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Tøien T, Pedersen Haglo H, Unhjem R, Hoff J, Wang E.
Maximal strength training: the impact of eccentric overload. J Neu-
rophysiol 120: 2868–2876, 2018. First published October 17, 2018;
doi:10.1152/jn.00609.2018.—The search for the most potent strength
training intervention is continuous. Maximal strength training (MST)
yields large improvements in force-generating capacity (FGC), largely
attributed to efferent neural drive enhancement. However, it remains
elusive whether eccentric overload, before the concentric phase, may
augment training-induced neuromuscular adaptations. A total of 53
23 � 3 (SD)-yr-old untrained males were randomized to either a
nontraining control group (CG) or one of two training groups per-
forming leg press strength training with linear progression, three times
per week for 8 wk. The first training group carried out MST with four
sets of four repetitions at ~90% one-repetition maximum (1RM) in
both action phases. The second group performed MST with an
augmented eccentric load of 150% 1RM (eMST). Measurements were
taken of 1RM and rate of force development (RFD), countermove-
ment jump (CMJ) performance, and evoked potentials recordings
[V-wave (V) and H-reflex (H) normalized to M-wave (M) in musculus
soleus]. 1RM increased from 133 � 16 to 157 � 23 kg and 123 � 18
to 149 � 22 kg and CMJ by 2.3 � 3.6 and 2.2 � 3.7cm for MST and
eMST, respectively (all P � 0.05). Early, late, and maximal RFD
increased in both groups [634–1,501 N/s (MST); 644–2,111 N/s
(eMST); P � 0.05]. These functional improvements were accompa-
nied by increased V/M-ratio (MST: 0.34 � 0.11 to 0.42 � 14; eMST:
.36 � 0.14 to 0.43 � 13; P � 0.05). Resting H/M-ratio remained
unchanged. Training-induced improvements did not differ. All in-
creases, except for CMJ, were different from the CG. MST is an
enterprise for large gains in FGC and functional performance. Eccen-
tric overload did not induce additional improvements, suggesting
firing frequency and motor unit recruitment during MST may be
maximal.

NEW & NOTEWORTHY This is the first study to apply evoked
potential recordings to investigate effects on efferent neural drive
following high-intensity strength training with and without eccentric
overload in a functionally relevant lower extremity exercise. We
document that eccentric overload does not augment improvements in
efferent neural drive or muscle force-generating capacity, suggesting
that high-intensity concentric loads may maximally tax firing fre-
quency and motor unit recruitment.

efferent neural drive; evoked potentials recordings; heavy resistance
training; rate of force development

INTRODUCTION

In search of the most potent strength training modality,
loading intensity has been recognized as a key component
(Campos et al. 2002; Heggelund et al. 2013). Additionally,
intentional maximal velocity in the execution of movement
may enhance the improvements in maximal muscle strength
and rate of force development (RFD) (Behm and Sale 1993),
collectively referred to as force-generating capacity (FGC). In
accordance with these training principles, maximal strength
training (MST) typically uses loads up to 95% of maximal
strength, few repetitions (3–5), and emphasis on maximal
intended velocity in the concentric phase. Compared with
conventional strength training with lower intensity (e.g., 70%
of maximal strength), more repetitions (8–12), and slower
intended velocity, MST has been shown to yield a twofold
increase in RFD and ~40% larger increase in maximal strength
(Heggelund et al. 2013). MST is tailored to target neural
adaptations and specifically tax efferent neural drive (i.e.,
motor unit recruitment and firing frequency). Indeed, increases
in efferent neural drive following MST have been shown in a
range of populations (Ekblom 2010; Fimland et al. 2009;
Unhjem et al. 2016a).

Since stimulating the efferent neural drive maximally may
be essential to yield the largest improvements in FGC, the
prospect of increasing intensity more than what may be
achieved by high concentric intensity and maximal intended
velocity training is intriguing. As the human muscle is stronger
during lengthening actions, the eccentric phase offers such a
unique opportunity for increased loading and possibly subse-
quent enhanced efferent neural stimulation in the initial part of
the concentric phase. Indeed, acute eccentric overload is doc-
umented to increase the force output at the onset of the
concentric phase and consequently improve strength perfor-
mance (Doan et al. 2002; Sheppard and Young 2010). In fact,
force output at the start of the concentric phase appears to
increase in proportion to the magnitude of the preceding
eccentric phase (Takarada et al. 1997). Since produced force is
dependent on motor unit recruitment and firing frequency
(Enoka and Duchateau 2017), efferent neural drive may be
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responsible, at least in part, for higher initial force production
in the concentric phase following eccentric overload. However,
the longitudinal training responses in FGC remain equivocal
(Brandenburg and Docherty 2002; Godard et al. 1998). One
reason for this could be that previous studies have typically
used a concentric underload to compensate for the additional
eccentric overload (Kaminski et al. 1998). This may have
attenuated the gains in FGC. To the best of our knowledge, no
studies to date have applied eccentric overload in a functionally
relevant exercise task of the lower extremity before a high
concentric load with maximal intended velocity, where motor
unit recruitment and firing frequency are already high (Enoka
and Fuglevand 2001).

With the use of evoked recordings (V-wave normalized to
M-wave) during maximal muscle contractions and supramaxi-
mal electrical stimulation in the lower extremities, the aim of
the study was to contrast the effects of MST with or without
eccentric overload on efferent neural drive, FGC, and func-
tional performance. Implying that one training group (MST)
performed concentric and eccentric action at ~90% of one-
repetition maximum (1RM), whereas the other training group
(eMST) performed an eccentric phase with ~150% 1RM fol-
lowed by a concentric phase at ~90% 1RM. It was hypothe-
sized that 1) MST with eccentric overload would induce larger
increases in efferent neural drive than MST, and 2) MST with
eccentric overload would be superior to regular MST in im-
proving leg press maximal strength and RFD.

METHODS

Subjects. A total of 53 healthy, young, nonsmoking males volun-
teered to participate in the study. The subjects were not familiar with
regular strength training of the lower extremities before the study.
They were instructed to continue their regular physical activity during
the course of the study. Subjects were allocated to one of three groups;
one training with MST (n � 19), one training MST with an additional
eccentric overload (eMST; n � 19), and a nontraining control group
(CG; n � 15). The study was approved by the local ethics committee,
and all subjects gave written informed consent before undertaking
testing and training. The study was performed according to the
Declaration of Helsinki.

Study timeline. Care was taken to ensure the participants performed
pre- and posttests within 2 h of the same time of day. Each participant
was requested to avoid alcohol 24 h before any testing and training.
They were also instructed to eat and drink as they usually would
before the pretest and to mimic this routine on the follow-up test.
Standardized test procedures were performed on the same day, before
and after the training period. After a 10-min treadmill warm up, the
subjects performed testing of countermovement jump (CMJ) perfor-
mance, leg press maximal strength and RFD, and plantar flexion
evoked reflexes. Training was conducted three times per week for 8
wk, and a minimum of 20 sessions had to be completed to proceed to
the follow-up testing. The CG did not train and served as a time-
control from pre- to posttest.

Maximal strength, RFD, and jumping performance. The subjects
performed CMJs on a force plate (9287CA; Kistler) sampling at 800
Hz. Subjects started from a standing position and were instructed to
perform a CMJ where the aim was to jump as high as possible. They
were instructed to use arm swing but no instructions were given
regarding range of motion of the knee or hip joint. Bioware software
v. 5.3.0.7 (Kistler) was used to calculate jump height; velocity data
and the initial displacement were used to compute displacement of the
center of mass by performing integration. This computation of dis-
placement is based on velocity being the rate of change of displace-
ment. The highest vertical displacement of the center of mass was

recorded as the vertical jump height. The highest of three jumps was
used in further analysis.

Maximal strength was obtained as 1RM in a horizontal leg press
(Technogym silver line). Following three warm up sets of two to eight
repetitions on light loads (�60% of expected 1RM), 1RM was
reached within five lifts, separated by 3–4 min of rest, by increasing
the load with 5–10 kg until the subjects were unable to complete the
lift. The lifts consisted of an eccentric phase (from ~180 to 90° angle
in the knee joint) and a concentric phase (from ~90° back to 180°
angle in the knee joint). Range of motion was determined visually
with the aid of a goniometer. 1RM was taken as the highest load
successfully lifted.

After a 3- to 4-min break, dynamic RFD trials were performed in
the same leg press apparatus. A standard weight of 70% of pretest
1RM was used, and force was obtained at 800 Hz on a force platform
(9286AA; Kistler) mounted on the leg press apparatus with a custom
built attachment and the same Bioware software as used to calculate
CMJ height. A high intraclass correlation coefficient (ICC; 0.98) has
been reported for measurements of CMJ (Markovic et al. 2004). For
each 1RM and RFD lift, the participant was instructed to perform the
eccentric phase in a slow and controlled manner, before aiming to lift
the weight as forcefully and fast as possible. The best of three RFD
trials, determined as the steepest force-time curve, was used for data
analysis. RFD was calculated as �force/�time in the time intervals
0–30, 0–50, 0–100, 0–150, and 0–200 ms, where 0 ms denotes the
onset of concentric force production, along with maximal RFD in the
steepest part of the force-time curve. In leg press 1RM and RFD, an
ICC of 0.99 and 0.94, respectively, has been documented (Spiering et
al. 2011).

Evoked reflex recordings. As an assessment of efferent neural drive
to the lower extremities, H-reflexes and V-waves were evoked in the
tibial nerve located in the popliteal fossa of the right leg, while seated
in a custom made isometric apparatus (Unhjem et al. 2016b) with the
ankle in a neutral position and the knee flexed at 90°. Electric
potentials were recorded from musculus soleus, using self-adhesive
pairs of bipolar AG/AgCI electrodes (M-00-S/50; Ambu, Ballerup,
Denmark) with an interelectrode distance of 25 mm. The skin was
carefully shaved, abraded (Nuprep; Weaver, Aurora, CO), and wiped
clean with alcohol. The preparation procedure was included to ensure
minimal resistance in the skin; the maximal interelectrode impedance
level was set to 5 k�. After preparation of the skin, the electrodes
were placed as recommended by SENIAM (Hermens et al. 2000).
Measuring tape and anatomical landmarks were used to identify the
appropriate location of electrode placement, and pictures were taken
of the relevant leg to ensure identical placement of the electrodes from
pre- to posttest. For percutaneous nerve stimulation, a current stimu-
lator (DS7AH; Digitimer, Welwyn Garden City, UK) gave a 1-ms
square wave stimulus to the tibial nerve in the popliteal fossa via
handheld gel-coated (Lectron 2 conductive gel; Pharmaceutical Inno-
vations, Newark, NJ) bipolar felt pad electrodes, which were 8 mm in
diameter and had 25 mm between the tips (Digitimer). These elec-
trodes were placed at the position evoking the largest H-reflex am-
plitude relative to the M-wave amplitude. EMG data were obtained
with Megawin software 700,046 version 3.0, by using the ME6000
Biomonitor (Mega Electronics, Kuopio, Finland) at 2 kHz, common
mode rejection ratio of 110 dB. The signals were amplified and
band-pass filtered (8–500 Hz).

H-reflex measurements were obtained during 10% of isometric
maximal voluntary contraction (MVC) to maintain a stable motoneu-
ron excitability and minimize postsynaptic effects (Knikou 2008). To
minimize any conditional effects, testing was done in the same
laboratory and performed by the same researcher. First, the optimal
site for stimulation was located, before the current intensity was
gradually increased by 2–5 mA searching for the maximal H-reflex
peak-to-peak amplitude (Hmax). Importantly, stimulation intensity was
carefully monitored to ensure similar M-wave responses during Hmax

between groups and from pre- to posttest [see Table 3; M at Hmax
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(%Mmax)]. Subsequently, the electrical stimulation current was in-
creased further to elicit the maximal M-wave (Mmax) obtained during
10% MVC. Mmax was identified when no further increase in M-wave
amplitude was seen, despite increased electrical current. A supramaxi-
mal stimulus of 150% of the stimulus needed to evoke Mmax was
given to ensure that the true Mmax was reached (Aagaard et al. 2002).
Hmax was normalized to Mmax, both obtained at 10% MVC.

Following the detection of Mmax, six to eight V-wave recordings
were performed. The V-wave responses were evoked by delivering a
supramaximal stimulus to the tibial nerve during MVC. Importantly,
the subjects were instructed to exert maximal, rapid voluntary muscle
force. The subjects were perceived to have reached MVC when a
plateau of torque was observed. One-minute rest periods were given
between each MVC. V-waves were normalized to the maximal M-
waves obtained during MVC (Msup). To be included in analysis, the
amplitude of the M-wave had to be �95% of Msup and the force had
to be �90% of MVC. Previous test-retest reliability for the V-wave
technique has been shown to be 0.86 (ICC) (Solstad et al. 2011).

Training intervention. The CG did not receive any training during
the intervention. The two training groups attended 8 wk of individu-
ally supervised strength training, three times per week. All training
sessions were carried out in a laboratory setting in the leg press
apparatus used in the testing procedures with the testing personnel
monitoring each session.

Maximal strength training. The MST training consisted of four sets
of four repetitions, and the intensity was set to 90–95% of 1RM in
both movement phases. The training followed a linear progression
model, which meant that when the participant was able to lift a fifth
repetition in a set, the load was increased by 5 kg. If the participant
could only lift three repetitions, the load was decreased by 5 kg. The
training was, as the testing, initiated with an eccentric phase, at a
range of motion starting from 180° angle in the knee joint to 90° knee
flexion, followed by a concentric phase back to ~180° knee angle, and
finished with a plantar flexion (Fimland et al. 2009). In accordance
with previous research, the training was carried out with a controlled
eccentric phase, before maximal mobilization of force in the concen-
tric phase, as previously used in our laboratory to facilitate neuro-
muscular adaptations to resistance training (Hoff et al. 2007; Wang et
al. 2017). Three-minute rest periods were applied between each set.

Eccentric maximal strength training. The eMST group followed
the same principles as the MST group, including the leg press
exercise, movement phases, sets, repetitions, rest periods, and inten-
sity in the concentric phase (90–95% of 1RM). However, the eccen-
tric load was set to 150% of 1RM. This load was chosen based on
previous leg press maximal eccentric strength (Hollander et al. 2007).
The extra load was added manually in the eccentric phase and
removed on the same cue as the participant was given to perform the
concentric phase. The same linear progression model was used as for
the MST group, and the eccentric load increased relative to the load
in the concentric phase. A pilot test including 19 participants con-
firmed that the load chosen in the eccentric phase was well tolerated
by the participants. With the use of the force platform (9286AA;
Kistler), this pilot test also revealed that the absolute force in the
initial part of the concentric phase was 34 � 5% higher when an
eccentric overload of 150% of 1RM was added compared with equal
load in both phases of the action (P � 0.001).

Statistical analyses. IBM SPSS statistics software version 23 (Chi-
cago, IL) was used for statistical analyses, and GraphPad Prism 6 (San
Diego, CA) was used for graphic illustrations. The data were assessed
for normality with Q-Q plots and Shapiro-Wilk’s test for normality,
and all the main variables (1RM, RFD, CMJ, and V/M-ratio) exhib-
ited a normal distribution, and as such parametric tests were applied.
To detect within group differences following training, paired samples
t-tests were used. Independent sampled t-tests were used to detect
between-group differences. The Pearson test for linear regression was
used to evaluate associations between absolute increases in variables.
Statistical analysis of training data was performed with session 1 as

first time point and session 20 as the last time point, as all subjects
included in analysis completed 20 sessions. Data are presented as
means � SD in the tables and text and as means � SE in figures. P �
0.05 was considered statistically significant.

RESULTS

Adherence. Two subjects in the MST group withdrew; one
due to injury unrelated to the study and one due to groin pain
likely associated with the training. Additionally, one subject
withdrew from the eMST group due to back pain likely related
to the training and one participant withdrew from the CG
without providing a reason. Furthermore, two subjects in
eMST were excluded from all data analysis, one due to low
training compliance (14 sessions), whereas one subject was
unable to plantar flex during training, leaving n � 16 in eMST,
n � 17 in MST, and n � 14 in the CG. Moreover, one result
from eMST and one from CG were excluded from V-wave
analysis, as the participants were unable to contract maximally
during V-wave trials at posttest (�90% MVC in all trials). The
remaining participants completed 23 � 1 of the 24 planned
sessions (both groups), and there was no difference in compli-
ance between training groups (P � 0.624). One subject was
asked to perform one repetition of both training regimes to give
a visual representation of the training. The result is presented in
Fig. 1.

Subject characteristics. Subject characteristics are presented
in Table 1. A slight but significant body mass increase of ~2%
was observed within the eMST group from pre- to posttraining
[t15 � �3.350; 95% confidence interval (CI) � �2.19, �0.49;
P � 0.004; Table 1], whereas no such increase was observed
in MST (t15 � �0.935; 95% CI � �1.25, 0.49; P � 0.365) or
CG (t13 � �0.737; 95% CI � �0.72, 1.46; P � 0.474). This
pre- to posttest difference in eMST was significantly different
from the CG (t28 � 2.689; 95% CI � 0.41, 3.01; P � 0.012),
but no between-group difference was evident between the two
training groups (t30 � 1.675; 95% CI � �0.21, 2.12; P �
0.104).

Training data. Concentric training load increased from ses-
sion 1 to session 20 in both training groups (eMST:

Fig. 1. A visual presentation of one of four repetitions during a training session
in the dynamic leg press with (whole line) and without (dotted line) eccentric
overload performed by a representative subject. Time 0 denotes the onset of
concentric force production. ###P � 0.001, force at the start of the concentric
phase between groups.
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t15 � �14.421; 95% CI � �44.84, 33.29; P � 0.001; MST:
t16 � �11.199; 95% CI � �39.88, �27.18; P � 0.001; Fig.
2). No difference in concentric training load was detected
between the two training groups in the increase in training load
from session one to 20 (t31 � 1.365, 95% CI � �2.73, 13.80;
P � 0.182; Fig. 2).

Maximal strength, RFD, and jumping performance. 1RM
increased by 21 � 9% (123 � 18 to 149 � 22 kg;
t15 � �9.586; 95% CI � �30.94, �19.68; P � 0.001) in
eMST and 18 � 10% (133 � 16 to 157 � 23 kg;
t15 � �7.592; 95% CI � �30.82, �17.31; P � 0.001) in MST
from pre- to posttest (Fig. 3). No pre- to posttest difference in
1RM was detected in CG (t13 � �0.201; 95% CI � �4.19,
3.48; P � 0.844). No between-group difference in 1RM in-
crease was detected between eMST and MST (t30 � 0.303;
95% CI � �7.18, 9.68; P � 0.764). Between-group difference
was observed between eMST and CG (t28 � 7.613; 95%
CI � 18.24, 31.67; P � 0.001) and MST and CG
(t23.244 � 6.526; 95% CI � 16.20, 31.22; P � 0.001). Maximal
strength normalized to body mass (1RM/mb) increased signif-
icantly in eMST (1.68 � 0.21 1RM/mb to 1.99 � 0.24 1RM/
mb; t15 � �9.762; 95% CI � �0.37, �0.24; P � 0.001) and
MST (1.72 � 0.26 1RM/mb to 2.03 � 0.36 1RM/mb;
t15 � �6.801; 95% CI � �0.40, �0.21; P � 0.001). No
pre-to posttest difference in 1RM/mb was detected in CG
(t13 � �0.881; 95% CI � �0.06, 0.02; P � 0.394). No be-
tween-group difference in 1RM/ mb increase was detected
between eMST and MST (t30 � 0.168; 95% CI � �0.11, 0.12;
P � 0.916). Between-group difference in the increase was
observed between eMST and CG (t23.671 � 8.007; 95%

CI � 0.21, 0.36; P � 0.001) and MST and CG
(t19.845 � 5.956; 95% CI � 0.19, 0.39; P � 0.001).

There was an increase in each RFD time interval in both
training groups, whereas no pre-to posttraining difference
was detected in CG (see Table 2). The time intervals 0 –30
ms, 0 –50, 0 –100, 0–150, and 0–200 ms and maximal RFD in
the eMST group increased by 39 � 25% (t14 � �5.440; 95%
CI � �897.70, �390,04), 57 � 35% (t14 � �7.048; 95% CI �
�1,496.97, �798.44), 62 � 38% (t14 � �10.007; 95% CI �
�2,184.52, �1,413.38), 49 � 34% (t14 � �10.171; 95%
CI � �1874.67, �1221.71), 39 � 20% (t14 � �10.027; 95%
CI � �1,499.38, �970.96), and 37 � 27% (t14 � �5.189; 95%
CI � �2,983.96, �1,238.74), respectively. Similarly, in the MST
group RFD intervals increased by 43 � 36% (t14 � �5.540; 95%
CI � �876.10, �391.17), 51 � 47% (t14 � �5.594; 95% CI �
�1,194.87, �538.17), 53 � 44% (t14 � �5.632; 95% CI �
�1,838.79, �833.03), 38 � 27% (t14 � �6.753; 95%
CI � �1,621.89, �846.87), 29 � 18% (t14 � �6.534; 95%
CI � �1,314.90, 670.72), and 27 � 18% (t14 � �6.928; 95%
CI � �1,960.01, �1041.52), respectively. No between-group
differences in the training-induced increase were detected be-
tween the training groups for either RFD interval (Table 2). Both
training groups increased RFD in each time interval significantly
compared with CG (Table 2).

CMJ height increased by 4 � 7 and 4 � 6% in eMST
(t14 � �2.355; 95% CI � �4.25, �0.20; P � 0.034) and MST
(t15 � �2.494; 95% CI � �4.17, �0.33; P � 0.025), respec-
tively (Fig. 4). No pre- to posttest difference was detected in
CG (t13 � �0.861; 95% CI � �3.33, 1.43; P � 0.405). No
between-group difference in CMJ increase was detected be-
tween eMST and MST (t29 � �0.021; 95% CI � �0.03, 1.30;
P � 0.983). No between-group difference in CMJ increase was
detected between eMST and CG (t27 � 0.880; 95% CI � 1.27,
1.44; P � 0.386) or MST and CG (t28 � 0.921; 95%
CI � 1.30, 1.41; P � 0.365).

Evoked reflex recordings. Strength training significantly in-
creased the soleus V/M-ratio by 32 � 9% in eMST
(t14 � �3.516; 95% CI � �0.12, �0.03; P � 0.003) and
27 � 8% in MST (t16 � �3.787; 95% CI � �0.12, �0.03;
P � 0.002; Fig. 5). A significant decrease in Msup (t12 � 2.571;
95% CI � 166.06, 2,12.06; P � 0.025) and maximal V-wave
amplitude (Vmax; t12 � 2.409; 95% CI � 51.19, 1,019.96; P �
0.033) was detected in the CG from pre- to posttest, but no
pre-to posttest difference was detected in V/M-ratio in CG
(t12 � �0.02; 95% CI � �0.02, 0.06; P � 0.324). No be-
tween-group difference was detected between eMST and MST
in V/M-ratio increase (t30 � �0.139; 95% CI � �0.06, 0.06;
P � 0.891). Between-group difference in V/M-ratio increase
was observed between eMST and CG (t26 � 3.273; 95%
CI � 0.03, 0.15; P � 0.003) and MST and CG (t28 � 3.394;

Table 1. Descriptive characteristics

eMST MST CG

Pre Post Pre Post Pre Post

Age, yr 22 � 3 24 � 2 23 � 4
Stature, cm 181 � 8 181 � 6 183 � 7
Body mass, kg 73.4 � 8.5 74.7 � 8.2*† 77.5 � 8.7 77.9 � 8.4 79.7 � 9.1 79.3 � 8.1

Data are presented as means � SD. eMST, maximal strength training with eccentric overload; MST, maximal strength training; CG, control group. *P � 0.05,
significantly different from corresponding pretraining value. †P � 0.05, significant pre- to posttraining between-group difference (eMST vs. CG).

Fig. 2. Concentric training weight for one repetition in a set in each session for
all individuals for maximal strength training with eccentric overload (dotted
lines) and maximal strength training (whole lines).
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95% CI � 0.04, 0.16; P � 0.002). The absolute increase in
V/M-ratio for all groups collapsed was associated with the
increase in 1RM (P � 0.026, r � 0.335). No other significant
associations were observed. No difference was observed in the
soleus H/M-ratio from pre- to posttraining in eMST
(t12 � 0.375; 95% CI � �0.06, 0.09; P � 0.714), MST
(t15 � 1.288; 95% CI � �0.03, 0.12; P � 0.217), or CG
(t12 � �0.783; 95% CI � �0.10, 0.05; P � 0.449; Table 3).

DISCUSSION

MST performed with maximal intended velocity in the
concentric phase of the movement stimulates neural firing
frequency and motor unit recruitment (Toien et al. 2018), and
yields effective improvements in muscle FGC (Heggelund et
al. 2013). The present study aimed to investigate if applying an
eccentric overload would enhance neural stimulation and, in
turn, augment FGC adaptations. The main finding was that
MST with and without eccentric overload resulted in similar
increases in FGC, functional performance, and efferent neural
drive to maximally contracting musculature. To the best of our
knowledge, the current study is the first to compare neural
responses in high-intensity strength training with and without
an eccentric overload, and the results indicate that efferent
neural drive may already be maximally stimulated during
constant load MST. Since MST without eccentric overload has
a lower muscular tension and thus likely a lower risk of injuries
and is easier to carry out, conventional MST should be advo-
cated as an effective means to increase muscle FGC and
functional performance.

Strength training, eccentric overload, and muscle FGC. As
expected, 8 wk of high-intensity strength training increased
FGC. The improvements in maximal strength and RFD fol-
lowing MST were in accordance with what has previously been
reported in young individuals (Fimland et al. 2009; Heggelund

et al. 2013). However, despite eccentric actions being known to
acutely influence concentric force output and strength perfor-
mance (Doan et al. 2002; Sheppard and Young 2010; Takarada
et al. 1997), eccentric overload before the high-intensity con-
centric phase during MST did not enhance training adaptations
in the current study. Although consistent with one previous
study (Godard et al. 1998), the present results contrast to
several studies reporting enhanced strength-training induced
improvements when an eccentric overload is applied (Bran-
denburg and Docherty 2002; Hortobágyi et al. 2001; Kaminski
et al. 1998; Walker et al. 2016). However, only one of these
studies reported differences between training groups in con-
centric strength improvements (Brandenburg and Docherty
2002). Albeit, in the latter study, the larger increase in con-
centric maximal strength following eccentric overload training
was only seen in elbow flexors and not elbow extensors,
indicating that adaptations to eccentric overload training may
be muscle group specific. As the current study did not include
groups training eccentric and concentric training in isolation, it
is difficult to assess the relative importance of each phase in
concentric strength improvement. However, since the two
phases are mutually influential, the effects of separate eccentric
and concentric training may not necessarily translate directly
into their relative contribution during combined muscle action.
A meta-analysis by Roig et al. (2009) revealed that concentric
and eccentric training yielded concentric effects that were not
different. Albeit, several studies have documented that concen-
tric training is superior compared with eccentric training for
concentric strength improvements (Blazevich et al. 2007;
Seger and Thorstensson 2005; Tomberlin et al. 1991). One
reason that concentric and eccentric training may yield similar
effects when compared is that the total work has to be higher
during eccentric training if the intensity level is aimed to be the
same. As intensity is a key component for strength training-

Fig. 3. Maximal strength before and after 8 wk of strength training. Data are presented as means � SE and individual responses. eMST, maximal strength training
with eccentric overload; MST, maximal strength training; CG, control group; 1RM, one repetition maximum. ***P � 0.001, within group from pre- to posttest,
###P � 0.001, MST and eMST vs. CG.

Table 2. Dynamic leg press rate of force development

eMST MST CG Between-Group

Pre Post P Pre Post P Pre Post P P P P

0–30 ms 1,912 � 605 2,568 � 616 �0.001* 1,564 � 487 2,198 � 757 �0.001* 1,942 � 733 1,906 � 635 0.886* 0.951† 0.023‡ 0.025§
0–50 ms 2,346 � 850 3,505 � 945 �0.001* 2,091 � 919 2,957 � 978 �0.001* 2,417 � 677 2,247 � 819 0.517* 0.221† �0.001‡ 0.001§
0–100 ms 3,296 � 1,024 5,136 � 1,048 �0.001* 3,001 � 1,169 4,337 � 1,402 �0.001* 3,508 � 651 3,403 � 855 0.732* 0.138† �0.001‡ 0.001§
0–150 ms 3,567 � 889 5,163 � 808 �0.001* 3,501 � 999 4,736 � 1,344 �0.001* 3,793 � 477 3,822 � 816 0.916* 0.204† �0.001‡ 0.001§
0–200 ms 3,355 � 705 4,629 � 675 �0.001* 3,492 � 832 4,484 � 1,196 �0.001* 3,547 � 404 3,618 � 707 0.740* 0.233† �0.001‡ 0.001§
Max 6,132 � 1,203 8,344 � 1,608 �0.001* 5,810 � 1,639 7,311 � 1,924 �0.001* 6,188 � 807 5,992 � 1,178 0.667* 0.199† 0.001‡ 0.001§

Data (in N/s) are presented as means � SD; eMST, maximal strength training with eccentric overload; MST, maximal strength training; CG, control group.
*P, from corresponding pretraining value. †P, between-group eMST and MST. ‡P, between-group eMST and CG. §P, between-group MST and CG.
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induced improvements (Heggelund et al. 2013), a higher in-
tensity will be more effective. This may also result in relatively
larger eccentric contribution to total strength (combined eccen-
tric and concentric strength) improvement, as evident in the
Roig et al. (2009) meta-analysis.

Other studies using inertia to apply eccentric overload via a
flywheel (Norrbrand et al. 2008) are difficult to compare with
the present study, as it is challenging to quantifying the
intensity applied with the flywheel compared with the present
study. However, it should be noted that a recent meta-analysis
concluded that flywheel resistance training was not superior to
constant load strength training for increases in strength (Vi-
cens-Bordas et al. 2018), which is in line with the present
results. In the present study, leg press was chosen because of its
functional relevance and previously well-documented FGC
improvements (Fimland et al. 2009; Unhjem et al. 2015), and
particular care was taken to ensure a progressive increase in
concentric intensity (~90% of 1RM) throughout the training
period, by adding more resistance when the participants could
lift more than the intended four repetitions. Importantly, pre-
vious studies have documented that short (Fimland et al. 2009)
and long-term (Unhjem et al. 2016b) leg press/squat strength
training appears to be mirrored in the plantar flexors, likely
because adaptations in the central motor pathway are mani-
fested throughout the lower extremities. Of note, since the
initial phase of the concentric movement with high firing
frequency and motor unit recruitment is argued to be very
important for the efferent neural drive training response, the
later phase of the movement (including the plantar flexion
muscle action) may be of less importance. Albeit, we cannot
exclude that the late phase was a contributor for the training-
induced neurophysiological adaptations.

The similar CMJ height increase after eMST and MST
underpin the functional relevance of the increase in concentric
FGC and augmented the confidence with which we could
interpret the similarity between the two training groups. The

increases in CMJ height were in line with previous studies
following MST (Helgerud et al. 2011; Hoff et al. 2001). It is
important to consider the functional benefit of the strength
training-induced increases in FGC. Although eccentric strength
plays a role in absorbing force, concentric strength directly
enhances the propulsive phase in, e.g., jumping and running, in
accordance with Newton’s second law of motion. Moreover,
since the muscle is stronger eccentrically than concentrically,
the concentric strength sets the upper limit in many sporting
actions. Thus eccentric overload did not enhance the concentric
strength and in turn CMJ performance more than regular MST.

Strength training, eccentric overload, and efferent neural
drive. In accordance with previous findings, functional leg
press strength training resulted in a marked increase in efferent
neural drive to the muscles of the lower extremities (Fimland
et al. 2009). An increase in V/M-ratio to maximally contracting
musculature has commonly been attributed to alterations in
corticospinal factors (Fimland et al. 2009; Unhjem et al.
2016b), advocated to reflect enhanced descending input to the
spinal motoneuron pool. Albeit, different recruitment of affer-
ents and motoneurons, as well as spinal reflex pathways, may
also be of influence (Aagaard et al. 2002). A slight decrease in
absolute Vmax and Msup was observed in the CG. This may
have been due to electrode placement or a change in interelec-
trode impedance. This observation highlights the importance of
normalizing to H- and V-waves to an M-wave, as methodolog-
ical error may occur, but which will affect Vmax and the
concurrent Msup similarly and consequently give a representa-
tive V/M-ratio.

In the current study, the magnitude of efferent neural drive
to the lower extremities increased similarly following constant
load and eccentric overload MST. Although this may be
somewhat surprising, given the higher intensity at the onset of
concentric muscle action in the eMST group, where the pres-
ence of doublet discharges and very high motor unit discharge
rate can be assumed (Maffiuletti et al. 2016), it subsequently

Fig. 4. Countermovement jump (CMJ) height before and after 8 wk of strength training. Data are presented as means � SE and individual responses. eMST,
maximal strength training with eccentric overload; MST, maximal strength training, CG; control group. *P � 0.05, within group from pre- to posttest.

Fig. 5. Soleus V/M-ratio before and after 8 wk of strength training. Data are presented as means � SE and individual responses. eMST, maximal strength training
with eccentric overload; MST, maximal strength training; CG, control group; V/M-ratio, maximal V-wave amplitude/maximal M-wave amplitude. **P � 0.01,
within group from pre- to posttest; ##P � 0.01, MST and eMST vs. CG.
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also appeared to result in a slower concentric RFD when
executing the training (Fig. 1). Recognizing that the motor unit
discharge rate is relatively constant during lengthening con-
tractions and increases progressively to a higher level during
shortening contractions, the training stimulation may have
been blunted throughout the concentric action in the eMST
group. Thus the eccentric overloading appeared to result in a
differential stimulation for adaptations to training (onset of
force vs. development of force). This may explain the lack of
differences between the eMST and MST groups. Moreover, the
average force production in the concentric phase in the eMST
group appeared to be similar to the MST group (Fig. 1), which
may result in similar strength-training induced adaptations.
Another explanation for the similar improvements in the train-
ing groups may be that firing frequency and motor unit recruit-
ment were maximal for the MST group with constant loading
because the repetitions were carried out with an intentional
maximal RFD. Indeed, previous literature provides evidence
that it is the maximal intentional RFD, rather than the applied
training load, that yields the most effective adaptations (Hoff et
al. 2007; Maffiuletti et al. 2016).

The V-wave peak-to-peak amplitude, an electrophysiologi-
cal variant of the H-reflex, is determined by the removal of
antidromic impulses, which allows the reflex volley to propa-
gate to the muscle (Aagaard et al. 2002; Duclay and Martin
2005). As such, an increased V/M-ratio has been interpreted as
increased transmission of efferent impulses, i.e., increased
motor unit recruitment and/or firing frequency (Aagaard et al.
2002). Since motor unit recruitment in healthy, young individ-
uals is usually, at least close to, complete (�90–95%) (Good-
all et al. 2009), firing frequency was likely a major adaptation
in response to strength training in the present study. Increased
firing frequency has been shown to accompany strength train-
ing improvements (Christie and Kamen 2010; Kamen and
Knight 2004; Patten et al. 2001). In fact, by rearranging a
mathematical equation from Upton et al. (1971), Aagaard et al.
(2002) postulated that the increase in V/M-ratio following a
similar strength training intervention as used in the present
study was due to increased motoneuron firing frequency. In-
creased number of doublets, motor unit firing rates with very
brief interspike intervals, also appears to be improved in
response to ballistic training, particularly relevant for RFD
improvements (Van Cutsem et al. 1998). As such, maximal
intentional RFD, as used in the present study, was likely of
importance to increase motor unit discharge rates.

Although maximal eccentric strength has commonly been
demonstrated to exceed maximal concentric strength, and it
may be conceivable that the amount of afferent feedback was
higher during eccentric overload (Enoka and Duchateau 2017),
similar V/M-ratios have been observed for both contraction
types (Duclay and Martin 2005; Duclay et al. 2008; Ekblom
2010). Thus enhanced eccentric strength does not seem to be a
result of higher efferent neural drive, when compared with
concentric strength. Furthermore, following a training period
of purely eccentric muscle actions (Duclay et al. 2008) or
eccentric overload (Ekblom 2010), V/M-ratios have increased
similarly during concentric, isometric, and eccentric contrac-
tions. Thus, although motor efferent output is somewhat de-
pendent on sensory afferent feedback from the muscle (Aa-
gaard et al. 2000), adding an additional load on the muscle in
the eccentric phase does not appear to induce higher efferent
neural drive than what can already be achieved in the concen-
tric phase with high intensity. Although the lower limit of
eccentric load seems unclear, incorporating both eccentric and
concentric actions appears to be critical for strength training
adaptations (Dudley et al. 1991).

The training-induced improvement in muscle FGC in the
current study was likely not only the result of neural adapta-
tions but an interaction between neural and muscular factors.
Although not the scope of this paper, the training may have led
to a faster muscle phenotype contributing to the early and late
phase RFD and maximal strength increase. Indeed, an increase
in area and percentage of type II fibers has recently been
documented after MST (Wang et al. 2017), and an increase in
type II myosin heavy chain percentage was found to be
associated with an increase in RFD (Harridge et al. 1996; Hvid
et al. 2010). The increase in body mass observed only in the
eMST group suggests there may have been an effect on muscle
size specifically in this group. More detailed measurements of
morphological characteristics would have been preferable to
precisely determine this effect. However, an increase in body
mass was somewhat unsurprising, as eccentric actions per-
formed at high intensity have typically been shown to induce
larger increases in hypertrophy compared with concentric ac-
tions (Roig et al. 2009). Although this may translate to higher
eccentric strength, it is interesting that this eccentric-related
hypertrophy appears not to influence concentric strength (Roig
et al. 2009). Indeed, the similar strength training effects seen in
the current study are in support of this notion. Since the effects
on efferent neural drive were similar after MST with and
without eccentric overload, this may also have led to a similar

Table 3. Absolute amplitudes and normalized evoked peak-to-peak amplitude potentials of the soleus muscle

eMST MST CG

Pre Post Pre Post Pre Post

Mmax 6,653 � 1873 6,846 � 2411 5,951 � 2040 6,067 � 2477 7,031 � 1617 6,363 � 1,685
Hmax 3,551 � 1647 3,451 � 1781 3,127 � 1726 2,646 � 1093 3,398 � 927 3,203 � 1,208
H/M-ratio 0.52 � 0.19 0.51 � 0.17 0.52 � 0.16 0.47 � 0.17 0.50 � 0.15 0.53 � 0.19
M at Hmax (%Mmax) 27 � 12 26 � 15 23 � 10 26 � 17 23 � 7 25 � 13
Msup 7,350 � 2,082 6,509 � 2,261 6,099 � 2,107 6,195 � 2,281 7,401 � 1,947 6,312 � 1,981*
Vmax 2,706 � 1,405 2,895 � 1,489 2,191 � 1,138 2,694 � 1,536 2,878 � 1,389 2,342 � 1,225*

Data (in �V) are presented as means � SD. eMST, maximal strength training with eccentric overload; MST, maximal strength training; CG, control group;
Mmax, maximal M-wave (muscle wave) during 10% maximal voluntary contraction; Hmax, maximal H-reflex during 10% maximal voluntary contraction,;
H/M-ratio, maximal H-reflex amplitude/maximal M-wave amplitude; Msup, maximal M-wave amplitude during maximal voluntary contraction; Vmax, maximal
V-wave amplitude. *P � 0.05, significantly different from corresponding pretraining value.
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synergistic interaction with muscular factors. Accordingly, the
strength training carried out in the present study may have
reduced the recruitment threshold of fast motor units, increased
calcium release, cross-bridge coupling, and sodium channel
density (Maffiuletti et al. 2016).

Practical application. If the purpose is to improve neural
adaptations and muscle FGC, MST performed with constant
load, high intensity (~90% 1RM), and maximal intended ve-
locity in the concentric phase should be advocated as the
strength training of choice over eMST. There are several
reasons for this recommendation. First, eccentric actions are
associated with more muscle soreness and microdamage to the
muscle (Ratamess et al. 2009), which may increase the risk of
injury (Baumert et al. 2016) and require longer recovery time
(Linnamo et al. 2000). As such, eccentric overload may in fact
have a negative effect on other training performed. Albeit, in
the current study, muscle soreness appeared to not be an issue
for any of the groups, possibly due to the relatively few
repetitions in each training set. Second, particularly relevant
for weight-bearing endurance activities such as running, the
added eccentric load may induce more hypertrophy, since
eccentric actions previously have been associated with more
hypertrophy (Tesch and Larsson 1982). In fact, MST has been
used successfully to improve endurance performance and has a
well-documented effect on work economy (Heggelund et al.
2013; Hoff et al. 2002). Third, from a purely practical stand-
point, MST is simpler to administer since no or extra personnel
or special equipment is required to add and remove the excess
weight in the eccentric phase. Finally, of clinical importance,
MST has been documented to be feasible and safe to carry out
in elderly and a wide range of frail patient populations (Hoff et
al. 2007; Toien et al. 2018; Unhjem et al. 2015, 2016a; Wang
et al. 2017) and contribute to improved function and ability to
maintain independence in daily activities (Unhjem et al. 2017).

Conclusion. The current study showed that eccentric over-
load does not augment strength training-induced increases in
FGC and efferent neural drive if the strength training is
performed with high intensity and maximal intended velocity
in the concentric phase. Thus, if the purpose is to tailor the
most effective training for improvements in RFD, maximal
strength, and functional performance, an eccentric overload
can be avoided. Rather, MST, which is well established as a
highly effective strength training modality, may be recom-
mended in previously untrained young, old, and frail patient
populations.
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