). Normalised soleus H-reflexes remained unchanged by training. No
changes occurred in the control group. These results suggest that leg press MST can induce neural adaptations in a
single-joint plantar flex ion MVIC task.
Keywords H-reflex· V-wave· Leg press· Strength
training' Specificity
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Both single-joint and multiple-joint exercises are employed
in athletic strength training and are effective for improving
muscular strength in the targeted muscle groups (Kraemer
et a!. 2002). Due to the more complex neural activation and
involvement of more muscle mass (Chilibeck et a!. 1998),
multiple-joint strength training exercises (e.g. leg press,
bench press) are generally regarded as more effective for
enhancing the functional muscle strength compared to single-joint exercises (e.g. knee extension, arm curls), as most
physical tasks involve multiple-joint activity (Kraemer
et a!. 2002; Kraemer and Ratamess 2004). It is generally
recommended to incorporate both exercise types into a
resistance training programme with emphasis on multiplejoint exercises (Kraemer et a!. 2002). However, it can be
speculated that due to the complex neural activation and
vast muscle mass involvement of multiple-joint exercises,
neural adaptations and thus muscular strength may be transferred to quite dissimilar single-joint tasks that could make
single-joint exercises redundant in some cases.
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In line with the "specificity of training" hypothesis set
forth by Sale and MacDougalI (1981), a substantial degree
of task specificity is generally considered to occur in
response to strength training adaptations (Kraemer et al.
2002; Kraemer and Ratamess 2004). For example, some
investigations have reported that an increase in dynamic
lifting strength is disproportionately greater than isometric
strength gains after dynamic resistance training (Rutherford
and lones 1986; Thorstensson et aI. 1976). This suggests a
considerable facility for learning, such as enhanced activation of the fixator muscles or improved inter-muscular
coordination, which is specific for the trained task (Folland
and Williams 2007). Nevertheless, several investigations
employing dynamic training have demonstrated large isometric strength gains (Aagaard et al. 2oo2a; Adamson et aI.
2008; Duclay et al. 2008). Similarly, some studies investigating the effect of various training paradigms on the central nervous system indicate that neural adaptations can be
task specific (Beck et al. 2007; Schubert et al. 2008; Voigt
et al. 1998), whereas other studies have not observed task
specificity (Aagaard et al. 2002a, b; Duclay et al. 2008).
To investigate the plasticity of the spinal cord, the evoked
Hoffmann (H) reflex is a commonly used tool. The H-reflex
has been proposed as a measure of spinal motoneuron
excitability, reflecting changes at the motoneuron pool and/
or presynaptic inhibition of la afferent pathways (Aagaard
et al. 2002b; Schieppati 1987). After heavy multi-exercise
strength training, a study that used H-reflexes to reflect training adaptations, mainly at the level of the spinal cord, demonstrated increased H-reflexes in the soleus (SOL) muscle
during plantar flexion maximal voluntary isometric contraction (MVIC) (Aagaard et al. 2002b). After eccentric plantar
flexion strength training, H-reflex increases were reported in
the SOL only during eccentric MVC, whereas the H-reflex
was amplified during concentric, isometric and eccentric
MVC in the gastrocnemius medialis (GM) muscle (Duclay
et al. 2008). Aagaard et al. (2002b) and Duclay et al. (2008)
did not observe any H-reflex changes in the passive state.
However, enhanced H-reflexes have been reported during
low-level tonic isometric contractions [10% surface electromyographic (EMG) activity] in response to isometric plantar
flex ion strength training (Lagerquist et al. 2006). These
studies have demonstrated the responsiveness of the spinal
motoneuron pool to strength training.
Neural adaptations have also been shown for central
drive, by measuring V-waves during maximal contractions.
The V-wave is an electrophysiological variant of the
H-reflex elicited during muscle contraction with supra-maximal stimulus intensity. It is assumed that the peak-to-peak
amplitude of the V-wave reflects the magnitude of the efferent neural drive (Aagaard et al. 2002b; Upton et al. 1971).
Longitudinal studies using plantar flexion resistance training
have demonstrated increased V-wave responses in the SOL

(Aagaard et al. 2002b; Del Balso and CafareIli 2007; Duclay
et al. 2008; Gondin et al. 2006), gastrocnemius lateralis and
GM (Duclay et al. 2008; Gondin et al. 2006) mUscles.
If it can be assumed that multiple-joint strength training
enhances muscle strength of isolated muscles, neural adaptations should be observed in single-joint tasks after multiple-joint strength training. Therefore, the aim of the present
study was to investigate the transfer of neural adaptations
from multiple-joint strength training to single-joint tasks.
The approach was to train a functional multiple-joint leg
press exercise performed with maximum intended velocity
in the concentric phase with the movement ending in a plantar flexion, but to test in a non-specific single-joint plantar
flex ion task. It was hypothesised that heavy leg press
exercise would induce changes in evoked H-refiexes and
V-waves of the plantar flexor muscles in a single-joint task.

Methods

Subjects
A total of 19 healthy men, experienced in resistance
training, but not systematically training their legs, were
assigned by drawing random envelopes to either the leg
press maximal strength training (MST) group (n = 10; age
23 ± 3 year; height 184 ± 6 cm; body mass 80 ± 7 kg,
means ± standard deviation, SD) or a control group (n = 9,
age 24.± 2 year; height 183 ± 6 cm; body mass 77 ± 7 kg).
The study was approved by the ethics committee of the
Norwegian University of Science and Technology and
conformed to the standards set by the latest revision of the
Declaration of Helsinki. Volunteers gave informed written
consent prior to participation and had no known injuries at
the time of data collection. Subjects refrained from strenuous leg activity on the day prior to each experimental
session.
Study overview
Neural adaptations of the plantar flexor muscles tested in a
single-joint contraction task were assessed after functional
multiple-joint leg press training. The measurement protocol
was completed 2 days before and 2 days after the 8-week
training period. Experimental tests were conducted within
5 days before and after the training period. Measurements
concerning the plantar flexors (day 2, described below)
were conducted at a consistent time of day.
Experimental procedure
Prior to baseline testing, subjects attended a familiarisation
session where they practiced MVICs of the plantar flexors
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(until the coefficient of variation in successive trials was
<5%) and were familiarised with percutaneous electrical
pulses delivered to the tibial nerve.
On day 1, one repetition maximum (lRM) dynamic leg
press as well as dynamic rate of force development (RFD)
were measured using a horizontal leg press (Technogym,
Gambettola, Italy). RFD was assessed via a force platform
(9286AA, Kistler, Switzerland) attached to the foot plate of
the horizontal leg press machine. After three submaximal
warm-up sets, four to seven attempts were made to determine IRM. The heaviest load (2.5-10 kg increments) that
could be lifted from 0° to 90 0 0f knee flexion was considered as IRM. Subsequently, four to five attempts were
made to determine dynamic RFD using a load equivalent to
70% of IRM at pre-test. A rest of I min was allowed
between attempts. Only the best attempts (lRM: highest
load lifted, kg; dynamic RFD: highest RFD (N S-I) from 10
to 90% of peak force) were considered for analysis. Standardised verbal encouragement was provided by the same
investigator at all trials.
On day 2 (see Fig. I), all measurements concerning the
plantar flexors were conducted: MVICs, H-reflex excitability at rest and during submaximal activation, and V-waves. .
The plantar flexors only performed isometric contractions.
Five MVICs were performed to determine the voluntary
plantar flexion strength. The H-reflex stimulus intensity
was controlled by a small M-wave, 10 ± 2.5% of the maximal M-wave (MMAX)' The tonic contraction intensity used
for H-reflexes evoked during submaximal activation was
20% of MVIC on the same day. Finally, 8-10 V-waves
were manually elicited during MVICs ~2 s after the onset
of contraction.
Subjects were seated slightly reclined in a chair mounted
on a solid wooden platform with their right foot placed in a
custom-made isometric ankle dynamometer made of steel

Evoked potentials at rest
H-M recruitment curve
H-reflexes with 10% M-wave
5 MVICs
--~

Evoked potentia Is at 20% MVIC
H-M recruitment curve
H-reflexes with 10% M-wave

i
I
!

8-10 MVICs with V-waves
Fig. 1 Day 2 of the experimental protocol. MVIC maximum voluntary isometric contraction. Small M-wave was 10 ± 2.5% of the highest M-wave evoked in the same condition

and plexiglass. The axis of rotation of the foot plate was
aligned with the anatomical axis of the ankle. Rigid straps
secured the heel and forefoot to the foot plate with the ankle
at 90°. The thigh, hip and back were secured with broad
velcro straps and held the subject in a constant position
with the knee flexed at 80° from full extension and the hip at
90°. Visual feedback of submaximal and maximal force
was continuously provided on a screen in front of the subject. MVICs were performed at a rate of one per minute and
each attempt lasted until the subject had received the supramaximal stimulus. Standardised verbal encouragement was
provided by the same investigator at all trials.
Electromyography and force recordings
After preparation of the skin (day 2), pairs of bipolar Ag/
AgCl surface electrodes (Ambu M-OO-S, Ballerup, Denmark)
were placed on the SOL, GM, tibialis anterior (TA) and
vastus lateralis (interelectrode distance 25 mm) muscles of
the right leg. Anatomical landmarks were used to ensure the
same placement during pre- and post-tests. Subjects
performed preliminary contractions, and the shape of the
M-waves and H-reflexes were monitored to ensure optimal
placement of the stimulating and recording electrodes.
EMG was sampled (ME6000 Biomonitor, Mega Electronics
LTD, Kuopio, Finland) at 2 kHz, CMRR: 110 dB, amplified
and band-pass filtered (8-500 Hz) prior to being stored on a
personal computer. To calculate voluntary activation levels,
the amplified raw EMG signals were converted to the root
mean square (RMS) values of a 500 ms epoch coinciding
with peak force. The three highest MVICs (EMG amplitUde
and peak force) were analysed and averaged.
The isometric forces exerted by the plantar flexors was
recorded by a force-transducer (Model 363-D3-50-20PI,
Revere Transducers, Tustin, CA, USA) that responds linearly within a load range of 0-250 kg with a reproducibility
error of O. I % attached to the ankle dynamometer. Plantar
flexion force and dynamic leg press RFD were recorded at
I kHz and digitally low-pass filtered (10 Hz). Plantar flexion force and EMG were analysed using MegaWin software
(Mega Electronics LTD, Kuopio, Finland). Dynamic RFD
(N S-I) was calculated from the 10-90% of peak force in
the concentric phase of the lift (HofT et al. 2007) and analysed using Bioware v3.06b software (Kistler, Switzerland).
The plantar flex ion force was multiplied with the consistent
moment arm length of 0.15 m (measured from the heel
block to the centre of the force transducer) to attain torque.
Stimulation and analysis of H-reflexes, V-waves
and contractile properties
H-reflexes and V-waves were evoked in the tibial nerve
using a constant-current stimulator (DS7, Digitimer,
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Welwyn Garden City, UK). A l-ms square wave stimulus was applied to the posterior tibial nerve in the popliteal fossa with gel-coated bipolar felt pad electrodes
(8 mm diameter, 25 mm between tips; Digitimer, Welvyn
Garden City, UK). The cathode was placed medial to the
anode to avoid anodal block (Pierrot-DeseiIIigny and
Burke 2005). After the optimal site of stimulation had
been determined, rigid taping and straps secured a
constant pressure and position throughout the experimental session. For the stimulation of V-waves, at least
150% of the current intensity needed to evoke MMAX was
employed.
H-reflex excitability was determined by averaging at
least five H-reflexes with a corresponding small M-wave
(10 ± 2.5% of MMAX) both at rest and during muscle activation (20% MVIC). These values were normalised by the
MMAX evoked in the same condition. To determine the level
of efferent neural drive, V-waves were obtained in the SOL
and GM during MVIC and normalised by the corresponding superimposed M-wave (Msup). To ensure that measurement conditions were stable, only V-waves with a
corresponding Msup of >90% of the highest Msup were
included.
To assess the contractile properties of the plantar flexors, the following twitch characteristics were determined
from the mechanical twitch associated with MMAX: (I)
peak twitch, defined as the difference from baseline to
peak twitch torque, (2) time to peak twitch torque, defined as the time between onset (3% of peak twitch) and
peak twitch torque, and (3) half-relaxation time, defined
as the time from peak twitch torque to half-twitch torque.
Three twitches were analysed and averaged for each
subject.
Training intervention
The training group performed an 8-week training regime
(three non-consecutive days/week, i.e. 24 sessions) supervised in our laboratory. The strength training sessions consisted of four sets of four repetitions, separated by 3 min of
rest between sets. The emphasis was put on lowering the
weight in a controlled manner until the knee joints were at
90°, short stop (~0.5 s) and then maximal mobilisation of
force in the concentric movement with the movement ending in a plantar flexion. This is a common type of training
exercise in our laboratory (Hoff et al. 2007; Storen et al.
2008). The training load corresponded to 85-90% of IRM,
and to stay within this range it was increased by 5-10 kg
when the target repetitions could be completed for all
sets. Both the MST and control group were encouraged to
continue their normal daily activities, but asked not to
commence a new training programme between the pre- and
post-tests.

Statistical analysis
As the assumption of normality could not be confirmed for
all variables pre- to post-test changes were assessed by the
WiIcoxon signed-rank test for paired samples and differences between groups were assessed by the Mann-Whitney
U test. Data are expressed as means ± SD in the text and
tables, and as means ± SE in figures. A P value of :":0.05
was considered to be statistically significant.

Results
Baseline testing and exercise training adherence
No differences could be observed between the two groups
in any of the pre-test measures (P = 0.149-1; Figs. 2, 3;
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J<'ig.2 Soleus (SOL) HlMMAX ratios obtained with a corresponding
small M-wave (10 ± 2.5% MMAX) at rest and during submaximal activation (20% MVIC; denoted by 20%) in the maximal strength trained
(MS]) and control group (CON), before (black bars) and after (white
bars) the 8-week period
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Fig.3 Soleus (SOL) and medial gastrocnemius (GM) V/Msup ratios
obtained during maximum voluntary isometric contractions (MV/C) in
the maximal strength trained (MS]) and control group (CON), before
(black bars) and after (while blll~s) the 8-week period. *p < 0.05,
different from pre-test; tp < 0.05, different between groups.
Means ± SE
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Table 1 Strength, contractile properties and body mass before and after the 8-week period of maximal strength training or normal activity
Maximal strength training group

Control group

Pre

Pre

Post

Post

Leg press IRM (kg)

165 (26)

236 (29)#t

180 (22)

177 (19)

Leg press RFD (N S-I)

2,015 (684)

4,596 (I,661)#t

2,138 (559)

2,187 (618)

MVIC(N m)

133 (18)

160 (20)#

151 (30)

149 (32)

Peak twitch (N m)

25 (3)

27 (3)

28 (5)

27 (6)
108 (13)

Time to peak twitch (ms)

112 (10)

109(11)

107 (14)

Twitch half-relaxation time (ms)

114(11)

116 (9)

I11 (12)

113 (9)

Body mass (kg)

79.7 (7.1)

80.3 (8.7)

77.0 (7.0)

77.4 (6.8)

Data are means (SO)
1RM I repetition maximum, RFD dynamic rate of force development, MVIC plantar flexion maximum voluntary isometric contraction
#

p < 0.01 from pre- to post-test; tp < 0.001 between groups

Table 2 EMG RMS activity during plantar flex ion MVIC and absolute evoked peak-to-peak amplitude potentials (mV) of the soleus (SOL) and
medial gastrocnemius (GM) muscles
Maximal strength training group
SOL
Pre

Control group
SOL

GM

GM

Post

Pre

Post

Pre

Post

Pre

Post
0.19 (0.04)

EMG RMS
H REST

0.26 (0.06)

0.29 (0.08)*

0.18 (0.06)

0.21 (0.05)

0.28 (0.08)

0.26 (0.05)

0.21 (0.05)

4.79 (2.59)

4.99 (2.84)

NA

NA

4.53 (1.20)

4.67 (1.97)

NA

NA

7.65 (2.68)

NA

NA

8.01 (1.45)

8.27 (1.97)

NA

NA

NA

NA

4.83 (1.55)

5.57 (1.63)

NA

NA

NA

NA

8.94 (1.55)

9.34 (1.46)

NA

NA

3.46 (1.54)

3.19 (1.07)

1.58 (0.84)

1.37 (0.51)

9.72 (1.35)

9.78 (1.67)

8.00 (1.45)

7.47 (1.21)

MMAX

7.56 (2.81)

H20 %

5.67 (2.82)

5.76 (2.75)

MMAX20%
V-wave

8.83 (2.47)

8.97 (1.86)

3.39 (1.24)

4.91 (2.17)*

1.65 (0.48)

2.53 (1.1O)*t

Msup

9.47 (1.76)

9.46 (1.44)

8.65 (1.74)

8.60 (1.38)

Data are means (SO)
NA not considered for analysis, MVIC plantar flexion maximum voluntary isometric contraction, 20% measurements obtained during a tonic 20%
plantar flexion MVIC, H H-reflexes

* p < 0.05, from pre- to post-test; t P < 0.05, different between groups
Tables 1, 2). The subjects completed 100% of the assigned
training.

EMG RMS activity for the MST (pre: 0.042 ± 0.012, post:
0.036 ± 0.010; P 0.203) or the control group (pre:
0.042 ± 0.014, post: 0.035 ± 0.008; P =0.183).

=

Strength parameters and EMG activity
Evoked potentials
The control group revealed no significant changes in
strength- or EMG activity-related variables (Tables. 1, 2),
whereas the leg press MST group had significant increase
in all measured strength parameters (Table I). Dynamic leg
press lRM increased by 44 ± 14% (P = 0.005), whereas
dynamic leg press RFD increased by 157 ± 135%
(P = 0.009). Plantar flexion MVIC increased by 20 ± 14%
(P = 0.005) after leg press MST. The increase in MVIC for
the leg press MST group was accompanied by a 13 ± 19%
(P = 0.047) increase for SOL, but not for GM EMG RMS
(P = 0.114) (Table 2). During plantar flexion MVIC, no
changes could be observed in absolute (mV) antagonist TA

No change could be observed for the control group in any
of the evoked potentials or calculated reflex ratios between
pre- and post-tests (Table 2, Figs. 2, 3). In the leg press
MST group, the SOL H-reflex recordings normalised by
MMAX did not change at rest (P = 0.575) or during submaximal (20% MVIC) activation (P = 0.407) (Table 2, Fig. 3).
During MVIC, the V/Msup ratios increased by 53 ± 66 and
59 ± 64% in the SOL (P = 0.047) and GM (P 0.021),
respectively (Table 2; Fig. 3). The level of voluntary force
at the onset of the V-wave stimuli, relative to MVIC on the
same day, was similar between sessions in both the control

=
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group (pre: 96.5 ± 1.7%, post: 97.0 ± 1.7%; P = 0.441)
and the leg press MST group (pre: 96.3 ± 2.1 %, post:
97.4 ± 1.6%; P = 0.241). Examples of SOL and GM
V -waves and associated Msup before and after the 8-week
training period are demonstrated in Fig. 4 for one subject.
Contractile properties
The peak twitch, time to peak twitch and half-relaxation
time remained unchanged from pre- to post-tests in the leg
press MST (P =0.220-0.285) and in the control group
(P = 0.374-0.550; Table 1).

Discussion

This study demonstrated that 8 weeks of heavy leg press
exercise with a focus on maximal intended velocity in the
concentric phase (MST) increased isolated isometric plantar f1exion strength by 20%, ~half of the enhancement in
the multiple-joint training exercise (44%), and was accompanied by increased EMG RMS activity of the SOL, but not
GM muscle during plantar f1exion MVIC. After leg press
MST, the V/Msup ratios increased in both SOL and GM,
whereas no change occurred in normalised SOL H-reflexes
at rest or during submaximal activation. Thereby, the

present study demonstrated that functional multiple-joint
leg press training enhances neural drive in a single-joint
plantar flex ion MVIC task.
Methodological considerations
In the present study, great care was taken-for the extraneous
factors known to influence H-reflexes, such as posture,
voluntary movement, noise, light and previous activity
(Zehr 2002). To avoid the influence of H-reflex potentiation
(Folland et al. 2008), resting H-reflexes were obtained prior
to MVICs. To ensure constant stimulus intensity, H-reflexes
were evoked with a corresponding small M-wave (~IO%
of MMAX) in the SOL muscle. As this stimulus intensity
produced variable M-wave amplitudes in the GM muscle
amongst subjects, GM H-reflexes were not considered in
the analysis of H-reflex excitability. The H-reflex stimulus
intensity was optimised for the SOL, as this muscle is generally preferred for H-reflex measurements (Pierrot-Deseilligny and Burke 2005; Schieppati 1987). Many previous
exercise experiments have used the HMAX/MMAX ratio as an
index of H-reflex excitability, however, H-reflexes are
more sensitive to facilitation or inhibition on the ascending
limb of the recruitment curve (for review see Pierrot-Deseilligny and Mazevet (2000». With the stimulus intensity
employed in the current study, SOL H-reflexes were collected on the ascending part of the H-reflex curve in eight
out of ten subjects in the leg press MST group. Excluding
the two subjects where H-reflexes were obtained on the
descending part of the recruitment curve did not change the
outcome of the analysis.
Effects of leg press MST on single-joint plantar f1exion
strength, EMG activity and contractile properties

10 ms
Fig.4 Soleus (SOL) and medial gastrocnemius (GM) V-wave and
superimposed M-wave (Msup) recordings (means of at least four trials)
from one subject in the maximal strength training group obtained
before (thick line) and after (thin line) the 8-week training period.
Arrows indicate time of stimulation. Note the consistent Msup and
increased V-wave amplitudes after strength training

We are not aware of studies that have reported increased
isolated strength of the plantar flexor muscles after multiple-joint leg press training. Some previous reports suggest
that improvements in strength after resistance training are
largely limited to specific movement patterns (Jones and
Rutherford 1987; Thorstensson et al. 1976), although other
studies have reported significant gains after non-specific
training (Aagaard et al. 2002b; Andersen et al. 2005). However, the studies by Aagaard and Andersen included several
exercises and a high volume of work completed. Therefore,
a 20% increase in isometric plantar f1exion strength after
leg press training in the present study is quite remarkable
and is similar to that reported by others after specific isometric plantar f1exion strength training (Del Balso and
Cafarelli 2007; Holtermann et al. 2007). Heavy weights
combined with the maximal mental effort in the present
study, which substantially activated the plantar flexors during the leg press exercise, likely explains the relatively
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large improvements, despite the quite non-specific training
and testing tasks in the present study.
The increase in strength was accompanied by a significant 13% increase in EMG RMS activity in the SOL muscle.
As the EMG signal is a complex outcome of motor unit
recruitment and firing frequency (Aagaard 2003; Farina
et al. 2004), one or both of these mechanisms could have
contributed to the increase in EMG RMS activity after leg
press MST. Still, it should be noted that changes in EMG
interference activity could be influenced by altered patterns
of motor unit action potential summation (Farina et al.
2004), due to changes in muscle fibre morphology and/or
muscle architecture. As there was no change in the contractile properties of the plantar flexors, we assume that
increases in strength and EMG are mainly related to neural
adaptations, although we cannot completely exclude the
possibility of morphological influences as more sensitive
measurements of muscle morphology (i.e. muscle biopsies,
magnetic resonance imaging or computerised tomography)
were not conducted.

study, H-reflexes obtained during 20% MVIC with a stimulus intensity that evoked concomitant M-waves ~ 10% of
MMAX' did not change in response to functional leg press
training. These inconsistencies may be explained by the
different training modalities or methodological differences,
such as the different levels of muscular contractions
employed or the different stimulus intensities used to evoke
H-reflexes. For example, it is possible that the recruitment
and/or firing frequency of the slow-twitch motoneurons,
which are primarily activated by the H-reflex volley of
action potentials (Schieppati 1987), were not affected by the
very heavy strength training performed in the present study.
Thus, unchanged H-reflex excitability in this study suggests
that the SOL H-reflex pathway is not influenced by heavy
multiple-joint leg press training, but this does not preclude
adaptations of other spinal pathways. More research seems
warranted to elucidate the confusing differences reported in
literature.

No effects of leg press MST on H-reflexes

For the first time, increased SOL and GM VIMsup
responses have been observed after a training intervention
where the plantar flexor muscles did not undertake isolated
training. This finding demonstrates that a multiple-joint
exercise can induce adaptations of neural control of single
muscles in a quite non-specific task. Other longitudinal
investigations have reported similar enhancements in
V-wave amplitudes after different training protocols.
However, they all employed isolated training of the plantar
flexors. For example, Aagaard et al. (2002b) reported a 55%
increase in normalised SOL V-wave responses after a
14-week heavy, multi-exercise training programme, including
dynamic seated calf raises. Similarly, Del Balso and Cafarelli
(2007) reported that 4 weeks of isometric plantar flex ion
exercise resulted in increased normalised SOL V-wave
responses (+57%). Increased V/Msup responses were also
recently demonstrated in the SOL, gastronemius lateralis
and GM muscles (+81, +76, and +97%, respectively) after
5 weeks of neuromuscular isometric electrical stimulation
exercise of the ankle plantar flexors (Gondin et al. 2006).
Increased VIMsup responses after leg press MST suggest
increased efferent neural drive from spinal motoneurons to
the muscles. This enhanced efferent neural drive can be
measured due to the proportional removal of antidromic
impulses, allowing a larger part of the evoked reflex volley
of action potentials to pass to the muscle, resulting in a
larger V-wave. The increase in efferent neural drive is
likely caused by enhanced corticospinal drive, motoneuron
excitability and/or changes in presynaptic inhibition
mediating increased motoneuron recruitment and/or firing
frequency (Aagaard et al. 2002b). Rearranging the mathematical equation formulated by Upton et al. (1971), Aagaard

During rest and tonic contractions of 20% MVIC, we found
no modulation of H-reflex amplitUdes after leg press MST.
The finding that H-reflexes obtained in a relaxed muscle
remained unchanged after resistance training is consistent
with several other investigations (Aagaard et al. 2002b; Del
Balso and Cafarelli 2007; Duclay et al. 2008; Scaglioni
et al. 2002) and suggests that at rest the motoneuron pool is
not affected by training.
During muscle activation, the results are discrepant.
After multi-exercise strength training, Aagaard et al.
(2002b) reported a ~20% increase in the H-reflex at a stimulus intensity corresponding to 20% of MMAX whereas
Gondin et al. (2006) observed no change in the Hsup/Msup
ratio after neuromuscular electrical stimulation training.
H-reflexes were evoked during MVIC in both studies.
Furthermore, obtained during tonic sub maximal activation (10% of maximal EMG activity), Lagerquist et al.
(2006) reported no change in the HMAX/MMAX ratio
whereas a significant increase in H-reflex amplitude could
be observed on the ascending part of the recruitment curve
(M-wave at 5% of MMAX) in response to isometric strength
training. In contrast to the findings by Lagerquist et aI.,
Holtermann et al. (2007) reported increased H-reflexes during 20 and 60% MVIC, with a stimulation intensity that
produced M-waves at 20% of MMAX' which would likely be
on the descending part of the H-reflex recruitment curve for
several subjects. Del Balso and Cafarelli (2007) did not
observe a change in H-reflex excitability as determined by
dividing the recruitment curve of the H-reflex slope by the
M-wave slope during a tonic 10% MVIC. In the present
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et al. (2002b) suggested that the increase in V-wave amplitude after heavy resistance training was likely caused by an
increase in motoneuron firing frequency mediated by
enhanced motor drive from higher centres. There were no
changes at rest or during submaximal activation, and thus it
can be assumed that adaptations are restricted to maximal
contractions. Hence, it could be that the maximal mental
effort involved in multiple-joint strength training induces
adaptations presumably at the supraspinal level, which can
be transferred to other maximal motor tasks involving some
of the same muscles.
In conclusion, augmented V1Msup responses and SOL
EMG activity during plantar flexion MVIC suggest that
neural mechanisms contributed to the strength improvement of the plantar flexor muscles in response to 8 weeks of
leg press MST. These findings demonstrate that functional
multiple-joint strength training, performed with maximal
intended velocity in the concentric phase, can induce neural
adaptations to quite non-specific maximal muscle tasks.
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