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Abstract 

Title: Strength factors associated with performance in change of direction tasks at different 

angles. 

Change of direction (COD) ability is a determinant of field and court sports performance and 

can be quantified using two different methods. Change of direction performance (CODP) is 

the time taken to complete the whole task of sprinting into a turn, changing direction, and 

sprinting out of the turn. Change of direction deficit (CODD) is used to isolate COD skill from 

linear acceleration and deceleration capabilities and is simply the time taken to complete a 

COD task minus the time to complete a linear sprint of the same distance. Different COD tasks 

place different demands on the body. During a 180-degree cutting task, the athlete 

momentarily comes to a complete stop which means that higher levels of force production are 

required to overcome inertia during the deceleration and reacceleration phases of the COD 

task. A 45-degree cutting task allows the athlete to maintain running momentum through the 

COD task and thus requires a smaller change of momentum as they change direction. The 

demands of a cutting task at 90-degrees fall between the 180-, and 45-degree cutting tasks. 

Because the physical demands of these tasks are fundamentally different, it follows that 

different strength qualities may determine performance in COD at different angles. Strength 

qualities at different points on the force-velocity curve might be related to different task 

demands. The relationship between isometric, ballistic, plyometric strength and CODP in 

different COD tasks is yet to be clearly defined. Thus, the study aimed to determine the 

relationship between different strength factors and performance during COD tasks at different 

angles. This information can inform training program design to optimise movement capacities 

for different sports. 

Twenty male high school rugby players (age = 16.8 ± 1.1 years), twelve male university-level 

hockey players (age = 20.5 ± 1.7 years), and thirteen university-level female hockey players 

(age = 20.6 ± 1.5 years) volunteered to be part of this study. Maximal isometric strength was 

assessed with the isometric squat test. The ballistic strength capabilities of the athletes were 

evaluated with a countermovement jump. The 10-to-5 repeated jump test was used to evaluate 

the plyometric strength capabilities of the athletes. The athletes performed a 20-m linear sprint 

to calculate CODD during the COD tasks. Change of direction ability was assessed using 

single directional changes at 180-, 90-, and 45-degrees. Pearson’s correlation was used to 

assess the relationship between the different tests. Stepwise multiple regression analyses 

were done to determine the best predictor variables during the different COD tasks. 

There were significant correlations between isometric squat performance and CODP at all 

angles, but it was only a significant predictor variable for CODD during a 45-degree cutting 
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task. Countermovement jump height showed the strongest relationship among the 

countermovement jump variables with CODP. Take-off momentum, however, was the 

countermovement jump performance variable that best predicted performance and only in the 

90-degree cutting task. Plyometric strength, as measured by the jump height and peak force 

relative to body mass during the repeated jump test, had significant correlations with CODP 

at all angles, and was the best predictor variable during the 180- and 45-degree cutting tasks. 

It would be of interest to practitioners to improve the athlete’s ability to generate high levels of 

force as isometric strength underpins ballistic and plyometric performance, but it seems that 

the ability to produce force as quickly as possible as demonstrated in jump tasks rather than 

the maximum amount of force that can be produced is a better predictor of performance. 

Strength and conditioning coaches who want to improve CODP at different angles of 

directional change need to improve their athletes’ ability to produce high levels of force first 

and then with the use of plyometric movements increase the ability to produce force as quickly 

as possible. 

Key words: change of direction performance, change of direction deficit, lower body 

strength, plyometric.  
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Chapter 1 

Scope and Intent 

1 Introduction 

Agility is an athletic attribute that is composed of a cognitive decision in reaction to an 

environmental stimulus followed by the execution of a whole-body movement pattern to 

change direction.1 The ability to change direction effectively is underpinned by accelerative 

and decelerative capacities and effective movement patterns during the turn itself. 

Change of direction (COD) ability has been related to decisive moments in a team sport that 

could impact the outcome of a match. Change of direction is a component of agility that is 

described as the ability to decelerate, change movement direction, and accelerate again 

where no immediate reaction to a stimulus is required, thus the direction change is pre-

planned.1-4 Some of the tests typically used by sport scientists and/or strength and conditioning 

coaches to assess COD performance include but are not limited to the 505 COD test, Pro-

agility test, Illinois agility test, T-test, and the 45- and 90-degree cutting test. These tests 

consist of different combinations of running distances, number of directional changes, and 

angle of cuts. The choice of agility test by the practitioner is highly dependent on the sporting 

code of the athletes. Some sports, such as cricket and netball, involve more 180-degree turns 

and would thus justify the use of a COD performance test that evaluates their ability to 

decelerate, momentarily stop while changing direction, and re-accelerate in the opposite 

direction (i.e., the 505 COD test). Other sports, such as football and rugby require mostly 

changes in direction that are 90-degrees and smaller where they decelerate, perform a cutting 

manoeuvre, and re-accelerate in the new direction. A test to assess the COD performance 

using a single-cut manoeuvre of 90-degrees or less, therefore, might be more useful for these 

sports.5 Change of direction deficit (CODD) is a calculation used to isolate the ability to change 

direction from the ability to sprint in a straight line. This has been suggested to provide a more 

isolated measure of COD ability which is not influenced by linear speed qualities.6-9  

While it has been useful to isolate COD ability from sprint ability, the physical performance 

capabilities that underpin CODP are yet to be clearly defined. Change of direction performance 

is suggested to be influenced by technique, straight line running speed, and lower limb 

strength and power qualities.4 More particularly, 180-, 90-, and 45-degree cut tasks are 

fundamentally different, and therefore may be underpinned by different performance 

capabilities. When changing direction, athletes must rapidly and systematically coordinate 

force and impulse application during the braking-, plant-, and propulsive phase of the 

movement.4,10 During a 180-degree turn, the athlete momentarily comes to a complete stop 
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before pushing off in the direction they came from. This means that for a brief period of time 

the athlete has a velocity of zero.11 High levels of force production are thus required by the 

athlete to overcome inertia and accelerate.11-12 During a 45-degree turn, the athlete maintains 

enough momentum throughout the turn to allow for lower force production requirements to 

redirect their motion.13 The 90-degree cutting task is thus placed between the 180- and 45-

degree cutting task in terms of momentum maintained and the reacceleration demands. 

Knowledge of the different physical capacities that underpin performance in the various types 

of COD manoeuvres will support strength and conditioning coaches in designing training 

programs to improve performance in COD tasks.  

Strength is defined as the ability to produce force against an external resistance.14 The force 

output and contraction velocity of human muscles are inversely related, and individual muscles 

groups have revealed an approximately hyperbolic force-velocity relationship.15 In figure 1 this 

hyperbolic relationship between force and velocity is presented. The point on the graph where 

concentric muscle contraction force is maximal corresponds to a velocity equal to zero, also 

known as an isometric movement. Isometric strength represents the maximum possible 

amount of force that an athlete is capable of producing during a concentric muscle contraction, 

but this occurs without any constraints placed on the time to produce force. The isometric 

squat or isometric mid-thigh pull can be used to assess peak force which is deemed very 

reliable and can be used to assess maximum lower body strength capabilities.14 When 

available, these tests are preferred in practice over dynamic tests such as the 1-repetition max 

test for their reduced injury risk, relatively simple administration and high test-retest reliability.14 

Ballistic movements, such as jumping or throwing, requires the athlete to exert as much force 

as possible in short periods of time, with the goal of projecting the accelerated object into free 

space.16 Plyometric movements, such as hopping or skipping, emphasize the loading of 

muscles during an eccentric muscle action, which is quickly followed by a rebound concentric 

action.17 While it is true that ballistic strength requires maximal force development in a short 

period of time16, the same is also true for plyometric movements. Although both ballistic and 

plyometric movements fall on the opposite end of the force-velocity curve in relation to 

isometric movements, ballistic movements usually have a higher force production compared 

to plyometric movements. Additionally, plyometric movements have shorter contraction times 

compared to ballistic movements. 
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Figure 1: Force-velocity curve as presented by the solid line and power-velocity curve as 
presented by the dashed line.15 

 

There is, however, little empirical evidence available as to which component of strength is best 

related to COD ability calculated as either CODP or CODD. To produce a fast COD, it would 

be desirable to achieve adequate momentum change through the directional change phase to 

overcome inertia and accelerate the centre of mass in the new direction. To our knowledge, 

there is a lack of literature that examines the relationship between these lower limb strength 

qualities across the range of different types of cutting tasks. 

2. Research problem 

There are many instances in team field and court sports where the movement demands are 

characterized more by rapid COD rather than running in a straight line.18 This leads to the 

question, is it better to train isometric-, ballistic-, or plyometric strength capacities when aiming 

to positively influence the ability to change direction? Would there be a difference between the 

lower body strength components during a 180-, 90-, and 45-degree turn? Knowledge of this 

could help practitioners better target specific goals when training athletes participating in 

sports where changing direction is important for performance in their sport. Strength and 

conditioning coaches could find it useful to understand the relationship between CODP and 
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isometric-, ballistic-, and plyometric strength to better be able to train the specific strength 

qualities required during a change of direction task.  

3. Aim and objectives 

This study aimed to investigate the relationship between COD ability quantified using both 

CODP and CODD measures in 180-, 90-, and 45-degree cutting tasks and lower body 

isometric, ballistic and plyometric strength in team sport athletes.  

Objectives: 

1) Determine the relationship between CODP and CODD in a 45-degree cutting task and 

lower body isometric, ballistic, and plyometric strength. 

2) Determine the relationship between CODP and CODD in a 90-degree cutting task and 

lower body isometric, ballistic, and plyometric strength. 

3) Determine the relationship between CODP and CODD in a 180-degree cutting task 

and lower body isometric, ballistic- and plyometric strength. 

These objectives were addressed through a correlational analysis to investigate associations 

between parameters, and linear regression analysis to investigate which of the parameters 

best predict performance in these tasks.  

4. Outline of the dissertation 

The remainder of the dissertation consists of: 

• Chapter 2: A literature review relating to the relationship between lower body isometric, 

ballistic, and plyometric strength and change of direction performance using various 

COD tasks. 

• Chapter 3: A detailed experimental study in draft manuscript format. 

• Chapter 4: A discussion of the research results along with the limitations of the study 

and the recommendations for future research. 
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Chapter 2: Literature Review 

Introduction 

The ability to change direction while in motion is a determinant of performance in field and 

court sports.1,19 Agility has been defined as a whole-body movement with a change in velocity 

and/or direction in response to a stimulus.1 Change of direction performance (CODP) forms 

the physical foundation for agility, as it incorporates the mechanics associated with agility 

performance i.e. deceleration, directional change, and acceleration.7 Change of direction 

performance is simply put the overall task that involves a maximum effort run into a turn, 

directional change and a maximal effort run out of the turn, and can be assessed as the total 

time to complete a change of direction task.  

Change of direction biomechanics is both angle- and velocity dependant, where there is a 

trade-off between the angle of directional change and the velocity maintained throughout the 

cutting task.13 A sharper COD angle results in reduced approach and exit velocities and 

demands higher magnitudes of knee joint loading, thereby affecting the deceleration and 

reacceleration requirements of the COD task.13 More particularly, 180-, 90-, and 45-degree 

cutting tasks are fundamentally different in the amount of velocity that is maintained during the 

COD, and therefore may be underpinned by different performance capabilities. During a 180-

degree turn, the athlete momentarily comes to a complete stop before pushing off in the 

opposite direction. This complete stop results in a velocity of zero for a short period of time 

which means that no momentum is maintained.13 The athlete would then need to produce 

more force during the acceleration phase to overcome inertia and increase velocity, which 

results in longer ground contact times during the acceleration phase.11-12 On the other end of 

the COD spectrum, tasks with a lower cutting angle (e.g., 45 degrees) allow some momentum 

to be maintained through the turn.13 More momentum maintained from the entry velocity 

results in less force production needed by the athlete to accelerate the centre of mass enough 

to overcome inertia.12 Force production requirements to overcome inertia by the athlete during 

the deceleration and reacceleration phases of a 90-degree turn would be in between the 180-

degree and 45-degree COD tasks. The athlete maintains more momentum through the 90-

degree directional change compared to a 180-degree cutting task, but less compared to a 45-

degree cutting task. This leads to the suggestion that different angles of cutting tasks require 

different strength training demands.  

Maintaining velocity through the cutting task is an important determinant of CODP.13,20-21 Using 

completion time as a measure from an agility test, however, may mask deficiencies in CODP, 

particularly for athletes with good acceleration or sprinting ability.7 Change of direction deficit 

(CODD) is a measure that aims to quantify the change of direction skill the athlete 
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demonstrates and provide a more isolated measure of COD skill that is not influenced by linear 

speed qualities.6-9 Nimphius and colleagues3 first defined this concept in 2013 as the additional 

time that a single directional change requires when compared with a pure linear sprint over 

equivalent distance. They also stated that during a 505 COD task (table 1) only 33% of the 

total time is spent changing direction, while the remaining 66% of the time is spent accelerating 

and sprinting.7  

The ability to produce force against an external resistance is known as strength.14 Dynamic 

strength is the maximal amount of force an athlete is capable of producing with a change in 

joint angles. An athlete’s ability to produce maximal force without a change in joint angles is 

known as isometric strength, and this occurs without any constraints placed on the time to 

produce force. Ballistic and plyometric strength falls on the other end of the force-velocity 

curve to maximal dynamic and isometric strength, with ballistic strength generally requiring 

higher levels of force production. Lower body ballistic strength consist of jumping movements 

and require the athlete to exert as much force as possible in short periods of time, with the 

goal of projecting the accelerated body into free space.16 Ballistic movements can be classified 

as jumping events with a slow stretch-shortening cycle (contraction time > 250ms), while 

plyometric events can be classified as jumping events with a fast stretch-shortening cycle 

(contraction time < 250ms).22 Lower body plyometric strength consists of hopping movements 

and emphasizes the utilization of the stretch-shortening cycle.17  

Multiple factors influence CODP such as technique, straight line running speed, and lower 

limb strength and power qualities.4 When changing direction, athletes must rapidly and 

systematically coordinate force and impulse application during the deceleration, directional 

change, and reacceleration phases of the COD task.4,10 Strength qualities in the lower limbs 

have been well established to be a determinant of CODP.18 Leg muscle qualities can be seen 

as the umbrella term for reactive strength, concentric strength, and power.23 There is, 

however, limited research on the exact mechanism of these lower limb strength qualities that 

underpin CODP. The effect of training interventions on CODP can be very useful to strength 

and conditioning coaches in understanding the exact mechanisms that underpin CODP. 

Maximal dynamic strength can be trained using higher loads and lower repetition ranges. 

Plyometric strength is trained by utilizing the stretch-shortening cycle and is mainly achieved 

with jumping movements.24  

Strength and conditioning coaches could find it useful to understand the relationship between 

CODP and isometric-, ballistic-, and plyometric strength to better be able to train the specific 

strength qualities required during a change of direction task. To my knowledge, previous 

research has investigated the relationship between strength and 180-degree cutting tasks but 

there is a lack of literature that examines the relationship between these lower limb strength 
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qualities and 90-degree and 45-degree cutting tasks. Therefore, a review of literature is 

needed to critically evaluate existing relationships between 180-degree cutting tasks and 

lower limb strength factors as well as identify gaps in the literature examining the relationships 

between 90-degree and less cutting tasks and lower body strength qualities. 

Methodology 

Research design 

The purpose of this search was to examine existing literature to summarize previously 

reported relationships between strength qualities and CODP. The search was guided by two 

research objectives: 1) to determine the relationship between lower body multi-joint muscular 

strength measures and CODP, and 2) to determine the effects of lower body multi-joint 

muscular strength training interventions on CODP. 

Search strategies 

To determine the relationship between lower body isometric-, ballistic-, and plyometric 

strength and change of direction performance using various COD tasks, PubMed and 

SPORTDiscus were selected as the designated online databases via EBSCOhost. Figure 2 

outlines the approach used to search. The specific Boolean syntax used for the search was 

“change of direction deficit” OR “change of direction ability” OR “change of direction perform*” 

OR “agility perform” AND “sport” AND “strength” with no date restrictions up to end of July 

2021. 

Inclusion/exclusion criteria 

To be eligible for inclusion, papers had to (1) address at least one of the research objectives 

mentioned above, (2) be original peer-reviewed research, and (3) be written in English. Papers 

that were only available in languages other than English, published in non-peer-reviewed 

journals, and/or duplicates were excluded from this review. Studies that examined the effects 

of training interventions and did not report their results using effect sizes were excluded from 

this review. This brought the final number of papers to be reviewed from this search to 68.  
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Figure 2: Approach used to sort articles returned from the search. *Nimphius et al.25 contained 
both a primary and secondary outcome. 

 

Assessment of relationships 

Results from the papers were divided into two categories based on the stated objectives; 1) 

correlational analyses between various strength factors and change of direction performance, 

and 2) the effect of various strength training interventions on change of direction performance. 

Only results that could be filtered into one of the following divisions of relationships were 

extracted: CODP and maximal dynamic strength; CODP and maximal isometric strength; 

CODP and ballistic strength; CODP and plyometric strength. Results of correlational analyses 

(Tables 2-4) were classified as trivial (r < 0.1), small (0.1 < r < 0.3), moderate (0.3 < r < 0.5), 

large (0.5 < r < 0.7), very large (0.7 < r < 0.9), and nearly perfect (r > 0.9).26 These results 

were then further pooled into meaningful relationships (moderate to nearly perfect), non-

meaningful relationships (trivial to small), and mixed relationships (combination of meaningful 

and non-meaningful results). These cut-off values were selected as a moderate effect is likely 

to be practically meaningful in sports performance.27 Significance was indicated by reporting 

the p-values, with statistical significance was set at p ≤ 0.05. 

“change of direction deficit” OR “change of direction ability” OR “change of direction perform” OR 

“agility perform” AND “sport” AND “strength” 

Results identified from search (n = 254) 

After removing duplicates (n = 221) 

Inclusion criteria met (n = 75) 

Results excluded (n = 146) 

• No criteria met (n = 139) 

• Conference (n = 2) 

• Non-English (n = 3) 

• No response from author (n = 2) 

Included in literature review (n 

= 68)* 

• Primary outcomes (n = 46) 

• Secondary outcomes (n = 

23) 

Review articles (n = 7) 
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Effect sizes were used to determine the magnitude of training effect (Table 5) on CODP and 

were classified as trivial (d < 0.2), small (0.2 < d < 0.6), moderate (0.6 < d < 1.20), large (1.20 

< d < 2.0), very large (2.0 < d < 4.0), and extremely large (d > 4.0).26 Similarly, these results 

were further classified into meaningful and non-meaningful effects with the cut-off for 

meaningful effects being moderate effect sizes. All studies that revealed a combination of 

meaningful and non-meaningful results were classified as mixed results. For this literature 

review, countermovement jumps were classified as a ballistic task as this movement is 

typically classified as a slow stretch-shortening cycle because it features a contraction time of 

>250ms.22 

Results 

A variety of COD tests (table 1) were used across the literature. A summary of the analyses 

of papers assessing the relationship between CODP and maximal strength, ballistic strength, 

and plyometric strength are presented in tables 2, 3, and 4 respectively. A summary of papers 

investigating the effect of training interventions on CODP is presented in table 5. 

Table 1. Different agility tests used in the literature with their angles and number of directional 
changes as well as total distance covered. 

Agility test Angle of directional change Number of directional 

changes 

Total distance 

covered 

T-test 90°, 180°, 180°, 90° 4 40-m 

505 test 180° 1 20-m 

Pro-agility test 180° 2 20-m 

Slalom run 5 cone swerve, 180°, 5 

cone swerve 

11 24-m 

3 x 90° cut 90° 3 20-m 

3 x 135° cut 135° 3 20-m 

45° cut 45° 1 10-m 

90° cut 90° 1 10-m 

135° cut 135° 1 10-m 

Arrowhead 90°, 135°,135° 3 37-m 

Illinois 180°, 180°, 2 cone swerve, 

180°, 2 cone swerve, 180° 

9 60-m 

Zig-Zag test 100° 4 25-m 

3 x 180° cut 180° 3 20-m 

2 x 180° cut 180° 2 20-m 

10m x 5 COD 180° 4 20-m 

Double cut 90° 2 30-m 
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Agility test Angle of directional change Number of directional 

changes 

Total distance 

covered 

20° cut 20° 1 8-m 

40° cut 40° 1 8-m 

60° cut 60° 1 8-m 

4 x 60° cut 60° 4 8-m 

50° cut 50° 1 5-m 

V-cut 45° 4 25-m 

9-cone test 8 x 180°, 4 x 150°, 3 x 120° 15 74-m 

Half T-test 90°, 180°, 180°, 90° 4 20-m 

Modified Illinois test 180°, 180°, 2 cone swerve, 

180°, 2 cone swerve, 180° 

9 30-m 

4 x 5m 90°, 90°, 180° 3 20-m 

9-3-6-3-9 agility test 180° 9 60-m 

15m agility run 3 cone swerve 2 15-m 

Meylan COD test 60° 4 10-m 
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Table 2. Relationship between multi-joint lower body maximum dynamic and isometric strength factors and change of direction performance. 

Authors Athletes What was compared Strength vs COD  

r-value 

Strength vs COD 

p-value 

Magnitude 

Bourgeois et 

al.28 

17 collegiate 

American football 

players aged: 20.5 ± 

1.3 years 

1RM back squat vs T-test 

1RM back squat vs Pro-agility test 

1RM back squat vs T-test = 0.61 

1RM back squat vs Pro-agility = 0.71 

p < 0.05 

p < 0.05 

large 

very large 

Delaney et al.29 31 male professional 

rugby league players 

aged 24.3 ± 4.4 

years 

3RM back squat vs 505 3RM back squat vs D = -0.28 

3RM back squat vs ND = -0.21 

p > 0.05 

p > 0.05 

small 

small 

Markovic30 76 physical 

education students 

aged 20.7 ± 1.7 

years 

Isometric-squat-PF vs Slalom run 

Isoinertial squat vs Slalom run 

Isometric-squat-PF vs Slalom run = 0.01 

Isoinertial squat vs Slalom run = -0.21 

p > 0.05 

p > 0.05 

trivial 

small 

Nimphius et 

al.31 

10 female softball 

players aged 18.1 ± 

1.6 years 

Relative 1RM back squat vs 505 Pre-season: 

ND = -0.75 

D = -0.50 

 

Mid-season: 

ND = -0.73 

D = -0.75 

 

Post-season: 

ND = -0.85 

D = -0.60 

 

p < 0.05 

p > 0.05 

 

 

p < 0.05 

p < 0.05 

 

 

p < 0.05 

p > 0.05 

 

very large 

large 

 

 

very large 

very large 

 

 

very large 

large 
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Authors Athletes What was compared Strength vs COD  

r-value 

Strength vs COD 

p-value 

Magnitude 

Nimphius et 

al.25 

10 female softball 

players aged 18.1 ± 

1.6 years 

Relative 1RM back squat vs 505 D = -0.70 

ND = -0.51 

p > 0.05 

p > 0.05 

very large 

large 

Papla et al.32 15 elite male soccer 

players aged 21.7 ± 

0.72 years 

1RM back squat vs 3x90° cut 

 

1RM back squat vs 3x135° cut 

1RM back squat vs 3x90 = -0.17 

1RM back squat vs 3x90 CODD = -0.02 

 

1RM back squat vs 3x135° = -0.05 

1RM back squat vs 3x135° CODD = -0.01 

p > 0.05 

p > 0.05 

 

p > 0.05 

p > 0.05 

small 

trivial 

 

trivial 

trivial 

Ranisavljev et 

al.33 

30 males aged 20.7 

± 1.3 years 

1RM back squat vs T-test 

Relative 1RM back squat vs T-test 

1RM back squat = -0.16 

Relative 1RM back squat = -0.05 

p = 0.397 

p = 0.791 

small 

trivial 

Scanlan et al.34 24 male adolescent 

basketball players 

aged 16 to 18 years 

IMTP-PF vs T-test 

Relative IMTP-PF vs T-test 

IMTP-PF = -0.24 

Relative IMTP-PF = -0.55 

p = 0.26 

p = 0.006 

small 

large 
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Authors Athletes What was compared Strength vs COD  

r-value 

Strength vs COD 

p-value 

Magnitude 

Spiteri et al.35 12 female basketball 

players aged 24.25 ± 

2.55 years 

Relative 1RM back squat vs 505 

Relative 1RM back squat vs T-test 

 

Relative Concentric strength vs 

505 

Relative Concentric strength vs T-

test 

 

Relative Eccentric strength vs 505 

Relative Eccentric strength vs T-

test 

 

IMTP-PF vs 505 

IMTP-PF vs T-test 

Relative 1RM back squat vs 505 = -0.80 

Relative 1RM back squat vs T-test = -0.80 

 

Relative Concentric strength vs 505 = -

0.79 

Relative Concentric strength vs T-test = -

0.79 

 

Relative Eccentric strength vs 505 = -0.89 

Relative Eccentric strength vs T-test = -

0.88 

 

IMTP-PF vs 505 = -0.79 

IMTP-PF vs T-test = -0.85 

p < 0.01 

p < 0.01 

 

p < 0.01 

p < 0.01 

 

p < 0.01 

p < 0.01 

 

p < 0.01 

p < 0.01 

very large 

very large 

 

very large 

very large 

 

very large 

very large 

 

very large 

very large 

Swinton et al.36 30 nonprofessional 

rugby union players 

aged 24.2 ± 3.9 

years 

Relative 1RM back squat vs 505 

Relative 1RM deadlift vs 505 

Relative 1RM back squat vs. 505 = -0.70 

Relative 1RM deadlift vs. 505 = -0.72 
 

p < 0.01 

p < 0.01 

very large 

very large 

Wang et al.37 15 university-level 

rugby players aged 

20.67 ± 1.23 years 

IMTP-PF vs Pro-agility test 

IMTP-PF vs T-test 

IMTP-PF vs Pro-agility = -0.11 

IMTP-PF vs T-test = -0.07 

p > 0.05 

p > 0.05 

small 

trivial 

Abbreviations: 1RM: one-repetition maximum test; 3RM: three repetition maximum test; IMTP: Isometric mid-thigh pull; PF: peak force; D: Dominant 
side; ND: Non-dominant side; CODD: Change of direction deficit; Slalom run: consecutive multiple change of directions less than 90°. All change of 
direction performances were expressed as the time to complete the task in seconds. 
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Maximum strength 

Eleven studies evaluated the relationship between maximal effort multi-joint lower body strength 

movements and CODP, with the 1-repetition maximum back squat being the most frequently used 

strength test. Five25,28,31,35-36 of these eleven found meaningful relationships where greater strength 

was associated with improved CODP, while six29-30,32-34,37 found non-meaningful relationships 

between maximal strength and CODP. 

Two 23,31 of the five studies that demonstrated practically meaningful relationships between 

maximal dynamic strength and CODP made use of relative strength, normalised to body mass, 

and two20,26 made use of absolute values as their performance variable for the maximum strength 

test. Spiteri et al.30 evaluated both relative and absolute strength values. Apart from Spiteri and 

colleagues30, who used isometric movements, all studies that revealed meaningful relationships 

utilized dynamic moments for their maximal strength tests. Four29-30,32,37 of the six studies that 

found non-meaningful relationships evaluated absolute strength as their maximal strength 

performance variables. Ranisavljev et al.33 and Scanlan et al.34 made use of both absolute and 

relative strength as their desired performance variable for the maximal strength test. Three29,32-33 

studies made use of dynamic movements, while the remaining three30,34,37 made use of isometric 

movements during their maximal strength testing battery. 

Two25,31 of the five meaningful studies used tasks with single directional changes as their COD 

test and two28,36 used tasks with multiple directional changes as their COD test. Spiteri et al. 30 

utilized COD tests with both single and multiple directional changes. Delaney et al.29  was the only 

non-meaningful study that used a COD task with single directional changes as their COD test, 

while the remaining five25,27-29,32 made use of COD tasks with multiple directional changes. 
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Table 3. Relationship between lower body ballistic movements and change of direction performance. 

Authors Athletes What was compared Ballistic vs COD 

r-value 

p-value Magnitude 

Alemdaroglu38 12 male basketball players 

aged: 25.1 ± 1.7 years 

CMJ-height vs T-test 

SJ-height vs T-test 

CMJ-height vs. T-test = -0.59 

SJ-height vs. T-test = -0.47 

p < 0.05 

p < 0.05 

large 

moderate 

Barnes et al.39 29 female collegiate 

volleyball players aged 20 ± 

1.5 years 

CMJ-height vs 3 x 180° cut CMJ-height vs. 3 x 180° cut = -0.58 p < 0.01 large 

Bourgeois et 

al.28 

17 collegiate American 

football players aged: 20.5 ± 

1.3 years 

CMJ-height vs T-test 

CMJ-height vs Pro-agility test 

 

BJ vs T-test 

BJ vs Pro-agility test 

CMJ-height vs T-test = -0.59 

CMJ-height vs Pro-agility =-0.56 

 

BJ vs T-test = -0.68 

BJ vs Pro-agility =-0.58 

p < 0.05 

p < 0.05 

 

p < 0.05 

p < 0.05 

large 

large 

 

large 

large 

Collins et al.40 15 youth American football 

players aged: 15.93 ± 0.96 

years 

DBT-average velocity vs Pro-

agility test 

DBT-peak velocity vs Pro-agility 

test 

Average velocity vs. Pro-agility = -0.27 

Peak velocity vs. Pro-agility = -0.16 

p = 0.334 

p = 0.565 

small 

small 

Delaney et al.29 31 male professional rugby 

league players aged 24.3 ± 

4.4 years 

40 kg CMJ-PP vs 505 D = -0.13 

ND = -0.12 

p > 0.05 

p > 0.05 

small 

small 

Falch et al.41 23 male football players 

aged 22.5 ± 2.6 years 

Single CMJ-height vs 45° cut 

Single CMJ-height vs 505 
 

Single CMJ-height vs 45° = -0.49 

Single CMJ-height vs 505 = -0.08 

p < 0.05 

p > 0.05 

moderate 

trivial 

Los Arcos et al.42 118 male soccer players 

aged 16.5 ± 3.0 years 

CMJ-height vs T-test CMJ vs T-test = 0.70 p < 0.001 very large 
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Authors Athletes What was compared Ballistic vs COD 

r-value 

p-value Magnitude 

Markovic30 76 physical education 

students aged 20.7 ± 1.7 

years 

BJ vs Slalom run 

SJ-P/BM vs Slalom run 

BJ vs Slalom run = -0.12 

SJ-P/BM vs Slalom run = -0.33 

p > 0.05 

p > 0.05 

small 

moderate 

Meylan et al.43 44 males aged 20.9 ± 4.5 

years, 

36 females aged 19.7 ± 2.0 

years 

Single CMJ-height vs 2x180° cut 

 

Single BJ vs 2x180° cut 

Men Single CMJ-height vs 2x180° = -

0.41 

Women Single CMJ-height vs 2x180° = -

0.52 

 

Men Single BJ vs 2x180° = -0.46 

Women Single BJ vs 2x180° = -0.59 

p < 0.01 

p < 0.01 

 

p < 0.01 

p < 0.01 

moderate 

large 

 

moderate 

large 

Michailidis et 

al.44 

441 youth soccer players 

aged 9 to 16 years 

Single CMJ-height vs 505 

Single CMJ-height vs Arrowhead 

 

Single BJ vs 505 

Single BJ vs Arrowhead 

U/10 

Single CMJ-height vs Arrowhead = 0.11 

Single BJ vs Arrowhead = 0.02 

 

Single CMJ-height vs 505 = 0.04 

Single BJ vs 505 = 0.12 

 

U/15 

Single CMJ-height vs Arrowhead = -0.21 

Single BJ vs Arrowhead = 0.07 

 

Single CMJ-height vs 505 = 0.54 

Single BJ vs 505 = 0.27 

 

p = 0.756 

p = 0.261 

 

p = 0.906 

p = 0.732 

 

 

p = 0.382 

p = 0.770 

 

p = 0.017 

p = 0.268 

 

small 

trivial 

 

trivial 

small 

 

 

small 

trivial 

 

large 

small 

 
 
 



17 
 

Authors Athletes What was compared Ballistic vs COD 

r-value 

p-value Magnitude 

Negra et al.45 95 competitive level male 

soccer players aged 12.3 ± 

0.9 years 

 

92 competitive level male 

handball players aged 12.5 

± 1.7 years 

CMJ-height vs Illinois 

CMJ-height vs T-test 

SJ-height vs Illinois 

SJ-height vs T-test 

Soccer 

CMJ vs Illinois = -0.67 

CMJ vs T-test = -0.58 

SJ vs Illinois = -0.64 

SJ vs T-test = -0.53 

 

Handball 

CMJ vs Illinois = -0.58 

CMJ vs T-test = -0.69 

SJ vs Illinois = -0.47 

SJ vs T-test = -0.60 

 

p = 0.001 

p = 0.001 

p = 0.001 

p = 0.001 

 

 

p = 0.001 

p = 0.001 

p = 0.001 

p = 0.001 

 

large 

large 

large 

large 

 

 

large 

large 

moderate 

large 
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Authors Athletes What was compared Ballistic vs COD 

r-value 

p-value Magnitude 

Nimphius et al.31 10 female softball players 

aged 18.1 ± 1.6 years 

CMJ-height vs 505 

 

JS-PF vs 505 

Pre-season: 

CMJ-heigh vs ND = -0.23 

CMJ-height vs D = -0.35 

 

JS-PF vs D = -0.64 

JS-PF vs ND = -0.33 

 

Mid-season: 

CMJ-heigh vs ND = -0.45 

CMJ-height vs D = -0.31 

 

JS-PF vs D = -0.57 

JS-PF vs ND = -0.74 

 

Post-season: 

CMJ-heigh vs ND = -0.30 

CMJ-height vs D = -0.48 

 

JS-PF vs D = -0.39 

JS-PF vs ND = -0.56 

 

p > 0.05 

p > 0.05 

 

p > 0.05 

p > 0.05 

 

 

p > 0.05 

p > 0.05 

 

p > 0.05 

p < 0.05 

 

 

p > 0.05 

p > 0.05 

 

p > 0.05 

p > 0.05 

 

small 

moderate 

 

large 

moderate 

 

 

moderate 

moderate 

 

large 

very large 

 

 

moderate 

moderate 

 

moderate 

large 

Ranisavljev et 

al.33 

30 males aged 20.7 ± 1.3 

years 

CMJ-PP vs T-test 

CMJ-height vs T-test 

CMJ-PP vs T-test = -0.40 

CMJ-height vs T-test= -0.50 

p = 0.028 

p = 0.005 

moderate 

moderate 
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Authors Athletes What was compared Ballistic vs COD 

r-value 

p-value Magnitude 

Rouissi et al.46 31 young elite soccer 

players aged 17.4 ± 0.6 

years 

BJ distance? vs 45° cut total 

time? 

BJ vs 90° cut 

BJ vs 135° cut 

BJ vs 505 

BJ vs 45° cut -D = 0.25 

BJ vs 45° cut -ND = 0.03 

 

BJ vs 90° cut -D = 0.13 

BJ vs 90° cut -ND = 0.13 

 

BJ vs 135° cut -D = -0.11 

BJ vs 135° cut -ND = 0.11 

 

BJ vs 505 -D = -0.03 

BJ vs 505 -ND = 0.01 

p > 0.05 

p > 0.05 

 

p > 0.05 

p > 0.05 

 

p > 0.05 

p > 0.05 

 

p > 0.05 

p > 0.05 

small 

trivial 

 

small 

small 

 

small 

small 

 

trivial 

trivial 

Scanlan et al.34 24 male adolescent 

basketball players aged 16 

to 18 years 

CMJ-PF vs T-test 

CMJ-PFrel vs T-test 

 

BJ vs T-test 

CMJ-PF vs T-test = -0.36 

CMJ-PFrel vs T-test = -0.63 

 

BJ vs T-test = -0.67 

p = 0.087 

p = 0.001 

 

p < 0.001 

moderate 

large 

 

large 

Schultz et al.47 16 elite snow sport athletes 

aged 25 ± 7 years 

 

9 male, 7 female 

CMJ-height vs Z-Z 

SJ-height vs Z-Z 

JS-MPP vs Z-Z 

JS-average velocity vs Z-Z 

CMJ-height vs Z-Z = 0.83 

SJ-height vs Z-Z = 0.79 

JS-MPP vs Z-Z = 0.77 

JS-average velocity vs Z-Z = 0.76 

p < 0.01 

p < 0.01 

p < 0.01 

p < 0.01 

very large 

very large 

very large  

very large 

 
 
 



20 
 

Authors Athletes What was compared Ballistic vs COD 

r-value 

p-value Magnitude 

Sisic et al.48 92 junior basketball players 

aged 16 to 17 years 

BJ vs T-test 

BJ vs Z-Z 

BJ vs 505 

 

Sargent Jump vs T-test 

Sargent Jump vs Z-Z 

Sargent Jump vs 505 

BJ vs T-test =-0.51 

BJ vs Z-Z =-0.46 

BJ vs 505 =-0.51 

 

Sargent Jump vs T-test =-0.52 

Sargent Jump vs Z-Z =-0.54 

Sargent Jump vs 505 =-0.55 

p < 0.05 

p < 0.05 

p < 0.05 

 

p < 0.05 

p < 0.05 

p < 0.05 

large 

moderate 

large 

 

large 

large 

large 

Spiteri et al.35 12 female basketball 

players aged 24.3 ± 2.6 

years 

CMJ-P/BM vs 505 

CMJ-P/BM vs T-test 

CMJ-P/BM vs 505 = -0.17 

CMJ-P/BM vs T-test = -0.47 

p > 0.01 

p > 0.01 

small 

moderate 

Swinton et al.36 30 nonprofessional rugby 

union players aged 24.2 ± 

3.9 years 

CMJ-height vs 505 CMJ-height vs 505 = -0.54 p < 0.01 large 

Yanci et al.49 255 youth runners aged 7 to 

16 years 

 

116 males, 139 females 

BJ vs 505 

BJ vs T-test 

BJ vs 505 = -0.60 

BJ vs T-test = -0.76 

p < 0.01 

p < 0.01 

large 

very large 
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Authors Athletes What was compared Ballistic vs COD 

r-value 

p-value Magnitude 

Yanci et al.50 39 male soccer players 

aged 22.9 ± 2.8 years. 

SJ-height vs 505 

SJ-height vs Pro-agility test 

SJ-height vs T-test 

 

CMJ-height vs 505 

CMJ-height vs Pro-agility test 

CMJ-height vs T-test 

 

BJ vs 505 

BJ vs Pro-agility test 

BJ vs T-test 

SJ-height vs 505 = -0.53 

SJ-height vs Pro-agility test = -0.41 

SJ-height vs T-test = -0.25 

 

CMJ-height vs 505 = -0.60 

CMJ-height vs Pro-agility test = -0.47 

CMJ-height vs T-test = -0.34 

 

BJ vs 505 = -0.51 

BJ vs Pro-agility test = -0.38 

BJ vs T-test = -0.69 

p < 0.01 

p < 0.05 

p > 0.05 

 

p < 0.01 

p < 0.05 

p > 0.05 

 

p < 0.01 

p < 0.05 

p < 0.01 

large 

moderate 

small 

 

large 

moderate 

moderate 

 

large 

moderate 

large 

Abbreviations: CMJ: Countermovement jump; PP: Peak power; P/BM: Relative power; PF: Peak force; PFrel: Relative peak force; BJ: Broad jump; 
SJ: Squat jump; MPP: Mean propulsive power; JS: Jump squat; Z-Z: Zig-Zag agility test; D: Dominant side; ND: Non-dominant side; DBT: Drive block 
test (American football position-specific test); Slalom run: consecutive multiple change of directions less than 90°. All change of direction 
performances were expressed as the time to complete the task in seconds.
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Ballistic strength 

Twenty-one studies assessed the relationship between ballistic strength and CODP, with most 

studies (16/21) utilizing the countermovement jump to assess ballistic strength. Fourteen28,31,33-

34,36,38-39,42-43,45,47-50 of these found meaningful relationships, three30,35,41 studies had mixed results, 

while four29,40,44,46 studies found non-meaningful relationships. 

Only four31,33-34,47 of the fourteen studies that showed meaningful relationships used a 

biomechanical measure derived from force-time data (i.e. peak force, peak power, etc) to measure 

ballistic strength capabilities, the remaining ten studies used the jump performance outcome (i.e. 

jump height and jump distance). All the studies that showed meaningful relationships between 

ballistic strength and CODP used absolute values as their performance variable for their ballistic 

strength task, except for Scanlan and colleagues34, who used both relative and absolute values. 

The three studies that showed mixed relationships used distance covered during the jump41, a 

force-derived value35, and both a force-derived value and distance covered during the jump30 to 

measure ballistic strength capabilities. Respectively, one41 study used absolute values, one35 

study used relative values, and one30 study used both absolute and relative values as their 

performance variables for the ballistic strength task. Two44,46 of the four studies that found non-

meaningful relationships used distance covered during the jump, while the other two29,40 used a 

force value to measure ballistic strength capabilities. All four29,40,44,46 used absolute values as their 

performance variable for their ballistic strength task.  

Two31,36 studies that found meaningful relationships used tasks with single directional changes as 

their COD test, nine28,33-34,38-39,42-43,45,47 studies used tasks with multiple directional changes as their 

COD test, while three43-45 studies used both single and multiple directional changes during their 

COD tests. One41 study of those that showed mixed relationships utilized single directional 

changes during their COD test, one30 study used multiple directional changes during their COD 

test, while one35 study used both single and multiple directional changes. Of the studies that found 

non-meaningful relationships between ballistic strength and CODP, two29,46 utilized single 

directional changes, one40 study used multiple directional changes, and one44 study used both 

single and multiple directional changes during their COD tasks. 
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Table 4. Relationship between lower body plyometric movements and change of direction performance. 

Authors Athletes What was compared Plyometric vs COD 

r-value 

p-value Magnitude 

Barnes et al.39 29 female collegiate 

volleyball players aged 20 ± 

1.5 years 

DJ30-height vs 3x180° test 

DJ30-RSI vs 3x180° test 

DJ30-height vs 3x180° test = -0.320 

DJ30-RSI vs 3x180° test = -0.223 

p > 0.05 

p > 0.05 

moderate 

small 

Delaney et al.29 31 male professional rugby 

league players aged 24.3 ± 

4.4 years 

DJ30-RSI vs 505 DJ30-RSI vs 505 D = -0.44 

DJ30-RSI vs 505 ND = -0.45 

p < 0.05 

p < 0.05 

moderate 

moderate 

Falch et al.41 23 male football players 

aged 22.5 ± 2.6 years 

DJopt-RSI vs 45° cut 

DJopt-RSI vs 505 

DJopt-RSI vs 45° = -0.542 

DJopt-RSI vs 505 = -0.356 

p < 0.05 

p > 0.05 

large 

moderate 

Hirose et al.51 135 female football players 

aged 12 to 25 

5-step bound vs 10m x 5 COD 

test 

5-step bound vs 10m x 5 COD = -

0.44 

p < 0.01 moderate 

Maloney et al.52 18 healthy males aged 22 ± 

4 years 

DJ18-height vs double cut 

DJ18-RSI vs double cut 

DJ18-height vs double cut = -0.319 

DJ18-RSI vs double cut = -0.337 

p = 0.197 

p = 0.172 

moderate 

moderate 

Markovic et al.30 76 physical education 

students aged 20.7 ± 1.7 

years 

Hopping-PP vs Slalom run 

Hopping-PP vs Pro-agility 

Hopping vs Slalom run = -0.26 

Hopping vs Pro-agility = -0.3 

p > 0.05 

p > 0.05 

small 

moderate 

Meylan et al.43 44 males aged 20.9 ± 4.5 

years, 

36 females aged 19.7 ± 2.0 

years 

Single LJ vs 2x180° cut Men Single LJ vs 2x180° = -0.288 

Women Single LJ vs 2x180° = -

0.399 

p > 0.05 

p > 0.05 

small 

moderate 
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Authors Athletes What was compared Plyometric vs COD 

r-value 

p-value Magnitude 

Michailidis et 

al.44 

441 youth soccer players 

aged 9 to 16 years 

Single TJ vs 505 

Single TJ vs Arrowhead 

U/10 

Single TJ vs Arrowhead = 0.657 

Single TJ vs 505 = 0.283 

 

U/15 

Single TJ vs Arrowhead = -0.341 

Single TJ vs 505 = 0.552 

 

p = 0.039 

p = 0.429 

 

 

p = 0.154 

p = 0.114 

 

large 

small 

 

 

moderate 

large 

Miki et al.53 102 male athletes Single RJ-height vs Pro-agility 

test 

Single RJ-height vs T-test 

RJ-D vs Pro-agility r=-0.659 

RJ-ND vs Pro-agility r=-0.380 

 

RJ-D vs T-test =-0.672 

RJ-ND vs T-test =-0.244 

p < 0.05 

p < 0.05 

 

p < 0.05 

p < 0.05 

large 

moderate 

 

large 

small 

Negra et al.45 95 competitive level male 

soccer players aged 12.3 ± 

0.9 years 

 

92 competitive level male 

handball players aged 12.5 

± 1.7 years 

5JT vs Illinois 

5JT vs T-test 

Soccer 

5JT vs Illinois = -0.71 

5JT vs T-test = -0.61 

 

Handball 

5JT vs Illinois = -0.72 

5JT vs T-test = -0.80 

 

p = 0.001 

p = 0.001 

 

 

p = 0.001 

p = 0.001 

 

very large 

large 

 

 

very large 

very large 
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Authors Athletes What was compared Plyometric vs COD 

r-value 

p-value Magnitude 

Rouissi et al.46 31 young elite soccer 

players aged 17.4 ± 0.6 

years 

5JT vs 45° cut  

5JT vs 90° cut  

5JT vs 135° cut  

5JT vs 505 

5JT vs 45° cut -D = 0.15 

5JT vs 45° cut -ND = -0.02 

 

5JT vs 90° cut -D = 0.03 

5JT vs 90° cut -ND = -0.18 

 

5JT vs 135° cut -D = 0.01 

5JT vs 135° cut -ND = 0.11 

 

5JT vs 505 -D = 0.17 

5JT vs 505 -ND = 0.04 

p > 0.05 

p > 0.05 

 

p > 0.05 

p > 0.05 

 

p > 0.05 

p > 0.05 

 

p > 0.05 

p > 0.05 

small 

trivial 

 

trivial 

small 

 

trivial 

small 

 

small 

trivial 

Scanlan et al.34 24 male adolescent 

basketball players aged 16 

to 18 years 

1-step CMJ-height vs T-test 

RLBT vs T-test 

1-step CMJ-height vs T-test = -0.18 

RLBT vs T-test = -0.18 

p = 0.40 

p = 0.40 

small 

small 

Yanci et al.50 39 male soccer players 

aged 22.9 ± 2.8 years. 

DJ20-height vs 505 

DJ20-height vs Pro-agility test 

DJ20-height vs T-test 

 

4BT vs 505 

4BT vs Pro-agility test 

4BT vs T-test 

DJ20-height vs 505 = -0.57 

DJ20-height vs Pro-agility test = -

0.49 

DJ20-height vs T-test = -0.37 

 

4BT vs 505 = -0.46 

4BT vs Pro-agility test = -0.26 

4BT vs T-test = -0.54 

p < 0.01 

p < 0.01 

p > 0.05 

 

p < 0.05 

p > 0.05 

p < 0.01 

large 

moderate 

moderate 

 

moderate 

small 

large 
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Authors Athletes What was compared Plyometric vs COD 

r-value 

p-value Magnitude 

Young et al.18 15 males aged 18 to 28 

years 

DJ30-RSI vs 20° cut 

 

DJ30-RSI vs 40° cut 

 

DJ30-RSI vs 60° cut 

 

DJ30-RSI vs 4x60° cut 

DJ30-RSI vs 20°L = -0.50 

DJ30-RSI vs 20°R = -0.65 

 

DJ30-RSI vs 40°L = -0.40 

DJ30-RSI vs 40°R = -0.53 

 

DJ30-RSI vs 60°L = -0.31 

DJ30-RSI vs 60°R = -0.35 

 

DJ30-RSI vs 4x60° = -0.54 

p > 0.05 

p < 0.05 

 

p > 0.05 

p < 0.05 

 

p > 0.05 

p > 0.05 

 

p < 0.05 

large 

large 

 

moderate 

large 

 

moderate 

moderate 

 

large 

Abbreviations: DJ30: 30cm box height drop jump; RSI: Reactive strength index; DJopt: Optimal box height drop jump; DJ18: 18cm box height drop 
jump; DJ20: 20cm box height drop jump; 5JT: five jump test; RLBT: Repeated lateral bound test; TJ: Tripple jump; RJ: Rebound jump; LJ: Lateral 
jump; PP: Peak power; 4BT: 4 bounce test; CMJ: Countermovement jump; D: Dominant side; ND: Non-dominant side; Slalom run: consecutive 
multiple change of directions less than 90°. All change of direction performances were expressed as the time to complete the task in seconds. 
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Plyometric strength 

Fourteen studies assessed the relationship between plyometric strength and CODP. 

Nine18,29,41,44-45,50-53 of these found meaningful relationships, three30,39,43 studies had mixed 

results, while two studies34,46 found non-meaningful relationships. 

Five44-45,50-51,53 of the studies that found meaningful relationships used a measure of distance 

covered during the jumping task, three18,29,41 used a measure of the force produced during the 

jumping tasks, and one52 used both a measure of distance covered and force produced during 

the jumping tasks. All nine studies used absolute values as their performance variable for their 

plyometric strength task. One43 study that showed mixed relationships used distance covered 

during the jump, one30 study used a measure of force during the jump, and one39 study used 

both distance covered and a measure of force output during the jumping tasks. All three studies 

used absolute values as their performance variables for plyometric strength. Both34,46 studies 

that found non-meaningful relationships also used distance covered during the jumping task 

as their measure of plyometric strength. Similarly, both studies used absolute values as their 

performance variables for the plyometric tasks.  

Two29,41 studies that found meaningful relationships used single directional change tasks, 

four45,51-53 studies used multiple directional change tasks, and three18,44,50 used both single and 

multiple directional change tasks for their COD tests. All30,39,43 studies that revealed mixed 

relationships utilized COD tasks that required multiple directional changes. Of the studies that 

found non-meaningful relationships between plyometric strength and CODP, one46 used COD 

tasks that require single directional changes, and the other one34 used COD tasks that require 

multiple directional changes.  
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Table 5. Training effect of strength-, ballistic-, and plyometric training interventions on change of direction performance. 

Authors Athletes COD tests 

used + 

measures 

Intervention What was 

compared 

Strength on COD 

ES 

Magnitude Ballistic and 

plyometric on COD 

ES 

Magnitude 

Appleby et 

al.54 

49 male 

rugby 

players 

aged: 22.4 

± 4.1 years 

50° COD task 

[time(s)] 

6 weeks of: 

Bilateral training 

using a back squat 

vs 

Unilateral training 

using step-ups 

Pre vs Post Bilateral = -0.90 

Unilateral = -0.54 

moderate 

small 

  

Banyard et 

al.55 

24 males 

aged 26 ± 5 

years 

505 test 

[time(s)] 

6 weeks of: 

Velocity based 

loading 

vs 

% of 1RM based 

loading 

Pre vs Post VBT on D = -1.20 

VBT on ND = -1.27 

 

PBT on D = -0.86 

PBT on ND = -0.86 

large 

large 

 

moderate 

moderate 

  

Davies et 

al.56 

44 female 

youth aged 

11 to 14 

years 

Pro-agility test 

[time(s)] 

7 weeks of 

plyometric training 

for: 

mid-peak height 

velocity 

vs 

post-peak height 

velocity 

Pre vs Post 
  

Mid-PHV = 0.05 

Post-PHV = -0.73 

trivial 

moderate 
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Authors Athletes COD tests 

used + 

measures 

Intervention What was 

compared 

Strength on COD 

ES 

Magnitude Ballistic and 

plyometric on COD 

ES 

Magnitude 

De Hoyo et 

al.57 

32 late 

adolescent 

Spanish 

soccer 

players 

aged 18 ± 1 

years 

Zig-Zag COD 

test 

[completion 

time(s)] 

8 weeks of: 

Full squat  

vs 

Resisted sprinting 

vs 

Plyometric 

Pre vs Post Full squat= 0.15 trivial Plyometric = 0.02 trivial 

De Hoyo et 

al.58 

32 

physically 

active 

males aged 

22 ± 2 

years 

Zig-Zag COD 

test [total 

time(s)] 

6 weeks of: 

Vertical resistance 

training 

vs 

Horizontal 

resistance training 

Pre vs Post Vertical = -0.08 

Horizontal = 0.04 

trivial 

trivial 

  

Freitas-

Junior et 

al.59 

15 male 

volleyball 

players 

aged 22 ± 1 

years 

T-test [time(s)] 6 weeks of 

weighted vest 

plyometric training 

Pre vs Post 
  

Plyometric = 0.79 moderate 
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Authors Athletes COD tests 

used + 

measures 

Intervention What was 

compared 

Strength on COD 

ES 

Magnitude Ballistic and 

plyometric on COD 

ES 

Magnitude 

Gonzalo-

Skok et 

al.60 

18 male 

basketball 

players 

aged 16.8 ± 

1.9 years 

V-cut test 

[time(s)] 

180° cutting 

test [time(s)] 

6 weeks of: 

Unilateral training 

vs 

Bilateral training 

Pre vs Post Unilat on V-cut = 0.28 

Bilat on V-cut = 0.26 

 

Unilat on 180° R = 

0.43 

Unilat on 180° L = 

0.48 

Bilat on 180° R = 0.41 

Bilat on 180° L = 0.02 

small 

small 

 

small 

small 

small 

trivial 

  

Hale et 

al.61 

15 female 

youth 

volleyball 

players 

aged 15.1 ± 

2.7 years 

9-cone test 

[time(s)] 

8 weeks of: 

strength and 

plyometric training 

Pre vs Post 0.871 moderate  
 

 

Hammami 

et al.62 

28 elite-

level 

female 

handball 

players 

aged 16.6 ± 

03 years 

Half T-test 

[time(s)] 

Modified Illinois 

test [time(s)] 

10 weeks of: 

Complex strength 

training 

vs 

Control 

Intervention 

vs Control 

Half T-test= 0.09 

Illinois = 0.10 

trivial 

trivial 
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Authors Athletes COD tests 

used + 

measures 

Intervention What was 

compared 

Strength on COD 

ES 

Magnitude Ballistic and 

plyometric on COD 

ES 

Magnitude 

Hammami 

et al.63 

28 male 

soccer 

players 

aged 16.4 ± 

0.6 years 

4x5-m sprint 

[time(s)] 

9-3-6-3-9 agility 

test [time(s)] 

8 weeks of: 

Contrast strength 

training 

vs 

Control 

Intervention 

vs Control 

4x5-m = 0.15 

180° cuts = 0.13 

trivial 

trivial 

  

Jlid et al.64 28 male 

soccer 

players 

aged 11.7 ± 

0.4 years 

T-Test [time(s)] 8 weeks of: 

Multidirectional 

plyometric  

vs 

Control 

Intervention 

vs Control 

  
Multidirectional 

plyometrics = 3.53 

very large 

Loturco et 

al.65 

22 male 

professiona

l soccer 

players 

aged 22.0 ± 

2.4 years 

Zig-Zag COD 

test [time(s)] 

5 weeks of: 

Optimal load + 

plyometrics 

vs 

Optimal load + 

resisted sprinting 

Pre vs Post 
  

plyometric = -0.87 moderate 
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Authors Athletes COD tests 

used + 

measures 

Intervention What was 

compared 

Strength on COD 

ES 

Magnitude Ballistic and 

plyometric on COD 

ES 

Magnitude 

Makhlouf 

et al.66 

57 male 

elite-level 

soccer 

players 

aged 13.7 ± 

0.5 years 

15-m run agility 

test [time(s)] 

12 weeks of: 

Strength before 

endurance 

vs 

Endurance before 

strength 

vs 

Strength and 

endurance on 

separate days 

Pre vs Post S-E = 0.03 

E-S = 0.18 

S&E = 0.30 

trivial 

trivial 

small 

  

Nimphius 

et al.25 

10 female 

softball 

players 

aged 18.1 ± 

1.6 years 

505 test 

[time(s)] 

20 weeks of in-

season training 

Pre vs Post D = -0.43 

ND = -0.81 

small 

moderate 

 
 

Ramirez-

Campillo 

et al.67 

18 young 

male 

soccer 

players 

aged 17.3 ± 

1.1 years 

T-test [time(s)] 8 weeks of: 

Unilateral 

plyometric training 

vs 

Bilateral 

plyometric training 

Pre vs Post 
  

Unilat = 0.41 

Bilat = 0.66 

small 

moderate 
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Authors Athletes COD tests 

used + 

measures 

Intervention What was 

compared 

Strength on COD 

ES 

Magnitude Ballistic and 

plyometric on COD 

ES 

Magnitude 

Ramirez-

Campillo 

et al.68 

73 young 

male 

soccer 

players 

aged: 11 to 

16 years 

Illinois test 

[total time(s)] 

7 weeks of: 

30-cm box height 

drop jumps 

vs 

Optimal RSI box 

height drop jumps 

Pre vs Post 
  

30-cm = -0.21 

optimal = -0.34 

small 

small 

Ramirez-

Campillo 

et al.69 

23 amateur 

female 

soccer 

players 

aged 21.4 ± 

3.2 years 

Meylan COD 

test [time(s)] 

8 weeks of: 

1 session per week 

vs 

2 sessions per 

week 

Pre vs Post 
  

1 per week = 1.68 

2 per week = 1.16 

large 

moderate 

Sanchez-

Sanchez 

et al.70 

24 male 

amateur 

team-

sports 

players 

aged 22.5 ± 

2.2 years 

Illinois agility 

test [time(s)] 

5 weeks of: 

HIIT 

vs 

HIIT + eccentric 

overload training 

Pre vs Post HIIT = 0.42 

HIIT + EOT = 1.01 

small 

moderate 
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Authors Athletes COD tests 

used + 

measures 

Intervention What was 

compared 

Strength on COD 

ES 

Magnitude Ballistic and 

plyometric on COD 

ES 

Magnitude 

Shalfawi et 

al.71 

20 elite 

female 

soccer 

players 

aged 19.4 ± 

4.4 years 

9-3-6-3-9 agility 

test [time(s)] 

10 weeks of: 

Strength training 

Pre vs Post Strength training = -

0.1 

trivial 
  

Singh et 

al.72 

37 elite 

hockey 

players 

aged 23 ± 

2.4 years 

505 test 

[time(s)] 

6 weeks of: 

high-to-low 

jumping 

vs 

low-to-high 

jumping 

Pre vs Post 
  

High-to-low = 0.06 

Low-to-high = -0.03 

trivial 

trivial 

Yanci et 

al.73 

44 male 

futsal 

players 

aged 22.5 ± 

5.0 years 

505 test 

[time(s)] 

6 weeks of: 

1 session per week 

vs 

2 sessions per 

week 

Pre vs Post 
  

1 per week = -0.67 

2 per week = -5.50 

moderate 

very large 

Yanci et 

al.74 

16 male 

soccer 

players 

aged 22.5 ± 

2.72 years 

T-test [time(s)] 6 weeks of: 

2 sets of 

everything 

vs 

4 sets of 

everything 

Pre vs Post 
  

2 sets = 0.23 

4 sets = 0.03 

small 

trivial 
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Authors Athletes COD tests 

used + 

measures 

Intervention What was 

compared 

Strength on COD 

ES 

Magnitude Ballistic and 

plyometric on COD 

ES 

Magnitude 

Zghal et 

al.75 

31 

pubescent 

soccer 

players 

aged 14.5 ± 

0.5 years 

505 test 

[time(s)] 

7 weeks of: 

Plyometrics 

training 

vs 

Combined 

resistance and 

plyometric training 

Pre vs Post Combined = 0.31 small Plyometric = 0.12 trivial 

Abbreviations: Pre vs Post: Pre-intervention vs post-intervention within group; Intervention vs control: intervention group vs control group; VBT: 
velocity-based training; PBT: percentage-based training; PHV: peak height velocity; Unilat: Unilateral; Bilat: Bilateral; S-E: Strength day followed by 
endurance day; E-S: Endurance day followed by strength day; S&E: Strength followed immediately by endurance; HIIT: High-intensity interval 
training; EOT: Eccentric overload training; L: left leg; R: right leg; D: dominant side; ND: non-dominant side. 
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Training effects 

Twenty-three studies evaluated training effects on CODP. Eleven54-55,57-58,60-63,66,70-71 studies utilized 

maximal strength training interventions, eleven56-57,59,64-65,67-69,72-74 utilized a combination of plyometric 

and ballistic training interventions, and in two25,75 studies it was unclear whether maximal strength or 

the combination of ballistic and plyometric training was related to the results obtained. 

Only two out of eleven studies reported meaningful effects of a maximal strength training intervention 

on CODP, with one55 utilizing a single directional change test and the other61 a multiple directional 

change test. Both studies utilized bilateral movements during their strength training intervention. Two 

studies showed mixed results following a maximal strength training intervention. One54 study used 

single directional changes while the other70 study used multiple directional changes tests. Appleby et 

al.54 used both unilateral and bilateral movements during their maximal strength training intervention, 

while Sanchez-Sanchez et al.70 used only bilateral movements. Seven57-58,60,62-63,66,71 studies found 

non-meaningful results when evaluating the effect of maximal strength training interventions on 

CODP. All these studies utilized COD tests that require multiple directional changes and all but one60 

utilized bilateral movements only during their strength training intervention. 

Four59,64-65,73 of the eleven studies that examined the effect of ballistic and plyometric training 

interventions showed meaningful effects of CODP. Yanci et al.73 utilized a COD task that requires a 

single directional change, while all other59,64-65 studies used COD tasks that require multiple directional 

changes. All four of these studies used bilateral movements during their training interventions. 

Three56,67,69 studies showed mixed results of which all of them used multiple directional change COD 

tests. Two56,69 of these studies used bilateral movements during their training intervention, while one67 

study utilized both bilateral and unilateral movements. Four57,68,72,74 studies found non-meaningful 

effects of ballistic and plyometric training on CODP. All four of these studies used COD tasks that 

require multiple directional changes as well as bilateral movements during their training intervention. 

Two25,75 studies were unclear of whether maximal strength or the combination of ballistic and 

plyometric training was the cause of the results obtained as their interventions contained all three 

modes of strength training. Nimphius et al.25 mixed results following in-season training, while Zghal et 

al.75 found non-meaningful effects following a combination of maximal strength, ballistic, and 

plyometric training. 
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Discussion 

The purpose of this literature review was to critically evaluate the existing evidence for relationships 

between performance in COD tasks and lower limb strength qualities. A secondary aim was to critique 

the literature examining the effect of lower-body multi-joint muscular strength training interventions on 

CODP. The main findings from this literature search were that ballistic- and plyometric strength 

qualities relate strongly to CODP. There were, however, mixed results regarding the relationship 

between maximal strength and CODP with five of the eleven studies showing meaningful associations 

and the remaining six showing non-meaningful associations. A surprising find in this literature review 

was that there is limited evidence to show that training programs designed to improve maximal-, 

ballistic-, and plyometric strength affects CODP, suggesting that effective training interventions for 

improving CODP still requires investigation. 

One of the challenges faced in reviewing the existing literature on this topic was that there are 

relatively few studies available assessing the relationship between lower body strength factors and 

COD tasks with single directional changes, especially those with COD angles of less than 180-

degrees. Twenty-two studies included single directional change tests consisting of 180-degree turns, 

while only six studies included tests consisting of less than 180-degree turns. The lack of specificity 

during COD tasks with multiple directional changes is well known.1 More turns during the COD task 

introduces more variables that contribute to the outcome measure (COD time) and the practitioner is 

unable to detect the exact mechanism that causes the slow or fast test time. Change of direction tasks 

of longer duration may also be influenced by fatigue, resulting in the test not being able to isolate 

COD ability, but rather being influenced by different energy systems. The COD angle determines how 

much momentum is maintained throughout the turn as well as the magnitude of deceleration and re-

acceleration is required when approaching and exiting the turn respectively. The number of turns 

performed during the COD task could influence the entry velocity into each succeeding turn as the 

athlete has hardly finished accelerating out of the previous turn before they need to start decelerating 

going into the next turn. Multiple turns also require the athlete to turn using both legs, which makes it 

more complex to detect asymmetries between legs. The results from this literature review, where five 

studies that used multiple directional changes found non-meaningful relationships with maximal 

strength, could be explained by the use of different energy systems when completing the COD tasks 

compared to the maximal strength tasks. Change of direction tasks of longer duration may be subject 

to influences of energetics rather than just assessing COD ability.1 There is a strong relationship 

between ballistic strength and CODP regardless of the number of turns involved during the COD task. 

The nature of a ballistic task is producing enough force to generate momentum thus allowing for the 

projecting of an object into free space. This allows the athlete to better manipulate the momentum 

going through a directional change that requires deceleration, a directional change, and 

reacceleration. Single directional changes are more specific to plyometric movements in the sense 
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that they both require short periods of time to be completed and thus will be influenced by fatigue to 

a lesser degree. This is supported by the fact that only one study that utilized single directional change 

tests found a non-meaningful relationship, while five found meaningful relationships with plyometric 

strength. This emphasises the idea that the mechanisms required to overcome the inertia of the 

downward travelling centre of mass and the subsequent generation of enough force to accelerate the 

centre of mass enough to overcome inertia and propel the body into space in the opposite direction 

during a jumping motion are similar to those required to overcome inertia during a COD task. 

Maximal strength and change of direction performance. 

Currently, there is an unclear relationship between maximal strength and CODP in the literature, as 

half of the studies reviewed (5/11) revealed meaningful relationships, while the remainder (6/11) 

revealed non-meaningful relationships.  

Studies that revealed non-meaningful relationships did not use relative strength while two studies that 

found meaningful relationships did use relative strength. A COD task requires the athlete to displace 

their centre of mass to successfully change movement direction. Enough force needs to be produced 

and applied to the ground by the athlete to decelerate, change movement direction, and reaccelerate 

again in the new direction. The higher the velocity into and out of the turn, the greater the deceleration 

and subsequent acceleration demands; thus, more force production is required. During a COD task, 

the forces needed to achieve these deceleration and acceleration requirements need to be enough 

to manipulate the momentum of the body mass. This reasoning provides key insight as to why 

producing large amounts of force relative to body mass would be beneficial to CODP. Although there 

is limited research available on the relationship between relative measures of maximal strength and 

CODP, all studies that evaluated this relationship found it to be meaningful. There is, however, not 

enough literature available on the relationship between maximal strength relative to body mass and 

CODP to produce an informed conclusion, more research is needed.  

An argument could also be made that the nature of the strength movement, i.e., dynamic movement 

or isometric movement, could influence the relationship with CODP. Isometric strength testing is done 

at the joint angle at which the athlete is able to produce the greatest amount of force possible.76 

Isometric strength allows the athlete to produce higher levels of force which relates to overcoming 

inertia during the braking and propulsion phase.12 Dynamic strength is more specific to COD tasks as 

both movements involve a change in joint angles when a force is produced. Dynamic strength also 

requires the athlete to produce large amounts of force through an entire range which includes angles 

at which the muscle contraction might not be as efficient.76 This allows for greater specificity as the 

athlete will be required to produce large amounts of force through a range of joint angles seen on the 

field and also during the COD task.77 The desired maximal strength test should be selected based on 

both the ability to detect the highest level of force that the athlete is capable of producing as well as 

the specificity to the COD task. There are, however, different joint angles in play during a COD task 
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compared to a back squat, COD tasks take athletes through different ranges than that required to 

squat. Isometric strength tests would likely be more beneficial when comparing the force production 

to that required during COD tasks. 

Ballistic strength 

Twenty-one studies evaluated the relationship between ballistic strength and CODP of which fourteen 

found meaningful relationships, indicating clear importance of ballistic strength during CODP from the 

literature. 

Absolute measures of force output were the most used as performance variables during the ballistic 

strength movements throughout the literature. Only one of the fourteen studies that found meaningful 

relationships used force output as both absolute and relative measures for their performance variable 

during the ballistic strength movements. The remaining thirteen studies all used only absolute 

measures of force output. It is thus clear that the level of force production by the athlete is a 

contributing factor during COD tasks. A ballistic task, although on the opposite side of the force-

velocity curve to maximal strength, requires high levels of force output to complete the task. High 

levels of force production are needed to change the athlete’s velocity at two separate phases of the 

COD task. The first being during the deceleration phase where the athlete must decrease their running 

velocity going into the turn, and the second is the reacceleration phase where the athlete must 

increase their running velocity sprinting out of the turn. 

Although it is seen as an absolute measure of ballistic strength, the distance covered during the jump 

incorporates some aspect of relative strength because the athlete must produce enough force to 

overcome inertia and increase the velocity of the entire mass of the body.  

Plyometric strength 

During a plyometric movement, the athlete is required to convert an eccentric muscle contraction into 

a powerful concentric muscle contraction with a typical contraction time of less than 250ms.78 

Similarly, during COD tasks the athlete decelerates (eccentric muscle contraction) into the turn, 

changes direction and then re-accelerates (concentric muscle contraction) out of the turn. There is a 

clear strong relationship between the performance of these two movements in the literature. Nine of 

the fourteen studies found moderate to very large relationships between plyometric movements and 

CODP. This could be due to the nature of plyometric movements which requires a quick conversion 

of eccentric muscle forces into concentric muscle forces and short ground contact time for the success 

of the movement, similar to what is required during fast COD tasks. 

According to my knowledge, there is no research available on the relationship between plyometric 

strength relative to body mass and CODP. Force output during a plyometric test expressed relative 

to body mass, will add a valuable dimension to understanding the physical capacity of an athlete that 

appears to be related to performance in COD.  
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There is also value in measuring the force output during a plyometric task, as this allows the 

practitioner to determine the exact amount of force needed by the athlete to overcome the inertia of 

the downward travelling centre of mass and subsequently generate enough momentum to propel the 

body into free space in the opposite direction in a very short time. The actual biomechanical measures 

such as peak force and force relative to body mass could add valuable information to understanding 

the relationship with CODP rather than just jump performance data. 

Training interventions and CODP 

The majority of the studies that have investigated the effect of strength training interventions on CODP 

have shown no meaningful effect, thus, indicating that an effective strength training intervention to 

improve CODP is yet to be determined. Higher force production capabilities following a strength 

training intervention would theoretically allow the athlete to better overcome inertia during the 

deceleration and reacceleration phases of the COD task. The data from this literature review, 

however, indicates that maximal force production is less important than force production at high 

velocities. When the goal of the training session is to improve force production, it is desirable to 

generate as much force as possible as fast as possible.  

Yanci et al.73 showed that should the frequency of plyometric training sessions be increased from 

once per week to twice per week, there could be significant, very large (ES = 5.50) improvements in 

CODP. Jlid et al.64 used multi-directional plyometrics as their exercise prescription and found 

significant, very large (ES = 3.53) improvements in CODP. This could be due to the athletes training 

in movement planes that mimic the COD task as opposed to uniplanar movements seen in vertical 

and horizontal plyometrics. These studies provide a strong argument for increasing the total volume 

per week of plyometric training to elicit a faster CODP and that plyometric movements are indeed 

important during CODP. The best practice of plyometric training to improve CODP is, however, 

unclear from literature and yet to be determined.  

Two25,75 studies were unclear as to whether maximal strength or the combination of ballistic and 

plyometric training was the cause of the results obtained. Nimphius et al.25 showed mixed results 

following in-season training, while Zghal et al.75 found non-meaningful effects following a combination 

of maximal strength, ballistic, and plyometric training. 

Limitations  

There were a few limitations to this literature review. Non-English articles could have had valuable 

information to add to our understanding of the influence of different strength factors on CODP. Some 

studies could not be retrieved since they were not available at the time that the literature search was 

conducted. This is not a full meta-analysis which means that all results in this review were taken 

directly from other studies with no further analyses done on their results. A variety of tests were used 
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with a variety of outcome variables for both strength and COD measures by all authors and thus it is 

very hard to draw an accurate conclusion as different tests will have different outcomes. 

Conclusion  

This literature review presents enough evidence to conclude that isometric-, ballistic-, and plyometric 

strength may be related to COD performance, but there isn’t enough information to clearly understand 

if different strength capacities are more beneficial for different COD tasks. With the results from this 

literature review, it is clear there is limited research on strength factors associated with single COD 

tasks and more so using single COD tasks with less than 180-degree angles. Using COD tasks with 

single directional changes allows the sport scientists to isolate the physical quality they are trying to 

assess. Change of direction angles of less than 90-degree are more specific to sports such as rugby, 

hockey, and soccer, thus strength and conditioning coaches will better be able to prescribe exercises 

that are specific to the demands of the sport. Thus, it would be useful to determine the effect of 

different types of lower body strength factors on COD tasks that require single directional changes at 

different angles. 
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Chapter 3: Experimental Study 

Introduction 

Changing direction at high velocities can lead to key moments that determine the outcome of a match 

in field and court sports.4,19 Change of direction (COD) is a component of agility that is described as 

the ability to decelerate, change movement direction, and reaccelerate again where no immediate 

reaction to a stimulus is required.1-4 Change of direction performance (CODP) is the holistic task that 

involves a sprint into the turn, directional change, and a sprint out of the turn and incorporates the 

mechanics associated with agility performance i.e. deceleration, directional change, and 

acceleration.7 Assessing completion time only as a measure of performance from an agility test may 

mask deficiencies in COD ability.7 An athlete with good acceleration ability but poor change of 

direction skill could still complete the task in a competitive time. Change of direction deficit (CODD) is 

used to provide a more isolated measure of the athlete’s COD skill not influenced by linear sprinting 

ability.6-9 Change of direction deficit is calculated subtracting by the time that a directional change 

requires from the time a pure linear sprint over equivalent distance requires.7-8  

There are multiple tests available to assess CODP that include, but are not limited to, the 505 COD 

test, Pro-agility test, Illinois agility test, T-test, and the 45- and 90-degree cutting test. The choice of 

COD test is highly dependent on the COD needs of the sport being assessed. Some sports, such as 

cricket and netball, involve more 180-degree turns and would thus justify the use of a COD test that 

include 180-degree turns. Other sports, such as hockey and rugby, require mostly changes in 

direction that are 90-degrees and smaller.5 Velocity maintained during a COD task is a determinant 

of CODP.13,20-21 During a cutting task the athlete needs to produce adequate amounts of force to 

overcome inertia and accelerate the centre of mass in the new direction. Change of direction 

biomechanics is both angle- and velocity dependant, where there is a trade-off between the angle of 

directional change and the velocity maintained throughout the cutting task.13 A sharper COD angle 

results in reduced approach and exit velocities and demands higher magnitudes force production to 

allow for the larger change of momentum. During a 180-degree turn (figure 3A), the athlete reduces 

their velocity to zero for a short period of time, before pushing off in the opposite direction. The athlete 

would then need to produce more force to accommodate the larger change in momentum. A 45-

degree cutting task (figure 3C), however, allows some momentum to be maintained through the turn 

and thus a smaller change in momentum is required by the athlete. A 90-degree cutting task (figure 

3B) would be in between the 180-degree and 45-degree COD tasks. This leads to the suggestion that 

different angles of cutting tasks require different strength training demands depending on how much 

momentum is maintained throughout the COD task. 
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Figure 3: A- 180° cutting task where the athlete momentarily comes to a complete stop before pushing 
off in the opposite direction. B- 90° cutting task where the athlete maintains some momentum through 
the directional change. C- 45° cutting task where little momentum is lost during the COD task due to the 
small angle of directional change. 

 

Lower limb strength is one of the many components that influence CODP. Strength is the ability to 

produce force against an external resistance.14 Isometric strength is a maximal force production 

without a change in joint angles. Ballistic strength refers to jumping movements that require the athlete 

to exert as much force as possible in short periods of time with a slow stretch-shortening cycle 

(contraction time > 250ms).16,22 Plyometric movements have been classified as jumping events with 

a fast stretch-shortening cycle (contraction time < 250ms) 22 and emphasize the loading of muscles 

during an eccentric muscle action, which is quickly followed by a rebound concentric action.17 

Reactive strength index is a calculated measurement to assess the ability of an athlete to utilize the 

stretch-shortening cycle as quickly as possible during jumping and hopping movements.79  
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Strength and conditioning coaches could find it useful to understand the relationship between CODP 

and isometric-, ballistic-, and plyometric strength to better be able to train the specific strength 

qualities required during a COD task. Knowledge of strength factors associated with lower cut angle 

COD tasks would allow practitioners to make informed decisions from COD tests that are more 

specific to the on-field demands of team sports. Thus, this study aimed to investigate the relationship 

between COD performance during 45-, 90-, and 180-degree cutting tasks and lower body isometric, 

ballistic, and plyometric strength. 

Methods 

Experimental approach 

This study used a quantitative, cross-sectional study design to assess the relationship between lower 

body maximal-, ballistic-, and plyometric strength and CODP at different angles.  

Athletes 

Forty-five athletes that consisted of male high school rugby players (n = 20, age = 16.8 ± 1.1 years, 

height = 175.6 ± 8.1 cm, mass = 82.5 ± 14.7 kg), male university-level hockey players (n = 12, age = 

20.5 ± 1.7 years, height = 177.0 ± 5.1 cm, mass = 71.3 ± 6.8 kg), and female university-level hockey 

players (n = 13, age = 20.6 ± 1.5 years, height = 164.4 ± 6.6 cm, mass = 61.2 ± 7.9 kg). The effect 

size achieved was larger than the priori power calculation, which is based on the smallest worthwhile 

effect (ES = 0.2), therefore the current sample size is sufficient to detect the effect. The ethics 

committee at the University of Pretoria approved this study (REC number 600/2020, Annexure A & B) 

as well as the umbrella study (REC number 83/2016, Annexure C). All athletes and associated 

information were handled in line with the regulations stated in the declaration of Helsinki (Annexure 

D). Adult athletes provided informed consent (Annexure E) before participation, while all athletes 

younger than 18 years of age completed a youth ascent form (Annexure F) as well as had their 

parent/guardian complete a parent consent form (Annexure G). 

Testing procedure 

Testing was conducted on separate days for the men’s hockey, women’s hockey, and rugby players. 

All testing for each group was completed within one day. Any trials performed with inappropriate 

technique according to the researcher were discarded and had to be completed again. Testing was 

divided into lab-based testing (isometric squat, countermovement jump, and 10-to-5 repeated jump 

test) and field-based testing (20-m sprint, 505 change of direction test, 90-degree cutting task, and 

45-degree cutting task). Athletes wore comfortable training clothes with the appropriate footwear 

(trainers for lab-based testing and sport-specific boots for field-based testing). Lab-based tests were 

conducted in the biomechanics laboratory at the University of Pretoria (Annexure H). Field-based 

testing was done on the University of Pretoria’s rugby field and hockey astroturf for rugby and hockey 

players respectively (Annexure I). A standardized warm-up consisting of dynamic stretches was 
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conducted before the lab-based testing and a separate standardized warm-up was conducted before 

the onset of the field-based testing. The warm-up was followed by submaximal efforts of each test in 

the testing battery to ensure the athletes were familiar with the movements. 

The testing battery for the lab-based tests was completed in the following order with at least three 

minutes rest between each test: Isometric squat, countermovement jump, and 10-to-5 repeated jump 

test. Force plates (JM6090-06, Bertec, USA) were utilized for the lab-based tests and were zeroed 

before each subject got on to the force plate for each test. Athletes were instructed to stand as still as 

possible on the force plates before the onset of all movements to record their weight. Electronic timing 

gates (SmartSpeed, Fusion Sport, Australia) were used to time the athletes during field-based tests. 

Field-based testing started with the 20-m linear sprint, then the 505 COD test, then the 90-degree 

cutting test, and concluded with the 45-degree cutting task with at least three minutes rest between 

tests. For all speed and COD tests, the athletes were instructed to start from a two-point start 0.5-m 

from the first set of timing gates and then run as fast as they can, on their own time, through all the 

gates to a marker placed 2-m behind the last timing gate. A CODD variable was calculated for all 

COD tasks by subtracting the time the athlete spent between 10-m and 20-m of the linear sprint from 

the time to complete the COD task. The 10-m to 20-m time during the linear sprinting task was 

selected as this allowed for the 10 m run into the cut during the COD tasks. An instantaneous speed 

measurement was also recorded by placing a timing gate 5-m before the starting gate. The time it 

takes during the 5-m leading up to the test was recorded as a value of instantaneous speed time. This 

measurement was compared with the 5-m to 10-m time during the 20-m sprint and was used as an 

inclusion criterion for the COD task. The average of the best two trials was used for statistical analyses 

in all tests used to allow for more reliable results. The within-participant coefficient of variation (CV) 

was calculated between all three trials for each test. 

Isometric squat 

The isometric squat was chosen as the isometric strength measure for this protocol. The isometric 

squat is a test used to measure the maximal amount of force an athlete can produce without a change 

in joint angles. Athletes were asked to step onto the force plates and squat to a depth where hip and 

knee angles are approximately 120- to 130-degrees as measured by a goniometer. A bar was then 

fixed at a height where it sits across the back of the shoulders, and the hands rest comfortably on the 

bar. Instructions to the athletes were to “push upwards as hard and as fast as you can”, “drive your 

feet into the ground and the bar from the floor”. The average peak force relative to body mass (F/BM-

ISQ, CV = 4%) of the best two trials from the three trials completed was used for statistical analyses. 

This measurement analyses the maximal amount of force an athlete can produce without a change 

in joint angles in relation to their body mass. 
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Countermovement jump  

The countermovement jump test was used to assess ballistic strength. Athletes performed the test 

with their hands akimbo and their feet shoulder-width apart. They were then instructed to bend quickly 

to a comfortable depth and immediately jump as fast and high as possible by extending their hips, 

knees, and ankles, keeping their hands on their hips throughout the jump. Three maximal effort jumps 

were performed with a rest period of about 30s between each jump. The average peak force (FCMJ, 

CV = 2%), peak force relative to body mass (F/BMCMJ, CV = 2%), RSI (RSICMJ, CV = 5%), take-off 

momentum (MCMJ), and jump height (HCMJ, CV = 3%) of the two trials with the highest jump height 

were recorded for statistical analyses. Jump was calculated from take-off velocity using the impulse-

momentum method. 

10-to-5 repeated jump test 

The 10-to-5 repeated jump test was used to assess plyometric strength. The athletes stepped onto 

the force platform and got ready to jump with their feet shoulder-width apart and their hands akimbo. 

They then proceeded to perform a countermovement jump followed by 10 maximal rebound jumps80-

81 and were instructed to “jump as high as possible, while keeping your legs straight in the air”. 

Additionally, they were instructed to “imagine the ground is a hot surface”, and “imagine legs are like 

a stiff spring” which should result in the athlete jumping as high as possible with each jump. The 

highest five of the ten jumps were used to calculate the average of all the variables of interest. The 

average peak force relative to body mass (F/BMRJT, CV = 4%), jump height (HRJT, CV = 6%), and RSI 

(RSIRJT, CV = 5%) of two trials was used for statistical analyses. Jump height was calculated from 

take-off velocity using the flight time method. 

20-m linear sprint 

Linear sprinting ability was assessed with the 20-m linear sprint (CV = 1%). Electronic timing gates 

were placed on 0-m, 5-m, 10-m, and 20-m. The exact distances were marked with cones using a 50-

m measuring tape to ensure standardized distances for all groups. Two trials were completed, and 

the average times at the various distances were used for statistical analyses.  

505 change of direction test 

The 505 COD test (figure 3) assesses 180-degree cutting ability (CV = 2%). The test involves a 10-

m sprint past a timing gate, a further 5-m sprint to a turning line where either the left or right foot, 

depending on the trial, is reached out and planted on or over the turning line before a 180-degree cut 

is performed and the athlete sprints back past the timing gate. A researcher was placed in line with 

the turning line and indicated to the researcher recording the times whether the athlete had 

successfully reached the turning line. Trials where the athletes did not reach the turning line were 

discarded, and the athlete had to repeat the trial after the required rest period. Athletes were required 

to turn off both the right and left leg for a total of two trials each with enough rest (≥ 2 min) between 

each trial. The times recorded were from the moment the athlete ran through the gates in their 
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approach into the turn, to the moment when they passed through the gates with their run out of the 

turn. Time to complete the test (T180) was recorded and a CODD (CODD180) was calculated. Both 

values were used for statistical analyses. 

90-degree cutting task 

The ability to change direction at 90-degrees was assessed with a 90-degree cutting task (CV = 2%). 

Timing gates were placed 5-m away from a turning marker indicating the turning point and another 

set of timing gates 5-m away from the marker at a 90-degree angle to the first set (Figure 3). The 

athletes were required to sprint 10-m where they passed the first timing gate followed by another 5-

m sprint to where they performed a cutting manoeuvre with either left or right foot, depending on the 

trial, before sprinting another 5-m past the second timing gate to finish the test. Athletes were 

instructed to place their foot as close as possible to the turning mark, turn to the indicated side and 

sprint past the second timing gate in as little time possible. A total of two trials were completed for 

both the right and left leg with enough rest (≥ 2 min) between trials. Time taken from the first to second 

timing gate was recorded as the time to complete the test (T90) and a CODD value was calculated 

(CODD90).  

45-degree cutting task 

Change of direction ability through a 45-degree turn is assessed with the 45-degree cutting task (CV 

= 3%). Timing gates were placed 5-m away from a beacon indicating the turning point. Another set of 

timing gates was placed 5-m further at a 45-degree angle from the first set. Athletes were instructed 

to sprint as fast as possible, place their foot (left or right depending on the side being evaluated) as 

close as possible to the turning beacon, and finish with a maximal sprint through the final set of timing 

gates. Two trials of the test were completed with sufficient rest (≥ 2 min) between trials to allow for 

complete recovery between trials. Total time to complete the task (T45) and a CODD value (CODD45) 

was used for statistical analyses.  

Statistical analyses 

The normality of the distribution of data was confirmed using the Shapiro-Wilk test. Initially, a simple 

regression analysis was done between the COD tasks and each of the strength test variables to check 

for collinearity. Pearson’s product-moment correlation and coefficient of determination with 95% 

confidence intervals were used to explore relationships among variables. Pearson’s product-moment 

correlation analyses will suffice as there is no maturational differences in strength post peak height 

velocity, and when comparing strength of males and females according to lean body mass, there is 

little difference between genders. Results were categorised as trivial (r < 0.1), small (0.1 < r < 0.3), 

moderate (0.3 < r < 0.5), large (0.5 < r < 0.7), very large (0.7 < r < 0.9), and nearly perfect (r > 0.9).26 

Stepwise multiple regression was used to determine the combined effects of statistically correlated 

variables, to demonstrate which variables are the best predictors of COD performance. Statistical 

 
 
 



48 
 

significance was set at p ≤ 0.05. A statistician was used to assist with data analyses and interpretation 

of the results (Annexure J). 

Results 

Table 6 shows the descriptive statistics of all the performance variables used for statistical analyses.  

The correlation matrix between CODP and different strength factors can be seen in table 7. All the 

correlation coefficients were negative which means that an increase in the various strength measures 

resulted in a decrease in the time of the various COD variables. Significant moderate to large 

correlations between FISQ and CODP were present at all angles as well as with CODD at all angles. 

Jump height measured during the CMJ showed the strongest relationship among the CMJ variables 

with CODP. Except for the relationship between RJT-relative peak force and CODD90, all other 

variables of the repeated jump test showed significant moderate-to-large correlations with all CODP 

variables at all angles of directional change.  

The strength parameters that were the best predictors of CODP at various angles are shown in table 

8 and were obtained from the stepwise multiple regression. The best predictors for both CODD180 and 

T180 were F/BMRJT and HRJT. During the T90 the best predictor variables were MCMJ and HRJT, while 

during CODD90 MCMJ was the best predictor variable. The best predictor variables differed between 

the CODD45 and T45 where CODD45 was best predicted by F/BMISQ, FCMJ, and F/BMRJT, while T45 could 

be explained by MCMJ, F/BMRJT, and HRJT.  
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Table 6. Descriptive statistics of all performance variables. 

  Mean SD 

F/BMISQ (N/kg) 41.53 8.00 

FCMJ (N) 1837.31 427.51 

F/BMCMJ (N/kg) 25.02 3.43 

HCMJ (cm) 34.84 8.95 

RSICMJ (au) 0.47 0.14 

MCMJ (au) 190.58 43.64 

HRJT (cm) 30.53 7.98 

F/BMRJT (N/kg) 56.84 8.42 

RSIRJT (au) 1.32 0.38 

CODD180 (s) 1.94 0.14 

T180 (s) 3.26 0.24 

CODD90 (s) 0.94 0.20 

T90 (s) 2.26 0.28 

CODD45 (s) 0.33 0.14 

T45 (s) 1.65 0.23 

Abbreviations: F/BMISQ – isometric squat relative peak force; FCMJ – countermovement jump peak force; 
F/BMCMJ – countermovement jump relative peak force; HCMJ – countermovement jump-jump height; 
RSICMJ – countermovement jump reactive strength index; MCMJ – countermovement jump take-off 
momentum; HRJT – repeated jump test jump height; F/BMRJT – repeated jump test relative peak force; 
RSIRJT – repeated jump test reactive strength index; CODD180 - 180-degree change of direction deficit; 
T180 – 180-degree completion time; CODD90 – 90-degree change of direction deficit; T90 – 90-degree 
completion time; CODD45 – 45-degree change of direction deficit; T45 – 45-degree completion time; CI – 
confidence interval; SD – standard deviation. 
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Table 7. Correlation matrix between all strength variables and all COD tasks 

    F/BMISQ FCMJ F/BMCMJ HCMJ RSICMJ MCMJ HRJT F/BMRJT RSIRJT 

CODD180 
Pearson's 
r (95%CI) 

-0.42 
(-0.14 to -0.64) 

-0.24 
(0.06 to -
0.50) 

-0.43 
(-0.16 to -
0.64) 

-0.57 
(-0.33 to -
0.74) 

-0.52 
(-0.26 to -
0.70) 

-0.34 
(-0.06 to -
0.58) 

-0.57 
(-0.33 to -
0.74) 

-0.48 
(-0.21 to -
0.68) 

-0.59 
(-0.36 to -
0.76) 

p-value 0.004 0.113 0.003 < .001 < .001 0.021 < .001 < .001 < .001 

T180 
Pearson's 
r (95%CI) 

-0.43 
(-0.16 to -0.64) 

-0.26 
(0.03 to -
0.52) 

-0.48 
(-0.22 to -
0.68) 

-0.66 
(-0.46 to -
0.80) 

-0.58 
(-0.35 to -
0.75) 

-0.40 
(-0.11 to -
0.62) 

-0.60 
(-0.38 to -
0.76) 

-0.50 
(-0.24 to -
0.69) 

-0.63 
(-0.41 to -
0.78) 

p-value 0.003 0.082 < .001 < .001 < .001 0.007 < .001 < .001 < .001 

CODD90 
Pearson's 
r (95%CI) 

-0.40 
(-0.12 to -0.62) 

-0.31 
(-0.02 to -
0.56) 

-0.20 
(0.10 to -
0.46) 

-0.37 
(-0.08 to -
0.60) 

-0.31 
(-0.01 to -
0.55) 

-0.42 
(-0.15 to -
0.64) 

-0.34 
(-0.06 to -
0.58) 

-0.25 
(-0.05 to -
0.50) 

-0.37 
(-0.08 to -
0.59) 

p-value 0.007 0.036 0.193 0.013 0.042 0.004 0.021 0.104 0.014 

T90 
Pearson's 
r (95%CI) 

-0.45 
(-0.18 to -0.66) 

-0.33 
(-0.05 to -
0.57) 

-0.35 
(-0.06 to -
0.58) 

-0.55 
(-0.31 to -
0.73) 

-0.47 
(-0.20 to -
0.67) 

-0.48 
(-0.21 to -
0.68) 

-0.49 
(-0.23 to -
0.69) 

-0.37 
(0.01 to -
0.09) 

-0.51 
(-0.26 to -
0.70) 

p-value 0.002 0.025 0.020 < .001 0.001 < .001 < .001 0.012 < .001 

CODD45 
Pearson's 
r (95%CI) 

-0.64 
(-0.43 to -0.79) 

-0.51 
(-0.25 to -
0.70) 

-0.51 
(-0.25 to -
0.70) 

-0.54 
(-0.30 to -
0.72) 

-0.58 
(-0.35 to -
0.75) 

-0.53 
(-0.28 to -
0.71) 

-0.57 
(-0.33 to -
0.74) 

-0.47 
(-0.21 to -
0.67) 

-0.60 
(-0.37 to -
0.76) 

p-value < .001 < .001 < .001 < .001 < .001 < .001 < .001 < .001 < .001 

T45 
Pearson's 
r (95%CI) 

-0.59 
(-0.36 to -0.76) 

-0.44 
(-0.17 to -
0.65) 

-0.56 
(-0.31 to -
0.73) 

-0.68 
(-0.49 to -
0.81) 

-0.66 
(-0.45 to -
0.80) 

-0.53 
(-0.28 to -
0.71) 

-0.64 
(-0.43 to -
0.79) 

-0.53 
(-0.28 to -
0.71) 

-0.67 
(-0.47 to -
0.81) 

p-value < .001 0.002 < .001 < .001 < .001 < .001 < .001 < .001 < .001 

Abbreviations: F/BMISQ – isometric squat relative peak force; FCMJ – countermovement jump peak force; F/BMCMJ – countermovement jump relative 
peak force; HCMJ – countermovement jump-jump height; RSICMJ – countermovement jump reactive strength index; MCMJ – countermovement jump 
take-off momentum; HRJT – repeated jump test jump height; F/BMRJT – repeated jump test relative peak force; RSIRJT – repeated jump test reactive 
strength index; CODD180  - 180-degree change of direction deficit; T180 – 180-degree completion time; CODD90 – 90-degree change of direction deficit; 
T90 – 90-degree completion time; CODD45 – 45-degree change of direction deficit; T45 – 45-degree completion time. Bolded values represent moderate 
to large correlations.
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Table 8. Stepwise multiple regression analyses results. 

COD task F-value R2-adjusted 

(95% CI) 

Bests predictors (test used) p-value Parameter of estimate 

T180 15.99 0.405 

(0.199 to 0.611) 

F/BMRJT 

HRJT 

0.032 

0.001 

-0.00823 

-0.01427 

CODD180 13.05 0.354 

(0.145 to 0.563) 

F/BMRJT 

HRJT 

0.045 

0.002 

-0.00463 

-0.00767 

T90 10.34 0.298 

(0.090 to 0.506) 

MCMJ 

HRJT 

0.022 

0.015 

-0.00209 

-0.01218 

CODD90 9.38 0.160 

(-0.027 to 0.347) 

MCMJ 0.004 -0.00194 

T45 18.42 0.543 

(0.364 to 0.722) 

MCMJ 

F/BMRJT 

HRJT 

0.005 

0.008 

0.006 

-0.00177 

-0.00869 

-0.01044 

CODD45 14.32 0.476 

(0.284 to 0.668) 

F/BMISQ 

FCMJ 

F/BMRJT 

0.017 

0.048 

0.021 

-0.00660 

-0.00009 

-0.00506 

Abbreviations: F/BMISQ – isometric squat relative peak force; FCMJ – countermovement jump peak force; MCMJ – countermovement jump take-off 
momentum; HRJT – repeated jump test jump height; F/BMRJT – repeated jump test relative peak force; CODD180 – 180-degree change of direction 
deficit; T180 – 180-degree completion time; CODD90 – 90-degree change of direction deficit; T90 – 90-degree completion time; CODD45 – 45-degree 
change of direction deficit; T45 – 45-degree completion time. 
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Discussion 

The aim of this study was to investigate the relationship between COD performance during 

45-, 90-, and 180-degree cutting tasks and lower body isometric, ballistic, and plyometric 

strength. Ballistic strength was significantly correlated with CODP and was an important 

predictor during the 90-degree cutting task. Plyometric strength was significantly correlated 

with all COD tasks and was the best predictor of CODP at 180- and 45- degrees. A surprising 

finding was that isometric squat strength is significantly correlated with all COD tasks but was 

not a good predictor in stepwise analysis. This is likely because isometric strength underpins 

ballistic and plyometric performance, but it seems that the ability to apply force fast rather than 

the absolute amount of force that can be applied is a better predictor of performance. 

Pearsons correlations 

Relative peak force measured during the isometric squat showed significant moderate to large 

correlations with CODP at all angles as well as CODD at all angles. This is in line with the 

findings in the literature review of consistent moderate to very large correlations were seen 

between maximal strength measures and CODP.25,28,31,35-36 These studies have in common 

the fact that all of them used COD tasks that require multiple directional changes which are 

longer in duration and less specific than the single COD tasks used in this study. This provides 

rationale that force measures relative to body mass is a good method to compare a measure 

of force output with CODP as there were significant moderate to very large relationships 

regardless of the COD test used in the protocol.  

Jump height measured during the CMJ showed the strongest relationship among the CMJ 

variables with CODP. This is in line with previous research where, as demonstrated in chapter 

2, several studies found significant moderate to very large relationships between CMJ jump 

height and various COD tests.31,33-34,38-39,43,45,47,49,82 Michailidis et al.44 contradicted these 

findings by non-significant trivial to small relationships between CMJ and 505 COD test as 

well as the arrowhead test in youth soccer players. The study population for this particular 

study was very young (9-16 years), which could influence the results. The balance of the 

combined evidence of the present study and other studies suggests that ballistic strength is 

related to CODP. 

Except for the relationship between F/BMRJT and CODD90, all other variables of the repeated 

jump test showed significant moderate-to-large correlations with all CODP variables at all 

angles of directional change. During a cutting task the athlete is required decelerate and 

accelerate running into and out of the turn respectively, movements that require high levels of 

force production in a short period of time.13 These significant moderate to very large 

relationships between plyometric strength and CODP using various COD tests support the 
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relationships present in the literature review of this study.18,29,41,44-45,50-53 Reactive strength, as 

represented by the repeated jump test is thus highly related to fast CODP. 

Stepwise multiple regression 

The best predictors of T180 (R2-adjusted = 0.405) were F/BMRJT and HRJT. Similarly, the best 

predictors of CODD180 (R2-adjusted = 0.354) were F/BMRJT and HRJT. These results indicate 

that high levels of plyometric strength are important for performance in 180-degree COD tasks. 

The best predictors of T90 (R2-adjusted = 0.298) were MCMJ and HRJT. The best predictor of 

CODD90 (R2-adjusted = 0.160) was MCMJ. This suggests that ballistic strength is the most 

important physical quality of 90-degree cut performance. The best predictors of T45 (R2-

adjusted = 0.543) were MCMJ, F/BMRJT, and HRJT. The best predictors of CODD45 (R2-adjusted 

= 0.476) were F/BMISQ, FCMJ, and F/BMRJT. These results suggest that speed through a 45-

degree cutting task is predicted by ballistic and plyometric qualities and not maximum 

isometric strength. This makes sense because these qualities are also associated with 

acceleration and maximal speed.83 However, the change of direction skill, as determined by 

CODD, at speed seems to depend on the ability to exert high amounts of force. Best predictor 

variables during CODD45 was relative peak force production during the isometric squat and 

repeated jump test, and absolute peak force output during the CMJ. 

Strong correlations between isometric strength and CODP at all angles indicate that strength 

and conditioning coaches who want to improve their athletes’ ability to change direction as 

fast as possible need to ensure that their athletes are able to produce high levels of force. 

Once adequately strong the practitioners need to improve the ability to produce force as 

quickly as possible in their athletes and can make use of plyometric movements to achieve 

this. 

Limitations 

The field-based testing was conducted on a grass rugby field and hockey astroturf for rugby 

and hockey players respectively. Ideally, both groups perform field-based testing on a 

standardized surface. Another limitation was the time of day that the field-based testing was 

conducted. Due to the nature of the testing battery, the athletes first completed the lab-based 

tests and then relocated to the fields to complete the field-based tests, which by then occurred 

between 10 am and 12 pm. The athletes prepared for the day from their respective homes 

and thus we were unable to control the nutrition at the start of the day.  

Conclusion 

The aim of this study was to investigate the relationship between COD performance during 

45-, 90-, and 180-degree cutting tasks and lower body isometric, ballistic, and plyometric 

strength. Practitioners who want to improve their athlete’s ability to change direction as fast 
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as possible should firstly ensure the athletes are adequately strong as strength was associated 

with performance in all tests. Once adequately strong, the aim should be to improve the ability 

to produce force as quickly as possible through the use of plyometric movements.   
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Chapter 4: Conclusion 

Summary 

Change of direction (COD) is a component of agility that requires the ability to decelerate, 

change movement direction, and accelerate again where no immediate reaction to a stimulus 

is required.1-4 Change of direction performance (CODP) is simply put the overall task that 

involves a maximum effort run into a turn, directional change and a maximal effort run out of 

the turn, and can be assessed as the total time to complete a change of direction task. 

Isometric strength represents the maximum possible amount of force that an athlete can 

produce without a change in joint angles. Lower body ballistic movements are classified as 

jumping events with a slow stretch-shortening cycle (contraction time > 250ms), while lower 

body plyometric are jumping events with a fast stretch-shortening cycle (contraction time < 

250ms).22 Prior to this study, the physical performance capabilities that underpin different 

CODP, had yet to be clearly defined. Sport scientists could find it useful to understand the 

relationship between CODP and isometric-, ballistic-, and plyometric strength to better be able 

to train the specific strength qualities required during a change of direction task. Thus, the aim 

of this study was to investigate the relationship between COD performance during 45-, 90-, 

and 180-degree cutting tasks and lower body isometric, ballistic, and plyometric strength. 

A review of the literature revealed that ballistic- and plyometric strength qualities relate strongly 

to CODP, while there were mixed results regarding the relationship between maximal strength 

and CODP. There is limited evidence in the literature to show that training programs designed 

to improve maximal-, ballistic-, and plyometric strength affects CODP, suggesting that 

effective strength training interventions for improving CODP still requires investigation. While 

it is clear that isometric-, ballistic-, and plyometric strength may be related to COD 

performance, there isn’t enough information to clearly understand if different strength 

capacities are more beneficial for different COD tasks. There is limited research on strength 

factors associated with single COD tasks with less than 180-degree angles. Using COD tasks 

with single directional changes allows the sport scientists to isolate the physical quality they 

are trying to assess. Thus, it would be useful to determine the effect of different types of lower 

body strength factors on COD tasks that require single directional changes at different angles. 

The experimental study found moderate to very large relationships between all strength factors 

and all variables of the different COD tasks except for CODD90 which only had non-meaningful 

relationships with strength variables. Relative peak force during the isometric squat showed 

significant moderate to very large relationships with all CODP as well as CODD variables. 

Jump height measured during the CMJ showed the strongest relationship among the CMJ 

variables with CODP. Except for the relationship between F/BMRJT and CODD90, all other 
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variables of the repeated jump test showed significant moderate-to-large correlations with all 

CODP variables at all angles of directional change.  

The best predictors of T180 were F/BMRJT and HRJT. Similarly, the best predictors of CODD180 

were F/BMRJT and HRJT. Predictor variables during 90-degree COD tasks were MCMJ and HRJT 

for T90 and MCMJ for CODD90. The time to complete the 45-degree change of direction task 

was best predicted by MCMJ, RF/BMRJT, and HRJT. The best predictors of CODD45, however, 

were F/BMISO, FCMJ, and F/BMRJT. These predictor variables are due to the nature of the 

forceful decelerations and accelerations required during a short period of time to be successful 

at changing direction as fast as possible.  

Limitations 

Athletes used during this study included only hockey and rugby players, both from sports that 

predominantly requires less than 90-degree cutting tasks in their sport. This could have 

influenced the outcome of this study as they are better conditioned for cutting tasks of less 

than 90-degrees. A broader range of sports would have been more desirable. Another 

limitation is the sample size. Only 45 athletes participated in this study, but a bigger sample 

size could have given us a more realistic idea of what is seen in practice. Field-based testing 

was conducted on a grass rugby field by the rugby players and a hockey astroturf by the 

hockey players. Ideally, both groups perform field-based testing on a standardized surface in 

an indoor facility to avoid the influence of weather conditions to manipulate the results. The 

athletes prepared for the day from their respective homes and thus we were unable to control 

the nutrition at the start of the day. During the literature review, some studies that could have 

added value were excluded due to being written in different languages and also not being 

available at the time of the search. The literature suggests that technique is an important part 

of COD ability, but during this study technique was not examined as part of the predictors of 

CODP. 

Implications of findings 

The aim of this study was to investigate the relationship between COD performance during 

45-, 90-, and 180-degree cutting tasks and lower body isometric, ballistic, and plyometric 

strength. Main findings show that there are significant moderate to very large relationships 

between isometric, ballistic, and plyometric strength and CODP during 180-, 90-, and 45-

degree cutting tasks. This study also showed that plyometric strength during the repeated 

jump test is the best predictor variable of CODP during all COD tasks. During a COD task, the 

athlete needs to produce enough force to overcome inertia and subsequently manipulate 

momentum to efficiently decelerate, change movement direction, and reaccelerate in the new 

direction. It is also desirable for this production of force to happen in as short a period of time 
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as possible to minimize ground contact time and thus improve COD time. Results from this 

study also indicate that the difference between different angles of directional change is not 

enough to justify using different strength training methods to improve CODP at different angles 

of directional change. Strength and conditioning coaches who need to improve their athletes’ 

COD ability should start by assessing the sport and identifying the most frequently used angles 

of directional changes. From there the practitioners can assess the COD ability of the athlete 

using a single COD task at an angle that is in line with the demands of the sport as well as 

their linear sprinting ability. Strength and conditioning coaches should then proceed to assess 

maximal,  ballistic, and plyometric strength. The next step would be to identify weaknesses 

among these tests and focus on the qualities associated with the test first. The practitioner 

must ensure that the athletes have adequate strength to produce enough force to accelerate 

out of the turn. If strength is adequate, the practitioner should focus on improving the athletes’ 

ability to produce force as quickly as possible with the use of plyometric movements. Lastly, 

the athlete should actively train COD movements  that occur most frequently in the sport as 

COD is a technical skill activity that is underpinned by lower limb strength qualities.1,19  

Previous literature provides insight into associations of different strength factors with CODP. 

These associations have been used in literature to assess the effect of training interventions 

on CODP. This literature is, however, inconsistent and more research is needed on the exact 

training interventions required to improve CODP. The current study provides insight as to 

which strength factors are associated with, and best predicts CODP. Future research is 

needed on the exact training interventions to effectively improve plyometric strength during 

the 10-to-5 repeated jump test and subsequently improve the athlete’s ability to rapidly change 

movement direction as high velocities. 
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Annexure C: Proposal 83/2016 
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Annexure D: Declaration of Helsinki 
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Annexure E: Adult consent 

Student athlete health, well-being and sports performance:   

A prospective study over 5 years  

ADULT PARTICIPANT INFORMATION AND INFORMED CONSENT  

DOCUMENT  
  

Introduction 
  

You are invited to volunteer to participate in a research study. This leaflet is to help you to 

decide if you would like to participate. Before you agree to take part in this study you should 

fully understand what is involved. If you have any questions that are not fully explained in this 

leaflet, do not hesitate to contact the investigators.   

  

The nature and purpose of this study 
  

Researchers from the Institute for Sport, Exercise Medicine and Lifestyle Research at the 

University of Pretoria will conduct a study entitled “Student athlete health, well-being and 

sports performance: A prospective study over 5 years”. The study aims to identify factors that 

affect student athlete health (Illness, injury), well-being (psychological status), academic 

performance and sports performance.  

  

Explanation of procedures to be followed 
  

Your participation in this research study is entirely voluntary. A number of the components 

described below are part of the routine assessment and monitoring procedures for your sport. 

Should you agree to participate, you would be asked to give consent to participate in the 

following components of the study:  

  

• Functional movement and musculoskeletal screening assessment. This is a series of tests 

to assess your movement quality, mobility and strength. The assessment will be 

completed 1 – 2 times per year by a sport scientist.   

• Sport-specific physiological testing. Sport scientists conduct a series of tests to assess 

physiological components that are relevant to your sport, which may include body 

composition, flexibility, explosive power, muscular strength, muscular endurance, speed, 

agility, aerobic or anaerobic capacity, or sportsspecific performance related tests. You will 

receive the results of all tests, which may be used by your coaches to inform your training 

program. The testing will take place 1 – 4 times per year.  
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• Biomechanical analysis: Motion capture techniques, are used to analyse athletic 

movement qualities and sport specific technique. These assessments take place 1 – 4 

times per year.  

• Complete an annual online medical history questionnaire. You will be provided with a 

unique user account to an online athlete management system where the form will be 

completed, and this will take less than 1 hour in total.   

• Undergo a standard physical examination, based on recommended procedures for 

athletes by international bodies such as IOC and FIFA. The examination will be completed 

annually by a sports physician at the University of Pretoria sports campus.     

• Donate a blood sample (15ml or 3 teaspoons). This sample will be used for the extraction 

and analysis of genetic material (DNA). The DNA will only be used for scientific research 

purposes relating to determination of the risk of injuries and illness. Samples will be 

destroyed on completion of the study.   

• Complete an illness/injury monitoring questionnaire. Once a week, you will complete a 

short online questionnaire where you will be asked a few questions about any injuries or 

illnesses that have occurred. The questionnaire will take no more than 15 minutes to 

complete.   

• Physical load and training response monitoring through a daily questionnaire that will take 

no more than 5 minutes to complete.   

• Complete the Nutritional and Dietary Supplement Assessment monitoring questionnaire 

once a year  

• Provide the research team with access to your academic records.  

• Provide the research team access to your medical records, if you were treated by a 

medical or allied health professional. This includes medical records that are captured by 

medical staff on the electronic online athlete management system that is used at the Sport, 

Exercise Medicine and Lifestyle Institute (SEMLI).   

  

All questionnaires may be completed on your personal computer, a computer at the university, 

a tablet, or a smart phone. If using a tablet or smart phone, it can be completed off-line and 

uploaded when wi-fi connection is available.   

  

Potential risks of this study 
   

• The completion of questionnaires or a physical examination is not associated with any 

risk. Questionnaires and other clinical data (paper and electronic) will be kept confidential 

and secure, and will not be made available to any party other than the research team 

without the consent of the individual participant.  

• Musculoskeletal, physiological and biomechanical assessment requires physical tasks 

that involve some risk of musculoskeletal injury. However, all tasks will involve similar 

loads and movements that you engage in during regular training and competition. These 

types of tests are standard procedure in elite sport. You will be allowed to complete a full 

warm-up routine of your choice before beginning the testing. All reasonable precautions 
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to reduce the risk of injury will be taken, and all testing will be conducted by appropriately 

qualified staff.  

• All medical conditions will be treated as usual by your doctor or physiotherapist, and 

training will continue as usual under your strength and conditioning trainer. Medical 

records will be captured and stored on a fully secure electronic online athlete management 

system that is used at the Sport, Exercise Medicine and Lifestyle Institute (SEMLI).   

• The potential risks during the 5 ml (1 teaspoon) blood collection include: infection, delayed 

healing, haematoma, physical pain, mental discomfort and injury to a nerve or a vessel. 

These risks are small and will be minimized by the use of trained phlebotomists, use of 

sterile techniques and the use of disposable, single-use materials.  

• Genetic information: To make sure that your specific genetic information is kept secure 

and confidential, the following procedures will be adopted: 1) all the blood samples will be 

labelled on collection using a numerical coding system that is linked to player details on a 

master list that will be placed in a sealed envelope, 2) this sealed master list will then be 

kept in a secure facility and in a separate location, 3) only the principle investigator and 

senior co-investigators will have access to this master list, 4) the master list will only be 

opened if a sample needs to be destroyed, should a participant request this. All data will 

be analysed anonymously and DNA samples will be destroyed on completion of the study. 

Your personal genetic information will not be made known to you, your teammates, team 

medical staff, coaches, or management. The information will be kept secure, anonymous 

and will only be used for research purposes. Because this area of research is still in the 

exploratory phase, we will not be able to provide individual feedback with regards to the 

results and implications of genetic testing.  

• You may withdraw from this study at any time without question.  

  

Potential benefits of this study 
  

You will be provided with the results of your musculoskeletal, physiological and biomechanical 

assessments, which you may share with your coach or strength and conditioning trainer. The 

research questions that will be addressed by this study have been identified to have a direct 

impact on improving health, well-being and performance in student athletes. The anticipated 

benefits of this study are that the results will further our understanding of the possible cause/s 

of medical conditions and injuries in athletes.  

  

Ethical Approval 
  

This Protocol was submitted to the Faculty of Health Sciences Research Ethics Committee, 

University of Pretoria (telephone number 012 356 3084) and written approval has been 

granted by that committee.  The study has been structured in accordance with the Declaration 

of Helsinki (last update: October 2013), which deals with the recommendations guiding 
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doctors in biomedical research involving human/subjects.  A copy of the Declaration may be 

obtained from the investigator should you wish to review it.  

  

Confidentiality 
  

All records obtained whilst in this study will be regarded as confidential. Once we have 

analysed the information no one will be able to identify you. Results will be published or 

presented in such a fashion that participants remain unidentifiable.  

  

Contact 
  

Please feel free to contact a member of the research team or the University of Pretoria Health 

Sciences Research Office should you have any questions related to the study. You can 

contact the principal investigator on the following number: (012) 420 1804.   

  

Faculty of Health Sciences - Research Ethics Committee  
Tswelopele Building, Level 4, Rooms 4-59 and 4-Faculty of Health Sciences, Dr Savage 

Road, Gezina,  

Pretoria  

Tel: (012) 356 3084 or (012) 356 3085  

Fax: (086) 651 6047  

Email: manda.smith@up.ac.za / deepeka.behari@up.ac.za / fhsethics@up.ac.za   

University of Pretoria Research Ethics approval number: 83/2016  

    

Consent to participate in this study 
  

I confirm that I have received, read (or had read to me) and understood the above written 

information regarding the nature, process, risks, discomforts and benefits of the study. I have 

been given opportunity to submit questions and am satisfied that they have been answered 

satisfactorily. I agree that research data provided by me or with my permission during the 

study may be included in a thesis, presented at conferences and published in journals on the 

condition that neither my name nor any other identifying information is used.  I understand 

that if I do not participate it will not alter my management in any way. I understand that I may 

withdraw from this study at any time without further question.    
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I hereby consent to participate in the following components of the study as 
described in the participant information that I received  
  

Please initial under either “yes” or “no” for each component:  

  Yes  No  

Functional movement and musculoskeletal screening      

Sport-specific testing      

Biomechanical assessment      

Annual Online Medical History Questionnaire       

Annual Medical Screening Examination      

Weekly illness/injury monitoring questionnaire       

Access to my medical records      

Physical load and daily training response monitoring      

Nutritional and Dietary Supplement Assessment      

Genetic component of this study      

Access to my academic records      

  

 

 

 

 

 

Please complete the participant and witness columns:  

  

  

Participant  

(Athlete)  
Witness  Investigator  

  

Name  
Please Print  

    

To be completed by research team  

  

Signature  

  

  

  

  

To be completed by research team  

  

Date  

  

    

To be completed by research team  
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Annexure F: Youth assent form 

Strength factors associated with performance in change of direction tasks at different 

angles  

  YOUTH ATHLETE ASSENT DOCUMENT 

 

Dear student athlete:  

 

As an athlete at the Jeppe High School for Boys you have been selected to take part in a student project 

study.  The information gathered during this study will be used by the coaches and support staff to 

optimize training programs. We wish to know if we may use your information in our research study. 

 

The following tests will be conducted for data gathering purposes: 

 

• Sport-specific physiological testing. Sport scientists conduct a series of tests to assess 

physiological components that are relevant to your sport, which may include body composition, 

flexibility, explosive power, muscular strength, muscular endurance, speed, agility, aerobic or 

anaerobic capacity, or sports-specific performance related tests. You will receive the results of all 

tests, which may be used by your coaches to inform your training program.  

• Biomechanical analysis: Motion capture techniques, are used to analyse athletic movement 

qualities and sport specific technique.  

 

None of the above-mentioned tests will harm you in any way. 

 

If you do not want to or are not comfortable with any of the above tasks asked of you, you may refuse 

to do them at any stage and if you want to, still participate further in the study. If you do not want to take 

part any more you may decide at any time during the study, not to carry on. No-one will force you to carry 

on.  No-one will be cross or upset with you if you don’t want to, your training will continue as normal.  

 

If you sign below, it will mean that you have read this paper, and that you would like to be in this 

study.  
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Please complete the athlete and parent/guardian/witness columns: 

 

 

 

Athlete Parent / Guardian / Other 

Witness 
Investigator 

 

Name 

Please Print 

  

To be completed by research team 

 

Signature 

 

 

 

 

To be completed by research team 

 

Date 

 

  

To be completed by research team 
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Annexure G: Parent consent form 

Strength factors associated with performance in change of direction tasks at 

different angles 

PARENT OR GUARDIAN INFORMATION & INFORMED CONSENT DOCUMENT 

INTRODUCTION  

Your child has been invited to volunteer for a research study. This information leaflet will help 

you to decide if you want your child to participate. Before you agree to take part on behalf of 

your child you should fully understand what is involved. You should not agree unless you are 

completely happy about all the procedures involved. If you have any questions that this leaflet 

does not fully explain, please do not hesitate to contact the investigators. 

THE NATURE AND PURPOSE OF THIS STUDY 

Changing direction fast and efficiently is an attribute which is of desire by many team sport 

athletes. This study aims determine the relationship between different measures of strength 

and change of direction performance. Three different strength tests will be done as well as 

two change of direction tests and one straight line running test. Knowledge of these factors 

could help sport scientists and strength and conditioning coaches better target specific 

physical attributes to improve the ability to change direction more efficiently. With this we 

would like to ask permission to collect data about your child for the purpose of this study. This 

study is important as the results could guide practitioners develop better athletes. 

EXPLANATION OF PROCEDURES TO BE FOLLOWED 

The following tests will be conducted for data gathering purposes: 

Sport-specific physiological testing. Sport scientists conduct a series of tests to assess 

physiological components that are relevant to your sport, which may include body composition, 

flexibility, explosive power, muscular strength, muscular endurance, speed, agility, aerobic or 

anaerobic capacity, or sports-specific performance related tests. You will receive the results 

of all tests, which may be used by your coaches to inform your training program.  

Biomechanical analysis: Motion capture techniques, are used to analyse athletic movement 

qualities and sport specific technique.  

RISK AND DISCOMFORT INVOLVED 

Sport-specific tests are designed to test the limit of athletes and thus, some of them require 

maximum efforts which could feel uncomfortable as well as some risk of musculoskeletal 

injury. These tests are, however, conducted using standard procedures and qualified 
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personnel oversee conducting them. Your child will be allowed to complete a full warm-up 

routine of his/her choice before beginning testing. 

Biomechanical assessment requires physical tasks that involve some risk of musculoskeletal 

injury. However, all tasks will involve similar loads and movements that the child engage in 

during regular training and competition. These types of tests are standard procedure in elite 

sport. He/she will be allowed to complete a full warm-up routine of his/her choice before 

beginning the testing.  

You / your child may withdraw from this study at any time without question. 

POSSIBLE BENEFITS OF THIS STUDY 

The research questions that will be addressed by this study have been identified to have a 

direct impact on improving health, well-being and performance in student athletes. The 

anticipated benefits of this study are that the results will further our understanding of sport 

performance in athletes and this knowledge will thus be used to better enhance athletic ability. 

WHAT ARE YOUR CHILD’S RIGHTS AS A PARTICIPANT? 

Your child’s participation in this study is entirely voluntary. You can refuse to give permission 

for him/her to participate or stop at any time during the study. Your withdrawal will not affect 

his/her normal training or treatment in any way.  

HAS THE STUDY RECEIVED ETHICAL APPROVAL? 

This Protocol was submitted to the Faculty of Health Sciences Research Ethics Committee, 

University of Pretoria (telephone number 012 356 3084) and written approval has been 

granted by that committee.  The study has been structured in accordance with the Declaration 

of Helsinki (last update: October 2013), which deals with the recommendations guiding doctors 

in biomedical research involving human/subjects. A copy of the Declaration may be obtained 

from the investigator should you wish to review it. 

COMPENSATION 

Your child’s participation is voluntary without any financial compensation. 

CONFIDENTIALITY 

All information that you give will be kept strictly confidential. Once we have analysed the 

information no one will be able to identify you. Research reports, academic presentations and 

articles in scientific journals will not include any information that may identify you or your child. 
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CONTACT 

Please feel free to contact a member of the research team or the University of Pretoria Health 

Sciences Research Office should you have any questions related to the study. You can 

contact the principal investigator on the following number: (+27) 71 233 6626 

Faculty of Health Sciences - Research Ethics Committee 

Tswelopele Building, Level 4, Rooms 4-59 and 4-Faculty of Health Sciences, Dr Savage Road, 

Gezina, Pretoria 

Tel: (012) 356 3084 or (012) 356 3085 

Fax: (086) 651  6047 

Email: manda.smith@up.ac.za / deepeka.behari@up.ac.za / fhsethics@up.ac.za  

University of Pretoria Research Ethics approval number: 83/2016 

  

 
 
 

mailto:manda.smith@up.ac.za
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CONSENT TO PARTICIPATE IN THIS STUDY  

 

I confirm that I have received, read (or had read to me) and understood the above written 

information regarding the nature, process, risks, discomforts and benefits of the study. I have 

been given opportunity to submit questions and have no objections to my child’s participation.  

I understand that there is no penalty should I wish to withdraw my child’s participation in the 

study and withdrawal will not affect his/her academic tuition or sports participation. I am aware 

that the results of the study, including personal details, will be anonymously processed into 

research reports.   

I hereby give consent for my child to participate in the following components of the study as 

described in the participant information leaflet that I received  

Please initial under either “yes” or “no” for each component: 

 Yes No 

Sport-specific testing   

Biomechanical assessment   

Please complete the participant and witness columns: 

 

 

Participant 

(Athlete’s 

Parent/Guardian) 

Witness Investigator 

 

Name 

Please Print 

  

To be completed by 

research team 

 

Signature 

 

 

 

 

To be completed by 

research team 

 

Date 

 

  

To be completed by 

research team 
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Annexure H: Permission to use SEMLI’s facilities 
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Annexure I: Permission for study with TuksSport 
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Annexure J: Letter of statistical support 

      DEPARTMENT OF STATISTICS  

  

  

  

LETTER OF STATISTICAL SUPPORT  

  

Date: 29 May 2020  

  

This letter is to confirm that Mr C van Zyl, studying at the University of Pretoria, discussed the project with 

the title “Strength factors associated with change-of-direction performance using the 505 test and a 90-degree 

cutting task” with me.  

I hereby confirm that I am aware of the project and I also undertake to assist with the statistical analysis of the 

data generated from the project.  

The estimated sample size was determined as follows: A power analysis using G*Power version 3.1.9.2 indicated 

that for a multiple regression model with five predictors; a medium effect size of  

0.15; α = 0.05 and 1 – β = 0.80, a total sample size of 55 will be required.  

The data analysis will consist of single frequencies, cross-tables and descriptive statistics such as means and 

standard deviations. Inferential statistics will include correlation coefficients (Pearson’s correlation coefficient or 

Spearman’s rho) and multiple regression analysis. Apart from  

measurements of isometric, ballistic and plyometric strength, age (in years) may be included in the model as 

a covariate, and if the number of males and females are comparable, sex could be included as an indicator 

variable. The possible presence of multi-collinearity between the predictors will be investigated and, if 

applicable, the regression model will be adjusted accordingly.  

  

  

 Ms JC Jordaan  

Research Consultant  

Internal Statistical Consultation Service  

Department of Statistics  

Email address: joyce.jordaan@up.ac.za  

 

 
 
 


