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Abstract

Studies investigating the effect of rest interval length (RI) be-
tween sets on neuromuscular performance and metabolic re-
sponse during power training are scarce. Therefore, the purpose
of this study was to compare maximal power output, muscular
activity and blood lactate concentration following 1, 2 or 3
minutes RI between sets during a squat power training protocol.
Twelve resistance-trained men (22.7 + 3.2 years; 1.79 + 0.08
cm; 81.8 = 11.3 kg) performed 6 sets of 6 repetitions of squat
exercise at 60% of their 1 repetition maximum. Peak and aver-
age power were obtained for each repetition and set using a
linear position transducer. Muscular activity and blood lactate
were measured pre and post-exercise session. There was no
significant difference between RI on peak power and average
power. However, peak power decreased 5.6%, 1.9%, and 5.9%
after 6 sets using 1, 2 and 3 minutes of RI, respectively. Average
power also decreased 10.5% (1 min), 2.6% (2 min), and 4.3% (3
min) after 6 sets. Blood lactate increased similarly during the
three training sessions (1-min: 5.5 mMol, 2-min: 4.3 mMol, and
3-min: 4.0 mMol) and no significant changes were observed in
the muscle activity after multiple sets, independent of RI length
(pooled ES for 1-min: 0.47, 2-min: 0.65, and 3-min: 1.39). From
a practical point of view, the results suggest that 1 to 2 minute of
RI between sets during squat exercise may be sufficient to re-
cover power output in a designed power training protocol. How-
ever, if training duration is malleable, we recommend 2 min of
RI1 for optimal recovery and power output maintenance during
the subsequent exercise sets.

Key words: Power development, muscle recovery, power train-
ing, strength training.

Introduction

Muscle power is an important factor during athletic per-
formance and daily tasks performed by youth and seniors
(ACSM, 2009; Nogueira et al., 2009). Studies reported
that muscle power increases after strength training (ST)
programs performed with high-velocity (ACSM, 2009).
ST is commonly performed with multiple sets of repeti-
tions protocols (ACSM, 2009; Peterson et al., 2005), and
the magnitude of strength and maximal power output
gains rely on the manipulation of several variables, such
as rest interval (RI) between sets (ACSM, 2009; Willard-
son, 2006), muscle action velocity, training load, and
volume (ACSM, 2009; Peterson et al., 2005).

The American College of Sports Medicine
(ACSM) position stand recommends that power training
should comprise 3 to 6 repetitions per set with a load

ranging from 0 to 60% of one repetition maximum (1RM)
using high muscle action velocity (ACSM, 2009). The
ACSM also recommends rest periods of at least 2 to 3
minutes between sets for core exercises, and 1 to 2
minutes for assistance exercises (ACSM, 2009). Howev-
er, according to the ACSM there is no strong current
scientific evidence to support these Rl recommendations.
Moreover, this recommendation was based on a consen-
sus of panel members using clinical experience (i.e. evi-
dence D) (ACSM, 2009). In addition, the RI between sets
recommendation from the ACSM was also based only on
the study of Abdessemed et al. (1999). They investigated
the effects of three different RI (1-, 3- or 5 minutes) be-
tween sets on power output during bench press exercise.
The authors reported a decrease on power output and
higher blood lactate only after the 1 minute RI.

Furthermore, Pincivero et al. (1998) compared
muscle power output from quadriceps and hamstring
during a reciprocal action exercise protocol using short
(40 s) and long RI (160 s) during four maximal effort sets
on an isokinetic dynamometer. Muscle power production
was reduced only with the 40 s RI. The authors reported
that shorter Rl may not be sufficient to allow power out-
put recovery between sets of resistance exercise. Howev-
er, these investigations were conducted using single-joint
knee extension isokinetic exercise (Pincivero et al., 1997)
and bench press exercise (Abdessemed et al., 1999),
which may have limited application for lower-body multi-
joint isoload exercises. In addition, most athletes that rely
on lower-body power (i.e. volleyball, basketball, soccer,
American football, and etc.) usually perform squat power
training to improve knee extensors power performance.

Therefore, due to the limited amount of scientific
evidence on the effect of RI on lower-body power train-
ing, the purpose of the present study was to compare
maximal power output, muscular activity and blood lac-
tate concentration following 1, 2 or 3 minutes RI between
sets during squat training in young resistance-trained men.
Our hypotheses was that 2 and 3 minutes RI between sets
would allow greater neuromuscular recovery and lower
metabolic impact (i.e., lower lactate responses) when
compared to 1 minute RI during a multiple-sets squat
power training exercise protocol.

Methods

Experimental approach to the problem
A repeated-measures design was used on a nonrandom-
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ized convenience sample of younger resistance trained
men. Subjects were tested for power output (average and
peak), blood lactate concentration, and muscle activity of
the vastus medialis, vastus lateralis and rectus femoris
during three different testing protocols. The exercise
protocol was six sets of six repetitions of squat exercise,
and the RI between sets was 1, 2, and 3 minutes. The RI
between sets was randomly assigned across the three
testing days separated by a minimum of 72 hours. A squat
exercise was used because it is often used for training in
sports (Gullett et al., 2009).

Subjects

A priori statistical power (1-B) was calculated for each
dependent variable using G*Power software (Faul et al.,
2007). The following design specifications were taken
into account: a = 0.05; (1-p) = 0.8; effect size f = 0.25;
test family = F test and statistical test = ANOVA repeated
measures, within-within interaction. The sample size
estimated according to these specifications was 12 sub-
jects. Therefore, twelve resistance-trained men (age =
22.7 + 3.2 years; height = 1.79 £ 0.08 m; body mass =
81.8 £ 11.3 kg; 1-RM smith squat = 131.7 + 26.7 kg)
volunteered to participate in this study. Participants were
considered "resistance-trained" (at least six months of
consistent RT experience) based on the criteria set by the
American College of Sports Medicine (Kraemer et al.,
2002). In general, the subjects in their habitual training
routine practiced noncompetitive resistance exercise for
the purpose of muscle hypertrophy. Their training routine
included four to six sessions per week, performing six to
12 sets per muscle group, and six to 12 maximum repeti-
tions per set with 60 to 120 s of RI between sets. Subjects
were excluded if they had a history of musculoskeletal
injuries or any disease that could compromise their health
during the study. The investigation was approved by the
local institutional review board for use of human subjects,
which is in accordance with the Declaration of Helsinki,
and all the subjects read and signed an informed consent
form before participation. Subjects were asked to main-
tain their normal hydration status and dietary intake, to
avoid any strenuous exercise in the 48 h before the exper-
imental sessions, and avoid smoking, alcohol and caffeine
consumption for 24 h before all tests.

Strength assessments

The maximum strength of the lower limbs (1RM) was
assessed during the squat exercise using a Smith machine
and according to the recommendations of Brown and
Weir (2001). A pre-determined range of motion and prop-

er technique were required for each successful 1RM trial.
In addition, an elastic band was placed behind the subject
to keep the bar displacement and knee angle (~80°) con-
stant on each squat repetition. The position of each sub-
ject were recorded and reproduced throughout the study.
The testing procedures were performed by the same in-
vestigator, and the determination of 1RM load was con-
ducted on two non-consecutive days (test-retest) with a
minimum of 72 h between tests. The intraclass correlation
coefficient (ICC) was used to determine the test-retest
reliability (r = 0.99) (Stratford, 2008). The determination
of 1RM enabled the calculation of training loads (60% of
1RM) used during the experimental sessions.

Experimental sessions

An overview of the experimental protocol is presented in
Figure 1. The three experimental sessions were conducted
after three to seven days following the 1RM determina-
tion. Each session consisted of performing the squat exer-
cise with 60% of their pre-determined 1RM (Loturco et
al., 2013; Izquierdo et al., 2002). Subjects performed six
sets of six repetitions using 1, 2 or 3 minutes RI between
sets in a counterbalanced order separated by three to sev-
en days. Subjects were instructed to perform the concen-
tric phase as fast as possible and the eccentric phase with
2s.

Anthropometric assessment
Body weight was assessed with a digital scale to the near-
est 0.1 kg (Lider, Sao Paulo, Brazil), and height was as-
sessed with a stadiometer to the nearest 0.1 cm (Sanny,
Murrhardt, Germany). Measurements were taken by a
certified exercise technologist.

Muscular power output

The power produced during each experimental session
was measured by a linear position transducer (Peak Pow-
er, Cefise, Sao Paulo, Brazil). The configurations for test
assessment and calibration followed the manufacturer’s
specifications. The equipment was attached to the barbell
to register the time and the displacement at a frequency of
100 Hz (Figure 2). Subsequently, peak and average power
(watts) produced during the concentric contraction were
determined by the manufacturer software (version 4.0.4.6;
Peak Power software analysis).

Electromyographic assessment

Muscle activity was recorded in vastus lateralis (VL),
vastus medialis (VM) and rectus femoris (RF) by an elec-
tromyograph Miotool 800 with 2000 V/V gain and

Experimental Sessions (Random order)

1RM test
Squat exercise

1RM retest
Squat exercise

6 x 6 reps using
1 min of rest
interval

6 x 6 reps using
2 min of rest
interval

6 x 6 reps using
3 min of rest
interval

First day Post 3-7 days

Post 3-7 days

Post 3-7 days Post 3-7 days

Figure 1. Experimental design.
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common mode rejection ratio > 110 dB, during two max-
imal voluntary isometric contractions performed in the
Smith machine two minutes before and two minutes after
each power test. The isometric efforts lasted 3 s with 1
minute of rest between the trials and the knees bent at 60
degrees during the assessment (Brown and Weir, 2001).
Skin asepsis and electrodes placement followed the rec-
ommendations of the Surface Electromyography for the
Non-Invasive Assessment of Muscles (SENIAM) project
(Hermens et al., 2000). After shaving, mild abrasion and
alcohol  cleaning, Ag/AgCl adhesive electrodes
(Meditrace Mini; Tyco Healthcare Group, Mansfield,
MA, USA) were positioned on the muscles of interest.
The position of the electrodes was marked with a perma-
nent marker to ensure the same placement in all evalua-
tions. The electromyographical (EMG) data were sampled
at a frequency of 2,000 Hz and amplified 100 times. The
synchronization of EMG and load cell signals performed
by the electromyographic interface used a trigger that
indicated the beginning and the end of muscle contrac-
tion.

Figure 2. Power produced during squat exercise was meas-
ured by a linear position transducer attached to the barbell.
Subject was instructed to perform the concentric phase as
fast as possible.

Specific routines written in Matlab 6.5 (Math-
works; Natick, MA, USA) were designed for digital sig-
nal processing. The EMG signals were filtered by a 4th-
order butterworth bandpass filter with a passband between
20 and 500 Hz (Carvalho et al., 2010; Clancy et al.). The
EMG data of VL, VM and RF were fullwave rectified and
normalized in amplitude by the maximum value of their
respective signals registered in the isometric contractions
performed in the beginning of the test protocol. After the
normalization procedure, the average root mean square
(RMS) value of the two isometric contractions performed
before and after the power tests were calculated in win-
dows of 5,000 samples (2.5 s) extracted from the central
part of the isometric contractions.

Blood lactate concentration

Standard procedures were followed for blood lactate col-
lection, management and analysis (Goodwin et al., 2007).
Blood samples (25 pL) were collected from the earlobe
during a rest period (before) and after each experimental
procedure. Blood lactate concentration was determined by
electroenzymatic method (1500 Sport; Yellow Springs
Instruments Inc., Yellow Springs, OH, USA).

Statistical analyses

Descriptive statistics (mean values + SD) were used to
summarize the characteristics of the population, lactate,
power output and muscle activation data. The Shapiro-
Wilk test revealed that all data presented normal distribu-
tion. ANOVA 3 (RI) x 6 (sets) repeated measures was
applied to verify the main effects and interactions on peak
and average power. ANOVA 3 (RI) x 2 (time) repeated
measures was applied to muscular activation and blood
lactate concentration. When the sphericity was violated
the Greenhouse-Geisser procedures was used to correct
the degree of liberty and P value. Significance level was
set at 5% and version 17.0 of Statistical Package for So-
cial Sciences (SPSS, IBM, Armonk, NY) was used for all
analyses. Also, the effect size (the difference between
pretest and posttest scores divided by the pretest standard
deviation) and the scale proposed by Rhea (2004) were
used.
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Figure 3. (A) Peak power (in watts) in each set; (B) Average
power (in watts) in each set; values are mean + SD.

Results

The peak and average power output are presented in Fig-
ure 3. Peak power decreased 5.6%, ES: 0.28 (trivial);
1.9%, ES: 0.07 (trivial); and 5.9% ES: 0.22 (trivial) after
6 sets using 1, 2 and 3 minutes of RI, respectively. Aver-
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age power also decreased 10.5%, ES: 0.47 (small); 2.6%,
ES: 0.14 (trivial) and 4.3%, ES: 0.19 (trivial) after 6 sets
using 1, 2 and 3 minutes of RI, respectively. There was no
main effect of RI length (F(2,22) = 0.935, p =0.41, 1-B =
0.53; (F(2,22) = 0.970, p = 0.40, 1-B =0.55, respectively),
neither main effect of sets on peak and average power
output for the different RI lengths (F(5,55)=1.151, p =
0.35, 1-p = 0.83; (F(5,55) = 2.665, p = 0.07, 1-B = 0.99,
respectively). In addition, there was no significant interac-
tion between RI and sets on peak and average power
output (F(10,110) = 0.440, p 0.74, 1 = 0.68;
F(10,110) = 1.140, p = 0.35, 1-B = 0.99, respectively).

Mean + SD and effect sizes (ES) from muscle ac-
tivation are presented in Table 1. There was no significant
difference on muscle activation between RI lengths (p =
0.26 - 0.69) and time condition (pre/post) in any of the
analyzed muscles (p =0.12 - 0.34).

The blood lactate concentration was higher post
power session F(1,8) = 50.408; p < 0.001, 1- = 1.00), but
there was no significant (p > 0.05) effect of RI length on
blood lactate concentration (1-min: 5.6 mMol, 2-min: 4.6
mMol, and 3-min: 4.9 mMol); F(2,16) = 1.403, p = 0.28,
1-3=0.71) (Figure 4).
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Figure 4. Blood lactate concentration pre and post the power
exercise sessions; values are mean + SD. * Greater than pre-
value for all rest interval lengths.

Discussion

The main finding of the present study was that regardless
of RI (1-, 2-, and 3-minutes) power output was main-
tained during squat exercise throughout the exercise ses-
sion in resistance-trained men. The results are not in ac-
cordance to our hypothesis since there was no difference
on peak and average power between RI lengths. In addi-
tion, blood lactate increased with exercise, but no differ-
ence was reported between the three RI. Muscle activities
after power exercise sessions were non-significantly af-

fected by RI lengths. Nevertheless, despite of non-
significance differences among the rest interval lengths,
the choice of rest interval may take in account the lower
decrement on average power when 2-min was used
(2.6%) compared with (10.5%) using 1-min of rest inter-
val.

These data are in agreement with the findings of
previous research that indicates a fast recovery in maxi-
mal performance after 1RM tests of bench press (Weir et
al., 1994) and squat exercise (Matuszak et al., 2003). Both
studies examined the effects of different Rl lengths in
weight-trained men. The authors indicated that 1 minute
RI length is sufficient for recovery between attempted
lifts during 1RM testing or training. Despite the clear
differences among our experimental protocol and the
aforementioned studies, such as load performed and exer-
cise velocity, the data suggest that a short term high inten-
sity exercise bout may be performed with short recovery
length when involving strength-trained subjects.

In contrast, Abdessemed et al. (1999) evaluated the
effects of RI between sets (1-, 3- and 5-minutes) on power
and blood lactate during 10 sets of 6 repetitions of bench
press at 70% 1RM in untrained men. Their findings re-
vealed a lower average power (27% decreased) and an
increase in blood lactate after 1 minute when compared to
3- and 5-minutes of RI. The discrepancy between the
study of Abdessemed et al. (1999) and our results may be,
in part, due to the differences in the volume and intensity
of the exercise bout, physical background of evaluated
subjects, and muscle groups assessed. It is known that the
lower limbs have greater endurance characteristics and
higher fatigue resistance than upper-limbs (de Salles et
al., 2009; Willardson and Burkett, 2006). Furthermore,
Abdessemed et al. (1999) used an intensity of 70% 1RM
during bench press exercise whereas in our study the
intensity was 60% of 1RM for squat exercise.

The training load that results in the greatest maxi-
mal mechanical power output (Pmax) has been referred to
as the power “optimal” load. Training at the power opti-
mal load results in superior improvements in muscle pow-
er output because of specific neuromuscular adaptations
(Loturco et al., 2013). The power optimal load varies
from exercise to exercise, and may be achieved approxi-
mately at 40% of 1 RM in the bench press, and approxi-
mately at 60% of 1 RM in the squat exercise (Izquierdo et
al., 2002). Thus, considering the exercise specificity, the
training load used in the study of Abdessemed et al.
(1999) was much higher than Pmax load, which could
have negatively affected muscle recovery and consequent-
ly limited the exercise performance. It seems reasona-
ble to suggest this effect due to a greater blood lactate

Table 1. Descriptive data and comparisons between of rest interval lengths for muscle activation before and after power

exercise session mean (£SD) and [95% confidence interval].

.. 1-min 2-min 3-min
DL B G Pre Post Pre Post Pre Post
Rectus Femoris (my) 2304 (142)  2157(517)  2279(4B3)  2049(483)  2332(296) 1874 (292)
u i [2155, 24.54]  [16.14,27.00] [20.69,24.90] [1541,25.56] [20.21,26.43] [15.67,21.81]
. 2624 (484)  2443(317)  2599(385)  21.89(361) 2618 (1.85)  20.95 (2.95)
Vastus Medialis (MV) 15147 31321 [21.10,27.76]  [21.95,30.03] [18.10,25.68] [24.24,28.12] [17.85, 24.05]
2075 (431)  20.80(7.49)  10.86(3.28) 1912 (650) 2093 (4.60) 1621 (3.13)

Vastus Lateralis (mV)

[16.77,24.74]  [13.87, 27.73]

[16.82,22.89] [13.11,25.13] [16.67,25.19] [13.32, 19.10]
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concentration reported when 1 minute of Rl was used in
their study. In another study, Pincivero et al. (1998) eval-
uated 15 college age volunteers (men and women) with-
out resistance training experience. Each subject per-
formed four sets of 10 concentric knee flexion and exten-
sion in an isokinetic dynamometer using a short RI (40
sec) or a long RI (160 sec). Their results showed that
average power was reduced only in the group that per-
formed sets using 40 sec of RI. Thus, it seems that very
short RI between sets (i.e., below 1 minute) do not allow
for muscle power output recovery, and a minimum of 1
minute may be needed in order to maintain performance.
In addition, similar results were found by Paulo et al.
(2012). They reported that 1 minute produces greater
average power when compared to ~30 seconds RI after 6
sets of 6 reps of power training (Paulo et al., 2012). Re-
cently, Hester et al. (2014) submitted resistance-trained
men to squat protocol consisting of 5 sets of 16 repeti-
tions at 40% of 1-RM. They showed that despite of
maintenance of peak power output across the five sets, a
decrement within each set on power output was found.
Hence, it seems that when a greater number of repetitions
(> 6 reps) are performed a detrimental effect of fatigue
became evident.

In the present study, the blood lactate concentra-
tion increased significantly from pre to post-exercise
condition (from 1.1 to 4.6-5.7 mM) regardless of RI used.
However, contrary to our expectations, this increase in the
blood lactate concentration was not associated with im-
paired muscle power output, and the performance was
maintained over the whole exercise session. The results
suggest that independent of the increase in blood lactate,
muscle power performance remained stable. This finding
corroborates with a previous investigation reporting that
acidosis does not impair muscle excitability, at least up to
the level achieved in the present study (Pedersen et al.,
2004). In addition, we observed similar blood lactate
responses as those reported by Ratamess et al. (2007) who
found a similar pattern of increase in blood lactate imme-
diately post-exercise (from 1.8 to 5.5-8.4 mM), without
significant differences between different RI lengths (30 s,
1, 2, 3, 5 minutes).

To identify possible neuromuscular mechanisms
related to the muscle power performance during the exer-
cise protocols, we assessed the EMG amplitude and, as
observed, no significant changes occurred after all power
exercise protocols. Regarding the EMG amplitude, studies
have often shown increases in these values (Izquierdo et
al., 2009; Gorostiaga et al., 2012) at fatigue conditions,
whereas decreases (Stephens and Taylor, 1972) and an
absence of change (Linnamo et al., 2000; McCaulley et
al., 2009) have also been observed. Our results are in
accordance with those by Linnamo et al. (2000), who
investigated neuromuscular responses to explosive (40%
of 1 RM) and heavy (70% of 1 RM) resistance loads.
They observed no changes in the EMG amplitude values,
whereas only slight increases were observed in the medi-
an frequency during the explosive type protocol. A possi-
ble explanation of these different results could be that
changes in EMG amplitude were assessed during isomet-
ric rather than during the specific dynamic contractions.

In fact, recently it has been shown that changes in EMG
parameters (amplitude, median frequency and Dimitrov’s
spectral fatigue index) are greater during dynamic rather
than isometric contractions when the fatigue protocol is
performed dynamically (Gonzalez-lzal et al., 2014).

Conclusion

The protocol used in the present study followed the cur-
rent recommendation for muscle power development, and
our findings suggest that 1 minute is significantly suffi-
cient to maintain power output during multiple sets of an
exercise session for resistance-trained subjects. However,
from the practical point of view, 2 minutes of Rl may be
necessary for optimal recovery and maintain average
power output during subsequent sets of squat exercise. In
addition, these results are in agreement with the recom-
mendation of the ACSM (ACSM, 2009).
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Key points

e This study demonstrates that 1 minute of RI between
sets is sufficient to maintain maximal power output
during multiple sets of a power-based exercise when
it is composed of few repetitions and the sets are not
performed until failure. Therefore, a short RI should
be considered when designing training programs for
the development of muscular power.

e Short RI may be more practical for strength coaches
under time constraints (i.e. 1 minute of RI required
only 7 minutes to complete an exercise session, while
with 2 minutes take 12 minutes, and 17 minutes with
3 minutes of RI).

e Future research is needed to examine the longitudinal
effects of interval rest in training programs designed
for the development of muscular power.
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