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Abstract
A number of studies based on maximum vertical jumps have presumed that the maximum jump
height reveals the maximum power of lower limb muscles, as well as the tested muscle power
output predicts the jumping performance. The objective of the study was to test the hypothesis that
both the body size and countermovement depth confound the relationship between the muscle
power output and performance of maximum vertical jumps. Sixty young and physically active
males were tested on the maximum countermovement (CMJ) and squat jumps (SJ). The jumping
performance (Hmax), peak (Ppeak) and the average power output (Pavg) during the concentric
phase, countermovement depth (only in CMJ) and body mass as an index of body size were
assessed. To assess the power-performance relationship, the correlations between Hmax with both
Ppeak and Pavg were calculated without and with controlling for the effects of body mass, as well
as for the countermovement depth. The results revealed moderate power-performance
relationships (range 0.55<r<0.64) that were comparable for CMJ and SJ jumps. When controlled
for body mass, the same values were markedly higher (0.61<r<0.82; p<0.05 for Ppeak of both
jumps). When controlled for both the body mass and countermovement depth, CMJ revealed
r=0.88 and r=0.77 for Ppeak and Pavg, respectively. Both jumps revealed stronger relationships
with Ppeak than with Pavg (p<0.05) when controlled for either body mass or both body mass and
countermovement depth. We conclude that both body size (in CMJ and SJ) and countermovement
depth (in CMJ) confound the relationship between the muscle power output with the performance
of maximum vertical jumps. Regarding routine assessments of muscle power from jumping
performance and vice versa, the use of CMJ is recommended, while Ppeak, rather than Pavg, should
be the variable of choice.
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1. Introduction
Power is typically defined as a rate of performing mechanical work, or a product of force
acting upon an object and the object’s velocity. Studies of muscle mechanical properties
have often explored the ability of isolated muscles and muscle groups to exert power under
various mechanical conditions (Cormie, McGuigan, & Newton, 2011a; Kaneko, Fuchimoto,
Toji, & Suei, 1983; McMahon, 1984). However, since only external forces directly affect
movements, the studies of human movements typically assess the power output produced in
actions of the muscular system upon external objects, such as the ground and other external
supports, added weights, etc (Nedeljkovic, Mirkov, Bozic, & Jaric, 2009; Samozino, Rejc,
Di Prampero, Belli, & Morin, 2012). It has been generally accepted that the performance of
ballistic movements depends upon the maximum power that our muscular system can exert
under the given mechanical conditions (Bobbert, 2012; Cormie, McGuigan, & Newton,
2011b; Samozino, Morin, Hintzy, & Belli, 2010).

Maximum vertical jumps have not only been one of the most often applied movements in
training and testing of particular physical abilities (Cormie, et al., 2011b; Cronin & Sleivert,
2005; Markovic, Dizdar, Jukic, & Cardinale, 2004), but also a frequent model for studying
the fundamental properties and phenomena related to the human locomotor system (Jaric &
Markovic, 2009; Markovic & Jaric, 2005; Samozino, et al., 2010; Samozino, et al., 2012).
Therefore, the relationship between the jumping performance and the associated muscle
power has been of particular importance. Specifically, the performance of various types of
maximum vertical jumps have often been used to assess the maximum power of the lower
body musculature. A number of authors have argued that the tested height of maximum
vertical jump (Hmax) is a valid measure of the maximum power output of lower limb
muscles (Baker, Nance, & Moore, 2001; Markovic & Jaric, 2007b; Samozino, Morin,
Hintzy, & Belli, 2008). Conversely, muscle strength and power have been routinely
considered as valid predictors of jumping performance (Baker, et al., 2001; Cronin &
Sleivert, 2005). However, a possible effect of body size on the discussed power-performance
relationship has been mainly neglected. For example, both the scaling models and most of
the experimental data suggests that the muscle power output increases with body size, while
the performance of rapid movements (such as Hmax) could be relatively independent of
body size (Astrand, 1986; Jaric, 2003; Markovic & Jaric, 2004; McMahon, 1984). This
concept has been supported by findings revealing that the Hmax could be a measure of
muscle power output normalized for body size (Harman, Rosenstein, Frykman, Rosenstein,
& Kraemer, 1991; Markovic & Jaric, 2007a; Nedeljkovic, Mirkov, Markovic, & Jaric,
2009). However, the discussed effect of body size has yet to be properly quantified. Namely,
due to a relatively narrow range of human body sizes (Jaric, 2003; Markovic & Jaric, 2004;
McMahon, 1984), the discussed effect may not be strong enough to play a meaningful role
in routine assessments of muscle power output from the tested jumping performance, and
vice versa.

In addition to the body size, one could argue that the jumping technique could also confound
the discussed power-performance relationship of vertical jumps. For example, it is well
known that the depth of the preceding countermovement can vary within a wide range in the
natural maximum vertical jumps (Cormie, McGuigan, & Newton, 2010; Markovic & Jaric,
2007b; S. Markovic, Mirkov, Knezevic, & Jaric, 2013). Increased countermovement depth
reduces the leg extension angles and leg stiffness, which inevitably decreases the ground
reaction force due to a lower leverage of the leg extensor muscles (Bobbert, 2012;
Gavrilovic, Ristanovic, & Jaric, 1981; Hunter & Marshall, 2002). The final outcome could
be a reduced power output (i.e., the product of the force and velocity), while the jumping
performance may remain relatively unaffected by the countermovement depth (Cormie, et
al., 2010; Domire & Challis, 2007). However, although recent findings suggest that an
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increase in the countermovement depth could decouple a training associated increase in the
jumping performance from the muscle power output of maximum vertical jumps (Markovic,
et al., 2013), this phenomenon remains largely unexplored in the literature.

To address the discussed problems, we designed the present study to assess the relationship
between the muscle power output and the vertical jumping performance. We recruited a
large and relatively homogeneous sample of physically active subjects and tested them on
the maximum jumps that either allow (i.e., the countermovement jump; CMJ) or do not
allow for varying the countermovement depth (squat jump; SJ). We hypothesized that both
the body size and the countermovement depth would confound the relationship between the
maximum muscle power output and the jumping performance. The expected findings could
contribute to refining the methodology and interpretation of the results of routine tests based
on maximum vertical jumps, as well as to our understanding of the general role of muscle
power in the performance of ballistic movements.

2. Methods
The sample of subjects included 60 male physical education students (age: 23.7 ± 1.7 years;
body mass: 80.8 ± 8.2; body height: 182.2 ± 6.3; percent of body fat: 13.6 ± 5.6). They were
free of any neurological disorders and recent injuries of the lower extremity. The subjects
were physically active throughout their standard academic curriculum, but not involved in
any other systematic physical training during the experiment. Before any of the tests were
performed they signed an informed consent document containing the explanation of the
measurement procedures, the aim of the study, as well as the potential risks. The study was
conducted in accordance with the Declaration of Helsinki and the protocol was approved by
the Ethical Committee of the School of Sport and Physical Education (02/1144-01).

The testing protocol consisted of 2 consecutive sessions conducted with at least two days of
rest between them. The goal of the first session was to measure anthropometric
characteristics and additionally familiarize subjects with the vertical jump tests. Namely, all
subjects had already been familiarized with performing maximum vertical jumps through
various activity classes (on average 9 hours per week). The body height was measured using
Martin’s anthropometer with 0.1cm accuracy, while the body mass as the most often
employed index of body size and body composition were measured by Biospace InBody 720
(USA) using DSM – BIA method (Direct Segmental Multi - frequency Bioelectrical
Impedance Analysis). Thereafter, they practiced the jumping tasks through 10 squat jumps
(SJ) and 10 countermovement jumps (CMJ). The second session served for recording the
maximum jumping performance through the jump height (Hmax), as well as for the
assessment of the associated muscle power through the peak (Ppeak) and average power
output (Pavg).

Both CMJ and SJ were performed on a force plate (AMTI, BP600400; USA; sampling
frequency 1000 Hz), and were mounted and calibrated according to the manufacturer’s
specifications. Regarding CMJ, subjects were instructed to perform an unconstrained
maximum vertical jump with their hands placed akimbo (i.e., without arm swing). No
specific instructions were given regarding the depth of the countermovement. SJ were
performed from a semi-squat position (knee angle set at 90°) with hands placed akimbo. SJ
were repeated if a transient drop in the force signal revealed a downward movement at the
jump initiation. Three consecutive trials of each jump were performed and the highest jump
was taken for further analyses. One minute of rest was allowed between the consecutive
trials.

Custom-designed Lab VIEW (National Instruments, Version 8.2) programs were used for
the acquisition and processing of the vertical component of the ground reaction force. The
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signal was sampled at a rate of 1000 Hz and filtered by 2nd order Butterworth low-pass
filter (10 Hz cut-off frequency). The signal and its consecutive integrations provided Hmax
and the maximum lowering of the center of mass during the eccentric jump phase (i.e.,
countermovement depth; only in CMJ), while the product of GRF and vertical velocity
allowed for the calculation of the peak power (Ppeak) and average power output (Pavg)
during the concentric jump phase. Note that a high reliability of both the jumping
performance and power output variables from various vertical jumps has been demonstrated
(Markovic, et al., 2004; Markovic & Jaric, 2005).

Descriptive statistics were calculated as the mean and SD. None of the variables revealed
deviations from normality (Kolmogorov-Smirnov test; all p ≥ 0.63). The first step of
analysis was to calculate the correlations between Hmax and both Ppeak and Pavg using
Pearson product-moment. Thereafter, the partial correlations between the same variables
were calculated when controlling for body mass (in CMJ and SJ), as well as for both the
body mass and countermovement depth (in CMJ only). The corresponding 95% confidence
intervals of all correlation coefficients were also calculated. They served for the assessment
of differences between the observed correlation coefficients. Finally, the relationships
between the indices of the power output and either the body mass or countermovement
depth were assessed using the allometric approach. In short, while the standard ratio scaling
presumes a linear relation between the power output and body mass (i.e., the normalized
power output data should be presented in W/kg), the allometric approach is based on
presumably more accurate relationship depicted in W/kgb where b is allometric exponent
different from 1. In line with standard procedures (Jaric, 2002; McMahon, 1984), we
obtained b from the regression line fitted through the logarithmic values of power (P) and
body mass (m) log P = log a + b log m. A standard linear model was used for the
relationship between the power output and both body mass and countermovement depth
(Jaric, 2003; McMahon, 1984).

3. Results
Table 1 shows descriptive data obtained from CMJ and SJ. Note that both the jumping
performance as assessed through the jumps height and the recorded power output were
higher in CMJ than in SJ.

Figure 1 presents the main findings of the study. Regarding the testing our hypothesis, we
evaluated the values of particular correlation coefficients with respect of the 95% confidence
intervals of others to claim significant differences. Controlling for body mass (in Ppeak of
both CMJ and SJ), as well as controlling for the countermovement depth (in both Ppeak and
Pavg of CMJ) resulted in significantly stronger power-performance relationships. However,
the results also revealed 2 secondary findings. First, most of the recorded power-
performance relationships proved to be stronger for Ppeak than for Pavg. In particular, this
finding was observed from the partial correlations of both jumps (i.e., the relationships
controlled for body mass and countermovement depth), but not from the Pearson’s
correlations between the indices of power output and jumping performance. Second,
although no differences in the strength of the studied relationships between CMJ and SJ
were recorded when either the Pearson or partial correlations controlled for body mass were
compared, when controlled for both body mass and countermovement depth, CMJ revealed
stronger power-performance relationships than SJ when controlled for body mass. Note that
SJ is controlled for the countermovement depth per se.

To explore the separate effects of the hypothesized confounding variables affecting the
studied power-performance relationship, we assessed the effects of body mass (in both CMJ
and SJ) and countermovement depth (in CMJ only) on the power output (Figure 2). The
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correlations between the log-transformed power output and body mass proved to be
moderate (range from 0.534 and 0.691), but highly significant (all p < 0.01). Note that the
regression slopes reveal the allometric coefficients within a relatively narrow interval from
0.876 to 0.941. Regarding the relationships between the power output and countermovement
depth, they proved to be weak and only Pavg revealed a correlation coefficient close to the
level of significance (p = 0.07). Nevertheless, of potential importance could be that fitted
regression lines of both Ppeak and Pavg suggest a possibility that a decrease of power output
could have a weak relationship with the countermovement depth.

4. Discussion
Within the present study we explored the relationships between the performance of
maximum vertical jumps as assessed through the jump height (Hmax), and the associated
muscle power as assessed by the peak (Ppeak) and average power output (Pavg). The findings
mainly supported the hypothesis. Specifically, controlling for either the body mass (in both
CMJ and SJ), or both the body mass and countermovement depth (in CMJ) resulted in
stronger power-performance relationships. However, the results also revealed two secondary
findings. Firstly, the peak power output (Ppeak) could provide a stronger relationship with
the tested jumping performance than the average power output (Pavg). Secondly, CMJ
performance could provide a similar assessment of the muscle power output as the SJ
performance.

The observed relationships between the power output and body mass in the present study
were not only significant (see Figure 2), but also comparable to previous studies (Markovic
& Jaric, 2005; Nedeljkovic, Mirkov, Bozic, et al., 2009). This particular finding explains
why most of the data reveals that the body mass markedly confounds the studied power-
performance relationship in maximum vertical jumps (see correlations coefficients in Figure
1). In addition to supporting the findings obtained from both the principle component
analysis (Markovic & Jaric, 2007a; Nedeljkovic, Mirkov, Markovic, et al., 2009), and the
mathematical and theoretical models ((Astrand, 1986; Jaric, 2003; McMahon, 1984;
Samozino, et al., 2008); see also Introduction for details), the observed findings related to
body mass also reveal the magnitude of the effect of body size on the studied power-
performance relationship. For example, when predicting Ppeak from Hmax, or vice versa,
controlling only for body mass increases the coefficients of determination (i.e., the
correlations coefficients squared; see Figure 1 for correlations) from 0.41 to 0.63 in CMJ,
and from 0.48 to 0.68 in SJ. We believe that the main cause of the discussed phenomenon is
the difference in the scaling mechanisms briefly reviewed in Introduction. Namely, while
movement performance (such as the maximum jumping velocity and, consequently, the
jumping height) could be relatively independent from body size, the maximum muscle
power output increases with body weight, albeit at a somewhat lower rate (Astrand, 1986;
Jaric, 2003). As a consequence, the confounding effect of body size on the studied
performance-power relationship needs be accounted for by normalizing the power output for
the differences in individual body masses (see also Harman, Rosenstein, Frykman,
Rosenstein, & Kraemer, 1991; Markovic & Jaric, 2007a). We can only speculate on the role
of other factors and mechanisms involved in the observed phenomenon, such as the general
design of leg muscles (McMahon, 1984; Jaric, & Markovic, 2009) and their adaptation
(Samozino, Rejc, Di Prampero, Belli & Morin, 2012).

Regarding the role of the countermovement depth in CMJ, note that its effect on the power
output was markedly weak (see Figure 2). Nevertheless, the effect of the countermovement
depth on the studied power-performance relationship as revealed by partial correlations was
significant in Ppeak, and somewhat below the level of significance for Pavg. A negative,
albeit week decrease in the power output associated with the countermovement depth could
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be explained by a decreases leverage of knee extensor muscle that should reduce leg
stiffness (Hunter & Marshall, 2002) and the measured ground reaction force (Bobbert, 2012;
Gavrilovic, et al., 1981). Recently published models also suggests that that the maximum
jumping performance may not be only related with the power output, but also with the
countermovement depth (Samozino, et al., 2008; Samozino, et al., 2012). Taken together,
these findings strongly suggest that both the indices of body size (in both CMJ and SJ) and
countermovement depth (in CMJ) need to be taken into account when relating the muscle
power output to the jumping performance and vice versa. In addition to their practical
implications (see further text for details), these findings could be of potential importance for
understanding the relationship between the muscle power and performance of human
ballistic movements in general.

The observed power-performance relationships also revealed two secondary findings of
potential importance. First, note that either Ppeak (Baker, 2001; Cormie, McCaulley, Triplett,
& McBride, 2007), or Pavg (Markovic & Jaric, 2007a; Samozino, et al., 2008), or both Ppeak
and Pavg (Cormie, et al., 2007; Markovic, et al., 2013; Sleivert & Taingahue, 2004) have
been indiscriminately used to assess the power output in vertical jumping and relate it to the
jumping performance. Our data show that when controlled either for body mass or for both
the body mass and countermovement depth, Ppeak consistently shows a stronger relationship
with Hmax than Pavg. This is arguably a novel finding and one can only speculate on the
mechanisms involved. A part of explanation could be based on prominent changes in force-
and power-time profiles that could be associated with changes in jumping techniques (c.f.,
Markovic & Jaric, 2007b; Markovic, et al., 2013; Samozino, et al., 2012) that could alter
Pavg more than Ppeak. Nevertheless, this finding apparently suggests that Ppeak should be the
variable of choice when relating the jumping performance and muscle power, rather than
Pavg.

Regarding another secondary finding, although several studies recommend using SJ instead
of CMJ for the assessment of muscle power output (Baker, 2001; Sleivert & Taingahue,
2004), note that both the simple correlations and the partial correlations controlled for body
mass suggest a comparable strength of the power-performance relationships in two jumps.
However, CMJ data controlled for both the body mass and countermovement depth reveal a
stronger power-performance relationship than SJ controlled for body mass (note that the
‘countermovement depth’ in SJ is typically prescribed). It should be also taken into account
that CMJ is simpler to perform, requires shorter familiarization, and no control of the
starting position is needed. Therefore, even when routine testing does not allow for
controlling the countermovement depth, CMJ should be selected both for the assessment of
muscle power output and for relating the assessed power to the jumping performance.

5. Conclusions
The results supported the hypothesis that both the body size and countermovement depth
confound the power-performance relationship obtained from maximum vertical jumps. This
finding could be of importance both for understanding the role of muscle power in the
human ballistic performance and for the application of vertical jumps in routine training and
testing procedures. We also found that peak power reveals a stronger relationship with the
jumping performance than the average power recorded during the concentric jump phase.
Finally, the strength of the power-performance relationship in natural CMJ could be
comparable with the jumps performed from a prescribed semi-squat position (such as SJ), if
not higher. Future research could address underexplored aspects of the studied power-
performance relationship, such as the role of the force-velocity relationship pattern of the leg
extensor muscles (Bobbert, 2012; Cormie, et al., 2011a; Samozino, et al., 2012) and the
dependence of both the jumping performance and power output variables on the
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countermovement depth and other kinematic and kinetic variables of the tested jumps (Jaric
& Markovic, 2009; Markovic, et al., 2013; Samozino, et al., 2010).
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Highlights

• We tested the maximum countermovement and squat jumps.

• We related the jump performance with the associated muscle power output.

• Both body size and countermovement depth confound the studied relationship.

• The peak, rather than average power, should be related with jumping
performance.

• Use of the countermovement jump for power testing is recommended.
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Figure 1.
Pearson’s correlations coefficients (No control) and the partial correlations controlled for
body mass (Control BM) and for both body mass and countermovement depth (Control BM
and DEPTH) observed between the jump height and the peak, as well as the average power
output (a - significantly above No control; b - significantly above Control BM). All
correlation coefficients are shown with the corresponding 95% confidence intervals.
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Figure 2.
Relationships between the log-transformed values of the power output and either the body
mass or the countermovement depth observed from CMJ (upper panels) and SJ (lower
panels). The corresponding linear regression models are also shown (a p < 0.01).
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Table 1

Descriptive data obtained from CMJ and SJ

CMJ SJ

Hmax (cm) 43.1 ± 5.1 30.3 ± 4.0 a

ΔHcmd (cm) 29.9 ± 5.6 -

Ppeak (W) 3730 ± 521 3374 ± 474 a

Pavg (W) 2244 ± 345 1650 ± 287 a

Hmax – jump height; ΔHcmd – countermovement depth; Ppeak – peak power; Pavg – average power;

a
- significantly different from CMJ (p < 0.05)
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