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Abstract

The aim of the present study was to verify whether strength
training designed to improve explosive and maximal strength
would influence rate of force development (RFD). Nine men
participated in a 6-week knee extensors resistance training pro-
gram and 9 matched subjects participated as controls. Through-
out the training sessions, subjects were instructed to perform
isometric knee extension as fast and forcefully as possible,
achieving at least 90% maximal voluntary contraction as quickly
as possible, hold it for 5 s, and relax. Fifteen seconds separated
each repetition (6-10), and 2 min separated each set (3). Pre- and
post-training measurements were maximal isometric knee exten-
sor (MVC), RFD, and RFD relative to MVC (i.e., %MVC-s™) in
different time-epochs varying from 10 to 250 ms from the con-
traction onset. The MVC (Nm) increased by 19% (275.8 £+ 64.9
vs. 329.8 + 60.4, p < 0.001) after training. In addition, RFD
(Nm's™) increased by 22-28% at time epochs up to 20 ms from
the contraction onset (0-10 ms = 1679.1 £ 597.1 vs. 2159.2 +
475.2,p <0.001; 0-20 ms = 1958.79 + 640.3 vs. 2398.4 + 479.6,
p < 0.01), with no changes verified in later time epochs. How-
ever, no training effects on RFD were found for the training
group when RFD was normalized to MVC. No changes were
found in the control group. In conclusion, very early and late
RFD responded differently to a short period of resistance train-
ing for explosive and maximal strength. This time-specific RFD
adaptation highlighted that resistance training programs should
consider the specific neuromuscular demands of each sport.

Key words: Quadriceps, muscle adaptation, muscle strength,
peak torque, power.

Introduction

The rate of force development (RFD) is defined as the
slope of the force-time curve obtained under isometric
conditions (Aagaard et al., 2002). It has been used to
evaluate the capacity to rapidly generate muscular force,
which may be essential for sports performance (Aagaard
et al., 2011) and functional tasks (e.g. locomotion and
postural balance) (Aagaard et al., 2010). There is a posi-
tive association between RFD and maximal force (Mirkov
et al., 2004), especially the RFD registered in the later
phase (>100 ms relative to the contraction onset) of
maximal voluntary contractions (MVC) (Andersen and
Aagaard, 2006). Indeed, it has been demonstrated that
RFD is influenced by different physiological parameters
at early (<100ms) and late phase (>100ms) of the isomet-
ric contractions. The early phase is influenced by intrinsic
muscle contractile properties (Andersen et al., 2010) and

neural drive (Gruber et al., 2004), whereas the late phase
is influenced by muscle cross-sectional area (Suetta et al.,
2004), neural drive (Aagaard et al., 2002) and stiffness of
tendon-aponeurosis complex (Bojsen-Mgller et al., 2005).

Previous studies have reported substantial en-
hancements in knee extension (KE) RFD following dif-
ferent types of resistance training protocols such as tradi-
tional (i.e., machine-based and free weight exercise pro-
grams), explosive or isometric strength training (Kubo et
al., 2001; Hakkinen et al., 2003; Gruber et al., 2004).
However, isometric resistance training may elicit different
outcomes in terms of RFD calculated in different time
epochs from contraction onset. Geertsen et al. (2008) and
Tillin et al. (2012) have found that explosive isometric
training can improve both early and late RFD. Moreover,
Tillin et al. (2012) have found that the RFD relative to
MVC (i.e., %MVC-s") was increased only at the early
phase (50 ms), suggesting neural adaptations to explosive
force production. In contrast, a previous study focusing on
maximum force, rather than explosive force, showed no
changes in RFD at any time epoch (0-150 ms), while
relative RFD was reduced in the late phase (Tillin et al.,
2011). Thus, resistance training programs focusing on
maximal strength and explosive strength have potentially
different influences on the different phases of RFD.

To the best of our knowledge, the effects of a
short-term isometric resistance training program designed
to increase both explosive (high-RFD contraction) and
maximal strength (sustained high-load contractions) on
early and late RFD has not been explored. Understanding
this issue may provide insight into the mechanisms that
determine strength and RFD properties, which might
improve the design for sports-specific resistance training.
Thus, the aim of this study was to examine the change in
RFD in incrementing time intervals of 0-10, 0-20, up to 0-
250 ms from onset of muscle contraction determined by a
short-term resistance training program designed to in-
crease both explosive and maximal knee extensor
strength. Based on the studies cited above (Tillin et al.,
2011; 2012), we hypothesized that RFD obtained in the
early and later phase of muscle contraction would respond
differently in response the program.

Methods
Subjects

Eighteen healthy active men (23.2 + 3.8 years, 79.1 +
11.5 kg, 1.78 £ 0.08 m, mean + SD) volunteered to par-
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ticipate in this study. They were physical education stu-
dents (undergraduate and postgraduate) involved in rec-
reational sports (soccer, basketball, volleyball), but had
not participated in a regular resistance training for at least
six months prior to the start of the study. All participants
were healthy and free of cardiovascular, respiratory and
neuromuscular disease. All subjects were textually and
verbally informed about the experimental procedures and
risks and signed an informed consent before being sub-
mitted to the tests. The research was approved by the
University’s Ethics Committee.

Experimental design

Subjects were randomly assigned into two groups: control
(CON) and training (TR). Participants completed two
familiarization sessions and one measurement session
before (each separated by 2-3 days), and one measure-
ment session after a 6-week unilateral isometric knee
extensor resistance training program. All familiarizations,
tests and training sessions were performed on an isoki-
netic dynamometer (Biodex System 3, Biodex Medical
Systems, Shirley, N.Y.) The familiarization sessions and
the test sessions were identical (see: “MVC Testing”) and
only KE from the dominant limb (the limb used to kick a
ball) was tested and trained. For TR group, 18 sessions of
an isometric training protocol were performed. These
training sessions were performed 6 weeks (3 times/week
separated by 48 hours). The CON group members were
asked to maintain their normal daily activities and to
refrain from all forms of structured exercise during the
whole time of the study. After the training or the control
period, all subjects performed the post-test session (Figure

1.

Procedures

MVC Testing

Before tests the subjects completed a 5 min warm-up on a
stationary cycle ergometer (Excalibur Sport, Lode B.V.,
Groningen, Nederland) with 50 W and 70 rpm. Subjects
were then accommodated on the dynamometer chair at the

upright sitting position with an anterior trunk/thigh angle
of 85°. The femoral lateral epicondyle was aligned to the
dynamometer axis of rotation. The subjects were also
firmly strapped to the dynamometer with two transversal
shoulder to hip belts fixing the trunk, one hip belt, and
one belt at the distal thigh. The lower leg was fixed to the
lever arm of the dynamometer just above the medial mal-
leolus. The angle between the thigh and leg was 75° (0 =
full extension). The isometric test consisted of two maxi-
mal isometric contractions (knee extension). Isometric
contractions lasted 5 seconds, with 30 seconds of rest
between each contraction. For both testing and training
conditions, subjects were instructed to perform isometric
efforts “as fast and as forcefully as possible”, during
which strong verbal encouragement was provided by the
researchers.

Training

Eighteen training sessions were required, which were
distributed throughout 6 weeks (three sessions/week). All
training sessions were supervised by one of the research-
ers, and the adherence to the training program was 100%.
The aim of the training programme was to enhance both
explosive (high-RFD contraction) and maximal strength
(sustained high-load contractions). Thus, subjects were
instructed to perform vigorous isometric KE, in an at-
tempt to achieve at least 90% of their MVC as quickly as
possible, hold it for 5 s, and relax. Figure 2 confirms that
the target force was quickly attained during all training
weeks. During the first training week the sets vs. repeti-
tions vs. time (s) under contraction were 3x6x5. From the
second to fifth week there was an increase of one repeti-
tion per week while the number of set and time under
contraction were maintained as in the first week (3x7x5 —
3x8x5 — 3x9x5 — 3x10x5). In the last week, the training
was the same as in the third week (3x8x5), so the total
volume was reduced aiming to generate a training taper-
ing period. The taper was included in the program be-
cause it has been shown to result in significantly higher
post-test MVC following resistance strength training
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Figure 1. Tests and training protocol timeline. # 48 hours interval. * 72 hours interval.
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Figure 2(A-F). Normalized moment-time curve, averaged for all subjects from the first (A) to sixth (F) week of training. For
each subject, data obtained in all repetitions performed during the first weekly training session were collapsed. Dashed hori-
zontal line corresponds to 90% of maximal voluntary contraction (MVC). Data are expressed as mean (solid line) = SD (dashed

line).

program (Gibala et al., 1994). During all the training
sessions there was 2 minutes of interval between each set
and 15 seconds between repetitions.

Data processing and analyses

The torque data were exported as a text file from the dy-
namometer and analyzed by using specific algorithms
created in MatLab environment (The MathWorks, Natick,
MA, USA). Torque curves were smoothed by a digital
fourth-order zero-lag Butterworth filter with a cutoff
frequency of 20 Hz (Winter, 1990). The contractions with
the highest isometric (MVC) torque were chosen for fur-
ther analysis. RFD was obtained by the isometric contrac-
tion slope of the moment-time curve (i.e., Amo-
ment/Atime) across time epochs of 0-10, 0-20, ..., 0-250
ms relative to the contraction onset and its peak
(RFDpax). The onset of muscle contraction was defined
as the time point where the KE torque exceeded the base-
line by 2.5% of the baseline-to-peak difference (Andersen

et al., 2010). RFD was also normalized (RFDr) by MVC
(%MVC:s™) and calculated at the same time epochs used
for RFD and its peak (RFDryax).

Statistical analyses

Data are expressed as mean £ SD. Changes in main pa-
rameters were analyzed using multivariate analysis of
variance with repeated measures. Factors included in
model for RFD and RFDr were training period (pre- and
post-intervention), group (resistance training and control
group) and contraction time (0-10, 0-20, ..., 0-250 ms
from onset of muscle contraction). Factors included in
model for MVC, RFDysx and RFDryax were training
period (pre- and post-intervention) and group (resistance
training and control group). When appropriate, post hoc
comparisons were made with the Tukey test. All statisti-
cal analyses were performed using SPSS version 17.0
software (SPSS Inc., Chicago, IL, USA) and the signifi-
cance level was set at p < 0.05.
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Results

MVC

There was a significant main effect of training for MVC
(F = 7.43, p = 0.01). Post-hoc test showed a significant
increase of MVC (19%) for TG whereas no changes were
found for CON (Figure 3).
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Figure 3. Mean + SD values of isometric peak torque (MVC)
for trained group (TR) and control group (CON) before
(Pre) and after (Post) the training period. *p <0.001 in relation
to pre-test.

RFDMAX and RFDFMAX

There was no significant main effect of training for
RFDpax (F = 3.30, p = 0.10) and RFDRy»x (F = 0.17, p
=0.68) (Figure 4).

RFD and RFDr at different times of contraction (0-10,
0-20, ..., 0-250 ms)

Figures 5A to 5D represent RFD and RFDr time curves in
different times epochs at pre- and post-training periods.
There was a significant main effect of training for RFD (F
= 48.32, p < 0.001) whereas no change occurred in RFDr
(F = 0.49, p = 0.48). Post-hoc test showed significant
increase of RFD at 0-10 ms (28%, p = 0.006) and at 0-20

ms (22%, p = 0.03) for TG whereas no changes were
verified for CON.

Discussion

In this study we have investigated the effects of a 6-week
isometric resistance training designed to improve explo-
sive and maximal strength on RFD in different time-
epochs varying from 10 to 250 ms from the contraction
onset. We have demonstrated that RFD at a very early
phase (i.e., 0-20 ms) of rising muscle force increased in
response to resistance training, whereas, both late RFD
and RFDr remained unchanged. Moreover, consistent
with previous research (Tillin et al., 2011; 2012) short-
term isometric resistance training increased MVC (19%).

The use of resistance training to induce adaptations
on RFDyax has generated different results. These include
significant enhancements on RFDysx (Aagaard et al.,
2002; Hakkinen et al., 2003; Kubo et al., 2001) and no
changes in this variable in other investigations (Baker et
al., 1994; Hakkinen et al., 1998). A direct comparison
among studies must be made with caution, since exercise
intensity, movement velocity, training duration and fitness
status prior to training may be different from study to
study. Recent investigations have highlighted the impor-
tance of performing contractions with an intended ballis-
tic effort during isometric training focusing on RFD en-
hancements (Tillin et al., 2011; 2012). Tillin et al. (2012)
have found that RDF was enhanced after training with
explosive isometric contractions (1 s “fast and hard”),
whereas no changes in RFD were found following resis-
tance training focusing on maximum force, rather than
explosive actions (Tillin et al., 2011). However, in our
study, with similar conditions (i.e. time duration and
specificity of the test and training exercises), we have
found that RFDysx remained unchanged after resistance
training for explosive and maximal strength. Thus, per-
forming muscle actions with an intended ballistic effort
might not be the only underlying mechanism that modu-
lates RFDyax improvement following isometric strength
training.
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Figure 4. Mean £ SD values of maximum rate of force development (RFDy;,x) and maximum relative rate of force devel-
opment (RFDry;,x) for trained group (TR) and control group (CON) before (Pre) and after (Post) the training period.
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Figure 5 (A-D). Group mean + SD values of rate of force development (RFD) and relative rate of force development (RFDr)
in different times of contraction rise of isometric training (ISOM) and control (CON) groups obtained at pre- (black circles
line) and post- (gray triangles line) training or daily activity periods, respectively. # p <0.01; * p < 0.05 in relation to pre-test.

The different phases of RFD curves can be differ-
ently modified by resistance training protocols (Andersen
et al., 2010, Blazevich et al., 2008; Oliveira et al., 2013).
Andersen et al. (2010) have found that only late RFD was
enhanced in response to 14 weeks of high-intensity (i.e.,
6-12 RM) resistance training. On the other hand,
Blazevich et al. (2008) and Oliveira et al. (2013) found-
that a short period (5 and 6 weeks, respectively) of resis-
tance training (slow- and fast-speed maximal strength
training, respectively) improved early RFD, while late
RFD remained unchanged. Similarly, we have shown
differential changes in early and late RFD in response to 6
weeks of resistance training for explosive and maximal
strength. Thus, our data confirm that isometric resistance
training performed with an intended ballistic effort can
improve very early RFD. In whole, these studies show
that the method of analysing RFD influences the interpre-
tation of the effects of resistance training on neuromuscu-
lar properties of explosive strength. Moreover, the in-
crease in early RFD found in the present study has impor-
tant practical implications for explosive sports (Aagaard
et al., 2011) and postural balance (Aagaard et al., 2010).
The time spans (50 — 250 ms) involved in the explosive
type muscle actions may not allow maximal muscle force
(i.e, MVC) to be reached. Thus, an augmentation in early

RFD allows an increase in the maximal force and velocity
that can be achieved during rapid movements (Aagaard et
al., 2002).

When normalized to MVC (%MVC-s™), RFD in
the early phase has been found to increase after both ex-
plosive-type (Oliveira et al., 2013; Tillin et al., 2012) and
heavy resistance training (Aagaard et al., 2002). This
change in relative RFD properties appears to have re-
sulted from neural adaptations specific to explosive force
production. Accordingly, higher agonist neural drive in
the early contraction phase has been found after short-
term explosive strength training (Tillin et al., 2012).
However, other studies have demonstrated a significant
decrease of normalized RFD in the early phase of contrac-
tion after both high-intensity (i.e., 6-12 RM) resistance
training (Andersen et al., 2010) and isometric resistance
training to enhance MVC via sustained (> 2 s) high-load
contractions (Tillin et al., 2011). RFD obtained during the
early contraction phase is related to the intrinsic contrac-
tile properties of the muscle and MVC (Andersen and
Aagaard, 2006). Thus, relative RFD can be influenced by
cross-bridge cycling rate, which is greatest in fast type
IIX muscle fibers. However, resistance training may re-
duce relative proportion of muscle containing myosin
heavy chain IIX (Andersen et al., 2010), even after just 4
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weeks of training (Staron et al., 1994). Accordingly, An-
dersen et al. (2010) have found that changes in early-
phase RFDr were positively related (r = 0.61, p < 0.05) to
changes in area percentage of type IIX following resis-
tance training. Thus, resistance training designed to en-
hance MVC via sustained (> 2 s) high-load contractions
seems to decrease early RFD via training-induced transi-
tion of myosin heavy chain expression from type IIX to
IIA.

We have observed in the present study that both
early and late RFD remained unchanged after resistance
training designed to improve explosive and maximal
strength. Therefore, in our experimental conditions, it is
possible to speculate that both increased MVC and re-
duced proportion of muscle containing myosin heavy
chain IIX might have induced attenuated increases in
early RFD and, therefore RFDr was not influenced by
resistance training. Additionally, it is possible that chan-
ges in skeletal muscle architecture (e.g., pennation angle -
6p) influenced the RFDr after our resistance training
program. A large anatomical p, which allows more sar-
comeres to be arranged in parallel, is positively associated
with MVC (Cormie et al., 2011). However, smaller ana-
tomical 6p, which allows more sarcomeres to be arranged
in series, has a positive influence on RFD (Gans and
Gaunt, 1991). Accordingly, Seyennes et al. (2007) and
Blazevich et al. (2007) documented significant increases
in vastus lateralis fascicle angle (7.7 and 11.0%, respec-
tively) following a short period (5 weeks) of resistance
training (high-intensity and slow-speed strength training,
respectively).

Conclusion

It can be concluded that contractile RFD in the early and
later phases of rising muscle force responded differently
to a 6-week isometric resistance training for explosive and
maximal strength. This training has induced gain in both
very early RFD and MVC whereas late RFD and RFDr
remained unchanged.
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Key points

e The time-specific RFD adaptation evoked by resis-
tance training highlight that the method of analyzing
RFD is essential for the interpretation of results.

e Confirming previous data, maximal contractile RFD
and maximal force can be differently influenced by
resistance training. Thus, the resistance training pro-
grams should consider the specific neuromuscular
demands of each sport.

e In active non-strength trained individuals, a short-
term resistance training program designed to in-
crease both explosive and maximal strength seems
to reduce the adaptive response (i.e. increased
RFDmax) evoked by training with an intended bal-
listic effort (i.e. high-RFD contraction).
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