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Abstract This study analysed the time course of neuro-
mechanical changes underlying stretch–shortening cycle
during intermittent exhaustive rebound exercise. On a
sledge apparatus, ten subjects repeated until exhaustion a
series of 30 unilateral submaximal rebounds, with interme-
diate 3-min rest periods. Rebound height, ground reaction
force, 3D tibial acceleration and electromyographic activity
of major lower limb muscles were recorded. A maximal
drop jump test performed before and after the exhaustive
exercise revealed a 10% drop in maximal stretch–shorten-
ing cycle (SSC) performance. SpeciWc investigation of the
neuro-mechanical changes along the exhaustive exercise
included classical comparison of the Wrst (BEG) and last
(END) rebound series. From the initial accommodation
phase, an optimized (OPTIM) series was individually deter-
mined as the Wrst of at least two subsequent series with sig-
niWcantly shorter contact time than in the BEG series. The
OPTIM series was reached after 3 § 1 series, with associ-
ated increased lower limb stiVness during the braking phase
and decreased muscle activities during the push-oV. The
major result was that the early (BEG–OPTIM) changes
explained most of the BEG–END ones whereas the actual
(OPTIM–END) fatigue eVects remained quite limited. This
conWrmed our expectation that erroneous quantiWcation of

the SSC fatigue eVects might be drawn when using the
early beginning of rebound exercise on the sledge as a ref-
erence. Actual fatigue eVects included medio-lateral insta-
bility as suggested by increased peroneus longus
preactivation and medio-lateral tibial acceleration. The
present methodology is thus considered as improving the
distinction between SSC optimization and its deterioration
with fatigue.

Keywords Stretch–shortening cycle · Optimization · 
Fatigue · Tibial acceleration · Lower limb stiVness · 
Wavelet analysis

Introduction

Stretch–shortening cycle (SSC) deWnes natural forms of
locomotion such as running and hopping, and it is consid-
ered as providing unique possibilities to study normal and
fatigued muscle function (Komi 2000; Komi and Nicol
2010). Examination of the neuro-mechanical adjustments to
SSC task is favoured by the facts that this type of exercise
involves a large number of muscles, diVerent forms of mus-
cle actions as well as combined interventions of central and
reXex neural components. In prolonged SSC exercises,
however, one of the critical features consists in revealing
the early signs of fatigue to quantify and understand its pro-
gressive development. In this context, fatigue is considered
as “any exercise-induced reduction in the ability to exert
muscle force or power regardless of whether the task can be
sustained or not” (Bigland-Ritchie and Woods 1984).
Accordingly, the inability to continue a task, often termed
“exhaustion”, is considered as the culmination of these
ongoing fatigue processes (for a review, see Enoka and
Duchateau 2008).
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Due to the multiplicity of the neural strategies poten-
tially involved in submaximal SSC exercise, the protocols
are commonly including a warm-up and a practice period
before the actual exercise. In most running fatigue studies,
the practice is reported as unmonitored and lasting 3–6 min
to allow suYcient time to reach a stable oxygen uptake and/
or some accommodation to the task (e.g. Candau et al.
1998; Avogadro et al. 2003). Fatigue is then examined
from the remaining exercise period. This diVers from sev-
eral biomechanical running and jumping studies in which
the early beginning of exercise after warm-up is usually
taken as the reference for pre–post fatigue comparison
(Nicol et al. 1996; Verbitsky et al. 1998; Hardin et al.
2004). As demonstrated, however, by the 10-km running
study of Finni et al. (2003) the greatest neuro-mechanical
changes are very likely to place during the early kilometres
of the run. In rebound fatigue studies more emphasis has
been put on the progressive neuro-mechanical adjustments
that are taking place during the exercise. In hopping,
although Bonnard et al. (1994) did not examine the Wrst
2 min of the exercise, the accent was put on the intra- and
inter-joint neuromuscular adaptations to fatigue. In a con-
tinuous SSC rebound exercise on a sledge apparatus, Horita
(2000) reported the initial third of the exercise duration
(1–2 min) to be characterised by an overall reduction in
muscle preactivation, with large opposite trends of EMG
changes in the quadriceps and triceps surae muscle groups.
In an intermittent SSC rebound exercise, Regueme et al.
(2005a) reported large reductions in soleus and gastrocne-
mius muscle preactivation as well as in contact time to
occur during the early 25% of the exhaustive exercise dura-
tion. Independently of the continuous versus intermittent
form of the rebound exercise and despite the preliminary
use of a practice period or session, these studies reported in
all subjects the need for tens of rebounds to get a so-called
“optimized” SSC pattern. This is therefore questioning the
actual meaning of some of our previous pre–post fatigue
observations after exhaustive rebound exercise, such as a
large (44%) reduction in the lateral gastrocnemius preactiva-
tion (Nicol et al. 1996). Additional data are needed, however,
to re-examine in particular the intra- and inter-limb strategies
that might reXect either SSC optimization or fatigue compen-
sation during the time course of the exercise.

In the optimized state, it is suggested that a proper preac-
tivation of the lower limb muscles before touch down and
their elevated activation during the braking phase allow the
muscle–tendon complex to damp the impact to resist the
imposed stretch and, thus, to store elastic energy. This
energy may then be recoiled with a short time delay during
push-oV (Komi 2000). The concept of elastic storage sup-
ports the existence of reXex activation since high muscular
activation during the braking phase of SSC is a prerequisite
for eYcient storage of elastic energy (Komi and Gollhofer

1997). Coactivation of bi-articular leg muscles during stance
phase is also reported as clearly linked to running economy
through greater elastic energy return (Heise et al. 2008). In
this line, leg stiVness is considered as improving the use of
the tendon lengthening during the braking phase (Spurrs
et al. 2003; Cormie et al. 2010) and, thus, as contributing to
SSC performance enhancement (Cormie et al. 2010) and to
the low cost of running (Dalleau et al. 1998; Spurrs et al.
2003; Clark 2009). In this line, well-trained jumpers
(Kyröläinen and Komi 1995a, b) and distance runners
(Paavolainen et al. 1999) are reported with higher pre-acti-
vation and EMG ratio between the eccentric and concentric
phases than athletes of lower level. Short contact times are
also demonstrated to be required at both economical running
and high top running speed (Nummela et al. 2007). Accord-
ing to Hasegawa et al. (2007), both shorter contact time and
inversion at the foot contact might contribute to higher run-
ning economy. Emphasizing the use of the contact time in
SSC performance quantiWcation, Flanagan and Comyns
(2008) evaluated jumping performances by the reactive
strength index (RSI), calculated as the rebound height
divided by the contact time, in which an increased RSI
results from a higher rebound and/or a shorter contact time.

As a logical consequence of these observations, several
fatigue running and rebound studies reported a loss of toler-
ance to ground impact, leading to longer braking and total
contact time with associated increased work during the
push-oV phase (Gollhofer et al. 1987; Nicol et al. 1991;
Horita 2000; Kuitunen et al. 2007). This may be considered
as a vicious circle that would result in progressively
impaired capacity to maintain the task (Nicol and Komi
2010) and in increased shock transmitted to the tibia (Miz-
rahi et al. 2000). These trends diVered from the “safer
style” adopted during prolonged running (Nummela et al.
2008; Morin et al. 2009; Martin et al. 2010), but in these
racing type conditions the subjects could freely adjust their
running pace. When considering the neuro-mechanical
fatigue eVects reported at constant submaximal running
speed or rebound height, only a few studies have been per-
formed that found either no signiWcant change in EMG
(Paavolainen et al. 1999) or diVerent and limited neural
strategies (Nicol et al. 1996; Mizrahi et al. 2000; Regueme
et al. 2005a). The latter two running and rebound studies
(Mizrahi et al. 2000; Regueme et al. 2005a) are of particu-
lar interest as both of them observed early neural changes
along time so that they did not use the beginning of the
exercise as the non fatigued reference. Instead, Mizrahi
et al. (2000) used the Wfth minute of the treadmill run, and
Regueme et al. (2005a) used the rebound series performed
at 25% of the individual exercise duration.

Therefore, the present study aimed to analyse the time
course of neuro-mechanical changes underlying stretch–
shortening cycle function during intermittent exhaustive
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rebound exercise. The Wrst hypothesis was that the expected
decrease in contact time at the beginning of the SSC
rebound exercise could reXect an improved SSC pattern
rather than any early neuro-mechanical compensation for
fatigue. This raised the question of the actual fatigue and
exhaustion eVects in such a complex exhaustive SSC exer-
cise. In particular, as the task consisted in reaching a pre-set
rebound height, the severity of the shock transmitted
through the tibia was expected to increase towards exhaus-
tion.

Materials and methods

Subjects

Ten healthy subjects (9 males and 1 female; 25 § 3 years;
71 § 8 kg; 1.74 § 0.06 m) volunteered to participate in this
study. They were free from lower-limb injury and all of
them provided written informed consent. The study was
conducted according to the Declaration of Helsinki (2002)
and approved by the Local Committee for Human Protec-
tion in Biomedical Research (visa N° 04 008).

Protocol

As shown in the upper graph of Fig. 1, the experimental
design included an intermittent exhaustive SSC (rebound)
exercise performed with the dominant lower limb in a sit-
ting position on a sledge apparatus. To allow suYcient
rebounds to be performed before exhaustion, the sledge seat

was gliding along rails inclined 23° from the horizontal
(Regueme et al. 2005a). The acute functional fatigue eVects
were evaluated through maximal and submaximal rebound
tests.

Practice period

The exhaustive rebound exercise was preceded by a stand-
ardised 15-min practice that used verbal and visual feed-
backs to train the subjects. To ensure that the entire triceps
surae muscle group was primarily involved in this exercise
as well as in the maximal drop jump (DJ) test, no heel con-
tact was allowed on the sledge force plate and a maximal
90° knee Xexion angle had to be reached during each con-
tact phase (e.g. Regueme et al. 2005a). Based on previous
experience, implication of both hip extensors was limited
by setting the resting seat inclination at 120° and by train-
ing the subjects to let their knee Xex freely between take-oV
and the subsequent impact. The practice aimed also to
determine the dominant rebound lower limb, with its corre-
sponding optimal dropping height producing a maximal
rebound height (for details see Nicol et al. 1996). This was
followed by a 10-min recovery period that was used to Wx
all the recording equipments on the subjects.

Intermittent exhaustive rebound exercise

As shown in Fig. 1, this exercise consisted in N series of 30
unilateral rebounds performed using the dominant lower
limb, with inter-series rest periods of 3 min. The rebound
height was individually set at 70% of the PRE maximal DJ

Fig. 1 The upper graph presents the overall (exercise and testing) pro-
tocol performed on a sledge apparatus. A warm-up and rebound prac-
tice preceded a maximal drop jump test performed 3 min before
(DJPRE) and after (DJPOST) an intermittent exhaustive SSC exercise.
This exercise consisted of N series of 30 unilateral rebounds repeated
with 3-min intermediate rest periods until exhaustion. The 6th–25th

rebounds of each series were kept for analysis, and averaged for the
Wrst (BEG), the optimized (OPTIM) and the last (END) series. As
shown in the lower graph, the OPTIM series was individually deter-
mined as the Wrst of at least two subsequent series with signiWcantly
shorter contact time than in the BEG (S1) series. p < 0.05, signiWcantly
lower than S1. #p < 0.05, signiWcantly higher than S1
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performance. Special attention was given to the respect of
the 90° knee bending. Exhaustion was considered as being
attained when the subject could not reach the 70% rebound
height during 15 successive rebounds of a given series (for
details see Regueme et al. 2007).

Maximal drop jump test

To quantify the acute functional eVects at exhaustion, a
maximal DJ test was performed 3 min before (DJPRE) and
repeated 3 min after (DJPOST) the exhaustive rebound exer-
cise. Both DJPRE and DJPOST tests included three unilateral
maximal drop jumps, which were performed from the indi-
vidually determined optimal dropping height with an inter-
mediate 30-s time recovery. In case of a clear performance
failure, an additional DJ was performed.

Measurements

The sledge displacement was recorded via an inWnite poten-
tiometer wheel attached to the sledge seat. The three com-
ponents of the ground reaction force (GRF) were measured
with a force plate (Kistler, 9281CA) set perpendicularly to
the lower ends of the sledge rails. In order to quantify the
shock transmitted to the lower limb, a 3D accelerometer
(§50 g Endevco, Isotron) recorded the tibial acceleration.
The tibial accelerometer was strapped on the skin onto the
anteromedial aspect of the lower leg 12 cm proximal to the
medial malleolus (McMahon et al. 1987). Surface electro-
myographic (SEMG) activity was recorded from seven
lower limb muscles: the soleus (SOL), gastrocnemii media-
lis (GAM) and lateralis (GAL), peroneus longus (PL), tibia-
lis anterior (TA), vastii medialis (VM) and lateralis (VL)
muscles. The positioning of the active surface electrodes
(Contrôle Graphique Médical) followed the recommenda-
tions of SENIAM (1999). The SEMG signals were band-
pass Wltered (10–500 Hz) and ampliWed (1,000£) using a
speciWc recording system (Biopac, MP150). All these mea-
surement devices were recorded at a 2,000-Hz sampling
frequency and synchronised with LabView (National
Instrument).

Data analysis

For the analysis of the exhaustive SSC exercise, each series
of 30 rebounds was divided into three parts. The initial Wve
rebounds (1st–5th) and the Wnal Wve (26th–30th) were
excluded from the analysis. The 6th–25th rebounds were
thus used as a representative sample of each series, from
which every variable was then calculated using Matlab
R2008b (The Mathworks).

The ground reaction force signals were Wrst Wltered by a
critically damped low-pass Wlter (Robertson and Dowling

2003) with a 100-Hz cutting frequency. Each contact time
(CT) was divided into two distinct phases: the braking
phase as the descending sledge movement and the push-oV
phase as the ascending one. The reactive strength index
(RSI) was calculated as the rebound height (m) divided by
the contact time (s). The calculated force variables included
peak amplitude and loading rate of the normal ground reac-
tion force component during the braking phase and mean
forces (Fmean) for both braking and push-oV phases. Lower
limb stiVness was calculated during the braking phase by
dividing the reaction force at the end of the braking phase
by the corresponding sledge seat displacement (Kuitunen
et al. 2007).

From the tibial acceleration signal the peak to peak
amplitude (PPA) was calculated. In order to evaluate the
severity of the shock transmitted through the tibia, the fre-
quency content of the corresponding acceleration was stud-
ied from ground contact to 100 ms after. As the tibial
impact acceleration signal is not stationary, the frequency
content was investigated with a discrete wavelet analysis
(von Tscharner 2000) using the Time-Frequency ToolBox
for Matlab (Auger et al. 2009). The wavelet intensity
(W) of the 10–100 Hz band frequency was calculated as the
integral of the wavelet signal for the 0–100 ms time period.
This frequency band is considered as representative of the
tibial shock (Lafortune and Lake 1995). All acceleration
variables were calculated for the medio-lateral (ML),
antero-posterior (AP), proximo-distal (PD) components of
the tibial acceleration.

Surface EMG signals were rectiWed and low-pass Wltered
with a 75-Hz critically damped Wlter. Duration and average
muscle activity (aEMG) were then calculated for the preac-
tivation, braking and push-oV phases. Timing of preactiva-
tion was determined for each rebound and muscle. The
short-latency stretch-reXex component (referred to M1
according to Lee and Tatton 1982) was identiWed based on
the original latencies proposed by Dietz et al. (1979) in run-
ning, once adjusted to the present condition of unilateral
rebounds with the lower limbs on the sledge apparatus. As
reported by Regueme et al. (2005a), the aEMG period was
calculated as a 30-ms window starting at 30 ms for the
thigh muscles (VM, VL) (e.g. Horita et al. 1996) and at
40 ms for the leg muscles (SOL, GAM, GAM) (Dietz et al.
1979). For convenience, this time period was entitled M1,
but it should be kept in mind that the obtained aEMG val-
ues included both supraspinal and stretch-reXex EMG com-
ponents.

Statistical analysis

For the DJmax test, PRE–POST fatigue analysis used a bilateral
pair-wised t test to quantify exhaustion from the exercise-
induced changes in maximal rebound height.
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For the exhaustive rebound exercise, the Wrst and last
series of each subject were considered for convenience as
BEG and END series. To allow the distinction between
neuro-mechanical changes reXecting either SSC optimiza-
tion or actual fatigue eVects, a so-called optimized
(OPTIM) series was statistically determined for each sub-
ject and used for BEG–OPTIM (optimization) and
OPTIM–END (actual fatigue) t test comparisons. As illus-
trated for one subject in the lower graph of Fig. 1, the indi-
vidual OPTIM series was chosen as the Wrst of at least two
subsequent series that presented signiWcantly shorter CT
from the PRE series. The OPTIM series determination used
one-way (testing time) analysis of variance (ANOVA) and

Tukey post-hoc test for inter-series comparison of the con-
tact time (CT). As illustrated in Fig. 1, this allowed also the
individual determination of the number of series stabilized
at a short CT, before those showing the inverse trend
towards exhaustion. The OPTIM series was also used as the
100% reference for the EMG analysis.

Intraclass correlation coeYcients (Shrout and Fleiss
1979) model ICC(2,k) were used to evaluate the similarity
between the BEG–OPTIM and BEG–END changes. Corre-
lation tests using a general linear model examined the pos-
sibility of relationships between time-dependant changes in
the measured parameters as well as between muscle activi-
ties and mechanical variables.

Fig. 2 Illustration with one 
subject’s recordings of the 
BEG–OPTIM (left charts) and 
OPTIM–END (right charts) 
changes in ground reaction force 
(Fn), sledge displacement, 
proximo-distal tibial 
acceleration and rectiWed 
electromyographic activity of 
the soleus (SOL), gastrocnemius 
medialis (GAM), tibialis 
anterior (TA), peroneus longus 
(PL) and vastus medialis (VM) 
muscles. The OPTIM curves are 
presented in black, whereas the 
BEG and END curves are 
plotted in grey. Vertical dash 
lines represent the initial contact 
time and the transition from 
braking to push-oV. From BEG 
to OPTIM, this subject presented 
a reduced TA preactivation and 
enhanced SOL and GAM M1 
reXex response. From OPTIM to 
END larger changes took place, 
with increased braking and total 
contact times, reduced peak 
force and increased activity of 
SOL and TA during the push-oV
123
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Results

On the average exhaustion was reached after 14 § 7.7
series (6–32), which corresponded to a total of 420 § 230
rebounds (180–960) and net exercise duration of
9.5 § 5 min, with a mean duration of 40 § 3 s per series.
The OPTIM–END comparison of the submaximal rebound
height revealed a signiWcant 7 § 7% reduction (p = 0.005),
thus conWrming that exhaustion had been reached. In this
line, PRE–POST comparison of the DJ performance
revealed a 10.3 § 11% decrease in maximal rebound height
(p = 0.02). Figure 2 illustrates the normal ground reaction
force, sledge displacement, PD tibial acceleration and EMG
activity of the SOL, GAM, TA, PL and VM muscles for
one subject.

SSC optimization in the submaximal rebound test

As expected, all subjects presented a clear decrease in CT
associated with an increased reactive strength index (RSI)
over the Wrst few series of the exhaustive SSC exercise
(p = 0.01). On the average, CT was stabilized at the 3 § 1
series (considered as the OPTIM series) and remained as
such for 8 § 5 additional series before increasing again
3 § 2 series before exhaustion.

Demonstrating an SSC optimization inXuence on the
BEG–END changes, most of the signiWcant BEG–OPTIM
changes (Table 1) were positively correlated, with high
intraclass correlation coeYcients (ICC(2,k) > 0.89), to the
global BEG–END ones. Only one of these parameters, PL
aEMG activity during push-oV, presented also a signiWcant
OPTIM–END change.

From BEG to OPTIM, CT decreased signiWcantly by
13.7 § 11 % (p = 0.01) whereas total Fmean increased by
10 § 9.3 % (p = 0.02) (Fig. 3). A positive relationship
(p = 0.001) was found between the changes in SOL
aEMG during the preactivation phase and the stretch-
reXex M1 period (r = 0.92). The braking phase was char-
acterised by reduced duration (p = 0.001) and sledge
displacement (p = 0.002), with associated increases in
Fmean (p = 0.005) and lower limb stiVness (p = 0.01). As
shown in Fig. 4, the changes in lower limb stiVness were
negatively correlated with the respective changes in total
CT. The subsequent push-oV phase was characterised by
reduced duration (p = 0.007) and sledge displacement
(p = 0.008), with an overall reduction in the average
EMG activity (aEMG) of the GAM, GAL, PL and VM
muscles (p < 0.05). The changes in SOL, GAL and PL
aEMG activities were positively correlated with each
other, both during the braking (r > 0.70; p < 0.02) and
the push-oV (r > 0.88, p < 0.001) phases.

Both BEG–OPTIM and BEG–END analysis revealed
during the braking phase positive linear relationships
(p < 0.02) between the changes in lower limb stiVness and
aEMG activity of GAM (r = 0.74 and r = 0.87) and GAL
(r = 0.72 and r = 0.76) muscles. No relationship was found
between lower limb stiVness and the EMG activity of other
recorded muscles.

Actual fatigue eVects in the submaximal rebound test

Only three of the signiWcant BEG–END changes
(Table 2) were conWrmed by the OPTIM–END compari-
son and, thus, considered as actual fatigue eVects. The

Table 1 Group mean (§SD) values of the parameters recorded for the Wrst (BEG), the optimized (OPTIM) and the last (END) rebound series

Are presented only the parameters showing along the rebound exercise either signiWcantly decreased (* p < 0.05) or increased (# p < 0.05) values
as compared with BEG. Only one of these parameters presented also a signiWcant OPTIM–END decrease (§ p < 0.05). In case of both signiWcant
BEG–OPTIM and BEG–END changes, the corresponding intraclass correlation coeYcients are presented in the last column

SSC Variables BEG OPTIM END ICC(2,k)

Global CT (ms) 662 § 83 568 § 70* 569 § 95* 0.91

RSI (m/s) 0.61 § 0.15 0.73 § 0.19# 0.70 § 0.26 –

Total Fmean (bw) 1.30 § 0.11 1.44 § 0.18# 1.42 § 0.23 –

Braking phase Phase duration (ms) 315 § 44 271 § 34* 268 § 45* 0.93

Sledge displacement (cm) 51 § 8 46 § 6* 44 § 6* 0.96

Fmean (bw) 1.32 § 0.14 1.45 § 0.17# 1.48 § 0.24# 0.91

Lower limb stiVness (bw/m) 1.21 § 0.31 1.57 § 0.35# 1.66 § 0.45# 0.89

Push-oV phase Phase duration (ms) 347 § 44 297 § 41* 301 § 56* 0.89

Sledge displacement (cm) 57 § 8 52 § 6* 50 § 5* 0.92

GAM aEMG (%OPTIM) 106 § 18 100* 83 § 26* 0.90

GAL aEMG (%OPTIM) 116 § 19 100* 89 § 13* 0.94

PL aEMG (%OPTIM) 120 § 31 100* 81 § 15*,§ 0.95

VM aEMG (%OPTIM) 136 § 48 100* 98 § 16 –
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preactivation phase was characterised by an earlier PL
muscle activation (p = 0.03). The braking phase pre-
sented an increased wavelet intensity of the medio-lat-
eral (ML) tibial acceleration (p = 0.03) (Fig. 5) and both
of these changes were negatively correlated with each
other. The push-oV phase showed reduced PL aEMG
(p = 0.03).

The braking phase was again characterised by positive
linear relationships (p = 0.02) between the lower limb stiV-
ness and the aEMG activity of GAM (r = 0.78) and GAL
(r = 0.71) muscles.

Isolated BEG–END changes during the submaximal 
rebound test

Isolated BEG–END changes were also observed that reX-
ected progressive trends from BEG to END (Table 2). SOL
preactivation started progressively earlier (p = 0.03). The
braking phase presented signiWcant increases in tibial accel-
eration variables: ML and AP peak-to-peak amplitudes
(PPA), AP and PD wavelet intensities (W) (p < 0.03).
Reduced TA aEMG activity was observed during both
braking and push-oV phases (p < 0.04).

Discussion

This study examined the time course of neuro-mechanical
changes along intermittent series of stretch–shortening
cycles repeated until exhaustion on a sledge apparatus. The
Wrst hypothesis was that the expected decrease in contact
time at the beginning of the SSC rebound exercise could
reXect an improved SSC pattern rather than any early
neuro-mechanical compensation for fatigue. In agreement
with our earlier study (Regueme et al. 2005a), a clear CT
reduction was observed in all subjects at the beginning of
the submaximal rebound exercise. One critical aspect of the
methodology previously used to determine the optimized
rebound series was, however, the choice of the series per-
formed at 25% of the individual total number of series. This
implied that longer endurance performance would require
an initially longer accommodation phase. As expected, the
present study revealed the opposite trend and facilitated the
use of an individualized determination of CT. Additional
support for the use of CT in the detection of SSC optimiza-
tion comes from the present BEG–OPTIM analysis, which
revealed for the optimized series a braking phase of shorter
duration, higher mean normal force value and smaller
downward sledge displacement. As the submaximal
rebound height remained constant, the early series were
therefore characterised by a progressive increase in RSI.
This is expected to reXect enhanced elastic energy storage
during the braking phase and its subsequent recoil during
the push-oV phase (Kuitunen et al. 2007). In this line, a pos-
itive relationship was found in the present study between
the PRE–OPTIM changes in lower limb stiVness and in
RSI. Despite inter-individual variability in the neural strate-
gies, the amplitude of the BEG–OPTIM changes in lower
limb stiVness was mostly explained by the changes in GAM
and GAL muscle activity. No signiWcant change was found
indeed in either SOL or TA muscle activity. In this line,
biarticular muscles such as the gastrocnemii have been sug-
gested to play a major role in the elastic energy storage and
recoil (Sousa et al. 2007; Heise et al. 2008) as well as in the
energy transfer between knee and ankle joints (van Ingen

Fig. 3 Group averaged (§SD) values of the total contact time (CT)
and mean normal force component (total Fmean) during the submaximal
rebound exercise. From BEG to OPTIM, CT decreased signiWcantly
(*p = 0.01) whereas total Fmean increased (#p = 0.02). No additional
change was observed from OPTIM to END. The global BEG to END
comparison revealed similar decreases (*p = 0.01) in CT than the
PRE–OPTIM one

Fig. 4 Negative linear relationship between the BEG–OPTIM chang-
es in lower limb stiVness and in contact time (CT). This indicated that
an increase in lower limb stiVness was associated with a reduction in
CT. The dash lines indicate the 95% CI
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Schenau et al. 1987). Emphasizing the role of central neural
adjustments, SOL aEMG changes during the stretch-reXex
M1 period were positively correlated with its changes in
preactivation. Although such a relationship might be partly
attributed to the supraspinal voluntary drive included in the
present calculation of M1, only one of our previous studies
reported a similar Wnding (Regueme et al. 2005b). In the
other studies (Regueme et al. 2005a, 2007), no relationship
was observed and diVerent trends of changes were found
during the M1 period and its preceding 30 ms period

known as purely centrally regulated. Finally, the push-oV
phase was characterised by an overall reduction in the gas-
trocnemii and vastus medialis muscle activation that can be
considered as additional conWrmation of a clear SSC opti-
mization (Kyröläinen and Komi 1995b, Paavolainen et al.
1999). Additional support comes from the fact that half of
the signiWcant BEG–END changes in the submaximal
rebound test were highly correlated and, thus, mostly
explained by the early BEG–OPTIM changes. These over-
all mechanical and EMG changes give support to our Wrst

Table 2 Group mean (§SD) values of the parameters recorded for the Wrst (BEG), the optimized (OPTIM) and the last (END) rebound series

Only the parameters showing signiWcantly higher (* p < 0.05) or lower (# p < 0.05) values in the early (BEG or OPTIM) series than at exhaustion
(END) are presented. One parameter showed also a signiWcant BEG–OPTIM (§) decrease. Medio-lateral, antero-posterior and proximo-distal
acceleration components are referred as ML, AP and PD Acc

SSC Variables BEG OPTIM END

Performance Rebound height (cm) 40 § 9 41 § 9* 38 § 10

Preactivation phase SOL duration (ms) 98 § 84# 105 § 84 117 § 81

PL duration (ms) 102 § 80# 107 § 77# 123 § 81

Braking phase ML acc. peak to peak amplitude (g) 10.2 § 5.1# 11.3 § 5.8 13.1 § 7

AP acc. peak to peak amplitude (g) 10.7 § 3.9# 11.8 § 4.8 13.0 § 4.7

ML acc. total wavelet intensity (g²) 114 § 103# 106 § 91# 165 § 145

AP acc. total wavelet intensity (g²) 112 § 108# 132 § 116 155 § 119

PD acc. total wavelet intensity (g²) 94 § 47# 106 § 44 124 § 66

TA aEMG (%OPTIM) 110 § 32* 100 83 § 16

Push-oV phase PL aEMG (%OPTIM) 120 § 31*,§ 100* 81 § 15

TA aEMG (%OPTIM) 107 § 8* 100 92 § 14

VL aEMG (%OPTIM) 128 § 66 100* 87 § 14

Fig. 5 ML tibial acceleration (up) and wavelet spectrum (down) of
the averaged 6th–25th rebounds in the BEG (a), OPTIM (b) and END
(c) series of a representative subject in the submaximal rebound test.
All charts represent the tibial acceleration in the 10- to 100-Hz

frequency band, from the initial ground contact to 100 ms later. In the
lower charts, the grey scale of the wavelet spectrum goes from white
(low intensities) to black (high intensities)
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hypothesis that the large CT reduction repeatedly reported
at the beginning of exhaustive rebound exercises on the
sledge could reXect mostly SSC optimization. This is con-
Wrming our expectation that erroneous conclusions might
have been drawn on SSC fatigue eVects by using the begin-
ning of the rebound exercise as a reference.

When dealing with the actual fatigue and exhaustion
eVects, one may question the fact that the OPTIM–END
changes remained quite limited for an SSC exercise
expected to lead to exhaustion. In particular, the lower limb
stiVness was found to stay unchanged from OPTIM to END
and no signiWcant change was found either in the recorded
muscle activity. As recently reviewed by Nicol et al.
(2006), the time to exhaustion varies a lot among reported
protocols and subjects, being clearly dependent on the exer-
cise mode (continuous or intermittent) and intensity as well
as on the subjects’ training level. The present reductions of
7 and 10% found in submaximal and maximal (DJ) rebound
heights after the intermittent rebound exercise are close to
the earlier results of Regueme et al. (2005a, b, 2007) when
using similar protocols. Emphasizing also the existence of a
large inter-individual variability in the strategies and capac-
ity to compensate for fatigue, the SSC pattern analysis
(based on the CT parameter) revealed a stabilized pattern
that lasted from 3 to 13 rebound series depending on the
subjects. Similarly, its subsequent deterioration lasted 1–5
series prior to resulting in a large drop in rebound perfor-
mance and, thus, in the Wnal stop of the exercise. In this
line, although the OPTIM–END comparison conWrmed the
BEG–OPTIM observation of the major role played by the
gastrocnemii muscles in the lower limb stiVness regulation,
a large inter-individual variability was found again in the
changes of both parameters. This was further conWrmed by
the absence of clear relationship between the BEG–OPTIM
and the OPTIM–END changes. Similarly, conXicting
results have been reported in the SSC literature. At the end
of severe continuous running or jumping exercises, some
studies (Dutto and Smith 2002; Kuitunen et al. 2007)
reported a signiWcant reduction in leg stiVness whereas no
change was found by Avogadro et al. (2003). On the other
hand, no change was reported either during (Morin et al.
2006) or across (Morin et al. 2006; Girard et al. 2011)
fatiguing sprints trials. While hopping at a constant fre-
quency, Bonnard et al. (1994) found shorter CT and greater
vertical peak force that would suggest an increase of lower
limb stiVness with fatigue. Part of these discrepancies may
be attributed to the way a given task may either favour or
limit the intervention of inter-muscular neural compensa-
tions. The submaximal rebound task on the sledge used in
the present exhaustive SSC protocol has already been dem-
onstrated by Horita (2000) and Regueme et al. (2005a) as
favouring inter- and intra-muscle group compensations.
Despite the observation of limited actual fatigue eVects it is

suggested that the present intermittent rebound protocol did
lead the subject to exhaustion.

Additional support comes from the conWrmation of our
expectation that the severity of the shock transmitted
through the tibia would increase towards exhaustion. The
wavelet intensity of the ML tibial acceleration was indeed
found to increase, suggesting that the tibia endured more
transverse shock at the end of the exhaustive exercise than
at the beginning. Although tibial acceleration was early
explored in three dimensions by Lafortune (1991), it is
unfortunate that only the proximo-distal (PD) axis does
remain of interest in the recent literature. Interestingly,
however, Moran and Marshall (2006) reported after
exhaustive running an increased PD tibial acceleration
when tested in maximal DJ from a low (30 cm) dropping
height. Moreover, both amplitude and median frequency
of the PD tibial acceleration have been found to increase
along prolonged running exercises (Mizrahi et al. 2000;
Verbitsky et al. 1998). As proposed by Mizrahi et al.
(2000) one mechanical consequence of such increase in
tibial acceleration during prolonged exercise might result
in the development of excessive tibial bending stresses
and higher risk of stress injury. It is assumed that the pres-
ent increase of the ML tibial acceleration intensity consti-
tuted also an injury risk factor. It is noteworthy that the
subjects who presented limited ML instability were those
who activated earlier their PL muscle in the preactivation
phase. Emphasizing the potential role of PL in the loss of
ML stability, all the subjects presented a reduced PL
activity during the push-oV phase. Similar observation has
been reported during a fatiguing walk (Gefen 2002) with
associated lateral shift of the centre of pressure. This dete-
rioration in foot stability was suggested to favour the
occurrence of ankle sprains and to contribute to the
observed increase in metatarsal stresses. Thus, limited
SSC fatigue eVects are expected to allow neuro-mechani-
cal adjustments to occur at the expense of deleterious
impairments in the ML instability of the foot or impact
shock transmitted to the leg.

Conclusion

This study intended to improve the testing of the neuro-
mechanical changes induced by exhaustive rebound exer-
cise. Our results give support to the use of the contact time
parameter to follow the initial SSC optimization phase in
order to determine individually the pre-fatigue (optimized)
SSC reference. They demonstrate clearly that potential
erroneous interpretation might be drawn when using the
early beginning of this type of exercise instead. The present
methodology would need to be conWrmed, however, in
other SSC testing conditions than in a rebound task on the
123
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sledge apparatus. When dealing with the potential risks of
overuse injury in exhaustive rebound exercise, ML tibial
acceleration appears of particular relevance, even in the
case of limited functional eVects.
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