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Abstract

Purpose—Resent research has suggested that loaded multi-joint movements could reveal a linear

force-velocity (F-V) relationship. The aim of the present study was to evaluate the F-V

relationship both across different types of vertical jumps and across different F and V variables.

Methods—Ten healthy subjects performed maximum various vertical jumps that were either

loaded or unloaded by constant external forces of up to 30% of their body weight. Both the

maximum and averaged F and V data were recorded.

Results—The observed F-V relationships proved to be strong (median correlation coefficients

ranged .78-.93) and quasi-linear. Their F- and V-intercepts and the calculated maximum power (P)

were highly reliable (.85<ICC<.98), while their concurrent validity of with respect to their directly

measured values was on average moderate-to-large. The obtained F-V relationships also revealed

that (1) the assessment of maximum F and P could be somewhat more reliable and valid than the

assessment of maximum V, (2) natural countermovement jumps should be employed rather than

the jumps performed from a fixed squat position, while (3) both maximum and averaged F and V

variables could be used despite revealing markedly different regression parameters.

Conclusions—The data generally reveal a reliable, valid, strong and quasi-linear F-V

relationship across variety of vertical jumps and the recorded F and V variables. Therefore, we

conclude that the loaded vertical jumps could be developed into a routine method for testing the

force, velocity, and power generating capacity of leg extensors.
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Introduction

Mechanical properties of muscles have been in research focus due to their importance for

understanding both the design and function of human musculo-skeletal system, as well as

the effectiveness of various athletic training and rehabilitation interventions aimed to

improve physical abilities in various populations [see (Cormie et al. 2011; Frost et al. 2010)

for review]. Specifically regarding the high performance and ballistic movements (e.g.,

jumping, sprinting, and throwing), the research has been particularly focused on the ability

of the muscular system to exert a high external force (F) at a high movement velocity (V)

and, consequently, to maximize the muscle power output (P).

A non-linear (i.e., approximately hyperbolic) force-velocity (F-V) relationship of both in

vitro muscles and isolated muscle groups has been known since the seminal studies of Fenn

and Marsh (Fenn and Marsh 1935) and A. V. Hill (Hill 1938). The corresponding power-

velocity (P-V) relationship also typically reveals a complex shape with the maximum P

observed when muscles act against a moderate external resistance (i.e., F) and,

consequently, at intermediate V. The complexity of F-V and P-V relationships severely

limited not only the accuracy of their assessment from various functional movements, but

also their application in both designing the athletic training and rehabilitation interventions,

and various modeling and optimization procedures. However, a number of studies have

suggested that a better fit of F-V relationship of various maximum performance multi-joint

movements could be a liner one, at least within moderate ranges of F (typically manipulated

by varying external loads) and corresponding V. Such results have been obtained from

maximum effort squats and vertical jumps [(Vandewalle et al. 1987; Rahmani et al. 2001;

Sheppard et al. 2008); see also further text for details], cycling (Driss et al. 2002; Driss and

Vandewalle 2013; Nikolaidis 2012), simultaneous leg extensions against various

dynamometers and sledge devices (Yamauchi et al. 2009; Samozino et al. 2012, 2014),

running (Jaskolska et al. 1999; Morin et al. 2010), or arms and upper body movements

(Hintzy et al. 2003; Nikolaidis 2012). Note that F here corresponds to externally measured

force, while V is the velocity of the moved center of mass (i.e., body mass and/or external

mass). Recent research suggests that the quasi-linear F-V relationship observed from the

multi-joint movements could originate from segmental dynamics (Bobbert 2012), rather than

from various neural mechanisms (Yamauchi and Ishii 2007).

According to the research cited above, F-V relationship could be obtained from maximum

performance multi-joint tasks performed under varying loading conditions that yield a range

of recorded F and V. Therefore, the data should be modeled by a linear regression

(eq.1)

where F0 is the F-intercept corresponding to the maximum isometric F, and a is the slope

that corresponds to F0/V0, (where V0 is V-intercept corresponding to maximum V at zero F).

As a result, the P-V relationship calculated from eq. 1 should be of a parabolic shape
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(eq. 2)

revealing the maximum power output

(eq. 3)

Specifically, Pmax is exerted at one half of the maximum velocity (V0/2) achieved when

acting against one-half of the maximum external load (F0/2) that muscles can overcome in

the tested maximum performance movement (Vandewalle et al. 1987; Samozino et al. 2008;

Samozino et al. 2012). The simplicity of the F-V relationship described above could be of

apparent importance for both future theoretical research and various practical applications.

For example, the relationship could be effectively used in movement modeling and

optimization, such as regarding the optimality of the F-V profile to provide the maximum

performance jumps (Samozino et al. 2012; Samozino et al. 2013), or for exploring the

mechanisms responsible for bilateral deficit (Samozino et al. 2014). Loaded vertical jumps

and other multi-joint maximum performance tasks could also provide linear F-V

relationships that could enable a comprehensive assessment of the muscular F, V, and P,

generating capacity in various populations, as well as the assessment of the effectiveness of

various athletic training and rehabilitation interventions (Yamauchi et al. 2009; Nikolaidis

2012; Cormie et al. 2011; Driss and Vandewalle 2013).

Despite the potential importance of the discussed linear F-V model applicable to various

multi-joint movements, a number of important problems still remain unresolved. First, we

still do not know the reliability of the obtained parameters of the F-V relationship and,

consequently, of Pmax. Second, note that the tested functional movements, such as vertical

jumps, do not allow for a wide range of loading such as the isokinetically tested

simultaneous knee and hip extensions (Yamauchi et al. 2010), and squats (Limonta and

Sacchi 2010). As a consequence, the observed parameters such as F0 and V0, as well as the

calculated Pmax (see eqs. 1 & 3), are the outcomes of a remote extrapolation of the data

observed within relatively narrow F and V ranges. Therefore, the validity of F0, V0, and

Pmax for the assessment of functional properties of the tested muscles still remains unknown,

while the statements such as that the F-V relationship of leg extensors “can be accurately

determined” and utilized for calculation of the optimal balance of F0 and V0 (Samozino et al.

2012) apparently need further support. Furthermore, note that the most of the studies of the

F-V relationship have been performed on loaded vertical jumps and other leg extension

tests. However, those studies have included various types of vertical jumps comprising of

both those performed with [i.e., countermovement jumps; (Limonta and Sacchi 2010;

Sheppard et al. 2008)] and without preceding countermovement [squat jumps; (Cormie et al.

2010; Samozino et al. 2012)]. Note also that the arm swing alters both the performance and

power output of countermovement jumps (Walsh et al. 2007; Suzovic et al. 2013). However,

we still do not know which types of vertical jumps and other simultaneous leg extension

tasks could provide the most reliable and valid F-V relationships. The same applies to the

type of variables used since both the maximum (Yamauchi et al. 2009; Cormie et al. 2010;

Nuzzo et al. 2008; Vandewalle et al. 1987; Sheppard et al. 2008) and average (Rahmani et
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al. 2001; Samozino et al. 2012) F and V data over a selected movement phase have been

used for the assessment of F-V relationships.

The main aim of the present study is to address the unresolved issues regarding the F-V

relationship of leg muscles. In order to extend the range of recorded dependent variables, we

applied a wide range of external loads that both loaded and unloaded maximum vertical

jumps. To provide a more robust set of data, we also tested various types of vertical jumps

and recorded both the maximum and averaged values of F and V. Our first aim was to

evaluate the pattern, strength and reliability of the F-V relationship of leg extensors. Our

second aim was to compare those outcomes both across the different types of vertical jumps

and different types of F and V variables. Our third aim was to evaluate the concurrent

validity of F0 and Pmax observed from the linear F-V relationships with the directly

measured muscle strength and power output. The findings were expected to contribute to our

understanding of the mechanical properties and function of the leg extensor muscles, as well

as to enable further development and refinement of the methods for routine testing of muscle

strength, velocity, and power capacity.

Methods

Participants

We conducted a sample size estimate based on F and V data reported in previous studies

(Pazin et al. 2013; Markovic and Jaric 2007b). Based on Cohen's guidelines (Cohen 1988)

with an alpha level .05 and power .8, sample sizes 3–12 appeared to be necessary to detect

the differences among F, V, and P, observed from the vertical jumps performed under the

external loads that ranged between -30% and +30% of body weight (BW). We

conservatively recruited 10 healthy and physically active male participants (age 23.4 ± 3.0;

body weight 77.3 ± 8.0 kg; body height 182.6 ± 4.2 cm; data shown as mean ± SD). Their

body mass index was 23.1 ± 2.5 cm/kg2, while the percent fat was 9.7 ± 2.5 %. Participants'

daily physical activity was assessed by a standard IPAQ questionnaire (Taylor-Piliae et al.

2006), where 5 of the participants reported moderate and 5 high levels of physical activity.

None of the participants reported any medical problems or recent injuries. They were

informed regarding the potential risks associated with the applied testing protocol. All

participants gave written informed consent to the experiments, which was in accordance

with the Declaration of Helsinki and approved by IRB.

The pulley device and loading conditions

For the purpose of this study, we employed a pulley device that simulates either an increase

or decrease in BW (see Figure 1 for illustration). In short, two long rubber bands (resting

length 13.5 m, coefficient of elasticity 21 N/m) were extensively stretched to provide the

pulling force acting either vertically upward (negative load) or downward (positive load) up

to 30 % of the subject's body weight (BW). The bands were attached at the lateral sides of a

belt that was fixed approximately at the subject's waist and stretched over a system of low-

friction and low-inertia plastic wheels. Therefore, the loading method allowed for

unconstrained vertical jumps, while the relative change in their stretched length over the
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course of the tested jumps was only up 4%, yielding a similar maximum change in the

loading force [for detailed description see (Pazin et al. 2011; Leontijevic et al. 2012)].

The participants were performing jumps on a force plate (AMTI, BP600400; USA) while

the pulley system exerted either loading or unloading forces that corresponded to 10%, 20%,

30% of their BW. Since the applied loading mimicked the alteration of the BW, we will

refer to the loading magnitudes as 0.7 BW, 0.8 BW, 0.9 BW, 1.0 BW, 1.1 BW, 1.2 BW, and

1.3 BW (1.0 BW corresponding to no load applied). The force platform placed beneath the

subjects' feet allowed for an accurate adjustment of the applied loading force.

Experimental protocol

Each participant completed 4 sessions separated by a rest period of 5-7 days. Each session

was preceded by a standard warm-up procedure (5 min cycling and 5 min of callisthenic and

dynamic stretching). The first testing session included anthropometric measurements,

followed by MVC testing, and familiarization with the loaded jumps. The second session

included 1RM squat testing, followed by another familiarization with the loaded jumps. The

third and fourth session served for the data collection. The participants completed 42 jumps

per session (7 loading magnitudes × 3 jump types × 2 trials) that were randomized regarding

both the jump type and the loading magnitude. The second trials of the third and fourth

session were taken for the calculation of reliability, while the later one served for all

remaining analyses.

Experimental procedures

Body mass and height were assessed by a digital scale and a standard anthropometer,

respectively. Percent body fat was assessed using a bioelectric impedance method (In Body

720; USA).

Leg extensors' strength was assessed through maximum voluntary contraction of the knee

extensors (MVC), and one-repetition maximum squat (1RM squat) performed on a Smith

machine. The MVC lasting 4-5 s was recorded under isometric conditions on a Kin-Com

isokinetic dynamometer according to manufacturer recommendations (Chatex Corporation,

Chattanooga, TN). Knee angle was set at 60 deg of flexion. 1 RM squat testing was

performed from a semi-squat position and conducted according to the standard procedure

[c.f., (McBride et al. 1999; Markovic and Jaric 2007a)]. It included a series of warm-up

trials with a gradual increase in external loads. Concentric contraction was initiated in the

level where the knee angle measured 90°. Rest between both MVC trials and series of 1 RM

squat trials was set to 2–5 min.

The main part of the testing procedure was conducted on 3 different types of vertical jumps.

Regarding the squat jump (SJ), the subjects were instructed to perform it from the static

starting position where the knee joint angle was fixed at 90°, while keeping their hands on

their hips. Visual inspection of the force signal was used to detect a possible additional

counter movement prior to the SJ. When detected, the trials were repeated. Regarding the

countermovement jump without arm swing (CMJ), the subjects were instructed to perform an

unconstrained maximum vertical jump from a standing upright position that includes the
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initial counter movement, while keeping their hands on their hips. Regarding the

countermovement jump with arm swing (CMJa), the subjects were allowed to use natural

arm swing while performing the CMJ.

The rest period between 2 consecutive jumping trials was 20 s and approximately 2 min

among different jump types and/or loading magnitudes. In line with both the participants'

reports and our recent studies performed according to a similar procedure (Pazin et al. 2013;

Markovic and Jaric 2007b; Leontijevic et al. 2012), fatigue was never an issue. Subjects

were also instructed to avoid any strenuous exercise over the course of study.

Data processing and analyses

The force plate (AMTI, Inc., Newton MA, USA; sampling frequency 1,000 Hz) was

mounted and calibrated according to the manufacturer's specifications. Custom-designed

software (LabVIEW, National Instruments, Version 10.0, Austin, TX) was used to record

and process the vertical component of the ground reaction force (F). The data were low-pass

filtered (a second-order recursive Butterworth filter at a cut-off frequency of 10 Hz) and the

time series of the velocity (V) and position of the center of mass were calculated by

consecutive integrations of the acceleration signal assessed from F (see Fig. 1 for

illustration). Subjects body mass (recorded by the force plate) and F recorded during quiet

standing prior to the jump with external load (if applied) were used for that calculation.

Thereafter, the maximum and averaged value of F, as well as the maximum and averaged V

were calculated from the jumps' concentric phase. The experimentally recorded maximum

power output was also assessed as the maximum value of the instantaneous power computed

from the product of F and V at each instant.

F-V relationships were assessed from individual F and V variables (separately for their

maximum and averaged values) obtained under 7 loading magnitudes. Specifically, both a

linear and second-order polynomial regression were calculated for each set of data, together

with the corresponding correlation coefficients (r) and their 95% confidence intervals (95%

CI). The linear regressions were extrapolated to determine the F- (F0; F at zero V) and V-

(V0; the velocity at zero F) intercepts, as well as the regression slopes (a = F0/V0). Finally,

the maximum power output was calculated from the linear regression parameters as Pmax =

(F0 V0)/4 (see Introduction for details).

Finally, note that squat lifting inevitably includes lifting of both the added load and subject's

body mass without shanks (i.e., about 88% of body mass according to standard Dempster's

model). Therefore, the outcome of 1RM squat was calculated as their sum (1RM+88%BM).

Statistical analyses

To assess the reliability of the linear regressions obtained from the last two sessions, we

calculated the standard error of measurement (SEM), coefficient of variation (CV%),

intraclass correlation coefficients (ICC), and the difference (one-group t-test) for F0, V0, a,

and Pmax. Pearson's correlations were employed to assess the concurrent validity of F0 and

Pmax with respect to the directly recorded strength (i.e., MVC and 1RM squat) and the

experimentally recorded maximum power output, respectively. Two-way repeated measures
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ANOVA were applied on the same variables to assess the differences among the 3 jump

types (i.e., SJ vs. CMJ vs. CMJa) and 2 variable types (i.e., maximum vs. averaged F and V

variables). The same ANOVA was also applied to the Z-transformed r. The transformation

was expected to provide normally distributed data. Eta squared (η2) was calculated for the

ANOVAs where the values of the effect sizes 0.01, 0.06 and above 0.14 were considered

small, medium, and large, respectively (Cohen 1988). The level of statistical significance

was set at P < 0.05.

Results

Figure 1 shows the profiles of ground reaction force (F) and velocity of the center of mass

(V) profiles observed from maximum unloading (0.7 BW), no-load (1.0 BW), and maximum

loading (1.3 BW) conditions applied to SJ and CMJa of a representative subject. The CMJ is

not shown because it typically reveals force profiles similar to CMJa. As expected, an

increase in the applied load is associated with a decrease in the maximum jumping velocity

and an increase in both the ground reaction force and jump duration.

Pattern and reliability of F-V relationships

Figure 2 shows averaged across the subjects ground reaction forces and velocities of the

center of mass, recorded from the tested jumps performed under 7 loading magnitudes. Both

the calculated linear (solid lines) and second-order polynomial regression lines (dashed

lines) are shown for 3 jump and 2 variable types. All correlation coefficients were

significant at the level P < 0.005. Four polynomial regressions were concave and the

remaining 2 were convex. Of more importance could be that none of the correlation

coefficients of polynomial regressions was above 95% CI of the corresponding linear

regressions suggesting no significant differences between them.

Table 1 shows averaged across the subjects parameters of the linear F-V regressions

observed from 2 consecutive sessions. In addition to the differences obtained across the

different jump and variable types (see further text for details), of particular importance here

are the indices of their reliability. Both the directly assessed parameters of the linear

regressions F = F0 - aV (i.e., F0 and a) and the calculated values of V0 (equals F0/a) and

Pmax (F0V0/4) revealed high ICC (all above .80) and relatively low CV and SEM.

Nevertheless, both F0 and Pmax consistently revealed somewhat higher indices of reliability

regarding ICC and CV than the corresponding V0 (p < .05; sign test).

Differences across the jumps and variables

Figure 3 shows the median correlation coefficients and their ranges obtained from the linear

F-V regressions. Repeated measures 2-way ANOVA applied on their Z-transformed values

showed neither the significant effect of the jump type (F(2,8)=1.6, η2 = 0.06, P = 0.27), nor

of the variable type (F(1,9)=1.31, η2 = 0.03, P = 0.47). However, their interaction was

significant (F(2,8)=10.3, η2 = 0.17, P < 0.01) due to a significant difference between the

correlation coefficients obtained from the maximum and averaged variables observed in SJ,

but not in CMJ and CMJa.
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Figure 4 shows averaged across the subjects data calculated from the individual linear

regressions. Two-way repeated measures ANOVA were applied to assess the main effects of

jump and variable types. The F-intercept (F0; Figure 4a) revealed no main effect of jump

type (F(2,8)=0.63; η2 = 0.03, P = 0.53), while the main effect variable type (F(1,9)=64.9; η2 =

0.33, P < 0.01) and their interaction (F(2,8)=6.8; η2 = 0.08, P = 0.019) were significant. In

particular, the differences between the variables were significant for the SJ and CMJa, but

not for CMJ. The V-intercept (V0; Figure 4b) revealed the main effect of jump type

(F(2,8)=4.6, η2 = 0.04, P = 0.046) and variable type (F(1,9)=121.9, η2 = 0.76, P < 0.01), but

not their interaction (F(2,8)=0.44; η2 = 0.01, P = 0.66). V0 was higher for CMJ and CMJa

than for SJ. Regarding the regression slopes (a; Figure 4c), data revealed a significant main

effect of variable type (F(1,9)=109.9, η2 = 0.59, P < 0.01), but not the main effect of jump

type (F(2,8)=0.82, η2 = 0.04, P = 0.48) and the interactions (F(2,8)=2.6; η2 = 0.02, P = 0.13)

were significant. Finally, the maximum power output (Pmax; Figure 4d) revealed significant

main effects of the jump type (F(2,8)=16.9, η2 = 0.04, P < 0.01) and variable type

(F(1,9)=202.8, η2 = 0.89, P < 0.01), but not their interaction (F(2,8)=2.16; η2 = 0.01, P =

0.18). Pmax was higher for both CMJ and CMJa than for SJ. Note that all 4 sets of data

revealed higher values for the maximum than for averaged variables. Note also that V0

revealed more than a twofold difference between the regressions obtained from maximum

and averaged variables, while the same difference in F0 was relatively small, albeit

significant. Therefore, the prominent differences in both a and Pmax obtained through linear

regressions calculated from the maximum and averaged F and V variables mainly originated

from the differences in V0 rather than the differences in F0.

Concurrent validity

Regarding the directly recorded strength and power, MVC reveled 821 ± 110 N, 1RM squat

calculated as 1RM+88%BM revealed 192.2 ± 38.6 kg, while the maximum value of the

instantaneous power revealed 3922 ± 790 W, 3839 ± 677 W, and 4429 ± 1009 W in SJ,

CMJ, and CMJa, respectively. Figure 5 shows the concurrent validity of F0 and Pmax

assessed through the linear F-V regressions with respect to the directly recorded strength and

power. On average, F0 revealed moderate-to-large correlations with both the MVC and 1RM

squat. The relationships for SJ were significant, but the same applies only to one correlation

obtained from other jump types. Regarding the differences between the jump and variable

types, only the correlation between F0 (observed from averaged variables) and 1RM

obtained from SJ was above the 95% CI of the same value obtained from CMJ. However, all

relationships between Pmax and the experimentally recorded maximum P output appeared to

be exceptionally high and significant. Their comparison revealed the value obtained from

the averaged F and V variables of CMJ to be above 95% CI for all 5 remaining correlation

coefficients.

Discussion

Within the present study we applied a range of positive and negative external loads to obtain

the F-V relationships (i.e., the relationship between the ground reaction force and the

velocity of the center of mass) of leg muscles from various maximum vertical jumps.

Regarding the first aim of the study, we found the F-V relationships to be both remarkably
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strong and fairly linear, while the indices of reliability were exceptionally high. Regarding

the second aim, the strength of the linear F-V relationship appeared to be somewhat weaker

for SJ than for CMJ and CMJa, while the same jump also suggested a lower Pmax mainly

due to a lower V0, rather than lower F0. The studied F-V and the related P-V relationships

also revealed a markedly lower a and higher Pmax, respectfully, when calculated from the

maximum F and V variables. Again, these differences mainly originated from a higher V0

rather than from a higher F0. Regarding the third aim, data revealed a high concurrent

validity of Pmax, while the same validity of F0 on average appeared to be considerably

lower, albeit partly significant.

Pattern and reliability of F-V relationships

The results revealed both exceptionally strong and fairly linear F-V relationships across both

the jump and variable types. None of the correlation coefficients obtained from the

polynomial regressions were significantly above the corresponding values obtained from the

linear regressions. These results are in line with the findings observed from various tasks

based on leg extensions without preceding counter movement when only positive loads were

applied (Yamauchi et al. 2009; Samozino et al. 2012). Moreover, the same studies revealed

values of the obtained strength, velocity, and power (i.e., F0, V0 and Pmax), similar to the

values observed from SJ tested in the present study. Therefore, it appears that the addition of

the negative loads may not considerably alter the pattern of F-V relationship observed from

the positive loads alone. A particularly novel finding of the present study is a high reliability

of the observed F-V regression parameters. Collectively, the discussed findings encourage

further research aimed to develop a routine test of leg extensors based on the linear F-V

relationship obtained from loaded vertical jumps (Samozino et al. 2008; Samozino et al.

2013).

When different jumps are compared, the data suggest a future use of CMJ and CMJa could

provide stronger F-V relationships than SJ, particularly when calculated from the averaged F

and V variables. Furthermore, although the reliability of the F-V relationships could be

comparable across both different jumps and variable types, assessments of F0 and Pmax

could be more reliable that the assessment V0. Not surprisingly, Pmax was higher in CMJ and

CMJa than in SJ (Suzovic et al. 2013; Pazin et al. 2013). Regarding the comparison of F-V

relationships obtained from maximum and averaged F and V variables, note that the instants

of maximum F and V apparently do not coincide (see Fig. 1 for illustration), as well as that

their values are highly sensitive to jumping technique (Markovic et al. 2013; Markovic et al.

2014; Samozino et al. 2008; Samozino et al. 2012). Nevertheless, both the strength of the F-

V relationships and the indices of reliability of their parameters appear to be comparable to

those obtained from the averaged F and V values. Note also that when compared with the

averaged ones, the maximum values of F and V provide only a moderately higher F0, but

approximately twice as high values of V0 and, consequently, of a and Pmax. Overall, the

discussed findings suggest that future research of F-V properties of leg extensors should use

the natural vertical jumps that are simpler to perform (i.e., CMJ and CMJa), rather than

squat jumps. In addition, both the maximum and averaged F and V data could be used to

obtain the F-V relationships, while their parameters should be used for the assessment of the

muscle strength, power, and velocity properties of the tested muscles. Finally, note that
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despite the previously observed effects of arm swing (Walsh et al. 2007; Suzovic et al.

2013), we were not able to detect significant differences in the F-V relationship parameters

observed from CMJ and CMJa.

Concurrent validity

Regarding the concurrent validity of the regression parameters, Pmax revealed exceptionally

high correlations with the experimentally recorded maximum P output, while the concurrent

validity of F0 with respect to the experimentally tested strength was on average moderate-to-

high. However, note that F0 is not only an outcome of a distant extrapolation of the

experimentally recorded F and V data, but also compared with 1RM squat that was obtained

from concentric (albeit slow) dynamic conditions. Moreover, it corresponds to muscle

isometric strength that typically reveals either moderate or low correlations with maximum

movement performance (Nuzzo et al. 2008; Jaric et al. 1989; Jaric 2002). Moreover, MVC

reflects the mechanical output of the quadriceps muscle only, while 1RM was obtained from

a concentric (albeit slow), but not isometric contraction. Therefore, one should not expect

high concurrent validity of F0 and V0 although most of literature considers both MVC and

1RM as standard muscle strength tests. Conversely, Pmax was calculated from the F-V

regression in a close proximity of the experimentally recorded F and V values, which could

explain the high concurrent validity of Pmax. The high validity of Pmax could be additionally

stressed by the findings suggesting that the maximum muscle power output normalized for

body size observed from unloaded jumps could closely correspond to the maximum jumping

performance (Markovic et al. 2014; Markovic and Jaric 2007a).

Limitations and future directions

Several limitations of the present study should be both acknowledged and taken into

consideration when planning for future research. First, although we applied both the positive

and negative loading to increase the total loading range, the range still remained rather

limited with respect to the values of F- and V-intercepts (i.e., F0 and V0) obtained from the

applied linear regression. From this perspective, the custom designed dynamometers

(Yamauchi et al. 2009; Samozino et al. 2012) and bench press throws (Leontijevic et al.

2013) could have an apparent advantage, despite lacking the ecological validity of vertical

jumps. Second, to shorten the testing procedure and avoid possible fatigue our subjects

performed only 2 trials per condition and always the second one was taken for further

analysis. Therefore, it remains possible that a more typical protocol that includes a higher

number of trials and select the best one for analysis would provide even higher reliability

and concurrent validity than we observed. Third, note that we only applied a constant

loading force that mimics added weight, but not inertia, which could have markedly

different effects on the force and power output in both vertical jumps and bench press

throws (Leontijevic et al. 2012; Leontijevic et al. 2013). Fourth, we could not control for the

possible effect the depth of countermovement that has been shown to affect both F and P of

loaded vertical jumps (Samozino et al. 2012; Markovic et al. 2013). Here we can only

speculate that the differences in countermovement depth could have affected the observed

differences in F0 and Pmax among different jump types.
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Regarding the practical application of the present findings, future studies could focus on the

development of methods that could be applied in routine testing of force, power and velocity

production of leg muscles. Such a test could be based on a brief series on loaded maximum

CMJ, where only a force platform and a simple loading system (e.g., weight bar, loaded

west, Smith machine) would be needed. For example, a part of the methods already

developed for SJ (Samozino et al. 2008; Samozino et al. 2013) could be adapted to CMJ.

Nevertheless, a number of methodological details should also be dealt with, such as the

possible confounding effect of the patterns of vertical jumps and other multi-joint tasks on

the observed F-V relation, ranges of loads applied etc. Finally, future studies also need to

explore the sensitivity of the assessments of F, V, and P, generating capacity based on the

linear F-V relationship in detecting both the effectiveness of training and rehabilitation

interventions, as well as the differences among various populations.

Conclusions

To conclude, the findings observed from the given range of the recorded F and V suggest

that the obtained F-V relationships of leg extensors could be exceptionally strong, fairly

linear, highly reliable, and of a moderate-to-high validity. Those findings appeared to be

generally consistent across different types of loaded vertical jumps, as well as for both the

maximum and averaged F and V variables. Nevertheless, the data also suggests that the

assessment of F0 and Pmax could be somewhat more reliable and valid than the assessment

of V0, while the more natural and easier to perform CMJ should be the jump type of choice

for the assessment of F-V relationship rather than SJ. Taken together, the data suggests that

the loaded vertical jumps could be developed into a routine method for testing the force,

velocity and power generating capacity of leg extensors.
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List of abbreviations

1RM squat one repetition maximum squat

a slope of F-V regression

BW body weight

CMJ countermovement jump without arm swing

CMJa countermovement jump with arm swing

CV coefficient of variation

F ground reaction force

F0 maximum ground reaction force (i.e., F-intercept of F-V regression)

ICC intraclass correlation coefficient

MVC tested isometric maximum voluntary force of quad muscle

P power output

Pmax maximum power output calculated from F-V regression
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SEM standard error of measurement

SJ squat jump

V velocity of center of mass

V0 maximum velocity of center of mass (i.e., V-intercept of F-V regression)
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Figure 1.
Top panel illustrates the loading device providing approximately constant forces pulling

downward (positive loading) and upward (negative loading). The middle and lower panels

show the time series of the ground-reaction force and velocity of the center of mass obtained

from a representative subject under three selected loading conditions of SJ and CMJa. Time

series are aligned either with respect to jump initiation (SJ) or the instant of transition from

the eccentric to concentric jump phase (CMJa).
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Figure 2.
Averaged across the subject ground reaction forces (F) and velocities of the center of body

mass (V) that served for the assessment of the F-V relationships. The data were obtained

from the concentric phase of the squat jump (SJ; left hand panels), countermovement jump

without (CMJ; middle panels) and the with arm swing (CMJa; right hand panels) performed

under 7 loading conditions. The upper and lower panels show data obtained from the

maximum and averaged F and V values, respectively. The linear (solid line) and second-

order polynomial regression models (dashed line) are also shown together with the

correlation coefficients and the corresponding 95% CI.
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Figure 3.
Median correlations (error bars depict their ranges) of the linear F-V regressions observed

from 3 jumps and the maximum and averaged F and V variables.
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Figure 4.
Results obtained from linear F-V regressions calculated for 3 jump and 2 variable types

(maximum and averaged; data averaged across the subjects with SE error bars). The

individual data sets show force intercepts (F0; panel a), velocity intercepts (V0; panel b),

regression slopes (a = F0/V0; panel c), and maximum power output (Pmax = (F0 V0)/4; panel

d).
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Figure 5.
Concurrent validity of F0 and P0 obtained from linear F-V regressions assessed through

their Pearson's correlations with the directly tested strength (1RM+88%BM and MVC) and

power. Correlation coefficients (medians with the corresponding 95% CI) are shown for 3

jump and 2 variable types (* p<0.05; ** p<0.01; N=10).
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