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ABSTRACT

Understanding the rate of peak power (PP) loss in a 
set can be used to determine appropriate exercise 
prescription to improve maximum peak power 
(PPmax) and power endurance (PE). The primary 
purpose of this study was to determine the rate of 
PP loss during the countermovement jump (CMJ) 
and split-squat jump (SSJ) across various loads 
within a set of high repetitions. Eleven collegiate 
track and field athletes who had several years of 
resistance training experience and were trained in 
the two types of jumps completed the study. The 
participants completed a familiarization session and 
two data collection sessions. The CMJ and SSJ were 
completed in random order during session one and 
two separated by a minimum of 72 hours. Three 
loads using dumbbells took place in random order 
with each session including body weight only (BW0), 
body weight plus 15% (BW15) and body weight plus 
30% BW(30) for the SSJ and BW(0), BW(25), and 
BW(50) for the CMJ. PP was determined using the 
PUSH 2.0 3D accelerometer worn at the waist, which 
was connected to an ipad app using Bluetooth. 
The participants completed 14 repetitions each set 
with eight min rest between sets.  Repetition three 
demonstrated the highest mean PP (PPmax) within 
the set.  No significant decrease in PP was observed 

until repetition six (3.6% below PPmax) during the 
SSJ and repetition eight (5.2% below PPmax) 
during the CMJ. These data indicate that five or less 
repetitions should be completed during the SSJ and 
seven or less for the CMJ when training for PP. Based 
on these thresholds when fatigue begins in a set, the 
transition to training PE occurs after repetition five in 
the SSJ and eight for the CMJ with large decrements 
of PP occurring at repetition 10 and 12, respectively.

Keywords: peak power, power endurance, ballistic 
jumps, fatigue 

INTRODUCTION

The ability to produce peak power (PP) has been 
shown to be a characteristic of elite athletes in many 
anaerobic sports (13). While power output can 
occur across a wide range of loads, a primary goal 
in many sports is to create the greatest PP possible 
(PPmax) with relatively light loads (i.e. jump height in 
basketball and volleyball against only body weight 
or swinging a bat in baseball) with movement at high 
velocities and minimal time. PP is also expressed 
during team sports involving accelerations and 
change of directions. Some events also require 
power endurance (PE), which is the ability to repeat 
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PP at or near PPmax for as many repetitions as 
possible. A bilateral, countermovement jump (CMJ) 
and the more unilateral dominant jump such as the 
split-squat jump (SSJ) are exercises implemented to 
improve power output (15).  PPmax most commonly 
occurs during jumps with light loads ranging from 
0-30 % of the 1RM squat or similarly light loads near 
one’s body mass (29).  As a result, these loads are 
commonly prescribed when training to improve 
PPmax and PE (2,15).  However, PP outputs across 
repetitions with these exercises are not clearly 
understood. Assessing PP change across repetitions 
and loads can contribute to advancing exercise 
prescription for both PPmax and PE improvement.

In PP training, an accepted principle is to perform 
each repetition at or near PPmax by moving the 
load at maximum velocity (10,14,19,24,28), which 
involves the precise application of maximum force 
given the time constraint. As fatigue occurs, force 
and movement velocity is reduced due to decreased 
motor unit firing rates, which decreases PP (7). 
Technique may also be altered as fatigue occurs most 
likely resulting in training undesired motor units and 
movement patterns. Thus, the number of repetitions 
typically prescribed for PPmax improvement is based 
on avoiding repetitions performed in a fatigued state. 
With variations in each type of resistance exercise, 
the repetition when fatigue takes place likely differs 
among exercises.  For Olympic lifts, commonly used 
in training for power, research has shown that ≤ five 
repetitions are the optimum number of repetitions 
prior to fatigue (10).  With limited studies and 
inconsistency in research designs, further research 
is needed to better understand the rate of PP loss 
using body weight and weighted jumps (4,9,14,21). 
Similar or greater improvements in strength and 
PPmax after short-term training have been found 
when minimizing fatigue compared to traditional sets 
to failure (8,24). Hence, it is important to understand 
when PP is reduced in a set for each exercise to 
provide optimum exercise prescription to improve 
PPmax. 

A gap in the literature exists analyzing the rate of 
PP loss at higher repetitions needed to train for 
PE. In a systematic review on PE, Natera et al (22) 
concluded that research indicates 10-20 repetitions 
are necessary to improve PE; however, none of the 
studies analyzed the rate of PP loss during jump 
assessment within this repetition range.  Studies 
have analyzed fatigue with very high repetitions 
(~60) (6,23), but this type of training only applies 
to athletes requiring extremes levels of muscular 
endurance at lower levels of power output, which is 

not the goal of PE training. Apanukul et al. (2) trained 
tennis players for 8 weeks with 20 repetitions at 30% 
1RM speed squats and found greater PPmax and PE 
compared to training only with tennis conditioning 
drills alone. Periera et al. (25) studied the amount 
of rest needed to maintain PP for a high volume of 
jumps in volleyball players, but the continuous CMJ 
was not investigated. Due to limited data, a better 
understanding of PP loss above 10 repetitions is 
warranted and ecologically valid when training for 
PE in many team sports.  

Few studies have investigated the rate of PP loss 
used during continuous CMJ (4,14,21) and we are 
not aware of any for the SSJ.  Continuous CMJs 
rely on the stretch-shortening cycle involving active 
and passive tissues that store and release elastic 
energy, which appears to be energy efficient.  This 
type of continuous jump likely produces different 
rates of PP loss than squat jumps that involve a 
pause at the bottom position before producing only 
concentric contractions and CMJs that reset each 
repetition before jumping studied by Hansen et al. 
(9) and Thomasson and Comfort (27), respectively. 
The continuous CMJ was studied by Baker and 
Newton (4) who used an absolute load of 60 kg, by 
Moreno et al. (21) using only body weight, and by 
Koefoed et al. (14) using 40% body mass, which 
demonstrates inconsistent designs and limited 
existing data. In addition, the rate of PP loss across 
a range of loads during the CMJ is currently unclear, 
yet five repetitions or less is suggested during CMJ 
training with limited distinction for the technique or 
type of jump used.  

The SSJ entails a narrow, medial-lateral base of 
support with the majority of the load supported on 
the lead leg. This difference in technique requires 
more frontal plane stability and neuromuscular 
demand that may differ when fatigue takes place in 
the set compared to the CMJ. Yet, the rate of PP 
loss across loads within a set of SSJs has not been 
studied.  Therefore, the primary aim of this study was 
to investigate the rate of PP loss during a SSJ and 
CMJ set of high volume repetitions and to analyze 
the effect of load on this rate of loss.  Training with 
a load that produces the maximum power output 
is common practice to improve PPmax; thus. a 
secondary aim was to determine the load that 
produced the greatest power output during each 
exercise.
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METHODS

Subjects

Ten collegiate, track and field athletes (age = 21.45 
± 1.63 years; height = 182.88 ± 7.79 cm; weight = 
106.2 ± 27.75 kg) were recruited for the study.  The 
participants (throwers, jumpers and sprinters) had 
several years of training experience with ballistic 
activity (jumping, agility, or running) and resistance 
training. Criteria for exclusion included any previous 
lower limb injury within the past six months or 
neuromuscular condition that would have prevented 
maximum effort and successful execution of jump 
performance. Each participant read and signed an 
informed consent form, which was approved by the 
university’s internal review board.  Completion of the 
study was on a volunteer basis. 

Familiarization session

From pilot data testing the calibration of the 
instruments, large effect sizes (partial ƞ2  > 0.18 and 
Cohen’s d > 0.80) were observed across loads and 
repetitions.  Based on a sample size analysis using 
these large effect sizes, a sample size of 10 subjects 
was determined adequate for observing the effects 
being investigated.  The subjects provided age, 
height and weight that was measured during a 
familiarization session.  Technique of the CMJ and 
SSJ was also practiced using a progression of loads 
from body weight to ~20% and 10% body weight, 
respectively.  The subjects were informed to refrain 
from lower extremity resistance training and any 
strenuous exercise a minimum of 72 hours prior to 
reporting for all test sessions.  The participants were 
also instructed to maintain normal dietary habits, 
get a normal and adequate amount of sleep, and 
eliminate the consumption of alcohol and caffeine 
24 hours before data collection. Finally, subjects 
were also instructed to wear similar clothing typically 
worn for exercise and athletic performance in each 
session.

Jump Testing

The participants reported for two data-collection 
sessions in randomized order and separated by a 
minimum of 72 hours. Each session, participants 
performed either the CMJ or SSJ using three different 
loads. Body weight only BW(0), body weight plus 
25% BW(25), and body weight plus 50% BW(50) 
were loads used during the CMJ and body weight 
only BW(0), body weight plus 15% BW(15), and 
body weight plus 30% BW(30) were used during the 

SSJ in random order. With less stability in the frontal 
plane and a unilateral execution during the SSJ, less 
load was used compared to the CMJ. 

Prior to the jumps, a 5-minute jog was completed 
followed by a 10-minute dynamic warm-up and light 
stretching.  After securing a belt containing a small 
sensor around the waist, the participants completed 
15 continuous vertical jumps. Hands were held on 
the hips with no added load and dumbbells held to 
the side of the body were used as added load. Each 
set of 15 repetitions was separated with eight minutes 
of rest. Fourteen repetitions were used to analyze 
PP since the first repetition was removed. We found 
that PP during the first repetition was approximately 
40% less than the following repetitions due to the 
slower eccentric phase without a prior landing from 
a jump. Thus, all repetitions were similar by involving 
the landing phase from the jump. 

The CMJ was completed with a hip-width stance.  A 
successful jump was determined if the participant 
jumped and landed in the same location while 
continuously jumping without hesitation or losing 
balance.  The participants were instructed to give 
maximum effort with each jump while reaching a 
comfortable depth that would produce the highest 
jump.  Maintaining elbow extension, holding the 
dumbbells to the side of the body, and eliminating 
a shoulder shrug were also monitored as criteria for 
a successful jump.  Similar procedures occurred 
during the SSJ, but the subject started with the 
preferred leg as the lead leg without cycling. The 
anterior-posterior stance length was determined for 
the SSJ by the subject squatting to 90° at the knee 
and adjusting the stance until the lead knee was 
directly above the toes. 

IMU technology

PUSH Band 2.0 is a wearable sensor with a three-
axis accelerometer and gyroscope providing six 
degrees of freedom to measure vertical velocity and 
calculate PP from proprietary algorithms. The data 
was captured on an iPad (Apple Inc.) using Bluetooth 
through an application (Application version 7.18.0).  
The data was collected at a sampling rate of 1000 
Hz and smoothed using a Butterworth filter. No 
calibration was required. PP from the 14 repetitions 
was compared across each repetition to determine 
the degree of fatigue across repetitions. Prior to 
the exercise tests, a pilot study was conducted 
for determining the test-retest reliability of the PP 
measures for both the SSJ and CMJ.  The ICCs 
ranged from .86 to .99 and the coefficients of variation 
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ranged from 2-8% for the SSJ and CMJ.  These 
values are consistent with those reported in recent 
research on the relative and absolute reliability of 
PP measures during the SSJ and CMJ (McCurdy et 
al., 2022). Montalvo et al. (20) found PUSH 2.0 be a 
valid measure during the CMJ comparing results to 
force plate measures.  Based on these values, the 
PP measurements for both jumps were determined 
to be suitable for analysis.  

Statistical Analyses

The dependent variable in this study was PP for 
the SSJ and CMJ.  The two independent variables 
were: 1) type of load: BW(O), BW(15) or BW(25), 
and BW(30) or BW(50), and 2) number of repetitions 
(1-14). Both of these independent variables were 
within-subjects (repeated) variables. There were no 
between-subjects independent variables. 

Bartlett’s test for equal variances was used to 
determine whether the comparisons across 
repetitions and loads met the assumption of equal 
variances required for ANOVA. The Shapiro-
Wilk test was used to determine whether the 
comparisons across repetitions and loads met the 
basic assumption of normality. 

For both the SSJ and CMJ, a two-way ANOVA 
with repeated measures was used to determine 
differences across the three types of load, the 14 
repetitions, and the interaction between loads 
and repetitions.  Greenhouse-Geisser epsilon was 
used to adjust probability values for any variation 
in sphericity among PP values across loads and 
repetitions. Partial ƞ2 was used to determine 
effect size for each statistical test based on the 
recommendation of Bakeman (3) for repeated 
measures ANOVA.

For any significant differences observed from the 
ANOVA results, paired t-tests were used as post-
hoc comparisons across loads and repetitions.  For 
all post-hoc comparisons, the overall alpha level 
was defined as p < .05.  The overall alpha level was 
controlled by using the Bonferroni correction for 
each individual post-hoc test. For the post-hoc tests 
comparing the types of load, two comparisons were 
made: 1) BW(0) versus BW(15) for the SSJ or BW(0) 
versus BW(25) for the CMJ, and 2) BW(15) versus 
BW(30) for the SSJ, or BW(25) versus BW(50) for the 
CMJ.  The adjusted alpha level for these tests was 
.05/2 = .025.  Since the BW(0) load was the highest 
PPmax for each analysis, and BW(30) or BW(50) 
loads were the lowest PPmax for each analysis, no 

post-hoc comparison was needed between these 
two loads following a significant ANOVA result.

For the post-hoc tests comparing repetitions, any 
attempt to compare all repetitions, or even each 
repetition to PPmax (repetition three), would result 
in an adjusted alpha level that would be much 
too small to be practical. Also, the purpose of the 
study was to determine the number of repetitions 
that resulted in a significant decrease from PPmax 
and once that was determined, any further tests of 
significance would be unnecessary.  Consequently, 
we committed to a minimum of four comparisons: 
repetition three versus repetition four-seven.  The 
adjusted alpha level for these tests was .05/4 = 
.0125.  Additional post-hoc comparisons would 
only be conducted if a significant difference below 
PPmax was not detected from these first four tests, 
and then the overall alpha level would be adjusted 
accordingly.

RESULTS

Bartlett’s test was used to determine whether the 
basic assumptions of equal variances were satisfied 
for conducting the ANOVA for the following: PP 
measurements across repetitions for the SSJ, 
chi2(13) = 3.63, p = .99, PP measurements across 
repetitions for the CMJ, chi2(13) = 4.04, p = .99, PP 
measurements across loads for the SSJ, chi2(2) = 
1.91, p = .41, and PP measurements across loads 
for the CMJ, chi2(2) = 3.15, p = .18.  As a requirement 
for ANOVA, the assumption of equal variances was 
satisfied for all comparisons. To test for the basic 
assumption of normality for each comparison, the 
Shapiro-Wilk test was conducted for each repetition 
at each type of load. Some repetitions were excluded 
from further analysis since normality is a basic 
assumption for ANOVA including BW(30) Rep one 
(p = .01), BW(15) Rep six (p = .02), BW(15) Rep nine 
(p = .01), and BW(0) Rep 13 (p = .04) for the SSJ, 
and BW(50) Rep seven (p = .01), BW(50) Rep 12 
(p= .02), and BW(25) Rep 10 (p = .03) for the CMJ.  
Figure 1 illustrates the PP values for each repetition 
across all three loads for the SSJ.

For the PP measurements during the SSJ, repeated 
measures ANOVA indicated a significant difference 
among types of load, F(2,18) = 11.8, Greenhouse-
Geisser epsilon = 0.68, p = .003, Cohen’s d  = 0.98, a 
very large effect. Further, the analysis also indicated 
a significant difference among repetitions, F(13,117) 
= 12.8, Greenhouse-Geisser epsilon = 0.23, p < 
.001, Cohen’s d  = 0.99, also a very large effect.  
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Lastly, there was no significant interaction between 
loads and repetitions F(22,198) = 1.0, Greenhouse-
Geisser epsilon = 0.07, p = .364, Cohen’s d  = 
0.32, a small effect.  Since there was no significant 
interaction between loads and repetitions, the 
differences in PP across repetitions are the same for 
each load for the SSJ.

Table 1 reports the descriptive statistics across all 
three loads for PP during both the SSJ and CMJ. 
For SSJ, the BW(30) load had the lowest PP while 
the BW(0) load had the highest PP.  The ANOVA 
indicates that the BW(0) load results in a significantly 
higher PP than the BW(30) load for SSJ. Also, 
post-hoc tests indicated that the BW(15) load was 
significantly higher than the BW(30) load, t(9) = 3.2, 
p = .006, Cohen’s d  = 1.01, a very large effect, but 
not significantly lower than the BW(0) load, t(9) = 
0.3, p = .376, Cohen’s d  = 0.09, a very small effect.  
This analysis indicates that the BW(30) load results 
in significantly lower PP than either the BW(15) load 
and the BW(0) load, but the BW(15) load and the 
BW(0) load do not differ in PP during the SSJ.

Table 2 reports the descriptive statistics for each of 
the 14 repetitions averaged across all three loads 
combined for PP during the SSJ. PPmax occurred at 
repetition three, and there appears to be a consistent 
decrease in PP as the number of repetitions increase 

beyond repetition three.  Post hoc tests with an 
adjusted alpha of 0.0125 revealed no significant 
decrease in PP between repetition three and 
repetition four, t(9) = 1.1, p = .142, Cohen’s d  = 
0.35, a small effect, or between repetition three and 
repetition five, t(9) = 1.6, p = .13, Cohen’s d  = 0.51, 
a moderate effect. However, a significant decrease 
in mean PP was observed between repetition three 
and repetition six, t(9) = 2.9, p = .008, Cohen’s d  
= 0.92, a large effect, and between repetition three 
and repetition seven, t(9) = 5.8, p < .001, Cohen’s d  
= 1.83, a very large effect.  This analysis indicates 
that there are no significant differences in PP 
between the PPmax in repetition three, and the next 
two repetitions, including repetition five; however, 
repetition six does result in significantly lower PP 
than repetition three during the SSJ.

Figure 2 illustrates the PP values for each repetition 
across all three loads for the CMJ.

For the CMJ, the results were similar to those for 
the SSJ. Repeated measures ANOVA indicated a 
significant difference among types of load, F(2,20) 
= 14.5, Greenhouse-Geisser epsilon = 0.69, p = 
.001, Cohen’s d  = 1.20, a very large effect. Further, 
the analysis also indicated a significant difference 
among repetitions, F(13,130) = 5.7, Greenhouse-
Geisser epsilon = 0.16, p = .011, Cohen’s d  = 0.75, 

Figure 1. Peak power during the split squat jump.
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Table 1. Descriptive Values for Loads Across All Repetitions for Peak Power.

n Mean Standard
Error

Standard
Deviation

95% Confidence
Interval

Split Squat Jump
BW(30): Body Weight + 30% 10 4978 477.1 1509 (3899, 6057)
BW(15): Body Weight + 15% 10 6114 675.5 2136 (4586, 7642)
BW(0): Body Weight Only 10 6190 621.4 1965 (4784, 7596)
Countermovement Jump
BW(50): Body Weight + 50% 11 4502 327.4 1086 (3772, 5231)
BW(25): Body Weight + 25% 11 5541 355.4 1179 (4749, 6333)
BW(0): Body Weight Only 11 6778 658.6 2184 (5310, 8245)

Table 2. Descriptive Values for Repetitions Across All Loads for Peak Power During the Split Squat Jump.

n Mean Standard
Error

Standard
Deviation

95% Confidence
Interval

% Below
PPmax*

Rep 1 10 5844 537.5 1700 (4629, 7060)
Rep 2 10 6097 591.9 1872 (4758, 7436)
Rep 3 10 6312 649.1 2053 (4844, 7780)
Rep 4 10 6197 604.2 1911 (4830, 7564) 1.2
Rep 5 10 6104 592.1 1973 (4764, 7443) 2.6
Rep 6 10 6074 624.0 1872 (4662, 7485) 3.6
Rep 7 10 5820 577.1 1825 (4515, 7126) 7.3
Rep 8 10 5819 581.7 1840 (4504, 7136) 7.4
Rep 9 10 5751 584.3 1848 (4429, 7073) 8.6
Rep 10 10 5546 541.7 1713 (4320, 6771) 11.6
Rep 11 10 5413 537.7 1700 (4197, 6630) 13.7
Rep 12 10 5368 518.4 1639 (4195, 6541) 14.2
Rep 13 10 5196 495.6 1567 (4075, 6317) 16.7
Rep 14 10 5105 495.2 1566 (3985, 6225) 18.2

* Percent mean difference below PPmax at Rep 3

a moderately large effect.  Lastly, there was no 
significant interaction between loads and repetitions 
F(23,230) = 0.5, Greenhouse-Geisser epsilon = 
0.15, p = .706, Cohen’s d  = 0.22, a small effect.  
Since there was no significant interaction between 
loads and repetitions, the differences in PP across 
repetitions are the same for each load for the CMJ.

Table 1 also reports the descriptive statistics across 
all three loads during the CMJ. The BW(50) load 
had the lowest mean PP, while the BW(0) load had 
the highest mean PP. The ANOVA indicates that the 
BW(0) load results in a significantly higher PP than 
the BW(50) load. Also, post-hoc tests indicated that 
the BW(25) load was significantly higher than the 
BW(50) load, t(10) = 4.0, p = .001, Cohen’s d  = 
1.26, a very large effect, but significantly lower than 
the BW(0) load, t(10) = 2.6, p = .012, Cohen’s d  = 

0.82, a large effect, during the CMJ.

Table 3 reports the descriptive statistics for each of 
the 14 repetitions averaged across all three loads 
combined during the CMJ. PPmax occurred at 
repetition three, and there appears to be a consistent 
decrease in PP as the number of repetitions 
increase beyond repetition three. Post hoc tests 
with an adjusted alpha of 0.0125 revealed no 
significant decrease in PP between repetition three 
and repetition four, t(10) = 1.9, p = .046, Cohen’s d  
= 0.60, a moderate effect, between repetition three 
and repetition five, t(10) = 0.4, p = .355, Cohen’s d  
= 0.13, a very small effect, between repetition three 
and repetition six, t(10) = 0.9, p = .120, Cohen’s d  
= 0.28, a small effect, and between repetition 3 and 
repetition seven, t(10) = 1.7, p = .060, Cohen’s d  = 
0.54, a moderate effect. However, a fifth post hoc test 
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Figure 2. Peak power during countermovement jump.

Table 3. Descriptive Values for Repetitions Across All Loads for Peak Power During the Countermovement Jump.

n Mean Standard
Error

Standard
Deviation

95% Confidence
Interval

% Below
PPmax*

Rep 1 11 5924 456.0 1512 (4908, 6939)
Rep 2 11 5939 435.3 1444 (4969, 6909)
Rep 3 11 5987 481.3 1596 (4915, 7059)
Rep 4 11 5849 451.8 1498 (4842, 6855) 1.9
Rep 5 11 5957 464.1 1539 (4923, 6991) 0.5
Rep 6 11 5823 439.1 1468 (4845, 6802) 2.0
Rep 7 11 5861 442.8 1456 (4874, 6847) 1.0
Rep 8 11 5608 402.1 1334 (4712, 6504) 5.2
Rep 9 11 5459 413.0 1370 (4539, 6380) 7.5
Rep 10 11 5413 402.1 1334 (4517, 6309) 8.1
Rep 11 11 5356 403.9 1340 (4456, 6256) 8.7
Rep 12 11 5222 412.3 1368 (4303, 6140) 11.2
Rep 13 11 5127 400.1 1327 (4236, 6019) 12.2
Rep 14 11 4970 325.6 1080 (4245, 5696) 13.7

* Percent mean difference below PPmax at Rep 3

with an adjusted alpha of 0.05 / 5 = 0.01 revealed a 
significant decrease in PP between repetition three 
and repetition eight, t(10) = 3.1, p = .006, Cohen’s 
d  = 0.98, a large effect.  The results of these tests 
indicate that there are no significant differences in 
PP during the CMJ between the highest value in 
repetition three and repetitions four-seven; however, 
repetition 8 does result in significantly lower mean 

PP than repetition three.

DISCUSSION

Based on our data, we specifically recommend 
completing seven repetitions or less during the 
loaded and unloaded CMJ when training for PPmax 
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improvement and five repetitions or less on the 
SSJ. Recent research indicates that maintaining 
a level near PPmax for all repetitions in a set is 
important to maximize PPmax improvement (8,19).  
Improvement is thought to occur through maximum 
neuromuscular activation and movement velocity 
with precise technique and avoidance of overtraining 
by stopping the set prior to failure. Previous studies 
included the power clean (10) and traditional squat 
(12,19,28) using loads ranging from 60-80% 1RM 
to make these recommendations, which are not 
applicable to jump training at relatively lighter loads. 
With inconsistent and limited research designs 
analyzing PP loss during jumps, practitioners 
currently rely on anecdotal evidence to determine 
proper exercise prescription. The squat jump with no 
eccentric phase (27), non-continuous CMJs (9), and 
a CMJ with only one absolute load (4,14,21) reveal 
differences among studies all with different subject 
populations. Our study included two common types 
of jumps across several loads that are typically used 
in training for maximum improvement of PPmax and 
PE in elite athletes. Our data contribute to a better 
understanding for prescribing set repetitions at 
various loads in athletic populations who typically 
produce power at multiple loads and velocities.

Based on limited data, it is generally accepted when 
training for PPmax to stop the set if 5-10% of peak 
power is lost compared to PPmax in a set (4). While 
significant loss of power (6%) in a set has been 
determined to occur at repetition six using 60% 1RM 
squat during a squat jump (27), less is known about 
the rate of loss at higher repetitions for improved 
PE. Our data revealed that SSJ PPmax significantly 
decreased at repetition six (3.6%) and doubled at 
repetition seven (7.3%). Small decrements occurred 
at eight and nine and another large decrease at 
repetition 10 (11.6% total loss from repetition three) 
(Table 4). In the CMJ, PPmax significantly decreased 
at rep eight (5.2%), nine (7.5%), and 10 (8.1% total 
loss from repetition 3) (Table 5). In comparison, 
Baker and Newton (4) found a very similar 3.4% 
loss of CMJ PPmax at repetition six and 6.9% loss 
at rep 10 using a 60 kg load. Greater loss was found 
by Moreno et al. (21) in recreational, resistance-
trained participants during the CMJ BW(0) with a 5% 
reduction after repetition five and 12% at repetition 
10. This greater loss in PP may be due to the training 
status and level of athlete in these studies.

Training for PE has been determined to improve 
both PPmax and PE (2), which is also important 
to emphasize in training for many sports. In a 
systematic review investigating PE, Natera et al. 

(22) recommended sets between 10-20 reps based 
on the combined results from all studies included. 
Yet, this recommendation is based on limited data 
analyzing rate of power loss after 10 reps. Our study 
revealed a reduction of ~9-14% from PPmax during 
the CMJ and ~14-18% during the SSJ in repetitions 
11-14.  Similar in set repetitions to our study, Hester 
et al (11) found 18-22% drop in mean power in each 
set during five sets of 16 repetitions, but the exercise 
included was a non-ballistic, back squat at 40% 
1RM. Light loads during non-ballistic squats have a 
large deceleration phase while ballistic jumps have 
a demand to control the landing and transition a 
stretch-shortening cycle that appears to be energy 
efficient with reliance on stored elastic energy. 
Based on these data, the efficiency of the stretch-
shortening cycle with light loads may reduce fatigue 
compared to non-ballistic resistance exercises. 

This is the first known study to analyze the rate 
of PP loss during the SSJ.  With the narrow base 
created by the anterior-posterior stance, instability is 
produced in the frontal plane.  This has been shown 
to produce greater activation in the hip abductors, 
gluteus maximus and hamstrings in comparison to 
the traditional squat that has the same stance as 
the CMJ (16,18). In support of these findings, at 
repetition six a 5.2% decline occurred during the SSJ 
compared to 2% during the CMJ. The rate of PP loss 
increased during most repetitions after repetition 
six in the SSJ compared to the rate of loss during 
the CMJ. This may be explained by the greater 
demand to control the load in the frontal plane.  Due 
to the instability, lighter loads were used in the SSJ.  
We used dumbbells to add load, which arguably 
improves the stability of the exercise by lowering the 
center of mass.  Previous studies analyzing weighted 
jumps have used the trap bar (29) and load on the 
shoulders with either a smith machine or free weight 
bar (4,27). These differences may have an effect 
on power output and fatigue within a set but further 
research is needed.

Research data analyzing PE across higher repetitions 
above those included in our study are also scarce 
(1,6,23). In contrast to measuring PPmax and PP 
of each repetition, Alemany et al. (1) found a mean 
power loss of ~ 20% and ~40% after 15 and 30 reps, 
respectively during a barbell-loaded, CMJ at 30% 
1RM squat.  Mean power has also been analyzed 
across 60 reps during the CMJ (6,19). Patterson 
et al. (23) included elite Alpine skiers to develop 
a test of power across 60 reps in 2.5 min. with 2.5 
sec rest between each repetition with 40% body 
weight. Average power was calculated every 30 s 
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with non-consecutive jumps, thus comparison with 
our data is limited. In a similar design, Bosco et al. 
(6) also reported mean power every 15 s for 60 s as 
participants completed 60 continuous repetitions, 
but PP was not measured to determine the rate of 
loss from PPmax. The design of these studies also do 
not meet the goal of PE by not intending to produce 
each repetition at or near PPmax and involve a 
pacing of power output making comparison to our 
data limited.

Our data indicate that the rate of fatigue is similar 
from 0 to 50% body mass for the CMJ and from 0 to 
30% for the SSJ. Baker and Newton (4) reported less 
PP loss using a 60 kg load (~35% 1RM) (5% after rep 
10) than data from Hansen et al. (9), who reported 
12% power loss after rep 6 during the CMJ using 
40kg. These findings demonstrate that at lighter 
loads during jumps progression of greater loads 
does not produce a greater rate of fatigue within a 
set. However, with the use of absolute loads in these 
studies, training status could be a confounding 
factor. Greater loss in power has been shown with 
heavier loads used in resistance training (12).  
Izquierdo et al. (12) showed significant loss in peak 
velocity at repetition five with 75% 1RM but not until 
rep 15 at 60% 1RM during the squat. Thomasson 
and Comfort (27) investigated PP loss during the 
squat jump at 0, 20, 40, and 60% 1RM and found a 
significant loss only at 60% 1RM squat at repetition 
six. The participants had to pause two seconds at 
the bottom position and perform only a concentric 
contraction, which may have increased the rate of 
fatigue at this heavier load.  This differs from our 
study, which used a continuous countermovement 
that incorporates the stretch-shortening cycle.

Many different modes of exercise and intensities 
are used to train for power including jump training 
with and without added load to the body mass.  
Recommended optimum loads to improve power 
vary with each exercise type based primarily on the 
load that produces the greatest power output.  In 
contrast to the Olympic lifts and resistance exercise 
like the squat (8), the greatest power output during 
the CMJ has been shown to occur at lighter loads that 
are close to one’s body weight (5,29). In agreement, 
our study found that the highest PPmax was 
produced at BW(0) during the CMJ while the highest 
PPmax occurred at BW(0) and BW(15) during the 
SSJ. Sleivert and Taingahue (26) found the greatest 
PPmax during the SSJ at 30-60% 1RM squat but did 
not test at loads less than 30%, which was the only 
study found to compare for this exercise.
Limitations of this study included the use of a 

percentage of the participant’s body mass to 
determine the load.  As a result, relative intensity 
based on strength was not determined. The use 
of body mass to determine the load is common 
in practice when PP is trained using jumping 
exercises. In addition, the use of 1RM from the squat 
may not represent the same relative intensity during 
repeated jumps using light loads while measuring 
power. Our data did not include multiple sets; 
however, research has shown that a two-min rest 
between sets is sufficient to maintain mean power 
output for following sets using this rep range (19). 
The participants were collegiate track and field 
athletes and results may differ with other athletes 
based on training status and ability.  The participants 
were instructed to use maximum effort, descend to 
a depth that produced the highest jump, and jump 
vertically and land in the same spot every repetition 
that was monitored subjectively. Finally, during the 
SSJ, the participants’ lead leg was not cycled, thus 
further research is needed on the cycled SSJ. 

CONCLUSION

When training to improve PPmax with the continuous 
SSJs and CMJs, five and seven repetitions or less, 
respectively are recommended. This corresponds to 
the repetition when a significant reduction of PPmax 
occurred in trained athletes. When training for PE, 
the percent loss in PPmax between repetition 12-14 
during the CMJ (11.2 to 13.7%) would indicate that 
this repetition range would be effective. PE is trained 
earlier at repetition 10 (11.6% loss) and to a greater 
extent at repetition 14 (18.2%) during the SSJ. With 
the range of loads used in this study, the rate of 
PP loss is similar at all loads within a set.  While all 
loads used in this study could be used in training for 
PP and PE depending on the specificity goal, the 
greatest PPmax was found using BW(0) during the 
CMJ and at BW(0) and BW(15) during the SSJ. Thus, 
these loads arguably would be given priority when 
including the CMJ and SSJ in a training program for 
PPmax and PE.

ACKNOWLEDEMENTS

No funding sources were used to complete this 
study.  The authors had no conflicts of interest.

REFERENCES

1.	 Alemany J, Pandorf C, Montain S, Castellani J, 



International Journal of Strength and Conditioning. 2023
Analysis of Power Output During the Countermovement and Split-Squat 

Jump Across Loads and High-Volume Repetitions in Elite Athletes

10Copyright: © 2023 by the authors. Licensee IUSCA, London, UK. This article is an
open access article distributed under the terms and conditions of the

Creative Commons Attribution (CC BY) license (https:// creativecommons.org/licenses/by/ 4.0/).

Tuckow A, and Nindl B. Reliability assessment of 
ballistic jump squats and bench throws. J. Strength 
Cond. Res 19(1): 33–38. 2005.

2.	 Apanukul S, Suwannathada S, Chaninchai I. The 
effects of combined weight and pneumatic training to 
enhance power endurance in tennis players. J Exerc 
Physiol 18(2): 8–16, 2015.

3.	 Bakeman R. Recommended effect size statistics for 
repeated measures designs. Behav Res Methods 
37(3): 370-384, 2005.

4.	 Baker D, and Newton R. Change in power output 
across a high repetition set of bench throws and jump 
squats in highly trained athletes. J Strength Cond Res 
21: 1007–1011, 2007.

5.	 Bevan H, Bunce P, Owen N, Bennett M, Cook C, 
Cunningham D, Newton R, and Kilduff L. Optimal 
loading for the development of peak power output 
in professional rugby players. J Strength Cond Res 
24(1): 43–47, 2010.

6.	 Bosco C, Luhtanen P, and Komi P. A simple method 
for measurement of mechanical power in jumping. 
Eur J Appl Physiol 50: 273-282, 1983. 

7.	 Contessa P, Letizi J, De Luca G, and Kline J. 
Contribution from motor unit firing adaptations and 
muscle coactivation during fatigue. J Neurophysiol 
119(6): 2186-2193, 2018.

8.	 Dorrell H, Smith M, and Gee T. Comparison of velocity-
based and traditional percentage-based loading 
methods on maximal strength and power adaptations. 
J Strength Cond Res 34(1): 46– 53, 2020.

9.	 Hansen K, Cronin J, and Newton M. The effect of 
cluster loading on force, velocity, and power during 
ballistic jump squat training. Int J Sports Physiol 
Perform 6(4): 455-68, 2011. 

10.	Hardee J, Triplett N, Utter A, Zwetsloot K, and Mcbride 
J. Effect of inter-repetition rest on power output in the 
power clean. J Strength Cond Res 26(4): 883–889, 
2012.

11.	Hester G, Conchola E, Thiele R, and DeFreitas J. 
Power output during a high-volume power-oriented 
back squat protocol. J Strength Cond Res 28(10): 
2801–2805, 2014.

12.	 Izquierdo M, Gonza´lez-Badillo J, Ha¨kkinen K, Iba´n˜ 
ez J, Kraemer W, Altadill A, Eslava J, and Gorostiaga 
E. Effect of loading on unintentional lifting velocity 
declines during single sets of repetitions to failure 
during upper and lower extremity muscle actions. Int 
J Sports Med 27: 718–724, 2006.

13.	Kalinski  M, Norkowski H, Kerner M, and Tkaczuk 
W. Anaerobic power characteristics of elite athletes 
in national level team-sport games. Euro J Sport 
Science 2(3): 1-21, 2002.

14.	Koefoed N, Lerche M, Jensen B, Kjer P, Dam S, 
Hordlev R, and Hansen E. Peak power output in 
loaded jump squat exercise is affected by set 
structure. Int J Exerc Sci 11(1): 776-784, 2018.

15.	McCurdy K, Langford G, Doscher M, Wiley L, and 
Mallard K. The effects of short-term unilateral and 
bilateral lower body resistance training on measures 
of leg strength and power. J Strength Cond Res, 
19(1): 9-15, 2005

16.	McCurdy K, O’Kelley E, Kutz M, Langford G, Ernest 
J, and Torres, M. Comparison of lower extremity EMG 
activity between the two-leg squat and modified 
single-leg squat in female athletes. J Sport Rehabil 
19: 57-70, 2010. 

17.	McCurdy K, Walker J, Pozuc D, and Pitts J. 
Measurement of absolute and relative reliability 
during the countermovement and split-squat jump 
using PUSH Pro-Band 2.0. Int J Strength Cond. https: 
//doi.org/10.47206/ijsc.v2i1.133. 2022.

18.	McCurdy K, Walker J, and Yuen D. Gluteus maximus 
and hamstring activation during selected resistance 
exercises.  J Strength Cond Res 32(3): 594-601, 2018.

19.	Merrigan J, Tufano J, Oliver J, White J, Fields J, and 
Jones, M. Reducing the loss of velocity and power 
in women athletes via rest redistribution. Int J Sports 
Physiol Perform 15(2): 255-261, 2020. 

20.	Montalvo S, Gonzalez M, Dietze-Hermosa M, 
Eggleston J, and Dorgo S. Common vertical jump 
and reactive strength index measuring devices: a 
validity and reliability analysis. J Strength Cond Res 
35(5): 1234-1243, 2021. 

21.	Moreno S, Brown L, Coburn J, and Judelson D. Effect 
of cluster sets on plyometric jump power. J Strength 
Cond Res 28(9): 2424–2428, 2014.

22.	Natera A, Cardinale M, and Keogh J. The effect of 
high volume power training on repeated high-intensity 
performance and the assessment of repeat power 
ability: A systematic review. Sports Med doi: 10.1007/
s40279-020-01273-0, 2020.

23.	Patterson C, Raschner C, and Platzer H. The 
2.5-minute loaded repeated jump test: Evaluating 
anaerobic capacity in alpine ski racers with loaded 
countermovement jumps. J Strength Cond Res 28(9): 
2611–2620, 2014.

24.	Pérez-Castilla A, García-Ramos A, Padiala P, Morales-
Artachoa A,  and Feriche B. Effect of different velocity 
loss thresholds during a power-oriented resistance 
training program on the mechanical capacities of 
lower-body muscles. J Sports Sci 36(12): 1331–1339, 
2018. 

25.	Pereira G, Almeida A, Rodacki A, Ugrinowitsch C, 
Fowler N, and Kokubun E. The influence of resting 
period length on jumping performance. J Strength 
Cond Res 22: 1259–1264, 2008.

26.	Sleivert G, and Taingahue M. The relationship between 
maximal jump-squat power and sprint acceleration in 
athletes. Eur J Appl Physiol 91: 46–52, 2004.   

27.	Thomasson M, and Comfort P. Occurrence of fatigue 
during sets of static squat jumps performed at a 
variety of loads. J Strength Cond Res 26(3): 677–683, 
2012.

28.	Tufano J, Conlon J, Nimphius S, Brown L, Seitz L, 
Williamson B, and Haf G.  Maintenance of velocity 
and power with cluster sets during high-volume back 
squats. Int J Sports Physiol Perf 11: 885 -892, 2016. 

29.	29.	Turner A, Unholz C, Potts N, and Coleman S. 
Peak power, force, and velocity during jump squats 
in professional rugby players. J Strength Cond Res 
26(6): 1594–1600, 2012.


	ABSTRACT
	INTRODUCTION
	METHODS
	Subjects
	Familiarization session
	Jump Testing
	IMU technology
	Statistical Analyses

	RESULTS
	Figure 1.
	Table 1.
	Table 2.
	Figure 2.

	DISCUSSION
	CONCLUSION
	ACKNOWLEDEMENTS
	REFERENCES

