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Abstract: The aim of the study was to investigate the relationships between countermovement
jump (CMJ) height and inertial power in squat and sprint variables with change of direction (COD)
performance. Fifty young healthy active males participated in the study. To determine these
relationships, we carried out a 10-m linear sprint test (T 10 m), vertical jump tests (CMJ and CMJ
Abalakov), an assessment of power relative to bodyweight in a flywheel squat (Pbw), and 10-m COD
sprints with two different turn types (COD-90◦ and COD-180◦). T10 m showed statistically large and
moderate correlations with T10 m COD-180◦ (r = 0.55) and T10-m COD-90◦ (r = 0.41), respectively.
Moderate to large correlations between jumping height, linear sprinting, and sprints with COD
were found (r = −0.43 to r = −0.59), and there were unclear correlations between jumping height
and the loss of speed caused by executing COD (DEC-COD). Pbw showed a large correlation with
CMJ Abalakov and CMJ jump height (r = 0.65 and r = 0.57, respectively), and a moderate and large
correlation with T 10 m, T 10 m COD-180◦, and T10 m COD-90◦ (r = −0.33, r = −0.38, and r = −0.54,
respectively). Despite the existence of substantial correlations between variables, straight linear
sprinting, jumping performance, CODs and squat power were, for the most part, separate motor
qualities (R2 from 14% to 34%), suggesting that all of them should be specifically assessed and trained.
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1. Introduction

Change of direction (COD) speed is a component of agility that describes movement wherein
no reaction to a stimulus is required and the change of direction (COD) is previously planned [1,2].
This COD skill can be decisive for performance in many field and court sports [1,3,4]. Several CODs
are executed during a team sports match, and players who can change direction fastest may have an
advantage over their opponents during competition [3]. COD speed is dependent upon a number of
factors, and previous studies suggest that straight sprinting speed and leg neuromuscular qualities
could be important determinants in COD performance [1,5,6]. During a COD, it is necessary to execute
force rapidly to accelerate, and to develop eccentric and concentric strength for decelerating and
re-accelerating in the new direction. For this reason, it seems reasonable to think that there may be a
relationship between strength/power, straight line sprint, and COD performance.

Several studies have investigated the relationship between straight-line sprinting speed and COD
tests [1,3,5,7–9], showing conflicting and inconsistent findings. In this regard, previous studies reflected
large and very large relationships between COD performance (505 test, pro agility, Illionois) and
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acceleration ability and/or maximal sprinting speed [4,10]. Similarly, Buchheit et al. [11] found large to
very large correlations between a 30-m linear sprint and a sprint with COD in different angles (45◦,
90◦, and 135◦), and a more recent study showed very large correlations between 15-m linear sprinting
and a sprint with two 60◦ CODs [12]. In contrast, Little and Williams [5], working with soccer players,
found poor correlations between acceleration, maximum speed, and COD. Therefore, it was suggested
that COD and linear sprint should be trained independently due to the low to moderate relationships
between these abilities [13]. This finding was also supported in a previous study suggesting that for
the most part (R2 < 50%), both are separate motor qualities [2].

Based on the relationships between linear sprint and strength, and also considering the forces
generated during the contact phase in a COD, it was proposed that leg muscle qualities such as
strength, power, and reactive strength could be important determinants of COD ability [1–3]. For this
reason, the association between countermovement jump (CMJ) and drop jump (DJ) and COD was
extensively studied without producing a clear consensus [6], while relationships with strength or
power assessed through closed-kinetic chain exercises have been less examined [2]. While a group of
studies show statistical relationships between COD and CMJ [4,6,10,14] and DJ performance [1,6,15],
in contrast, others studies have shown lower relationships with no statistical associations with
CMJ [8,13] and DJ [4,13,16]. In addition to this, it seems obvious that relative strength/power may be
essential for COD performance [17]. Related to this, previous studies reflected statistical relationships
between COD and 1RM relative to bodyweight during squat or leg press exercises in college and
female athletes [8,17,18], although these relationships were weaker and unclear in male athletes [8,16].
Therefore, this information should be interpreted with caution.

During COD actions, a series of stretch-shortening cycles are executed [6], and flywheel devices
are a very convenient technology for emphasizing more forceful actions in the eccentric–concentric
transition phase [19,20]. However, to our knowledge, there are no studies examining the relationships
between the power during the squat exercise using inertial devices, jumping ability, acceleration during
a linear sprint, and COD performance. Therefore, the aim of the present study was to investigate the
relationships between CMJ height, inertial power in squat and sprint variables with COD performance.

2. Material and Methods

2.1. Experimental Design

To determine the relationships between acceleration, lower-limb explosive strength capacity,
and COD performance, we carried out a 10-m linear sprint test, a vertical jump assessment (CMJ and
countermovement jump Abalakov), an evaluation of the lower-limb power during the squat exercise,
and a 10-m COD sprint with two different turn types (90◦–180◦). Physically active men were tested on
two different days. Jump tests, linear sprints, and COD sprints were performed during the first day,
and at least 72 h later the squat power was assessed.

2.2. Participants

Fifty young, healthy team-sport athletes (age: 22.7 ± 2.8 years; body mass: 75.4 ± 8.4 kg; height:
175.4 ± 8.3 cm) volunteered to participate in the present study. All subjects were actively training and
practicing soccer, basketball, handball, and rugby 3–4 times per week on average. This study was
approved by the Institutional Ethics Review Committee (Pablo de Olavide University, Seville, Spain).
All participants were fully informed about the protocol and were required to give written consent in
accordance Declaration of Helsinki II.

2.3. Testing Procedures

Prior to starting the experimental period, all participants were familiarized with the testing
procedures to avoid any learning effects. All tests were performed indoors on a futsal court. During the
first testing session, the athletes completed the tests in the following order: 1) jumping tests, 2) linear
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sprinting test, and 3) COD tests (90◦–180◦). Athletes performed a 7 to 8-min standardized warm-up
protocol, which included jogging, joint mobility exercises, CODs, landings and 2 sets of 10 reps in the
squat exercise. Additionally, prior to the beginning of each assessment, a specific warm-up for each
test was performed, comprising 1 set of 5 reps (jumping tests) or 2 sub-maximal efforts (linear or COD
sprints). In the second testing session (between 75–80 h later), lower-limb power during the squat
exercise was assessed using an inertial device. After a similar standardized warm-up, including two
sub-maximal sets, athletes performed 2 sets of 8 reps in the squat exercise. There was a 2-min rest
between each set during which the subjects rested in a standing position. Care was taken to allow
sufficient rest between all tests to limit the effects of fatigue on subsequent trials and tests. Subjects were
asked not to perform any strenuous exercise during the day before each test, and they were also asked
to follow a similar diet on the days of the test.

2.3.1. Ten-Meter Linear Sprint Test

Athletes were assessed over a 10-m linear sprint test and time was recorded using photoelectric
cells (Racetime2, Microgate®, Bolzano, Italy). The front foot was placed 0.5 m before the first timing
gate, and players started when ready, thus eliminating reaction time. Subjects were given 2 practice
trials performed at submaximal intensity after a thorough warm-up to familiarize them with the test.
Three minutes after warm-up, two trials were completed, with two minutes of passive rest between
trials, and the best performance 10-m trial was used for the subsequent statistical analysis (T10). 2.3.2.
COD tests.

Two left and right 10-m COD sprints of 90◦ (COD-90◦) and 180◦ (COD-180◦) were carried out in
left and right turns. COD-90◦ consisted of a 5-m sprint in a straight line and a right- or left-turn of 90◦

between 4 sticks (height: 1.5 m) placed vertically, with the aim of getting to the finish line as fast as
possible (5 + 5-m). COD-180◦ consisted of a 5-m sprint in a straight line, touching a line with a foot
(right or left), and a turn of 180◦ to come back to the starting line as fast as possible (5 + 5-m). The time
was recorded with the same photoelectric cells (Racetime2, Microgate®, Bolzano, Italy), with two
photoelectric cells placed on the start and finish line during the COD-90◦, and one photoelectric cell
on the start/finish line for COD-180◦. The front foot was placed 0.5 m before the first timing gate,
and athletes started when ready, thus eliminating reaction time. Subjects executed two trials of each
COD sprint test and the fastest was retained for calculations (T 10 m COD). The mean time between the
best result for the right and for the left in both COD tests (i.e., COD-90◦ and COD-180◦) was compared
to the fastest 10-m straight-line sprint time. The loss of speed caused by executing COD (DEC-COD)
was calculated as a percentage using the formula: [(T 10 m COD − T 10 m)/T 10 m) × 100].

2.3.2. Vertical Jump Tests

CMJ and CMJ-Abalakov [21] tests were used to maximize stretch-shortening cycle activity and
to assess the explosive strength of the lower extremity muscles. Both tests were performed using an
infrared contact platform (Optojump®, Microgate, Bolzano, Italy). During the CMJ, subjects were
instructed to keep their hands on their hips, with the depth of the countermovement self-selected [22],
while during the CMJ-Abalakov test, arm swim was allowed during the jump [21]. All subjects were
instructed to land in an upright position and to bend the knees after landing. Each test was performed
three times, separated by 45 s of passive recovery, and the best jump performed was used for the
subsequent statistical analysis for each type of vertical jump.

2.3.3. Lower Limb Power Test

Lower limb power was assessed using the squat exercise with a non-gravity-dependent flywheel
inertial device (Exxentric kBox, Exxentrix AB, Stockholm, Sweden), allowing subjects to perform
maximal concentric (CON) and eccentric (ECC) actions [23]. Two sets of all-out 8 repetitions (0.10 kg/m2

moment inertia), with a 2-min rest between each set, were monitored. The best mean power relative
to bodyweight (Pbw) was considered for subsequent analysis. Each set start with two sub-maximal
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actions followed by six maximal repetitions. Subjects were requested to push maximally through the
entire range of motion of the CON action. During the subsequent ECC phase, subjects were requested
to gently resist during the initial part (first 20◦–30◦) and to resist maximally, aiming to bring the
wheels to a stop, at a ~110◦ knee angle before initiating the next cycle. As in previous studies with
these inertial devices [24,25], power and velocity during the testing session were sampled at 100 Hz
using a rotatory encoder (SmartCoachTM, SmartCoach Europe AB, Stockholm, Sweden) and associated
software (SmartCoach® v.5.2.0.5).

2.4. Statistical Analyses

Data are presented as mean± standard deviation (SD). The normality of distribution of the variables
in the Pre-test and the homogeneity of variance across groups were verified using the Shapiro–Wilk
test and Levene’s test, respectively. A reliability analysis (intraclass correlation coefficient; ICC) was
carried out for all within-session outcome measures. Pearson’s correlation coefficients were calculated
to establish the respective relationships between jumping tests, linear sprinting test, flywheel squat
power test and COD tests. The magnitude of the correlation (r) between test measures was assessed
with the following thresholds: ≤0.1, trivial; >0.1–0.3, small; >0.3–0.5, moderate; >0.5–0.7, large;
>0.7–0.9, very large; and >0.9–1.0, almost perfect [26]. If the 90% confidence interval overlapped
small positive and negative values, the magnitude of the correlation was deemed unclear; otherwise,
the magnitude was deemed to be the observed magnitude [26]. We also postulated that if jumping
ability, linear sprinting ability, flywheel squat power, and CODs are dependent and exist as general
qualities, rather than a specific quality, individuals would rank similarly despite the different tests.
The appropriate statistical test to validate the concept of generality has been suggested to be a
correlation coefficient of r = 0.71 or greater [27], as this degree of association would suggest a minimum
of 50% common variance (R2; coefficient of determination) [11]. For further analysis, players were
divided into 2 groups, fastest and slowest, based on a moderate standardized difference (ES) (i.e., 0.2 ×
between-groups SD) from the group average as in previous studies [28,29]. The standardized difference
or effect size (ES, 90% confidence limit (90% CL)) between the fastest and slowest players in the loss of
speed due to executing a COD was calculated. The threshold values for assessing the magnitudes of
the ES (changes as a fraction or multiple of baseline standard deviation) were <0.20, 0.20, 0.60, 1.2,
and 2.0 for trivial, small, moderate, large, and very large, respectively [26]. The chances of greater or
smaller differences than the smallest worthwhile difference were assessed qualitatively as follows: 25%
to 75%, possible; 75% to 95%, likely; 95% to 99%, very likely; and >99%, almost certain [26].

3. Results

The assessments of the best attempts in vertical jumps, linear sprinting, sprints with COD,
and power in the flywheel squat exercise, together with their reliability, are shown in Table 1.

Table 1. Measures of reliability for jumps, linear sprinting, sprint with change of direction (COD), and
flywheel squat power.

CMJ CMJ-AbkJ T 10 m SL T 10 m
COD-180◦-R

T 10 m
COD-180◦-L

T 10 m
COD-90◦-R

T 10 m
COD-90-L Pbw

Mean ± SD 36.4 ± 4.6 cm 41.0 ± 5.6 cm 1.84 ± 0.10 s 2.66 ± 0.13 s 2.64 ± 0.13 s 2.47 ± 0.14 s 2.47 ± 0.14 s 7.69 ± 1.95 w/kg
TE

(90% CL) 0.53 (cm) 0.65 (cm) 0.03 (s) 0.04 (s) 0.03 (s) 0.03 (s) 0.03 (s) 0.24 (w/kg)

CV
(90% CL) 1.6 (%) 1.7 (%) 1.5 (%) 1.4 (%) 1.1 (%) 1.4 (%) 1.0 (%) 2.5 (%)

ICC
(90% CL)

0.98
(0.99; 0.99)

0.99
(0.99; 0.99)

0.89
(0.79; 0.94)

0.92
(0.86; 0.96)

0.96
(0.92; 0.98)

0.94
(0.88; 0.97)

0.97
(0.95; 0.99)

0.99
(0.98; 0.99)

CMJ: Countermovement jump; CMJ-AbkJ: CMJ Abalakov jump; T 10 m SL: 10 m time (straight-line sprint); T 10 m
COD: 10 m time with change of direction; R: right; L: left; Pbw: Relative power to bodyweight. TE: Typical error of
measurement; CV: TE expressed as a coefficient of variation; ICC: Intraclass correlation coefficients.

Linear regression analyses between the linear sprint and sprint with COD are shown in Figure 1.
T 10 m showed large and moderate statistical correlation with T10 m COD-180◦ (r = 0.55, p < 0.05)
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and T 10 m COD-90◦ (r = 0.41, p < 0.05), respectively (Figure 1A). T10 was moderately statistically
correlated with DEC-COD 180◦ and DEC-COD 90◦ (r = −0.48 and r = −0.45, p < 0.05, respectively).
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Linear regression analysis between jumping height, linear sprinting, and sprints with COD are
shown in Figure 2. Moderate to large statistical correlations between jumping height, linear sprinting,
and sprints with COD were found (r = −0.43 to r = −0.59, p < 0.05) (Figure 2A–C, respectively).
There were unclear correlations between jumping height and DEC-COD (p > 0.05).

Linear regression analyses between COD and Pbw in squat, jumping height, linear sprint,
and sprints are shown in Figure 3. Pbw showed a large statistical correlation with CMJ-Abalakov and
CMJ height (r = 0.65 and r = 0.57, p < 0.05, respectively) (Figure 3A). Pbw showed moderate and large
statistical correlations with T 10 m, T10 m COD-180◦, and T10 m COD-90◦ (r = −0.33, r = −0.38, and r =

−0.54, p < 0.05, respectively). There were unclear correlations between Pbw and DEC-COD (p > 0.05).
The fastest athletes lost more time executing the COD than their slower counterparts in COD-180◦

(−47.1 ± 5.7% vs −41.1 ± 5.6%, ES = −1.06 ± 0.47 (almost certainly), respectively) and COD-90◦ (−37.0
± 7.9% vs −31.3 ± 5.4%, ES = −0.84 ± 0.46 (very likely), respectively).
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4. Discussion

The aim of the study was to investigate the relationships between CMJ height, inertial power
in squat and sprint variables with COD performance. The main finding of our results, despite the
existence of statistical correlations, was that straight linear sprinting, jumping performance, CODs and
squat power were, for the most part, separate motor qualities (R2 from 14% to 34%).

The relationships found in the present investigation revealed moderate to large statistical
correlations between linear straight sprinting and COD tests (COD-90◦ and COD-180◦). Due to
the lack of a “gold standard” COD test, there is a wide variety of COD tests used in the current scientific
literature; therefore, it is difficult to make direct comparisons with the present results. However,
the associations shown in the present study are within the range (r = 0.22 to 0.70) of previously
published reports in male team-sports (professional and college) players [5,11,13,30–32]. While there
are only two studies that have reported higher levels of association between short linear sprints (10 to
20 m) and COD tests [11,30], our results show greater correlations than the vast majority of team-sports
studies focusing on this topic [5,13,31,32]. It should be noted that those large correlations were found
in COD tests where the total distance covered during the test was greater than 20 m (30 m to 40 m).
Furthermore, the differences in the number of CODs, COD angles, and the distances covered prior to
COD could be the main reason for the apparent between-study differences. Despite these between-test
differences, no study has achieved the generality criterion (r = 0.71; R2 < 50%) to consider linear sprinting
and CODs as a general quality in senior male team-sport athletes [2,11,27]. Based on these findings,
linear sprinting and CODs seem to be separate motor qualities in these athletes. The variations in
sprint distance, the number of turns and turning angles associated with each COD test, adjustments in
stride pattern to decelerate and reaccelerate, force application in different axes, and the biomechanical
and neuromuscular differences compared to linear sprinting [2,11] may explain a great deal of the
differences. Consequently, these abilities should be trained and assessed independently.

Unlike other studies, the present investigation analyzed the DEC-COD in order to establish whether
the fastest athletes lost more time executing the COD than their slower counterparts. The correlational
analyses showed a statistical relationship (r = −0.45 to −0.48) between T 10 m and DEC-COD (90◦

and 180◦), and the results of the present study show that the fastest athletes demonstrated a greater
DEC-COD than their slower counterparts in both COD-180◦ (–47.1% vs –41.1%, respectively) and
COD-90◦ (–37.0% vs –31.3%, respectively). From a practical point of view, in those cases where players
showed a high DEC-COD, complementary training in order to improve COD should be prescribed
by coaches.

In the present study, we observed that bilateral jumping performance (i.e., CMJ and CMJ-AbkJ)
had a moderate to large statistical correlation with COD-180◦ and COD-90◦ tests. These results are
in accordance with those reported in male team-sports players (e.g., college or physical education
students, r= −0.39 to −0.59) in tests that involved similar COD angles to our study (90◦ or 180◦) and
only demanded a single COD [4,6,33]. However, other studies have provided poorer correlations (r=
−0.15 to −0.38) [8,13,31]. Differences in the number of CODs (1 vs. 3–4), COD angles (90◦–180◦ vs.
45◦–135◦), running mechanics (forward vs. lateral-shuffles) or COD technique (sharp vs. rounded)
may be the reason for these between-study differences. The number of CODs may influence the
magnitude of the association, and, hence, studies involving a single COD are not comparable to those
with a higher number of CODs where the learning process and technique may have more impact.
Furthermore, the subjects involved in each study (professional or highly trained team-sports players
vs. college or physical education team-sports players) could be another differentiating factor. However,
despite achieving close relationships when COD tests were similar to ours and as occurred in the linear
straight sprinting, no study with senior male team-sports players has reached the cut-off required
to establish a general ability (r = 0.71; R2 < 50%) [2,11,27]. It is likely that those actions that are
unilaterally performed may demand similar requirements to the actions involved in every COD and,
in consequence, it is possible that unilateral actions such as unilateral jumps or unilateral power (i.e.,
horizontal, lateral, or vertical) may have achieved greater correlations. While it seems that COD
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improvement in specific conditions (angles and number of CODs) may be helped by better bilateral
jumping performance [2], unilateral jumping performance could be a better predictor. However, this is
only a hypothesis, and our findings do not support this assumption. Thus, based on the present results
and those of a previous study [6], both abilities should be analyzed individually.

This is the first study that has analyzed the statistical relationships between the power output in a
flywheel inertial device and COD; therefore, direct comparisons with other studies are not possible.
However, it has been reported that these devices are designed to emphasize more forceful actions in the
ECC-CON transition phase [19,20], being able to produce a better activation during two different COD
tasks (side-step and crossover cutting) [34]. Furthermore, COD was improved in soccer players after 11
weeks of flywheel training with these devices [35]. Based on these findings, the power output obtained
in these flywheel devices may be related to COD ability, but the statistical relationships found in the
present study were moderate to large (r = −0.38 to −0.54), without achieving the generality criterion.
These findings are in line with those of other strength assessments (1RM relative to body mass) (r
= −0.33 to −0.45) [4,8], even though studies that have used other measurements, such as isokinetic
eccentric strength, have reported greater associations (r = −0.63 to −0.78) in male senior team-sports
players [4,30]. In the latter case, these differences may be due to the complexity of the COD test used
(single vs. several CODs) or the velocity employed in the isokinetic testing (60◦/s vs.180◦/s). Indeed,
as the number of CODs increases, the influence of eccentric strength measured at a similar velocity
to the COD task may be of greater magnitude (players accelerate, brake, and re-accelerate). It is also
possible that unilateral repeated ECC-CON assessment at different loads could be recommended as a
better alternative and, consequently, as a better predictor. Further studies are needed to investigate
this hypothesis.

5. Conclusions and Practical Applications

Our data reveal that the abilities tested (i.e., jumping, linear sprinting, COD, squat power) are
separate motor qualities, suggesting that all of them should be specifically assessed and trained.
In addition, a new variable (DEC-COD) should be included in team-sport testing in order to detect
players’ deficits in this capacity. Providing this information to strength and conditioning coaches will
enable the development of training prescriptions and practical recommendations to improve players’
locomotor profiles.

Author Contributions: Conceptualization, P.L.-L. and I.C.; Methodology, L.S.-A. and F.J.N.; Software, O.G.-S.;
Validation, A.S., L.S.-A. and F.J.N.; Formal Analysis, O.G.-S.; Investigation, L.S.-A. and F.J.N.; Resources, L.S.-A. and
F.J.N.; Data Curation, J.A.-C.; Writing-Original Draft Preparation, L.S.-A. and F.J.N.; Writing-Review & Editing,
L.S.-A. and F.J.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Young, W.B.; James, R.; Montgomery, I. Is muscle power related to running speed with changes of direction?
J. Sports Med. Phys. Fit. 2002, 42, 282–288.

2. Brughelli, M.; Cronin, J.; Levin, G.; Chaouachi, A. Understanding change of direction ability in sport: A
review of resistance training studies. Sports Med. 2008, 38, 1045–1063. [CrossRef] [PubMed]

3. Sheppard, J.M.; Young, W.B. Agility literature review: Classifications, training and testing. J. Sports Sci. 2006,
24, 919–932. [CrossRef]

4. Jones, P.; Bampouras, T.M.; Marrin, K. An investigation into the physical determinants of change of direction
speed. J. Sports Med. Phys. Fit. 2009, 49, 97–104.

5. Little, T.; Williams, A.G. Specificity of acceleration, maximum speed, and agility in professional soccer
players. J. Strength Cond. Res. 2005, 19, 76–78. [CrossRef] [PubMed]

http://dx.doi.org/10.2165/00007256-200838120-00007
http://www.ncbi.nlm.nih.gov/pubmed/19026020
http://dx.doi.org/10.1080/02640410500457109
http://dx.doi.org/10.1519/14253.1
http://www.ncbi.nlm.nih.gov/pubmed/15705049


Sports 2020, 8, 38 9 of 10

6. Castillo-Rodriguez, A.; Fernandez-Garcia, J.C.; Chinchilla-Minguet, J.L.; Carnero, E.A. Relationship between
muscular strength and sprints with changes of direction. J. Strength Cond. Res. 2012, 26, 725–732. [CrossRef]
[PubMed]

7. Draper, J.; Lancaster, M. The 505 test: A test for agility in the horizontal plane. Aust. J. Sci. Med. Sport 1985,
17, 15–18.

8. Peterson, M.D.; Alvar, B.A.; Rhea, M.R. The contribution of maximal force production to explosive movement
among young collegiate athletes. J. Strength Cond. Res. 2006, 20, 867–873. [CrossRef]

9. Meylan, C.; McMaster, T.; Cronin, J.; Mohammad, N.I.; Rogers, C.; Deklerk, M. Single-leg lateral,
horizontal, and vertical jump assessment: Reliability, interrelationships, and ability to predict sprint
and change-of-direction performance. J. Strength Cond. Res. 2009, 23, 1140–1147. [CrossRef]

10. Vescovi, J.D.; Brown, T.D.; Murray, T.M. Descriptive characteristics of NCAA Division I women lacrosse
players. J. Sci. Med. Sport 2007, 10, 334–340. [CrossRef]

11. Buchheit, M.; Haydar, B.; Ahmaidi, S. Repeated sprints with directional changes: Do angles matter? J. Sports
Sci. 2012, 30, 555–562. [CrossRef] [PubMed]

12. Condello, G.; Schultz, K.; Tessitore, A. Assessment of sprint and change-of-direction performance in college
football players. Int. J. Sports Physiol. Perform. 2013, 8, 211–212. [CrossRef] [PubMed]

13. Salaj, S.; Markovic, G. Specificity of jumping, sprinting, and quick change-of-direction motor abilities.
J. Strength Cond. Res. 2011, 25, 1249–1255. [CrossRef]

14. Barnes, J.L.; Schilling, B.K.; Falvo, M.J.; Weiss, L.W.; Creasy, A.K.; Fry, A.C. Relationship of jumping and
agility performance in female volleyball athletes. J. Strength Cond. Res. 2007, 21, 1192–1196. [CrossRef]
[PubMed]

15. Young, W.B.; Miller, I.R.; Talpey, S.W. Physical qualities predict change-of-direction speed but not defensive
agility in Australian rules football. J. Strength Cond. Res. 2015, 29, 206–212. [CrossRef] [PubMed]

16. Marcovic, G. Poor relationship between strength and power qualities and agility performance. J. Sports Med.
Phys. Fit. 2007, 47, 276–283.

17. Nimphius, S.; McGuigan, M.R.; Newton, R.U. Relationship between strength, power, speed, and change of
direction performance of female softball players. J. Strength Cond. Res. 2010, 24, 885–895. [CrossRef]

18. Spiteri, T.; Nimphius, S.; Hart, N.H.; Specos, C.; Sheppard, J.M.; Newton, R.U. Contribution of strength
characteristics to change of direction and agility performance in female basketball athletes. J. Strength Cond.
Res. 2014, 28, 2415–2423. [CrossRef]

19. Tesch, P.; Ekberg, A.; Lindquist, D.; Trieschmann, J. Muscle hypertrophy following 5-week resistance training
using a non-gravity-dependent exercise system. Acta Physiol. Scand. 2004, 180, 89–98. [CrossRef]

20. Tous-Fajardo, J.; Maldonado, R.A.; Quintana, J.M.; Pozzo, M.; Tesch, P.A. The flywheel leg-curl machine:
Offering eccentric overload for hamstring development. Int. J. Sports Physiol. Perform. 2006, 1, 293–298.
[CrossRef]

21. Wagner, H.; Sperl, B.; Bell, J.W.; Von Duvillard, S.P. Testing Specific Physical Performance in Male Team
Handball Players and the Relationship to General Tests in Team Sports. J. Strength Cond. Res. 2019, 33,
1056–1064. [CrossRef] [PubMed]

22. Al Haddad, H.; Simpson, B.M.; Buchheit, M. Monitoring changes in jump and sprint performance: Best or
average values? Int. J. Sports Physiol. Perform. 2015, 10, 931–934. [CrossRef] [PubMed]

23. Alkner, B.A.; Tesch, P.A. Knee extensor and plantar flexor muscle size and function following 90 days of bed
rest with or without resistance exercise. Eur. J. Appl. Physiol. 2004, 93, 294–305. [CrossRef]

24. Lundberg, T.R.; Fernandez-Gonzalo, R.; Gustafsson, T.; Tesch, P.A. Aerobic exercise does not compromise
muscle hypertrophy response to short-term resistance training. J. Appl. Physiol. 2013, 114, 81–89. [CrossRef]

25. Fernandez-Gonzalo, R.; Lundberg, T.R.; Alvarez-Alvarez, L.; De Paz, J.A. Muscle damage responses and
adaptations to eccentric-overload resistance exercise in men and women. Eur. J. Appl. Physiol. 2014, 114,
1075–1084. [CrossRef]

26. Hopkins, W.G.; Marshall, S.W.; Batterham, A.M.; Hanin, J. Progressive statistics for studies in sports medicine
and exercise science. Med. Sci. Sports Exerc. 2009, 41, 3–13. [CrossRef]

27. Clarke, D.H.; Clarke, H.H. Research Processes in Physical Education, Recreation and Health; Prentice-Hall:
Engelwood Cliffs, NJ, USA, 1970.

http://dx.doi.org/10.1519/JSC.0b013e31822602db
http://www.ncbi.nlm.nih.gov/pubmed/22289697
http://dx.doi.org/10.1519/R-18695.1
http://dx.doi.org/10.1519/JSC.0b013e318190f9c2
http://dx.doi.org/10.1016/j.jsams.2006.07.010
http://dx.doi.org/10.1080/02640414.2012.658079
http://www.ncbi.nlm.nih.gov/pubmed/22335343
http://dx.doi.org/10.1123/ijspp.8.2.211
http://www.ncbi.nlm.nih.gov/pubmed/23428494
http://dx.doi.org/10.1519/JSC.0b013e3181da77df
http://dx.doi.org/10.1519/R-22416.1
http://www.ncbi.nlm.nih.gov/pubmed/18076276
http://dx.doi.org/10.1519/JSC.0000000000000614
http://www.ncbi.nlm.nih.gov/pubmed/25028996
http://dx.doi.org/10.1519/JSC.0b013e3181d4d41d
http://dx.doi.org/10.1519/JSC.0000000000000547
http://dx.doi.org/10.1046/j.0001-6772.2003.01225.x
http://dx.doi.org/10.1123/ijspp.1.3.293
http://dx.doi.org/10.1519/JSC.0000000000003026
http://www.ncbi.nlm.nih.gov/pubmed/30707133
http://dx.doi.org/10.1123/ijspp.2014-0540
http://www.ncbi.nlm.nih.gov/pubmed/25671843
http://dx.doi.org/10.1007/s00421-004-1172-8
http://dx.doi.org/10.1152/japplphysiol.01013.2012
http://dx.doi.org/10.1007/s00421-014-2836-7
http://dx.doi.org/10.1249/MSS.0b013e31818cb278


Sports 2020, 8, 38 10 of 10

28. Al Haddad, H.; Simpson, B.M.; Buchheit, M.; Di Salvo, V.; Mendez-Villanueva, A. Peak match speed and
maximal sprinting speed in young soccer players: Effect of age and playing position. Int. J. Sports Physiol.
Perform. 2015, 10, 888–896. [CrossRef]

29. Suarez-Arrones, L.; Lara-Lopez, P.; Rodriguez-Sanchez, P.; Lazaro-Ramirez, J.L.; Di Salvo, V.; Guitart, M.;
Fuentes-Nieto, C.; Rodas, G.; Mendez-Villanueva, A. Dissociation between changes in sprinting performance
and Nordic hamstring strength in professional male football players. PLoS ONE 2019, 14, e0213375. [CrossRef]

30. Naylor, J.; Greig, M. A hierarchical model of factors influencing a battery of agility tests. J. Sports Med. Phys.
Fit. 2015, 55, 1329–1335.

31. Robbins, D.W. Relationships between National Football League combine performance measures. J. Strength
Cond. Res. 2012, 26, 226–231. [CrossRef]

32. Sassi, R.H.; Dardouri, W.; Yahmed, M.H.; Gmada, N.; Mahfoudhi, M.E.; Gharbi, Z. Relative and absolute
reliability of a modified agility T-test and its relationship with vertical jump and straight sprint. J. Strength
Cond. Res. 2009, 23, 1644–1651. [CrossRef]

33. Swinton, P.A.; Lloyd, R.; Keogh, J.W.; Agouris, I.; Stewart, A.D. Regression models of sprint, vertical jump,
and change of direction performance. J. Strength Cond. Res. 2014, 28, 1839–1848. [CrossRef] [PubMed]

34. De Hoyo, M.; De La Torre, A.; Pradas, F.; Sanudo, B.; Carrasco, L.; Mateo-Cortes, J.; Dominguez-Cobo, S.;
Fernandes, O.; Gonzalo-Skok, O. Effects of eccentric overload bout on change of direction and performance
in soccer players. Int. J. Sports Med. 2015, 36, 308–314. [CrossRef] [PubMed]

35. Tous-Fajardo, J.; Gonzalo-Skok, O.; Arjol-Serrano, J.; Tesch, P. Change of direction speed in soccer players is
enhanced by functional inertial eccentric overload and vibration training. Int. J. Sports Physiol. Perform. 2015,
11, 66–73. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1123/ijspp.2014-0539
http://dx.doi.org/10.1371/journal.pone.0213375
http://dx.doi.org/10.1519/JSC.0b013e31821d5e1b
http://dx.doi.org/10.1519/JSC.0b013e3181b425d2
http://dx.doi.org/10.1519/JSC.0000000000000348
http://www.ncbi.nlm.nih.gov/pubmed/24345969
http://dx.doi.org/10.1055/s-0034-1395521
http://www.ncbi.nlm.nih.gov/pubmed/25525954
http://dx.doi.org/10.1123/ijspp.2015-0010
http://www.ncbi.nlm.nih.gov/pubmed/25942419
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Experimental Design 
	Participants 
	Testing Procedures 
	Ten-Meter Linear Sprint Test 
	Vertical Jump Tests 
	Lower Limb Power Test 

	Statistical Analyses 

	Results 
	Discussion 
	Conclusions and Practical Applications 
	References

