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Preface
This thesis comprises one review paper and five experimental studies, all of which are
presented in the form of journal article submissions. These six research papers attempt
to further our understanding of the physiological and metabolic requirements of
repeated-sprint activity, specific to field-based team sports. Although coaches and sport
scientists have suggested that repeated-sprint ability is an important fitness component
of team sports, this area of investigation has only become more common in the past 10
years.
Paper 1 (Chapter 2) provides a thorough review of the published research concerning:

the documented player movement patterns of field-based team sports, the energy
metabolism of short sprints and repeated-sprint bouts, and an evaluation of the tests
used to assess repeated-sprint ability.
Paper 2 (Chapter 3) documents the player movement patterns, via time-motion analysis,

of fourteen elite male field-hockey players during an international game. In addition to
the usual reporting of mean frequencies and durations of player motions (i.e., standing,
walking, jogging, striding and sprinting), this was the first study to document the nature
of ‘repeated-sprint bouts’ (defined as a minimum of three sprints with a mean recovery
duration between sprints being less than 21 s). On average, two repeated-sprint bouts
were performed for each field player, with the mean number of sprints and mean
recovery time between sprints being 4 ± 1 and 14.9 ± 5.5 s, respectively. Furthermore,
approximately 95% of the recovery motion performed in the repeated-sprint bouts was
active (i.e., jogging, walking and striding). The most intense repeated-sprint bouts
consisted of six or seven sprints. This information was used in designing the protocol
for three of the subsequent studies.
Paper 3 (Chapter 4) also documents the player movement patterns, via time-motion

analysis, of fourteen elite male field-hockey players during an intense period of an
international tournament (i.e., three games within a period of four days). Significant
increases in mean motion frequency were recorded across games for motions of
standing and striding, while increases in mean motion duration were evident for
standing, striding and sprinting (P<0.05).

Furthermore, the frequency of exercise

periods that met the criteria for ‘repeated-sprint bouts’ decreased across the three games
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(17, 11 and 8, respectively). These results suggested that a residual fatigue may be
evident when elite field-hockey players play three games within a period of four days.
Paper 4 (Chapter 5) examines the effect of an active versus passive recovery on

performance and muscle metabolism during a laboratory test of repeated-sprint ability
that mimiced the sprint and recovery durations seen during team sport play. Nine
moderately-trained males performed four repeated-sprint cycle tests (6 x 4-s sprints,
.
every 25 s), two with active recovery (cycling at 60 W, ~32% VO2max) and two with
passive recovery. Needle biopsy samples were taken from the vastus lateralis muscle
pre-test, immediately post-test and post-21 s of recovery to determine phosphocreatine
([PCr]), creatine and muscle lactate concentration ([MLa-]).

Active, compared to

passive recovery, resulted in a greater power decrement (7.4 ± 2.2 vs 5.6 ± 1.8 %, P =
0.01) and lower peak power for the sixth sprint (14.9 ± 1.5 vs 15.3 ± 1.5 W·kg-1, P =
0.02).

Also, the percent of resting [PCr] was lower and approached significance

immediately post-test (32.6 ± 10.6 vs 45.3 ± 18.6 %; P = 0.06; effect size = 0.8) and
post-21 s of recovery (54.6 ± 9.6 vs 71.7 ± 14.1 %; P = 0.06; effect size = 1.2) during
active compared to passive recovery. In addition, the [MLa-] was significantly higher
immediately post-test during active compared to passive recovery (71.7 ± 12.3 vs 55.2 ±
15.7 mmol·kg dm-1; P = 0.048; effect size = 1.2), however no significant differences
were evident post-21 s of recovery (55.0 ± 11.3 vs 48.4 ± 16.7 mmol·kg dm-1, P = 0.07;
effect size = 0.5). These results suggest that there is a potential sub-optimal effect of
active recovery when it is performed during repeated-sprint exercise.
Paper 5 (Chapter 6) investigates the effects of a low intensity (LI) and a moderate

intensity (MI) active recovery, compared to a passive recovery, on performance and
muscle metabolism using the same laboratory repeated-sprint test presented in Paper 4
(Chapter 5). Nine moderately-trained males performed three repeated-sprint cycle tests
(6 x 4-s sprints, every 25 s) in a randomised, counter-balanced order. Recovery after
.
each of the sprints for the MI and LI trials respectively were 60 W (~35% VO2max) and
.
20 W (~20% VO2max). Needle biopsy samples were taken from the vastus lateralis
muscle pre-test and immediately post-test during the MI and LI trials to determine
adenosine triphosphate [ATP], phosphocreatine [PCr] and muscle lactate [MLa-]
concentration. Compared to the passive trial, significant reductions in peak power
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output were recorded in both the MI trial (4 of the 6 sprints; P < 0.05) and in the LI trial
(2 of the 6 sprints; P < 0.05), with no differences between the two active trials. There
were no significant differences for total work between the passive, MI and LI recovery
trials (255.6 ± 41.5, 245.6 ± 30.5 and 245.2 ± 29.5 J·kg-1, respectively). Furthermore,
no significant differences were evident in [ATP], [PCr] and [MLa-] between the two
active recovery trials. Peak power indices during the repeated-sprint test were inferior
in the MI and LI active recovery trials, in comparison to passive recovery. The similar
changes in performance and metabolites between the two active recovery trials suggests
that muscle activation is an important factor in recovery during repeated-sprint exercise.
Paper 6 (Chapter 7) investigates the reliability of an, on-field, repeated-sprint test

specifically designed for field hockey. The test protocol was based directly on timemotion analysis of intense repeated-sprint bouts performed during elite field-hockey
competition. The test consisted of 6 x 30-m over-ground sprints departing on 25 s, with
a 40-m active recovery (~ 3.1 to 3.3 m·s-1) between sprints. Ten highly-trained, male,
field-hockey players participated in this study. The total sprint time of the test was very
reliable, with the typical error of measurement (TE) being 0.7% (95% CL, 0.5 to 1.2%).
However, the percent sprint decrement was less reliable, with the TE being 14.9% (95%
CL, 10.8 to 31.1%). It was concluded that this field-hockey specific, repeated-sprint
test is very reliable when the results are presented as the total sprint time.

It is

suggested that the total sprint time should be used as the criterion measure of the
repeated sprint test in field hockey.

V

Preface

Acknowledgements
There are a lot of people that I must thank who assisted me professionally or personally
throughout the ‘very bumpy’ road that was my PhD journey. Approximately one and a
half years into my PhD candidature I suffered a mild stroke. The following year was
the most difficult of my life (so far), which required seven months of rehabilitation and
gradual re-introduction into work. Without the help of the following people and
organisations, this thesis would not have been possible:
To my two co-principal supervisors, Associate Professor Brian Dawson and Dr David
Bishop and secondary supervisor, Dr Carmel Goodman, I would like to express my
sincere gratitude. From the initial planning phase to the completion of the whole thesis,
your collective knowledge, experience and advice has been invaluable! In addition,
your patience and understanding during the period of (very) slow progress was much
appreciated.
I am indebted to the School of Human Movement and Exercise Science of the
University of Western Australia and the Physiology Department of the Australian
Institute of Sport, whom funded my scholarship. I am very grateful to both
organisations for their willingness to extend my scholarship funding so I could complete
this thesis.
Special thanks are extended to the Western Australian Institute of Sport for: providing
me with an office during my candidature; allowing me to use their equipment during the
two laboratory studies; employing me (again) on a full-time basis; purchasing a high
quality coffee machine!
To my co-PhD colleagues (Hans, Rob D and Rob S) who assisted me at various times
during data collection and analysis, thanks guys for the assistance and for the laughs
(especially during the long days / nights in the biochemistry lab)!
My gratitude is given to each and every subject who participated in my studies. A
special mention must be provided to the guys who ‘donated’ their muscle for the greater
good of science!
Finally, there is no way that I would have overcome my ‘considerable challenges’ and
be in a position to submit this thesis without the support of my family and friends.
Throughout the journey of this thesis, Nora (my then girlfriend, now fiancée) has had to
deal with the highs and lows, and has been amazing! Tusen takk for alt, jeg elsker deg
så mye!!!

VI

Preface

Table of Contents
List of Abbreviations .........................................................................................II
Preface............................................................................................................... III
Acknowledgements........................................................................................... VI
Table of Contents ............................................................................................VII
Appendices .......................................................................................................XII
List of Tables ................................................................................................. XIII
List of Figures.................................................................................................XIV
CHAPTER 1 .....................................................................................................................1
Introduction .............................................................................................................1
1.1 Background...................................................................................................2
1.2 Statement of the Problem ............................................................................4
1.3 Delimitations.................................................................................................4
1.4 Limitations ....................................................................................................5
CHAPTER 2 .....................................................................................................................6
PAPER 1.........................................................................................................................6
Literature Review: Physiological and metabolic responses of repeated-sprint
activities: Specific to field-based team sports .......................................................6
2.1 Abstract.........................................................................................................7
2.2 Introduction ..................................................................................................8
2.3 Movement patterns in field-based team sports .........................................9
2.3.1 Time-motion analysis methodology .......................................................9
2.3.2 Time-motion analysis of sprint data ....................................................11
2.3.3 Time-motion analysis of repeated-sprint data.....................................16
2.3.4 Summary...............................................................................................18
2.4 Sprint Metabolism......................................................................................19
2.4.1
2.4.2
2.4.3
2.4.4
2.4.5

Energy system contribution .................................................................19
Adenosine Triphosphate depletion .....................................................21
Phosphocreatine degradation .............................................................23
Anaerobic Glycolysis ............................................................................24
Summary...............................................................................................25

VII

Preface
2.5 Repeated-Sprint Metabolism ....................................................................25
2.5.1 Energy system contribution .................................................................26
2.5.2 Adenosine Triphosphate depletion and resynthesis rate ...................27
2.5.3 Phosphocreatine degradation and resynthesis rate ...........................28
2.5.4 Anaerobic glycolysis and glycogenolysis.............................................31
2.5.5 Purine nucleotide loss ..........................................................................33
2.5.6 Summary...............................................................................................35
2.6 Tests of Repeated-Sprint Ability ..............................................................35
2.6.1 Sprint duration .....................................................................................36
2.6.2 Number of sprint repetitions ................................................................38
2.6.3 Recovery duration ................................................................................39
2.6.4 Type of recovery ...................................................................................39
2.6.5 Mode of exercise...................................................................................40
2.6.6 Training status .....................................................................................41
2.6.7 Summary...............................................................................................42
2.7 Conclusions .................................................................................................42
CHAPTER 3 ...................................................................................................................44
PAPER 2.......................................................................................................................44
Time-motion analysis of elite field hockey: special reference to repeated-sprint
activity ....................................................................................................................44
3.1 Abstract.......................................................................................................45
3.2 Introduction ................................................................................................46
3.3 Methods.......................................................................................................47
3.3.1 Subjects .................................................................................................47
3.3.2 Game analysis.......................................................................................48
3.3.3 Motion categories .................................................................................49
3.3.4 Reliability Data.....................................................................................50
3.3.5 Statistics ................................................................................................50
3.4 Results .........................................................................................................51
3.5 Discussion....................................................................................................55
3.5.1 Game motion analysis ..........................................................................55
3.5.2 Repeated-sprint activity........................................................................59
3.6 Conclusion...................................................................................................61
CHAPTER 4 ...................................................................................................................62
PAPER 3.......................................................................................................................62
Time-motion analysis of elite-field hockey during several games in succession:
A tournament scenario .........................................................................................62
4.1 Abstract.......................................................................................................63

VIII

Preface
4.2 Introduction ................................................................................................64
4.3 Methods.......................................................................................................66
4.3.1 Subjects .................................................................................................66
4.3.2 Game Analysis ......................................................................................66
4.3.3 Motion Categories ................................................................................68
4.3.4 Statistics ................................................................................................69
4.4 Results and Discussion...............................................................................69
4.5 Conclusion...................................................................................................78
CHAPTER 5 ...................................................................................................................79
PAPER 4.......................................................................................................................79
Metabolism and performance in repeated cycle sprints: Active versus passive
recovery..................................................................................................................79
5.1 Abstract.......................................................................................................80
5.2 Introduction ................................................................................................81
5.3 Methods.......................................................................................................83
5.3.1 Subjects .................................................................................................83
5.3.2 Experimental Overview ........................................................................84
5.3.3 Cycle Ergometers .................................................................................85
5.3.4 Graded Exercise Test ...........................................................................86
5.3.5 Repeated-sprint cycle tests ...................................................................86
5.3.6 Capillary blood sampling and analysis................................................87
5.3.7 Muscle Biopsies ....................................................................................88
5.3.8 Calculation of test scores .....................................................................89
5.3.9 Reliability of the 6 x 4-s cycle test........................................................89
5.3.10 Statistical Analysis .............................................................................90
5.4 Results .........................................................................................................91
5.4.1 Performance results .............................................................................91
5.4.2 Muscle metabolites ...............................................................................92
5.4.3 Plasma lactate and blood pH ...............................................................94
5.5 Discussion....................................................................................................94
5.5.1 Effects of active versus passive recovery on repeated-sprint
performance....................................................................................................95
5.5.2 Effects of active versus passive recovery on muscle metabolism .......96
5.6 Conclusion.................................................................................................100
CHAPTER 6 .................................................................................................................101
PAPER 5.....................................................................................................................101
Performance and metabolism in repeated short-sprint exercise: Effect of
recovery intensity ................................................................................................101

IX

Preface
6.1 Abstract.....................................................................................................102
6.2 Introduction ..............................................................................................103
6.3 Methods.....................................................................................................105
6.3.1 Subjects ...............................................................................................105
6.3.2 Experimental Overview ......................................................................106
6.3.3 Cycle Ergometers ...............................................................................107
6.3.4 Graded Exercise Test .........................................................................108
6.3.5 Repeated-sprint cycle tests .................................................................108
6.3.6 Muscle biopsies...................................................................................109
6.3.7 Muscle analysis ..................................................................................110
6.3.8 Calculation of test scores ...................................................................111
6.3.9 Statistical Analysis .............................................................................111
6.4 Results .......................................................................................................113
6.4.1 Performance data – peak power & total work...................................113
6.4.2 Performance data – work & power decrement..................................116
6.4.3 Muscle data.........................................................................................117
6.5 Discussion..................................................................................................118
6.5.1 Effects of MI and LI active recovery on repeated-sprint performance,
compared to passive recovery.......................................................................119
6.5.2 Effects of MI versus LI active recovery on muscle metabolism .......120
6.6 Conclusion.................................................................................................122
CHAPTER 7 .................................................................................................................124
PAPER 6.....................................................................................................................124
Reliability of a repeated-sprint test for field hockey........................................124
7.1 Abstract.....................................................................................................125
7.2 Introduction ..............................................................................................126
7.3 Methods.....................................................................................................127
7.3.1 Subjects ...............................................................................................127
7.3.2 Experimental Overview ......................................................................127
7.3.3 6 x 30-m repeated-sprint test..............................................................128
7.3.4 Calculation of test scores ...................................................................129
7.3.5 Statistical analysis ..............................................................................130
7.4 Results .......................................................................................................130
7.5 Discussion..................................................................................................131
7.6 Conclusion.................................................................................................133
CHAPTER 8 .................................................................................................................134
Thesis summary & future directions.................................................................134

X

Preface
8.1 Thesis summary........................................................................................135
8.2 Future directions ......................................................................................139
REFERENCES..............................................................................................................141
APPENDICES ..............................................................................................................151

XI

Preface

Appendices
Appendix 1. Thesis Publications ...............................................................................152
Appendix 2. Time-motion data from Paper 2 (Chapter 3).....................................153
Appendix 3. Time-motion data from Paper 3 (Chapter 4).....................................154
Appendix 4. Performance data from Paper 4 (Chapter 5).....................................155
Appendix 5. Muscle metabolite data from Paper 4 (Chapter 5)............................156
Appendix 6. Performance data from Paper 5 (Chapter 6).....................................157
Appendix 7. Muscle metabolite data from Paper 5 (Chapter 6)............................158
Appendix 8. Reliability data from Paper 6 (Chapter 7) .........................................159
Appendix 9. Muscle Analysis Procedures from Paper 5 (Chapter 6) ...................160

XII

Preface

List of Tables
Table 2.1. Time-motion analysis of sprinting during field-based team sports (data
are mean values)....................................................................................................12
Table 2.2. Tests of repeated-sprint ability .................................................................37
Table 3.1. Reliability of time-motion analysis from five players during one half
game (35 min) ........................................................................................................50
Table 3.2. Mean ± SD motion frequency and duration during the field hockey
game........................................................................................................................51
Table 3.3. Analysis of repeated-sprint bouts .............................................................54
Table 4.1. Percent contribution of motion activities to total game time for three
consecutive games .................................................................................................70
Table 4.2. Analysis of repeated-sprint bouts during three games in four days......75
Table 5.1. An example of the methods used to calculate the absolute (total work)
and relative (% decrement) scores for the 6 x 4-s cycle test..............................89
Table 5.2. Reliability of the 6 x 4-s cycle test on an air-braked, front-access, cycle
ergometer ...............................................................................................................90
Table 5.3. Muscle metabolites in the vastus lateralis at rest, immediately after the
repeated-sprint test and after 21-s of recovery, during both the active and
passive recovery trials...........................................................................................94
Table 6.1. Mean changes in performance between the passive, MI (moderate
intensity) and LI (low intensity) recovery trials and the chances that the true
differences in the changes are substantial.........................................................115
Table 6.2. Muscle metabolites in the vastus lateralis at rest, post-test and delta
change (∆) during the low-intensity and moderate-intensity recovery trials 118

XIII

Preface

List of Figures
Figure 2.1. Frequency distribution of recovery time between sprints during an
international field-hockey game (n = 14). (Spencer et al., 2004b). ...................18
Figure 2.2. Estimated energy system contribution of a 3 s sprint............................21
Figure 2.3. Relative ATP (A), PCr (B) and muscle lactate [La-]i concentration (C)
during maximal sprint exercise ...........................................................................22
Figure 3.1. Motion frequency during the hockey game, by position (FB = full back,
HB = half back, IF = inside forward, ST = striker). ..........................................52
Figure 3.2. Motion duration during the hockey game, by position (FB = full back,
HB = half back, IF = inside forward, ST = striker). ..........................................53
Figure 3.3. Frequency distribution of recovery time between sprints. ...................53
Figure 3.4. Recovery motion during repeated-sprint bouts (total for all ten
positions) undertaken during the hockey game. Data are mean values..........54
Figure 3.5. Player motion as a percentage of 5-min game time. Data are mean
values. .....................................................................................................................55
Figure 4.1. Motion duration during the field-hockey games. Data are mean values
± SD ........................................................................................................................71
Figure 4.2. Motion frequency during the field-hockey games. Data are mean
values ± SD.............................................................................................................72
Figure 4.3. Frequency distribution of recovery time between sprints. Data are
mean values............................................................................................................74
Figure 4.4. Recovery motion between sprints during repeated-sprint bouts. Data
are mean values ± SD............................................................................................76
Figure 5.1. Schematic representation of the experimental design ...........................85
Figure 5.2. Relative peak power output (W·kg-1) during 6 x 4-s all-out sprints with
21-s of active or passive recovery between sprints. Values are mean ± SD ....92
Figure 5.3. Changes in (A) muscle phosphocreatine (PCr) and (B) muscle lactate
(MLa-) during the 6 x 4-s repeated sprint test (sprints are represented by
vertical bars) with either active or passive recovery. Values are expressed as
percent of resting value ± SD ...............................................................................93
Figure 6.1. Schematic representation of the experimental design .........................107

XIV

Preface
Figure 6.2. Relative peak power output (W·kg-1) during the 6 x 4-s repeated sprint
test with either low-intensity (LI), moderate-intensity (MI) or passive
recovery. Values are means ± SD......................................................................114
Figure 6.3. Work decrement (A) and power decrement (B) during the 6 x 4-s
repeated sprint test, with moderate-intensity (MI), low-intensity (LI) or
passive recovery. Values are mean ± SD..........................................................116
Figure 7.1. Schematic of the 6 x 30-m over-ground, repeated-sprint test with an
active recovery.....................................................................................................129
Figure 7.2. 0 to 10-m (A), 10 to 20-m (B) and 20 to 30-m (C) split times for the 6 x
30-m repeated-sprint test. Values are mean ± SD...........................................131

XV

Chapter 1 ~ Introduction

Chapter 1

Introduction

1
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1.1 Background
The popularity of and participation in field-based team sports, such as soccer, rugby and
hockey, is extensive throughout many countries world wide. In addition to the general
interest in these team sports, sport scientists have investigated many aspects of actual
and simulated performance in order to gain a greater understanding of the physiology of
these complex games. Many studies have documented the player movement patterns,
via time-motion analysis, as a basis for more extensive research in a specific area of
team-sport physiology.

Although the majority of time-motion analysis studies,

conducted in field-based team sports, have been undertaken in soccer (Reilly and
Thomas, 1976; Withers et al., 1982; Mayhew and Wenger, 1985; Yamanaka et al.,
1988; Bangsbo et al., 1991; Barros et al., 1999; Mohr et al., 2003), other sports have
been investigated, such as Australian Rules football (Hahn et al., 1979; McKenna et al.,
1988; Norton et al., 2001; Dawson et al., 2004), rugby union (Docherty et al., 1988;
Duthie et al., 2005), Gaelic football (McErlean et al., 2000) and field hockey (Lothian
and Farrally, 1994). The aforementioned studies documenting the player movement
patterns during competition have reported that, on average, a 2- to 3-s sprint (i.e., 10 to
20 m) is performed approximately every 2 min during a game.

Although the sprint data stated in the aforementioned studies is important, mean game
data provides limited specific information regarding intense periods of play that may
occur during competition. It is surprising that only a few of the previously mentioned
time-motion analysis studies have made an attempt to document the high-intensity
periods of these field-based team sports. For example, Mohr et al. (2003) documented
the player movement patterns during elite soccer competition and reported that after the
5-min period of play, in which the largest amount of high-intensity exercise was
performed, the subsequent period of play resulted in significantly less high-intensity
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running. They suggested that players experience temporary fatigue during games. It is
especially surprising that there has been little specific research documenting the
repeated-sprint bouts during field-based, team-sport competition. The ability to perform
repeated sprints, with minimal recovery between efforts, termed ‘repeated-sprint ability’
(RSA), has long been suggested to be an important fitness component of team sports
(Dawson et al., 1993; Fitzsimons et al., 1993). To date, there is no published research,
to the authors knowledge, documenting the specific nature of repeated-sprint activity
(i.e., the likely duration of sprints, number of sprint repetitions, recovery duration and
recovery intensity) during field-based, team-sport competition.

Since the late 1980’s, there have been many studies that have investigated the
physiology of repeated-sprint exercise, both in the laboratory (Holmyard et al., 1987;
Gaitanos et al., 1991; Hamilton et al., 1991; Gaitanos et al., 1993; Signorile et al., 1993;
Balsom et al., 1994a; Balsom et al., 1995; Dawson et al., 1997; Hautier et al., 1998;
Drust et al., 2000; Nicholas et al., 2000; Bishop et al., 2001; Preen et al., 2001; Spencer
et al., 2004a) and in the field (Balsom et al., 1992a; Balsom et al., 1992b; Fitzsimons et
al., 1993; Dawson et al., 1998; Mujika et al., 2000). The test protocols used in these
studies have varied greatly, as there are numerous variables associated with
investigating the physiological responses of repeated-sprint exercise (i.e., exercise
mode, sprint duration, number of sprint repetitions, type of recovery, training status etc).
Although these studies further our understanding of the physiology of this type of
exercise, the relevance of some of the protocols used are questionable, even though they
suggest that the test protocols are specific to team-sport performance. For example,
several of these studies have used exercise protocols consisting of 6-s sprints with as
many as 10 to 15 repetitions (Holmyard et al., 1987; Hamilton et al., 1991; Gaitanos et
al., 1993; Hautier et al., 1998). It is likely that these very severe test protocols are well
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in excess of a realistic ‘overload / worse case scenario’ that team sport athletes may
encounter during intense bouts of repeated-sprint activity. However, there is currently
no published research, conducted with elite field-based team-sport athletes, to support
this contention.

1.2 Statement of the Problem
The purpose of this thesis was to further our understanding of the physiological and
metabolic requirements of repeated-sprint activity, that is specific to the sprint and
recovery durations of field-based team sports. More specifically, the studies sought to
investigate and quantify:
1. The player movement patterns of repeated-sprint bouts (i.e., the likely duration
of sprints, number of sprint repetitions, recovery duration and recovery intensity)
during elite, field-based, team-sport competition. Once this information was
obtained, a specific exercise model of an intense bout of repeated-sprint activity,
that mimics the sprint and recovery durations of team sport play could be
constructed.
2. The effects of active versus passive recovery, and different intensities of active
recovery, on exercise performance and muscle metabolism during laboratory
based studies using the aforementioned exercise model.
3. The design and reliability of an appropriate, over-ground, field test that mimics
an intense, isolated bout of repeated-sprint ability.

1.3 Delimitations
The time-motion analysis data was delimited to elite, male, field-hockey players. The
first time-motion analysis study was delimited to one international game and the second,
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to one international tournament. The performance and muscle metabolite data, from the
laboratory studies, was delimited to moderately-trained, male, subjects whom trained
regularly for intermittent sports.

1.4 Limitations
A limitation of the laboratory based studies was the use of a sprint-cycle ergometer, that
is less specific to over-ground sprinting for field-based team sports. The use of this
ergometer allowed for precise measurements of power output and total work and
allowed for rapid sampling of muscle biopsies. The results of these studies were also
limited to the subject population used.
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Chapter 2
Paper 1
Literature Review: Physiological and metabolic
responses of repeated-sprint activities: Specific to
field-based team sports

Based on a journal article publication in Sports Medicine,
35(12): 1025-1044, 2005.
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2.1 Abstract
Field-based team-sports, such as soccer, rugby and hockey are popular world wide.
There have been many studies that have investigated the physiology of these sports,
especially in the case of soccer. However, some fitness components of these field-based
team-sports are poorly understood. In particular, repeated-sprint ability (RSA) is one
area that has received relatively little research attention until recent times. Historically,
it has been difficult to investigate the nature of RSA, due to the unpredictability of
player movements performed during field-based team sports.

However, with

improvements in technology, time-motion analysis has allowed researchers to document
the detailed movement patterns of team-sport athletes. Studies that have published
time-motion analysis during competition, in general, have reported the mean distance
and duration of sprints during field-based team-sports to be between 10 to 20 m and 2 to
3 s, respectively. Unfortunately, the vast majority of these studies have not reported the
specific movement patterns of RSA, which is proposed as an important fitness
component of team sports.

Furthermore, there have been few studies that have

investigated the physiological requirements of one-off, short-duration sprinting and
repeated-sprints (< 10 s duration) that are specific to field-based team sports. This
review examines the limited data concerning the metabolic changes occurring during
this type of exercise, such as energy system contribution, ATP depletion and
resynthesis, phosphocreatine (PCr) degradation and resynthesis, glycolysis and
glycogenolysis, and purine nucleotide loss. Assessment of RSA, as a training and
research tool, is also discussed.
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2.2 Introduction
Sports scientists and coaches alike have suggested that the ability to perform repeated
sprints with minimal recovery between sprint bouts, termed repeated-sprint ability
(RSA), may be an important aspect of team-sport competition. However, the scientific
literature is not abundant with studies investigating the physiology of RSA. In fact,
there is surprisingly little research investigating the physiology of either one-off, or
repeated, short duration sprint efforts. Research concerning the fitness component of
RSA, using tests that replicate the sprint and recovery durations of field-based team
sports, is a relatively new area of investigation with peer-reviewed papers only being
published in the past 10 years or so.

While studies documenting the movement patterns of field-based, team-sport
competition suggest that the sprint efforts are of short duration (i.e., < 4 s), the majority
of studies investigating the physiology of one-off sprints and repeated-sprint efforts are
of considerably longer duration.

It is likely that, the physiological and metabolic

responses of repeated-sprint activities will be influenced by variations in exercise
protocols (i.e., exercise mode, sprint duration, number of sprint repetitions, type of
recovery, training status etc). Therefore, if the physiological and metabolic responses of
repeated-sprint protocols are to be specific and relevant to field-based team sports, then
the sprint and recovery durations should replicate the movement patterns of these sports.

This review summarises and draw conclusions from the limited studies that have
investigated the physiological and metabolic responses of one-off sprints and repeatedsprints, with the emphasis on protocols specific to field-based team sports. In addition,
an evaluation of the various laboratory and field tests used to assess RSA will be
outlined.
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2.3 Movement patterns in field-based team sports
Since the early 1970’s, many studies have investigated the distance and duration of the
common movement patterns performed in field-based team sports, commonly called
time-motion analysis.

Time-motion analysis is important, as without documented

evidence of the durations and distances covered of the various movement patterns (i.e.,
standing, walking, jogging, striding and sprinting), it is difficult to quantify the
physiological responses and requirements of a particular sport. Although the majority
of these studies have been conducted in the sport of soccer (Reilly and Thomas, 1976;
Withers et al., 1982; Mayhew and Wenger, 1985; Yamanaka et al., 1988; Bangsbo et
al., 1991; Mohr et al., 2003), other sports have also been investigated such as Australian
Rules football (Hahn et al., 1979; McKenna et al., 1988; Norton et al., 2001; Dawson et
al., 2004), field-hockey (Lothian and Farrally, 1994; Spencer et al., 2004b), rugby union
(Docherty et al., 1988; Duthie et al., 2005) and Gaelic football (McErlean et al., 2000).
While the aforementioned studies, and others, have furthered our understanding of these
particular field-based team sports, they are often difficult to compare due to differences
in their methodology.

2.3.1 Time-motion analysis methodology
The methodological techniques used to obtain time-motion data during team-sport
competition have developed since the initial investigations.

Time-motion analysis

studies conducted in the 1970’s commonly used real-time manual recording
methodology to document the movement patterns during competition (Reilly and
Thomas, 1976; Hahn et al., 1979). The accuracy and detail of such analysis may be
limited as this method relies on the skill and speed of the analysts and does not allow for
sections of play to be re-analysed. Other studies have documented the movement
patterns via audio recordings (Yamanaka et al., 1988; McErlean et al., 2000). However,
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the majority of studies have used techniques that are based on video recordings and
computer software to analyse the data (Withers et al., 1982; Mayhew and Wenger,
1985; McKenna et al., 1988; Bangsbo et al., 1991; Mohr et al., 2003; Spencer et al.,
2004b). This approach is the preferred method due to increased accuracy of recording,
more comprehensive classification of movement patterns (McKenna et al., 1988) and
the ease of re-analysing data. Furthermore, new techniques for obtaining time-motion
analysis data have also been developed. One such method consists of a computer-based
tracking system that allows the motion activities of players to be monitored on a
miniaturised, calibrated version of each competition playing field (Norton et al., 2001).
The exciting development of new technologies, such as player tracking via global
positioning systems, may provide accurate time-motion data in ‘real time’, which would
dramatically reduce the analysis time and errors in comparison to the traditional
methods of manually coding players’ movements via video playback.

Differences in motion descriptors used also make it difficult to compare studies. The
majority of time-motion analysis studies have classified the movement patterns of
players into at least five categories; these being standing, walking, jogging, striding, and
sprinting and possibly some skill-related activities (i.e., tackling or ball possession).
However, due to the excessive time required to analyse time-motion analysis data, and
the difficulties in accurately distinguishing between some movement activities, several
studies have combined striding and sprinting into one category usually termed ‘highintensity’ movements (Mayhew and Wenger, 1985; McKenna et al., 1988; van Gool et
al., 1988; McErlean et al., 2000). While classifying the data in this format provides
valuable information, an isolated breakdown of sprint activity (i.e., distance and
duration of sprints) is not provided. Therefore, an accurate determination of sprint
performance during competition is not possible when sprinting and striding are
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combined.

In order to make meaningful comparisons of the movement patterns

between studies, it is recommended that the activities of standing, walking, jogging,
striding and sprinting be coded as distinct categories. The breakdown of sub-categories,
when required, can be easily totalled. For example, Mohr et al. (2003) classified three
sub-categories of striding, namely, low speed, moderate speed and high speed running.

2.3.2 Time-motion analysis of sprint data
Methodological differences and the variety of team sports analysed make it hard to
evaluate studies. However, the mean duration of high-intensity movements, for those
studies that have combined striding and sprinting into a category, has been reported to
be 2.7 s in Australian Rules football, with the mean time between high-intensity efforts
being approximately 75 s (McKenna et al., 1988). In soccer, the reported mean duration
of high-intensity movements is 3.7 to 4.4 s (Withers et al., 1982; Mayhew and Wenger,
1985) and the mean distance is 22.4 m (Withers et al., 1982). The mean time between
high-intensity efforts in soccer has been reported to be between 40 and 56 s (Withers et
al., 1982; Mayhew and Wenger, 1985). However, in the study of Withers et al. (1982)
the distance covered sprinting was also reported, allowing an estimate of the
approximate number of sprints performed. As expected, when this calculation is made,
the mean time between high-intensity efforts was substantially increased (from 56 to
approximately 180 s; Table 2.1). Nonetheless, in studies that have combined sprinting
and striding, the mean duration of high intensity movements ranges from 2.7 to 4.4 s
with a recovery duration of approximately 40 to 70 s. However, for motion analysis to
be more informative, it is critical that sprinting is included as a separate motion.
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Table 2.1. Time-motion analysis of sprinting during field-based team sports (data are mean values).
Reference

Sport

Subjects

Positional role

Method

Sprint
duration (s)
2.4

Sprint
distance (m)
18.6

Sprint
frequency
24

15.5

127a

Dawson et al.(2004)

Australian Rules

22 E M

All players

Video

Hahn et al.(1979)

Australian Rules

2TM

All players

Manual

McKenna et al.(1988)

Australian Rules

4EM

All players

Video

Norton et al.(2001)

Australian Rules

53 E M

All players

Computer

Lothian & Farrally(1994)

Field hockey

12 T F

All players

Video

3.1

75

56

Spencer et al.(2004b)

Field hockey

14 E M
3EM
4EM
2EM
5EM

All players
Full-backs
Half-backs
Inside-backs
Strikers

Video
Video
Video
Video
Video

1.8
1.5
1.6
2.2
1.9

30
18
22
39
42

140
233
191
108
100

McErlean et al.(2000)

Gaelic football

40 T M
40 T F

All players
All players

Audio
Audio

3.9a
4.3a

80a
62a

46a
59a

Docherty et al.(1988)

Rugby union

13 T M
14 T M

Forwards
Backs

Video
Video

1.8
2.3

10
31

240
77

Duthie et al.(2005)

Rugby union

31 E M
16 E M

Forwards
Backs

Video
Video

2.2
2.9

11
27

436
178

7.5
7.4

Bangsbo et al.(1991)

Soccer

14 E M
4EM
7EM
3EM

All players
Defenders
Mid-fielders
Forwards

Video
Video
Video
Video

2.0
2.0
2.1
1.7

19
16
17
24

284
338
318
225

~7

Barros et al.(1999)

Soccer

25 E M

All players

Video

55

98

Drust et al.(1998)

Soccer

23 E M

All players

Video

2.7a

98a

Recovery time
b/w sprints (s)
300

Change in
Motionb (s)
6.3

73a

21

13

5.4
5.4
5.8
5.3
5.0

4.0
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Table 2.1. Continued
Reference

Sport

Subjects

Positional role

Method

Mayhew & Wenger(1985)

Soccer

3EM

All players

Video

Sprint
duration (s)
4.4a

Mohr et al.(2003)

Soccer

18 E M
24 E M

All players
All players

Video
Video

2.0
1.9

Reilly & Thomas(1976)

Soccer

40 E M
11 E M
8EM
14 E M
7EM

All players
Mid-fielders
Full-backs
Forwards
Centre-backs

Manual-audio
Manual-audio
Manual-audio
Manual-audio
Manual-audio

Withers et al.(1982)

Soccer

20 E M
5EM
5EM
5EM
5EM

All players
Full-backs
Centre-backs
Mid-fielders
Forwards

Video
Video
Video
Video
Video

3.7a
3.7a
3.6a
3.8a
3.5a

Yamanaka et al.(1988)

Soccer

10 E M
39 T M

All players
All players

Audio
Audio

3.0
4.5

Allen,(1989)

Touch rugby

12 E M&F

All players

Video

Sprint
distance (m)

Sprint
frequency
519a

Recovery time
b/w sprints (s)
40a

39
26

138
208

15.7
15.6
15.1
16.4
14.1

62
68
52
65
59

90
79
104
83
92

22.4a
24.3a
20.8a
22.6a
21.2a

~30 (97a)
~38 (110a)
~19 (80a)
~29 (110a)
~32 (88a)

~180 (56a)
49a
68a
49a
61a

35
44

154
123

10.1

Change in
Motionb (s)
6.1

6.4
6.0
6.3
6.7
6.7

7.3
5.9

29

a Denotes studies that have combined the motions of sprinting and striding into one category.
b Using standard categories of motion (stand, walk, jog, stride and sprint).
E = elite; T = trained; M = males; F = females; Video = analysis via video play-back and usually computer software; Manual = analysis via
real-time recording / charting; Computer = analysis via computer tracking; Audio = analysis via audio play-back, no visual coding; Manualaudio = analysis via combination of audio and manual charting.
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Studies that have classified sprinting as an individual activity suggest that the mean
sprint distance in elite soccer is 10 to 20 m (Reilly and Thomas, 1976; Barros et al.,
1999) or a duration of 2 to 3 s (Yamanaka et al., 1988; Bangsbo et al., 1991; Mohr et
al., 2003). The mean sprint duration for field hockey is reported to be 1.8 to 3.1 s
(Lothian and Farrally, 1994; Spencer et al., 2004b; Spencer et al., 2005), whereas the
mean sprint duration for Australian Rules football is reported to be 2.4 s (Dawson et al.,
2004). One valuable statistic that is rarely reported is the mean longest sprint duration,
defined as the mean duration of the longest sprint performed by each player during the
game. While the mean sprint duration throughout an elite field-hockey game was 1.8 ±
0.4 s, the mean longest sprint duration was 4.1 ± 2.1 s (Spencer et al., 2004b). This
variable may be important for designing overload training and assessment protocols.
Despite differences in the movement patterns of these field-based team-sports and
variations in the definition of the term ‘sprinting’, the reported mean distance and
duration of sprinting appears to be quite similar for different sports and is between 10 to
20 m and 2 to 3 s respectively (Table 2.1). However, it is important to consider that
athletes will also be required to perform sprints which are shorter and longer than the
mean.

The number of sprints reported in a game of soccer varies greatly, from 19 to 62 (Reilly
and Thomas, 1976; Withers et al., 1982; Yamanaka et al., 1988; Bangsbo et al., 1991;
Barros et al., 1999; Mohr et al., 2003). This range of sprints performed in a game is
within the frequencies reported in studies of field-hockey (Lothian and Farrally, 1994;
Spencer et al., 2004b), rugby union (Docherty et al., 1988; Duthie et al., 2005) and
Australian Rules football (Norton et al., 2001; Dawson et al., 2004) (Table 2.1).
Furthermore, there are considerable variations in the estimated total sprint distance
during a game of soccer which is reported to be between 670 m and 975 m (Reilly and
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Thomas, 1976; Withers et al., 1982; Barros et al., 1999; Mohr et al., 2003), despite the
fact that all four of these studies analysed elite soccer players during professional
matches. The differences between these studies may be due to considerable changes in
the physical conditioning of players during this twenty year period, or variations in the
classification of ‘sprinting’ and ‘striding’. Reilly and Thomas (1976) defined cruising
(striding) and sprinting as mean stride lengths of 1.13 m and 1.24 m, respectively.
However, Withers et al. (1982) reported mean stride lengths of striding and sprinting to
be considerably greater, 1.75 m and 1.76 m, respectively. Furthermore, these stride
lengths were individually determined for each subject in the study of Withers et al.
(1982), whereas Reilly and Thomas (1976) only used one subject to validate their
method. Although the reported range in number of sprints and total sprint distance is
considerable, some common findings in the motion analysis of sprint activity in team
sports are evident when studies have presented mean data. In general, the frequency of
sprinting in field based team-sports (i.e., 70 to 90 min in the sports of soccer, fieldhockey and rugby) is approximately 20 to 60 bouts per game, with a total sprint distance
of approximately 700 to 1000 m.

In addition to reporting mean data for the time-motion analysis of sprinting, several
studies have categorised information into positional roles (Table 2.1). Two studies that
have categorised positional roles in soccer have reported a trend for forwards to perform
more sprints than full-backs (Reilly and Thomas, 1976; Bangsbo et al., 1991). In fieldhockey, positional differences in the frequency of sprints performed is greater, with
strikers and inside-forwards performing approximately twice as many sprints compared
to full-back players (Spencer et al., 2004b). The positional differences in rugby union
are even greater, with the forwards performing approximately one third of the number
of sprints in comparison to the backs (Docherty et al., 1988; Duthie et al., 2005).

15

Chapter 2 ~ Paper 1
However, the physical characteristics of rugby union players are quite different to many
other field-based team sports, with clear distinctions between the physiological and
anthropometrical characteristics of forwards and backs (Duthie et al., 2003). Clearly
coaches and scientists need to consider the differences in fitness requirements between
sports and positional roles within a sport.

2.3.3 Time-motion analysis of repeated-sprint data
While the findings regarding the mean recovery durations between sprints are valuable
for estimating the average work to rest ratios during competition (Table 2.1), they do
not provide an insight into the typical movement patterns of repeated-sprint ability
(RSA), which is acknowledged as an important fitness component of team sports
(Dawson et al., 1993). If a 2- to 3-s sprint is performed every minute or two during a
game, as suggested by the literature, it is unlikely that performance will be
compromised. It has clearly been shown that when short sprints (approximately 5.5 s
duration) are repeated every 120 s, there is no decrement in performance, even when 15
sprints are performed in succession (Balsom et al., 1992a). In addition, when the
recovery duration is reduced to 90 s, a significant decrease in performance time was
only evident after the 11th sprint (Balsom et al., 1992a). However, it must be noted that
other activities, in addition to sprinting, may lead to fatigue during team-sport
competition (i.e., energy expenditure during eccentric contractions, change of direction
movements and jogging or striding for extended periods could also contribute to
fatigue). Furthermore, due to the unpredictable nature of team sports, short periods of
repeated-sprint activity may be required on several occasions throughout a game. While
it is likely that this type of movement pattern only contributes a small proportion to the
overall motion activity during competition, it may be critical to the result of a game.
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There is a paucity of research investigating the nature of repeated-sprint activity during
team-sport competition. The first paper, to our knowledge, that has investigated the
time-motion analysis of repeated-sprint activity was conducted in elite field-hockey
competition (Spencer et al., 2004b). Although the mean recovery time between sprints
was approximately 2 min during the game analysed (i.e., a mean of 30 ± 12 sprints
performed during the 70-min game), nearly 25% of the recovery periods between
sprints were of less than 21 s duration (Figure 2.1). Furthermore, Figure 2.1 highlights
the fact that the most frequent recovery pauses are either of very short duration (i.e., 0 to
20 s) or of long duration (i.e., > 1 min), with recovery pauses of 20 to 60 s being
infrequent (Spencer et al., 2004b). The definition of a repeated-sprint bout used by
Spencer et al. (2004b) was a minimum of three sprints with a mean recovery duration
between sprints of less than 21 s. The authors believed that this might represent a
typical period of intense, repeated-sprint activity. Using the aforementioned definition,
the mean number of repeated-sprint bouts reported during the field-hockey game was 4
± 1 and the mean recovery time between sprints was 14.9 ± 5.5 s. A maximum of seven
sprints was recorded during the repeated-sprint bouts. Furthermore, Spencer et al.
(2004b) reported that approximately 95% of the recovery between sprints, within the
repeated-sprint bouts, was active recovery. The majority of this active recovery was of
a jogging intensity. Therefore, Spencer et al. (2004b) suggested that a RSA test,
specific to field hockey, may require as many as six to seven sprints with less than 21 s
between sprints and involve an active recovery. It is important that this research is
replicated with other team sports.
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Figure 2.1. Frequency distribution of recovery time between sprints during an
international field-hockey game (n = 14). (Spencer et al., 2004b).

2.3.4 Summary
Although many studies have investigated the movement patterns of field-based team
sports, differences in the methodological techniques used and the classification of
motion descriptors make it difficult to compare studies. However, the mean distance
and duration of sprints during field-based team-sports is quite consistent, being between
10 to 20 m and 2 to 3 s respectively. Contrary to the aforementioned data concerning
sprint distance and duration, there is considerable variation in the frequency of sprints
during team-sport games (ie., 20 to 60 sprints) and total sprint distance (ie.,
approximately 700 to 1000 m). Furthermore, in order to increase our understanding of
the RSA of field-based team sports, further research is required to document the timemotion analysis of repeated-sprint activity during team-sport competition. In addition to
reporting mean data, such as the average duration or distance of sprinting and recovery
motions, future studies should document the specific nature of the repeated-sprint bouts
performed.
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2.4 Sprint Metabolism
The previous section has highlighted the importance of sprinting and repeated sprinting
to team-sport performance.

An understanding of sprint metabolism is therefore

important to comprehend the demands placed on team-sport athletes during
competition.

2.4.1 Energy system contribution
Several studies have investigated the energy system contribution during maximal sprint
exercise of varying duration.

Considerable variations in the energy system

contributions reported in the literature reflect the different methodological techniques
used (i.e., accumulated oxygen deficit and muscle biopsies) (Smith and Hill, 1991;
Medbo et al., 1999). Medbø et al. (1999) measured changes in muscle metabolites and
adenosine triphosphate (ATP)-turnover and reported the relative energy system
contribution from aerobic processes, anaerobic glycolysis and alactic anaerobic
processes (ATP and phosphocreatine (PCr) breakdown) during maximal 30-s sprint
cycling to be 38, 45 and 17%, respectively. These findings support previous studies that
have shown the contribution of the aerobic energy system to be 28 to 40% during a 30-s
cycle sprint (Medbo and Tabata, 1989; Withers et al., 1991). The aerobic energy
system contribution is also considerable during shorter bouts of exercise, and has been
reported to be ~30% during sprinting over 12 to 22 s (Medbo et al., 1999; Spencer and
Gastin, 2001). In the 12-s cycle sprint, Medbø et al. (1999) measured changes in
muscle metabolite and ATP-turnover and calculated the relative contribution of
anaerobic glycolysis and alactic anaerobic processes to be 47 and 22%, respectively.
Therefore, during sprint exercise of 10 to 30 s duration, anaerobic glycolysis provided at
least twice as much ATP as PCr degradation.
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Although the aforementioned findings are very interesting, the sprint durations of fieldbased team sports are considerably less than 10 s. Anaerobic glycolysis has been shown
to be substantial during a 6-s cycle sprint, contributing almost as much energy as PCr
degradation (44 and 50%, respectively) to the total anaerobic ATP production (Gaitanos
et al., 1993). Furthermore, anaerobic glycolysis has been reported to be considerable
during 2.5 s of electrical stimulation at 50 Hz, which results in near maximum
contraction force (Hultman and Sjoholm, 1983). During the first of two periods of
electrical stimulation (i.e., 0 to 1.28 s), the total ATP turnover was 11 mmol·kg dm-1·s-1
of which approximately 80% was PCr degradation and anaerobic glycolysis
contribution approximately 20%. The second period (i.e., 1.28 to 2.56 s) resulted in a
relative contribution of approximately 50% from anaerobic glycolysis. Therefore, these
data suggest the PCr degradation and anaerobic glycolysis are activated simultaneously
during the commencement of maximal or near maximal exercise. Figure 2.2 represents
the estimated energy system contribution during a 3-s sprint, which is the approximate
duration of a sprint in field-based team-sports (see Movement patterns of field-based
team-sports section). As the ATP production rate during maximal exercise is reported
to be as high as 10 to 15 mmol·kg dm-1·s-1 (Boobis et al., 1982; Hultman and Sjoholm,
1983; Jones et al., 1985), then the estimated total ATP energy release during a 3-s sprint
would be approximately 30 to 45 mmol·kg dm-1.
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Stored ATP
PCr
Anaerobic glycolysis
Aerobic

32%

55%

Figure 2.2. Estimated energy system contribution of a 3 s sprint. Based on data
from (Hultman and Sjoholm, 1983; Gaitanos et al., 1993; Medbo et al., 1999; Parolin et
al., 1999; Gastin, 2001).

2.4.2 Adenosine Triphosphate depletion
Intramuscular ATP stores, in a rested state, are usually reported to be 20 to 25 mmol·kg
dm-1 (Boobis et al., 1982; Gaitanos et al., 1993; Dawson et al., 1997; Parolin et al.,
1999). Muscle ATP depletion appears to be limited to a maximum of approximately
45% of pre-exercise values during sprint exercise of 30 s in duration (Boobis et al.,
1982; Cheetham et al., 1986; Stathis et al., 1994). The ATP depletion during maximal
exercise of 10 to 12.5 s is reported to be modest, being 14 to 32% of pre-exercise values
(Jones et al., 1985; Hirvonen et al., 1992; Medbo et al., 1999). Furthermore, the ATP
depletion during a 6-s cycle sprint is minimal, being 8 to 16% (Boobis et al., 1982;
Gaitanos et al., 1993; Dawson et al., 1997). Therefore, it is evident that the decrease in
the relative concentration of ATP (mmol·kg dm-1·s-1) during short duration maximal
exercise is small (Figure 2.3A). The maximal ATP turnover rate is approximately 15
mmol·kg dm-1·s-1 (Gaitanos et al., 1993; Parolin et al., 1999). The fact that many studies
have shown that muscle concentration of ATP is largely preserved during maximal
exercise that results in significant depletion of PCr stores (Jones et al., 1985; Hirvonen
et al., 1992; Medbo et al., 1999), suggests that PCr is a powerful energy buffer.

21

Chapter 2 ~ Paper 1
26

A

[ATP] (mmol .kg dm -1)

24
22
20
18
16
14
12
0

2

4

6

8

10

12

14

8

10

12

14

8

10

12

14

Tim e (s)
90

B

[PCr] (mmol .kg dm -1)

80
70
60
50
40
30
20
10
0
0

2

4

6
Tim e (s)

90

C

[La-]i (mmol .kg dm -1)

80
70
60
50
40
30
20
10
0
0

2

4

6
Tim e (s)

Figure 2.3. Relative ATP (A), PCr (B) and muscle lactate [La-]i concentration
(C) during maximal sprint exercise. Data from (Boobis et al., 1982; Hultman and
Sjoholm, 1983; Jones et al., 1985; Hirvonen et al., 1992; Gaitanos et al., 1993; Dawson
et al., 1997; Medbo et al., 1999; Parolin et al., 1999; Medbo et al., 2000). Resting
values have been averaged (± SD) from the aforementioned references.
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2.4.3 Phosphocreatine degradation
Intramuscular PCr stores, in a resting state, are usually reported to be 75 to 85 mmol·kg
dm-1 (Boobis et al., 1982; Gaitanos et al., 1993; Dawson et al., 1997; Parolin et al.,
1999), with a maximal PCr turnover rate of approximately 7 to 9 mmol·kg dm-1·s-1
(Hultman and Sjoholm, 1983; Gaitanos et al., 1993; Parolin et al., 1999). It has been
suggested that the amount of PCr in human muscle provides enough energy for about 5
s of maximal sprinting (i.e., maximal run of 50 to 60 m) (Newsholme, 1986). However,
due to the considerable contribution of anaerobic glycolysis and aerobic metabolism to
the total ATP supply during short-duration maximal-sprint exercise (Medbo et al.,
1999), PCr stores are usually not completely depleted in this time (Figure 2.3B). It
must be noted that a small amount of PCr resynthesis is likely before the muscle
biopsies have been taken (i.e., usually < 10 s). After 30 s of maximal exercise, the
depletion of PCr stores has been reported to be 60 to 80% from resting values (Boobis et
al., 1982; Cheetham et al., 1986; Bogdanis et al., 1995; Medbo et al., 1999). Maximal
sprint exercise of 10 to 12.5 s results in approximately 40 to 70% depletion of PCr
stores (Jones et al., 1985; Hirvonen et al., 1992; Medbo et al., 1999; Medbo et al.,
2000), whereas PCr depletion is less (i.e., 35 to 55%) during 6 s of sprinting (Boobis et
al., 1982; Gaitanos et al., 1993; Dawson et al., 1997). Hultman and Sjoholm (1983)
reported the PCr depletion to be only 26% during 2.5 s of electrical stimulation (50
Hz). Therefore, sprints commonly associated with field-based team-sports (i.e., 2- to 3s duration) are likely to require considerable amounts of energy via anaerobic glycolysis
in addition to PCr degradation.

There is evidence to suggest that PCr depletion is not just related to sprint duration, but
also to the training status of subjects. Hirvonen et al. (1987) demonstrated that PCr
depletion was greater in a group of national level 100-m track sprinters who possessed a
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high maximal speed compared to sprinters with a lower maximal speed (10.07 ± 0.13
and 9.75 ± 0.10 m·s-1, respectively). The faster sprinters depleted significantly greater
amounts of PCr than the slower sprinters, during an 80-m sprint (76 and 56%,
respectively) and a 100-m sprint (71 and 63%, respectively), even though it took the
slower sprinters longer.

Hirvonen et al. (1987), therefore suggested that sprinting

performance is related to the ability to deplete a greater amount of high-energy
phosphates and at a faster rate during the initial stages of exercise. Hirvonen et al.
(1987) speculated that reduced energy supply from high-energy phosphate stores may
explain the fatigue which is present after 5 to 7 s of maximal exercise, as observed by
the decrease in running speed from 50 m to 80 m in their study. Although there is little
evidence associating an increase in PCr stores with an increase in one-off, shortduration sprint performance via creatine supplementation (Dawson et al., 1995), it has
been suggested that increasing the rate of PCr utilisation could potentially improve
sprint performance (Abernethy et al., 1990). However, an increase in the rate of PCr
utilisation has not been shown to occur as a result of 7 to 8 weeks of sprint training
(Boobis et al., 1982; Stathis et al., 1994). Therefore, it remains speculative as to
whether enhanced PCr stores and / or utilisation are due to a response to specific
training or to a genetic predisposition.

2.4.4 Anaerobic Glycolysis
The early theory that anaerobic glycolysis, during maximal exercise, was only activated
when the PCr stores were depleted (Margaria et al., 1964) is clearly not supported by
many studies that have reported high muscle lactate concentrations within
approximately 10 s of exercise (Figure 2.3C). Furthermore, the maximal turnover rate
of ATP production via glycolysis is reported to be 5 to 9 mmol·kg dm-1·s-1 (Hultman and
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Sjoholm, 1983; Jones et al., 1985; Gaitanos et al., 1993; Parolin et al., 1999). A mean
muscle lactate value of approximately 40 mmol·kg dm-1 has even been reported during 6
s of maximal sprint cycling (Dawson et al., 1997). However, the best example of the
rapid onset of anaerobic glycolysis during short-duration maximal, or near maximal
muscular exercise is provided by Hultman and Sjoholm (1983), who reported a net
muscle lactate increase of approximately 4 mmol·kg dm-1 during 1.28 s of electrical
stimulation (50 Hz). It must be noted that lactate production after the stimulation was
possible, due to the delay in obtaining and freezing the muscle biopsy samples.
Therefore, the literature suggests that anaerobic glycolysis will be activated during 2- to
3-s sprints, which are commonly performed during field-based team sports.

2.4.5 Summary
Although the majority of research investigating sprint metabolism has studied sprints of
long duration (> 10 s), studies assessing short duration (< 10 s) sprinting are more
relevant to field-based team-sport performance. It is evident that the anaerobic ATP
production during short duration sprinting is provided by considerable contributions
from both PCr degradation and anaerobic glycolysis, confirming the significance of
glycolytic activity during this type of exercise. The importance of anaerobic glycolysis
is supported by the fact that PCr stores are only partly depleted during short duration
sprinting. The rate of PCr degradation also appears to be related to training status,
although this has not been investigated in team-sport athletes.

2.5 Repeated-Sprint Metabolism
The previous section outlined the metabolic changes during single effort maximal
sprinting. However, as mentioned in the first section of this review, athletes in field-
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based team sports are required to perform repeated-sprint efforts of maximal or near
maximal intensity. Therefore, it is important to gain an understanding of the metabolic
effects of repeated-sprint exercise.

2.5.1 Energy system contribution
Unlike single effort maximal sprinting, there is very little published research that has
studied the relative energy system contribution during repeated-sprint exercise.
Bogdanis et al. (1996a) investigated the change in muscle metabolism during two, 30-s
cycle sprints separated by 4-min recovery and reported a reduction in anaerobic energy
production of approximately 41% during the second sprint. However, the decline in
total work produced was only 18%. This discrepancy in anaerobic energy production
.
and total work was partly explained by the 15% increase in VO2 during the second
sprint (Bogdanis et al., 1996a). Previous studies, that have used a 30-s, repeated-sprint
protocol, have also reported a significant decrease in the rate of glycolysis in subsequent
sprints, without a proportional decline in power output (McCartney et al., 1986; Trump
et al., 1996). A similar metabolic response has been observed during repeated 6-s
sprints (Gaitanos et al., 1993), a duration which is much more specific to the repeatedsprint activity of field-based team-sport competition (Spencer et al., 2004b). Gaitanos
et al. (1993) reported that there was no change in muscle lactate during the tenth (and
last) sprint, despite the fact that mean power output had only been reduced to 73% of
that recorded during the first sprint. It was suggested that a greater contribution from
aerobic metabolism partly counteracted the reduction in anaerobic glycogenolysis.
Thus, it appears that while the aerobic contribution to a single, short-duration sprint is
relatively small, there is an increasing aerobic contribution to repeated sprints.
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The energy system contribution during repeated sprints appears to be heavily influenced
by the duration of the sprints. Balsom et al. (1992b) investigated the physiological
responses of repeated 15-, 30- and 40-m sprints (total sprint distance of 600 m) with 30
.
s of passive recovery and reported that the post-test VO2 was significantly higher after
the 30- and 40-m sprint trials compared to the 15-m trials. In addition to the difference
.
in VO2, the significantly lower post-test blood lactate concentration for the 15-m sprint
trial clearly demonstrates the effect that manipulating the sprint duration has on the
contribution of energy systems during repeated-sprint exercise. Furthermore, Balsom et
al. (1992a) established the effect of manipulating the recovery duration in repeatedsprint exercise, by performing fifteen, 40-m maximal sprints with either 30, 60 or 120 s
of passive recovery. Total 40-m sprint times significantly increased in both the 30- and
60-s recovery protocols, after the fifth and eleventh sprint respectively, whereas there
was no significant decrement in performance in the 120-s recovery trial (Balsom et al.,
.
1992a). As expected, VO2 measured during the rest periods was elevated in the shorter
recovery trials, as was post test blood lactate concentrations (Balsom et al., 1992a).
Therefore, the important variables such as sprint duration, sprint number and recovery
duration clearly influence the energy system contribution during short duration
repeated-sprint exercise.

2.5.2 Adenosine Triphosphate depletion and resynthesis rate
Similar to the reported changes in one-off sprint performance, muscle ATP depletion is
limited to a maximum of approximately 45% of pre-exercise values, during repeatedsprint exercise (McCartney et al., 1986; Hargreaves et al., 1998). However, the percent
change in muscle ATP concentration varies greatly, even in studies that have used a
similar exercise protocol. For example, both Balsom et al. (1995) and Dawson et al.
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(1997) used a protocol of five repetitions of 6-s cycle sprints with 24 to 30 s of recovery
between bouts, yet the percent decrement in muscle ATP was 4 and 24%, respectively.
The large difference in the percent change in muscle ATP concentration is likely to be
due to the intensity of exercise performed, as Dawson et al. (1997) employed maximal
exercise while Balsom et al. (1995) employed high-intensity exercise. Furthermore,
Dawson et al. (1997) reported the ATP concentration to be significantly lower than preexercise values after 3 min of recovery.

It has been suggested that low ATP

concentration and reduced intramuscular pH slow the PCr resynthesis rate after intense
exercise (Spriet et al., 1989).

This proposal may have important implications for

repeated-sprint exercise which is specific to field-based team-sports, where the recovery
time between bouts is minimal (i.e., 20 to 30 s). However, although the rate of PCr
resynthesis has been associated with low ATP concentration and reduced intramuscular
pH following intense exercise (Spriet et al., 1989), the initial fast phase of PCr
resynthesis is suggested to be dependent on O2 availability (Harris et al., 1976; Haseler
et al., 1999).

2.5.3 Phosphocreatine degradation and resynthesis rate
Performance of 30-s sprints during repeated-sprint exercise has been associated with the
rate of PCr resynthesis (Bogdanis et al., 1996a; Trump et al., 1996). Bogdanis et al.
(1996a) reported a high correlation between the percentage of PCr resynthesis and the
percentage of power output recovery (r = 0.84; P < 0.05) during the initial 10 s of a
second 30-s cycle sprint, with 4 min recovery. Bogdanis et al. (1996a) therefore,
suggested that the ability to produce high power outputs is directly related to the
resynthesis of PCr.

Trump et al. (1996) also investigated PCr degradation and

resynthesis during 30-s cycling sprints (three sprint bouts separated by 4 min rest). In
their study, the resynthesis of PCr was prevented in one leg by occluding blood flow via
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a pneumatic cuff, during the recovery from sprint two, which resulted in 70% of the
reduction in total work during the third sprint being observed in the first 15 s. This
decrement in performance was explained by the minimal PCr resynthesis by the
occluded leg compared to the control leg (3.1 and 47.5 mmol·kg dm-1, respectively) and
possibly by significant differences in hydrogen ion accumulation (Trump et al., 1996).
However, Trump et al. (1996) suggested that the higher hydrogen ion concentration was
not the major result of the occluded blood flow condition. The authors argued that both
the control and cuffed legs were in an acidotic state (i.e., muscle pH of 6.60 and 6.54,
respectively), both conditions had no effect on glycolytic flux during the third sprint
(i.e., accumulation of glycolytic intermediates was previously low in the control
condition), and the decline of power output was not constant in the cuffed leg (i.e.,
suggesting a metabolic mechanism to be accountable for the decrement) (Trump et al.,
1996).

In an exercise protocol that is much more specific to the activity patterns of field-based
team-sports, Gaitanos et al. (1993) investigated the muscle metabolism during ten, 6-s
sprints separated by 30 s of recovery between sprints. There was a significant decline in
peak power output by the fifth sprint and a reduction of 33% by the tenth sprint. In the
first sprint, PCr contributed approximately 50% to the total anaerobic ATP production
and in the tenth sprint this increased to approximately 80%. However, it must be noted
that the absolute contribution from PCr to the total ATP production significantly
decreased from sprint one to sprint ten (44.3 ± 4.7 to 25.3 ± 9.7 mmol·kg dm-1,
respectively). The fact that the PCr concentration decreased to 57% of the resting value
after sprint one and progressively declined to only 16% after the final sprint is evidence
that the vast majority of PCr resynthesis is not complete within short recovery periods
(i.e., 30 s). In support of this finding, Dawson et al. (1997) reported a PCr concentration
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of 45% of pre-exercise value after 30 s of recovery, following a repeated-sprint protocol
consisting of five, 6-s cycle sprints separated by 24-s of passive rest. Furthermore, after
3 min recovery the resynthesis of PCr was 84% of the pre-exercise value. Therefore,
during team-sport repeated-sprint exercise, where typical recovery periods are too brief
to fully resynthesize PCr (i.e., 20 to 30 s), there is a decreasing absolute contribution
from PCr to the total ATP production.

It has been reported that the greater the PCr degradation, the greater the time that is
required for full PCr repletion, as resynthesis must commence from a lower level
(Dawson et al., 1997). However, following substantial PCr depletion, the initial rate of
PCr resynthesis increases (Smith et al., 1998; Yquel et al., 2002). The resynthesis rate
of PCr, following intense exercise, has both a fast and slow component and is best
described by a double-exponential (Harris et al., 1976; Nevill et al., 1997). The halftime of PCr resynthesis is reported to be between 21 to 57 s (Harris et al., 1976;
Bogdanis et al., 1995). Furthermore, following creatine supplementation, a higher rate
of PCr resynthesis is evident which is credited to a reduction in inorganic phosphate
accumulation and a higher muscle pH, resulting in a greater mean power output during
maximal repeated-sprint exercise (Yquel et al., 2002). This is an area that warrants
further investigation.

Another area concerning PCr resynthesis and subsequent

performance that requires further investigation is the issue of active recovery between
exercise bouts.

One study has investigated the type of recovery performed during repeated-sprint bouts
within international field-hockey competition and reported that approximately 95% of
recovery was of an active nature, with the majority being of a jogging intensity (Spencer
et al., 2004b). In a protocol involving repeated high-intensity exercise (15 s at 120% of
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.
.
VO2max) separated by passive or active recovery (15 s at 40% of VO2max), Dupont et al.
(2004) reported a significantly shorter time to exhaustion with an active recovery. This
performance decrement was correlated with a greater decline in oxyhemoglobin and the
authors speculated that active recovery may restrict reoxygenation of myoglobin and
PCr resynthesis (Dupont et al., 2004). In a team-sport specific protocol involving six,
.
4-s sprints with either 21 s of passive or active recovery (32% of VO2max), a greater
power decrement and also a lower final sprint peak power was reported in the active
recovery condition (Spencer et al., 2006a). The PCr concentration, percent of resting
level, was non-significantly lower immediately post-test (32.6 ± 10.6 v 45.3 ± 18.6%; P
= 0.06) and post-21 s of recovery (54.6 ± 9.6 v 71.7 ± 14.1%; P = 0.06) during the
active compared to the passive recovery, respectively (Spencer et al., 2006a).
Therefore, these preliminary findings suggest that active recovery may hinder PCr
resynthesis when undertaken during bouts of repeated-sprint exercise, if the recovery
periods are brief (< 30 s). Further studies are required to confirm these findings during
other protocols of repeated-sprint exercise that are specific to the movement patterns of
field-based team-sports.

2.5.4 Anaerobic glycolysis and glycogenolysis
Repeated-sprint exercise may result in extremely high muscle lactate concentrations,
depending on the exercise duration, number of repetitions, recovery duration and the
intensity of exercise. For example, McCartney et al. (1986) reported a muscle lactate
concentration of 150 mmol·kg dm-1 after four, 30-s cycle sprints with 4 min of recovery
between bouts. Furthermore, two studies using a protocol of two, 30-s cycle sprints
separated by 4 min of recovery reported post-exercise muscle lactate concentrations to
be between 100 and 130 mmol·kg dm-1 (Bogdanis et al., 1996a; Hargreaves et al.,
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1998). However, the relevance of such long-duration, repeated-sprint bouts to fieldbased team-sports in limited.

One study, which is more specific to team-sport

performance, measured muscle lactate after a single 6-s sprint and after the last sprint of
a protocol involving five, 6-s cycle sprints separated by 24 s of recovery and reported
concentrations of 42.5 and 103.6 mmol·kg dm-1, respectively (Dawson et al., 1997).
These studies suggest that although extreme muscle lactate concentrations are evident
after repeated-sprint bouts of long duration, high concentrations are still apparent
following much shorter sprints.

Anaerobic glycolysis is associated with the intracellular accumulation of hydrogen ions,
which have been linked as a cause of muscular fatigue (Spriet et al., 1985). Although
repeated-sprints result in greater muscle lactate concentrations, compared to single
sprints, there is a decrease in glycolysis in subsequent sprints. Gaitanos et al. (1993)
investigated the muscle metabolism during the first and last sprints of a protocol
consisting of ten, 6-s cycle sprints with 30 s of recovery between sprints. The estimated
anaerobic glycogenolytic rate, glycolytic rate and rate of glycogen degradation were
significantly greater in the first sprint, compared to the final sprint.

The authors

reported an eleven-fold reduction in glycogenolysis and an eight-fold reduction in
glycolysis in the final sprint, despite the fact that the total glycogen degradation was
reduced by approximately 37% (Gaitanos et al., 1993). Interestingly, during the final
sprint the average power output was still 73% of the first sprint, suggesting that the ATP
production was largely derived from PCr degradation and oxidative metabolism
(Gaitanos et al., 1993).

Therefore, it is likely that the contribution of anaerobic

glycogenolysis will be reduced during repeated-sprint exercise that simulates fieldbased team-sport performance.
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While considerable reductions in muscle glycogen concentration have been reported
during isolated bouts of repeated sprints (McCartney et al., 1986; Gaitanos et al., 1993;
Bogdanis et al., 1996a), several studies have investigated muscle glycogen degradation
during actual soccer games, (Karlsson, 1969; Saltin, 1973; Jacobs et al., 1982; Krustrup
et al., 2006) or simulated soccer games (Rico-Sanz et al., 1999; Zehnder et al., 2001).
A game of soccer has been reported to deplete muscle glycogen stores by approximately
85 to 90%, (Karlsson, 1969; Jacobs et al., 1982). Even after only half a game (i.e., 45
min) some players have shown marked depletion. Karlsson (1969) reported that the
players with the lowest muscle glycogen concentration at half time covered less distance
and had slower average running speeds in the second half compared to the players with
the highest muscle glycogen concentration. Similarly, Saltin (1973) reported that the
players with lower half-time muscle glycogen concentrations covered an average of
1800 m less distance in the second half compared to the players with the higher muscle
glycogen concentrations. Furthermore, there was a trend for the players with the lower
muscle glycogen concentrations before the game, to sprint less and walk more (Saltin,
1973). However, muscle biopsy data obtained during a recent soccer study reported the
depletion of muscle glycogen stores, at the end of the game, to be approximately 53% of
pre-exercise value (Krustrup et al., 2006).

This level of glycogen depletion is

considerably less than the aforementioned studies published 20 to 30 years ago, which is
possibly due to improvements in pre-game nutrition. These data suggest that glycogen
loading and resynthesis strategies are important to minimise performance decrements
during field-based team-sport performance.

2.5.5 Purine nucleotide loss
Repeated-sprint activities that simulate the movement patterns of field-based teamsports may also result in a reduction of the total purine nucleotide pool, as this type of
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exercise requires a high skeletal muscle ATP turnover. Brief bouts of high-intensity
exercise decrease muscle ATP content, which is closely matched by an increase in
inosine monophosphate (IMP) and ammonia (Jansson et al., 1987). Further degradation
of IMP to inosine and then in turn to hypoxanthine may result (Tullson et al., 1995).
The hypoxanthine produced may diffuse from the muscle and accumulate in the plasma
(Bangsbo et al., 1992). This scenario may represent a loss of purine nucleotides from
the muscle, as the hypoxanthine cannot diffuse back into the muscle. The extent of
purine nucleotide loss depends on the nature of the repeated-sprint exercise protocol,
specifically the number of sprints performed (Stathis et al., 1999), the sprint duration
(Balsom et al., 1992b), the exercise intensity (Sjodin and Hellsten-Westing, 1990) and
the recovery duration between sprints (Balsom et al., 1992a).

Adenine nucleotide degradation occurs as PCr concentration decreases and the rate of
ATP hydrolysis exceeds the rate of ATP rephosphorylation.

The fact that PCr

resynthesis is reported to improve with training (McCully et al., 1991), may indicate
that trained athletes with a greater RSA may limit the loss of purine nucleotides and the
subsequent accumulation of plasma hypoxanthine. Repeated-sprint training has been
shown to decrease muscle inosine production rate and plasma hypoxanthine
concentration in untrained subjects after a 30-s cycle sprint (Stathis et al., 1994). Teamsport specific repeated-sprint training has also been reported to reduce the change in
plasma hypoxanthine concentration following an exercise protocol involving five, 6-s
cycle sprints separated by 24 s of passive recovery in elite field-hockey players
(Spencer et al., 2004a). However, no significant correlation was reported between
changes in plasma hypoxanthine concentration and decline in peak power (r = -0.32) or
total work produced (r = 0.12) in the same group of hockey players performing the same
repeated-sprint protocol (Bishop, 2003).
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2.5.6 Summary
It is evident that the relative contribution of anaerobic glycogenolysis is reduced during
the performance of subsequent sprints, which is partially explained by an increase in
aerobic metabolism. Furthermore, the sprint duration may significantly alter the relative
energy system contribution during repeated-sprint exercise.

The degradation and

resynthesis rate of PCr is related to the performance decrement during subsequent
sprints. In addition, the greater the PCr degradation, the greater the time required for
complete repletion. A loss of purine nucleotides from the muscle may also occur during
repeated-sprint exercise. However, this loss of purine nucleotides may be reduced with
specific training.

2.6 Tests of Repeated-Sprint Ability
The assessment of various physiological and performance parameters during tests of
RSA has increased over recent years. Researchers suggest that this information will
enhance the understanding of this fitness component for many team sports. Many
different exercise protocols have been used to investigate RSA. Differences in exercise
mode, sprint duration, number of sprint repetitions, type of recovery, and training status
of subjects make it difficult to evaluate and compare between studies. In addition, the
large differences between some exercise protocols and the repeated-sprint activity
patterns of team sports may question the validity and sport specific relevance of many
of these protocols.
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2.6.1 Sprint duration
The sprint duration in tests of RSA, in the published literature vary from approximately
2.5 s (Balsom et al., 1992b; Mujika et al., 2000) to 10 s (Stathis et al., 1999). The
majority of studies, however, have used repeated 5-s (Dawson et al., 1998; Hautier et
al., 1998; Aziz et al., 2000) or 6-s (Holmyard et al., 1987; Hamilton et al., 1991;
Balsom et al., 1993; Fitzsimons et al., 1993; Gaitanos et al., 1993; Signorile et al.,
1993; Dawson et al., 1997; Preen et al., 2001; Bishop et al., 2004a) sprint protocols
(Table 2.2). These studies have justified the use of 6-s sprints by suggesting that this
may represent the duration of repeated sprints performed in field-based team sports.
Although there has been little research investigating the nature of repeated-sprint
activity during team-sport competition (Spencer et al., 2004b), time-motion analysis
data from sports such as soccer, field hockey and rugby suggest that the mean duration
of sprints are commonly shorter than 6 s (i.e., mean duration of 2 to 3 s) (Bangsbo et al.,
1991; Mohr et al., 2003; Spencer et al., 2004b; Duthie et al., 2005) (see Movement
patterns of field-based team-sports section). However, while the reported mean sprint
duration is approximately 2 s, the average maximal sprint duration is approximately 4 s
in elite-field hockey competition (Spencer et al., 2004b). Therefore, a repeated-sprint
protocol comprised of sprints that are shorter than the commonly used 6 s, may provide
a more valid assessment of team-sport repeated-sprint activity.
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Table 2.2. Tests of repeated-sprint ability
Reference

Exercise
mode

Sprint
duration
(s)
~5.5

Number of
repetitions

Run-track

Sprint
distance
(m)
40

8

Recovery
duration
(s)
30

Aziz et al.(2000)
Balsom et al.(1992b)

Run-track
Run-track
Run-track

15
30
40

Balsom et al.(1993)

Stretching

~2.6
~4.5
~6

40
20
15

30
30
30

Passive
Passive
Passive

Cycle

6

10

30

Passive

Balsom et al.(1994b)

Cycle

6

10

30

Not reported

Balsom et al.(1994a)

Run-treadmill

6

15

24

Passive

Balsom et al.(1995)

Cycle

6

5

30

Passive

Bishop et al.(2001)

Cycle

6

5

24

Self-selected

Dawson et al.(1997)

Cycle

6

5

24

Slow cycle

Dawson et al.(1998)

Run-track

40

~5.5

6

24

Walk

Fitzsimons et al.(1993)

Run-track
Cycle

40

~5.8
6

6
6

24
24

Walk
Self-selected

Gaitanos et al.(1991)

Run-nm treadmill

6

10

30

Passive

Gaitanos et al.(1993)

Cycle

6

10

30

Passive

Hamilton et al.(1991)

Run-nm treadmill

6

10

30

Passive

Hautier et al.(1998)

Cycle

5

15

25

Passive

Holmyard et al.(1987)

Run-nm treadmill
Run-nm treadmill

6
6

10
10

30
60

Not reported
Not reported

Mujika et al.(2000)

Run-track

~2.3

6

24

Not reported

Signorile et al.(1993)

Cycle

6

8

30

Cycle-60 W

Stathis et al.(1999)

Cycle
Cycle

10
10

4
8

50
50

Passive
Passive

Wadley &
Le Rossignol(1998)

Run-track

20

~3

12

~17

Not reported

Wragg et al.(2000)

Run-track

34.2

~7.5

7

25

Jog

15

Recovery
mode

Run-track = Over-ground running; Run-treadmill = Running on motorised treadmill;
Run-nm treadmill = Running on non-motorised treadmill;
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2.6.2 Number of sprint repetitions
The number of sprint repetitions used in the aforementioned studies range from two to
forty. The range in the number of sprint repetitions is still considerable (i.e., from five
to fifteen) even when the sample of studies is limited to those that selected 5- to 6-s
sprint durations (Table 2.2). Although a change in performance may be easier to
identify when many (i.e., ten to fifteen) sprint repetitions are performed, the relevance
to the repeated-sprint activity of team sports may be diminished. Time-motion analysis
data from elite field-hockey competition suggests that a maximum of four to seven
repetitions are performed during repeated-sprint exercise bouts (Spencer et al., 2004b).
Therefore, using these preliminary data, a protocol involving approximately six to seven
sprints may best represent an intense bout of repeated-sprint activity specific to fieldbased team sports. Further studies are required to confirm these findings with other
field-based team sports during competition. Once these data are obtained, this may
allow for a generalisation of RSA tests.

It is quite clear from the literature that the duration and number of repeated sprints has a
substantial impact on the change in performance parameters measured throughout the
exercise protocol. Balsom et al. (1992b) clearly demonstrated this point by conducting
three repeated-sprint exercise protocols that differed in sprint duration and number of
repetitions, but were identical in total sprint distance and recovery duration. Balsom et
al. (1992b) showed that 40, 15-m sprints (approximately 2.6 s) could be repeated every
30 s without any detrimental effects on performance. However, repeated 30- and 40-m
sprint times (approximately 4.5 and 6 s, respectively) significantly increased, with 40-m
sprint time significantly longer after the third repetition.

Therefore, careful

consideration should be made when selecting the duration and number of sprints for a
test of RSA. As mentioned in the previous section, variations in the duration and
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number of sprints may significantly alter the relative energy system contribution and
metabolic demand of the exercise.

2.6.3 Recovery duration
The recovery duration may also have a considerable effect on changes in sprint
performance during repeated-sprint exercise protocols. Mean power output during 6-s
sprints on a non-motorised treadmill can be maintained for ten repetitions when
separated by 60 s of recovery. However, when the recovery duration is reduced to 30 s,
only five repetitions can be performed before mean power output is significantly
decreased (Holmyard et al., 1987). Similarly, when 15, 40-m over-ground sprints
(approximately 5.5 s) are completed with 30 s of passive recovery between each sprint,
a performance decrement of approximately 10% is observed (Balsom et al., 1992a).
However, when the recovery period is increased to 60 or 120 s, the decline in
performance is markedly reduced (approximately 3 and 2%, respectively) (Balsom et
al., 1992a). Holmyard et al. (1987) speculated that a reduced recovery time may be due
to an incomplete resynthesis of PCr and also greater muscle acidosis. Therefore, if
performance on a repeated-sprint test is to be related to team-sport specific RSA, the
recovery duration between sprints should reflect that of the sport (i.e., reflect the
recovery duration within repeated-sprint bouts and not just averaged over the entire
game).

2.6.4 Type of recovery
Although the majority of studies that have investigated RSA have used passive rest as
the recovery mode (Table 2.2), sub-maximal active recovery appears to be beneficial in
reducing the decline in repeated-sprint performance (Signorile et al., 1993; Ahmaidi et
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al., 1996). Signorile et al. (1993) investigated the effect of passive versus active
recovery (cycling at 60 W) on performance during 8, 6-s cycle sprints. The authors
reported significantly greater mean peak power and total work during the 30-s active
recovery trial. Ahmaidi et al. (1996) also reported that active recovery (5 min at a
.
workload corresponding to 32% of VO2max) increased power outputs at high braking
forces during repeated bouts of 6-s cycle sprints. Although Signorile et al. (1993) did
not collect any biochemical data, they did speculate that the active recovery may have
hastened the removal of lactate from the active muscles and increased its utilisation as a
fuel source by neighbouring muscle fibres. Thus, it is possible that low-intensity active
recovery, as brief as 30 s in duration, may decrease muscle acidosis when performed
during repeated-sprint exercise. This is likely to be important as reduced RSA has been
associated with lower blood and muscle pH (Bishop et al., 2004a; Bishop et al.,
2004b). Furthermore, the vast majority of recovery within repeated-sprint bouts, during
elite field-hockey competition, is of an active nature (Spencer et al., 2004b). Therefore,
team-sport athletes may be inadvertently minimising muscle acidosis during
competition.

2.6.5 Mode of exercise
The mode of exercise used to test RSA may also have an influence on performance.
Studies investigating RSA have used cycle ergometers, motorised or non-motorised
treadmills, or over-ground running as the mode of exercise (Table 2.2). Fitzsimons et
al. (1993) recommend that the exercise mode used should be sport specific as they only
reported moderate correlations (r = 0.62 – 0.68; n = 15; P < 0.02) between decline in
sprint performance (percent decrement in peak power versus run time) and absolute
RSA scores (total work versus total run time) when assessing the degree of association
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between RSA tests performed on a cycle ergometer or during over-ground running. It
has even been suggested that the type of cycle ergometer used may influence
performance during high-intensity exercise (Hautier et al., 1998). For example, fatigue
during isokinetic cycle exercise is represented by a decrease in force when pedalling
frequency is constant (Beelen and Sargeant, 1991). However, fatigue on a frictionloaded cycle ergometer is represented by a decrease in maximal velocity when the
friction force is constant (Bogdanis et al., 1994). Therefore, it is suggested that the
mode of exercise should be specific to the sport (i.e., over-ground running for fieldbased team-sports).

2.6.6 Training status
Training status is also likely to influence performance on tests of RSA. Bishop and
Spencer (2004) showed that elite team-sport athletes obtain significantly greater initial
peak power and total work during five repeated 6-s cycle sprints compared to a group of
.
well-trained endurance athletes that were matched for VO2max. However, the decline in
peak power throughout the five sprints was significantly greater in the group of teamsport athletes. In contrast, Hamilton et al. (1991) reported no difference in decline of
peak power throughout a series of 10, 6-s sprints on a non-motorised treadmill, between
groups of moderately trained team-sport and endurance-trained subjects. However, a
significantly greater decline in mean power output was found in the team-sport group.
It must be noted that the endurance-trained group of Hamilton et al. (1991) had a
.
significantly greater VO2max than the team-sport group. It is important to acknowledge
that although team-sport athletes will usually produce a greater peak power, this will be
associated with a greater power decrement when compared to endurance athletes.
Furthermore, data on duplicate trials of RSA suggest that total work or total sprint time
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are considerably more reliable than power decrement or sprint time decrement
(Fitzsimons et al., 1993). Therefore, the training status of subjects should be taken into
account when interpreting changes in performance during tests of RSA.

2.6.7 Summary
While RSA has been the subject of many research studies in recent years, changes in
performance appears to be heavily reliant on the make-up of the exercise protocols used.
It is evident that each of the variables of exercise mode, sprint duration, number of
sprint repetitions, recovery duration and type of recovery can significantly affect
performance. Furthermore, RSA may also be influenced by the training status of the
subjects. Therefore, if tests of RSA are to be relevant to performance in field-based
team-sports, the test variables need to be specific to the movement patterns. Further
research is required to investigate the nature of repeated-sprint activity during fieldbased team-sport competition.

2.7 Conclusions
Studies of RSA, specific to field-based team-sport activity, have only appeared in the
scientific literature over the past decade or so. Although various time-motion analysis
studies have documented the mean sprint distance and duration to be between 10 to 20
m and 2 to 3 s, respectively, there is a scarcity of data regarding the movement patterns
of repeated-sprint activity. Further research is required to document the repeated-sprint
activity during field-based team-sport competition, which would further our
understanding of this specific fitness component. There is surprisingly little published
data regarding the physiological and metabolic requirements of one-off, short-duration
sprinting and repeated-sprinting (< 10 s duration), that is relevant to field-based, team-
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sport performance. During one-off, short-duration sprinting, considerable contributions
from both PCr degradation and anaerobic glycolysis provide the vast majority of the
total ATP production, resulting in only partly depleted PCr stores. During repeatedsprinting, the relative contribution of anaerobic glycogenolysis is reduced when
subsequent sprints are performed, which is partially explained by an increase in aerobic
metabolism. Furthermore, the degradation and resynthesis rate of PCr is related to the
performance decrement and a loss of muscle purine nucleotides may also occur during
subsequent sprints.

The relative energy system contribution during repeated-sprint

exercise may be significantly altered by the exercise protocol (i.e., exercise mode, sprint
duration, number of sprint repetitions, recovery duration, type of recovery and training
status).

Therefore, tests of RSA should be specific to the movement patterns

documented during competition, in order to be relevant to performance in field-based
team sport.
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Chapter 3
Paper 2
Time-motion analysis of elite field hockey: special
reference to repeated-sprint activity

Based on a journal article publication in the Journal of Sports
Sciences, 22(9): 843-850, 2004.
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3.1 Abstract
Limited information exists about the movement patterns of field-hockey players,
especially during elite competition. Time-motion analysis was used to document the
movement patterns during an international field-hockey game.

In addition, the

movement patterns of repeated-sprint activity were investigated, as repeated-sprint
ability is considered to be an important fitness component of team-sport performance.
Fourteen players from the Australian men’s field-hockey team (Mean ± SD age: 26 ± 3
y, body mass: 76.7 ± 5.6 kg, V
 O2max : 57.9 ± 3.6 mL·kg-1·min-1) were filmed during an
international game and their movement patterns were analysed. The majority of the
total player game time was spent in the low-intensity motions of walking, jogging and
standing (46.5 ± 8.1, 40.5 ± 7.0 and 7.4 ± 0.9%, respectively). In comparison, the
proportions of time spent striding and sprinting were (4.1 ± 1.1 and 1.5 ± 0.6%,
respectively Our criteria for ‘repeated-sprint’ activity (defined as a minimum of three
sprints, with mean recovery duration between sprints < 21 s) was met on seventeen
occasions during the game (total for all players), with a mean sprint number of 4 ± 1
sprints per bout. On average, 95% of the recovery during the repeated-sprint bouts was
of an active nature. In summary, the results suggest that the motion activities of an elite
field-hockey competition are similar to those of elite soccer, rugby and Australian Rules
football. In addition, the investigation of repeated-sprint activity during competition has
provided additional information that has not previously been documented in elite field
hockey.
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3.2 Introduction
Field-hockey is a game that has recently undergone significant modification. The
advent of artificial turf in the 1970’s changed the pace and style of the game. Rule
changes have also been introduced to modify the game. The two most significant
changes to occur in recent times (mid 1990’s) have been to allow unlimited
substitutions and the removal of the offside rule. These changes have markedly altered
the tactical and apparent physiological requirements of the game. However, there has
been limited scientific research investigating the physiological demands of field-hockey
competition (Lothian and Farrally, 1994) and none specific to elite international
competition.

While the majority of team-sport motion analysis studies have been conducted in soccer
(Reilly and Thomas, 1976; Withers et al., 1982; Mayhew and Wenger, 1985; Yamanaka
et al., 1988; Bangsbo et al., 1991; Barros et al., 1999), other sports such as netball
(Loughran and O'Donoghue, 1999), Australian Rules football (McKenna et al., 1988;
Norton et al., 2001; Dawson et al., 2004), rugby (Docherty et al., 1988; Duthie et al.,
2005) and Gaelic football (McErlean et al., 2000) have been investigated. However, the
interpretation of the aforementioned studies is somewhat difficult, especially for the
high-intensity motions of striding and sprinting. Due to the difficulties associated with
data analysis, some studies have combined the motions of sprinting and striding (or
high-intensity efforts) into one category (Mayhew and Wenger, 1985; McKenna et al.,
1988; McErlean et al., 2000).

Furthermore, different methods have been used to

document motion activity (i.e., manual charting, audio recording, video recording and
computer tracking) and this may influence the accuracy of this data. As the ability to
perform maximal short-duration sprints intermittently during a game is an integral
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fitness component of team-sports (Reilly and Thomas, 1976), the accurate
documentation of sprint activity is very important.

Although average time-motion analysis data reported throughout a game may provide
valuable information on the over-all physiological demands of team-sport competition,
it only provides a limited insight into the physiology of ‘repeated-sprint ability’. This
term refers to the requirement to perform repeated short-duration sprints over a brief
period of time and has been suggested to be an important fitness component of team
sports (Dawson et al., 1993). In addition, repeated-sprint ability has been the subject of
many recent laboratory studies (Gaitanos et al., 1993; Signorile et al., 1993; Dawson et
al., 1997; Drust et al., 2000; Preen et al., 2001; Bishop, 2003) and field-based studies
(Balsom et al., 1992a; Fitzsimons et al., 1993; Dawson et al., 1998; Mujika et al.,
2000). However, no studies to date have investigated repeated-sprint activity during
team-sport competition (i.e., the likely duration of sprints, number of sprint repetitions,
recovery duration and recovery intensity).

Therefore, the specific nature and

composition of repeated-sprint bouts performed in team sports is still unknown.

The purpose of this study was to characterise changes in movement patterns of elite
male field-hockey players during an international game. In addition, the frequency,
duration and recovery pattern of repeated-sprint activity was investigated to provide an
insight into this important fitness component of team-sport competition.

3.3 Methods

3.3.1 Subjects
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Fourteen members of the Australian men’s field-hockey team (Mean ± SD age, body
mass and V
 O2max: 26 ± 3 y, 76.7 ± 5.6 kg and 57.9 ± 3.6 mL·kg-1·min·-1) participated in
the investigation. Players were only substituted into the positional roles that they had
been categorized for (i.e., a full-back player was only substituted for another full-back
player). Therefore, the ten field positions that represented the total game time (i.e., 71
min) was comprised of fourteen players. All data was calculated from the ten field
positions, not the individual players. All subjects were field players and no goalkeepers
were studied.

3.3.2 Game analysis
The field-hockey game analysed was the first game played in an international
tournament (Australia vs Germany), with a score of 0-1, respectively. The on-field
motion of players was recorded by two video cameras (Panasonic, MS1, Japan) with
fixed fields of vision. The cameras were positioned in a grandstand approximately 20 m
above the playing field and approximately 20 m back from the edge of the field, parallel
with the base-line. One camera was positioned to cover the proximal (to the camera
location) 50 – 60 % of the field and the other the distal 40 – 50 % of the field. The
combined view of the two cameras covered the complete playing area and their fields of
view were overlapped to facilitate the tracking of players from one camera’s view to the
other. The two-video recorders were synchronised by aligning the tapes (Panasonic AG
7350 VCR, Japan) with a clearly identifiable motion (i.e., a sprint from a standing start).
Electronic hardware, consisting of a switchbox allowing two inputs and one output for
video signal, was built to allow the vision from the two-video recorders to be alternated
so that a player’s motion could be easily followed over the complete field of play
throughout the game. Player motion was subjectively categorised by an experienced
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operator while watching the video play back. Each change of motion start time was
read, from the video tape’s time code, by purpose built software (Labview version 4.0,
National Instruments, Texas, USA) which interfaced the RS232 port with the VCR.
Two operators were required for the video analysis. The first operator watched the
video and called the motion changes of a single player, normally in periods of 10 – 15
min.

The second operator keyed the events manually, using a separate key on a

computer keyboard, into a computer that captured the video time via the software. The
initiation and completion of each individual movement was recorded and the duration of
each movement calculated. All data was downloaded into spreadsheets (Microsoft
Excel 2002, Microsoft Corporation, USA).

The total number of occurrences

(frequency) and the mean duration of each movement was subsequently calculated. If
an error was made the video tape was rewound and analysis was restarted at a point
immediately prior to the error occurring.

3.3.3 Motion categories
Player motions were coded into five different categories and were defined as follows;
Standing: motionless; Walking: motion, but with both feet in contact with the ground at
the same time at some point during the gait cycle; Jogging: motion with an airborne
phase, but with low knee lift; Striding: vigorous motion with airborne phase, higher
knee lift than jogging (included skirmishing movements of rapid changes of motion,
forwards / backwards / laterally); Sprinting: maximal effort with a greater extension of
the lower leg during forward swing and a higher heel lift relative to striding. Unless
stated otherwise, recovery was referred to as all submaximal activity performed between
sprints (i.e., standing, walking, jogging and striding), as it was our intention to highlight
the sprinting component, especially in the analysis of the repeated-sprint activity.
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3.3.4 Reliability Data
Player motion was analysed twice, to establish the intra-tester reliability, from five
players during one half (i.e., 35 min) of an international practice game (Table 3.1). The
Technical Error of Measurement (TEM) was used to quantify the reliability. The TEM
is a contemporary measurement of reliability, and coupled with the change in the mean
establishes the level of agreement between test and re-test values (Hopkins, 2000). The
video tapes were analysed randomly, from a computer-generated random number table.
Two experienced investigators conducted the analysis.

Table 3.1. Reliability of time-motion analysis from five players during one half
game (35 min).
Frequency (n)

Mean Time (s)

Analysis 1

Analysis 2

TEM

TEM

Analysis 1

Analysis 2

TEM

TEM

mean ± SD

mean ± SD

(Abs)

(%)

mean ± SD

mean ± SD

(Abs)

(%)

Stand
Walk
Jog
Stride

30 ± 8
124 ± 19
129 ± 6
49 ± 22

29 ± 8
120 ± 19
128 ± 10
52 ± 21

2.1
6.9
6.9
3.4

9.4
5.9
5.4
10.2

6.3 ± 3.2
8.4 ± 1.0
6.1 ± 0.7
3.1 ± 0.6

6.8 ± 3.8
8.2 ± 0.6
6.3 ± 0.9
3.4 ± 0.5

0.6
0.4
0.5
0.3

9.8
5.7
8.8
8.9

Sprint

11 ± 6

11 ± 7

0.9

8.1

2.1 ± 0.6

2.2 ± 0.6

0.2

7.3

3.3.5 Statistics
Magnitudes of differences in motion frequency and duration for playing positions were
established using the approach of Cohen’s effect size. Cohen (1988) suggested that the
effect size may be the most meaningful analysis for comparing data obtained from
small, uneven groups. Effect size values of > 0.8 represent large treatment differences
(Cohen, 1988) and were used to acknowledge group differences. Differences in the
percentage of 5-min team motion were determined via repeated measures ANOVA with
the level of statistical significance set at P < 0.05.
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3.4 Results
The mean player game time was 48 ± 16 min (range: 23 – 71 min). Game time varied
considerably between positions with the inside-forward players playing, on average, 18
min more than the half-back players.

On average, the players were standing for 7.4 ± 0.9% (± SD) of the total player game
time. Low intensity modes of activity accounted for 87.0 ± 7.6% of the total player
game time; this consisted of 46.5 ± 8.1% walking and 40.5 ± 7.0% jogging. Highintensity running accounted for 5.6 ± 0.9% of the total player game time, and this was
composed of 4.1 ± 1.1% striding and 1.5 ± 0.6% sprinting.

The mean motion frequencies of the game are presented in Table 3.2. Differences in
motion frequency were observed between positions (Figure 3.1). Most notable was the
greater number of sprints performed by the inside-forwards and strikers (39 ± 1 and 42
± 15, respectively) compared to the full-backs and half-backs (18 ± 1 and 22 ± 7,
respectively).

Furthermore, inter-position differences in motion frequency were

recorded for striding and jogging. The mean total number of motions performed during
the 71-min game was 780; this represents a change in motion every 5.5 s on average.

Table 3.2. Mean ± SD motion frequency and duration during the field hockey
game.

Frequency
Mean
SD
Duration (s)
Mean
SD

Stand

Walk

Motion
Jog

77
11

272
49

326
58

75
22

30
14

3.6
0.6

6.9
1.0

5.1
1.0

2.1
0.3

1.8
0.4
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Jog
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Figure 3.1. Motion frequency during the hockey game, by position (FB = full
back, HB = half back, IF = inside forward, ST = striker). Data are mean values ±
SD. Large effect size between groups (ES > 0.8); a FB v HB; b FB v IF; c FB v ST; d HB
v IF; e HB v ST; f IF v ST.
The mean motion durations of the game are presented in Table 3.2. Differences in
motion duration were also observed between positions (Figure 3.2). While the mean
sprint duration during the game was 1.8 ± 0.4 s, the mean maximal sprint duration was
4.1 ± 2.1 s. The range in maximal sprint time between players was considerable (i.e.,
1.5 – 10.0 s). The frequency distribution of recovery time between sprints shows that
over 50% of the time intervals were longer than 60 s. However, in addition nearly 25%
of the time intervals between sprints was of a duration of only 20 s or less (Figure 3.3).
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Figure 3.2. Motion duration during the hockey game, by position (FB = full back,,
HB = half back, IF = inside forward, ST = striker). Data are mean values ± SD.
Large effect size between groups (ES > 0.8); a FB v HB; b FB v IF; c FB v ST; d HB v
IF; e HB v ST; f IF v ST.
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Figure 3.3. Frequency distribution of recovery time between sprints.
On seventeen occasions during the game (total for all ten positions), exercise bouts that
met the criteria for ‘repeated-sprint’ activity (defined as a minimum of three sprints,
with mean recovery duration between sprints < 21 s) were identified (Table 3.3). The
mean number of sprints within the repeated-sprint bouts was 4 ± 1 (range: 3 – 7). On
four occasions the repeated-sprint bouts comprised 6 to 7 sprints. The mean recovery
time between sprints was 14.9 ± 5.5 s. On average, approximately 95% of the recovery
time between sprints was spent in modes of active recovery (i.e., jogging, walking and
striding) (Figure 3.4).
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Table 3.3. Analysis of repeated-sprint bouts (total for all ten positions)
performed during the hockey game.
Number of sprints
Mean time between sprints
6
20.2
4
17.3
3
5.2
6
20.5
5
16.5
3
15.4
5
20.0
4
15.5
3
9.1
4
16.1
3
15.2
6
19.9
3
5.2
7
15.1
3
5.0
4
16.9
3
20.5
Mean
4.2
14.9
SD
1.3
5.5
Note: Repeated-sprint bout defined as a minimum of three sprints,
with mean recovery duration between sprints < 21s.

Stand
Walk
13%

5%

Jog
Stride
28%

54%

Figure 3.4. Recovery motion during repeated-sprint bouts (total for all ten
positions) undertaken during the hockey game. Data are mean values. Note:
Repeated-sprint bout defined as a minimum of three sprints, with mean recovery
duration between sprints < 21s.
The percentage of time that the total team spent in each of the motion categories for
each 5-min period of the game is presented in Figure 3.5. It is evident that as a half
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progresses the players walk and stand more and jog less, especially during the second
half of the game.

Compared to the initial 5-min period in the second half, the

subsequent 30 min saw a significant (0.002 > P < 0.02) increase in percent time spent
walking and standing and a significant (0.002 > P < 0.04) decrease in percent time
jogging. There were no significant differences in these motion categories between the
first and second halves of the game (P > 0.05).
Stand/Walk
Jog
Stride
Sprint

70

Motion Time (%)

b

a

60

b

b

b

b

b

b

50
40

a

30

a

a

b

b

b

b

20
10
0
0-5

5-10 10-15 15-20 20-25 25-30 30-35

1/2 35-40 40-45 45-50 50-55 55-60 60-65 65-70
Time

Game Time (min)

Figure 3.5. Player motion as a percentage of 5-min game time. Data are mean
values. aSignificantly different from 0-5 min; bsignificantly different from 35-40 min
(P < 0.05).

3.5 Discussion

3.5.1 Game motion analysis
It is evident that the majority of the international men’s field-hockey game studied was
performed in modes of low-intensity activity. In the present study, the motions of
standing, walking and jogging accounted for approximately 95% of the player game
time. This value is greater than the 78% reported by the only other time-motion
analysis study conducted in field hockey (Lothian and Farrally, 1994). However, this
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difference is likely to be due to variations in the classification of motion activities. For
example, Lothian and Farrally (1994) defined hockey skill related motions of trapping,
dribbling and passing as high-intensity activities, even though they may be performed at
a low intensity. The high percentage of time spent in the low-intensity motions of
standing, walking and jogging in the present study is similar to the 90 – 95% reported in
studies conducted in other team sports such as soccer (Mayhew and Wenger, 1985; van
Gool et al., 1988; Yamanaka et al., 1988; Bangsbo et al., 1991), Australian Rules
football (McKenna et al., 1988; Dawson et al., 2004) and rugby league (Meir et al.,
1993). Therefore, a large contribution of low-intensity activities to player game time is
a common trait of field-based team sports. It must be acknowledged that the data
included in the present study is from one game only.

The remaining 5% of the player game time was spent in the high-intensity motions of
striding and sprinting. The mean sprint duration recorded in the male field-hockey
players was 1.8 ± 0.4 s. This is similar to that reported in soccer (2.0 s; (Bangsbo et al.,
1991)), rugby (2.0 s; (Docherty et al., 1988)) and Australian Rules football (2.4 s;
(Dawson et al., 2004)), but less than the 3.1 ± 0.3 s reported in female field-hockey
players (Lothian and Farrally, 1994).

Once again, this difference may be due to

variations in defining motion activities. Lothian and Farrally (1994) did not state a
clear definition of sprinting in their methodology. The fact that they reported the mean
number of sprints during a game to be 75 ± 20 also suggests that their classification of
‘sprinting’ may be questionable.

Their value for the mean sprint number is

approximately 2.5 times greater than the 30 ± 12 sprints per game reported in the
present study and the 19 – 24 sprints reported in the aforementioned studies conducted
in soccer, rugby and Australian Rules football, even though the game duration in these
sports is 10 – 40 min longer than a game of field hockey. The mean maximal sprint
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duration of 4.1 ± 2.1 s recorded in the present study is comparable to the maximal sprint
distance of approximately 30 – 40 m observed in elite soccer players (Barros et al.,
1999). The maximal sprint duration is important to consider in the programming of an
overload stimulus in training or in the physiological assessment of repeated-sprint
performance for team-sport players.

On average, the field-hockey players had a change in movement patterns every 5.5 s
during the game. An investigation that used similar categories of motions has also
reported the change in movement patterns to be quite frequent (every 5 to 7 s) during
soccer competition (Yamanaka et al., 1988). These results suggest that considerable
amounts of energy would have been utilised during accelerating and decelerating
movements.

Although several investigations have attempted to simulate the

physiological demands of team-sport activity in the laboratory, it is obviously difficult
to replicate the eccentric muscle actions involved in repetitious accelerating and
decelerating movements.

Drust et al. (2000) attempted to simulate soccer-specific

exercise on a motorised treadmill with intermittent bouts of walking, jogging, cruising
and sprinting. A change in movement patterns was performed approximately once per
minute during this protocol, which was acknowledged as a limitation of using a
motorised treadmill (Drust et al., 2000). In contrast, Nicholas et al. (2000) used an
over-ground intermittent shuttle run test to simulate soccer specific exercise. This
exercise protocol provided a more appropriate replication of the intermittent nature of
team sports as a change in movement patterns was performed approximately once every
20 s. However, a change in movement patterns of once every 20 s is still quite different
from once every 5-7 s. The contribution of eccentric muscle actions to the total energy
expenditure should not be ignored when attempting to simulate the physiological
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demands of team sports. Therefore, it may be more appropriate to perform more
frequent changes of motion in future simulations of team-sport activity.

Average team motion, decreased in intensity after the first 5 min of each half of the
game. The percent time spent jogging for most 5-min periods in the first half and all
periods of the second half were significantly less when compared to the first 5-min
period in each half, respectively (Figure 3.5). As a result of this reduced activity level,
the percent time spent standing and walking significantly increased for most 5-min
periods in both halves of the game, when compared to the first 5-min period of play in
each half. No significant differences in percent time striding or sprinting were observed
in either half of the game. This reduction may be the result of unlimited substitutions.
Several studies have observed changes in motion activity during a soccer game, as
represented by a decrease in distance covered during the second half (Reilly and
Thomas, 1976; van Gool et al., 1988; Drust et al., 1998). Also, the mean time spent in
high-intensity motions of activity was reported to significantly decrease during the
second half of a field-hockey game compared to the first half (Lothian and Farrally,
1994). The mean movement velocities of midfield players in Australian Rules football
are significantly reduced during the fourth quarter of a game compared to the first
quarter (Norton et al., 2001). In addition, the movement velocity during the initial few
minutes of each quarter tended to be greater than the subsequent game time, which is
similar to the present findings in field hockey.

Due to the relatively new rule allowing unlimited substitutions, the mean player game
time was 48 ± 16 min and only three players played the full game of 70 min. The
substitution strategy may be influenced by such factors as the ability of the substitute
players, the playing style of the opposition and the environmental conditions.
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3.5.2 Repeated-sprint activity
While most time-motion analysis studies report the mean durations and frequencies of
sprint activities during a game or a series of games, this is the first published data
documenting the nature of repeated-sprint activity.

The mean number of sprints

performed during the field game (71 min duration) was 30 ± 12; this represents a mean
recovery time between sprints of approximately 2 min. It has clearly been shown that
when short sprints (approximately 5.5 s duration) are repeated every 120 s, there is no
decrement in performance, even when 15 sprints are performed in succession (Balsom
et al., 1992a). In addition, when the recovery duration is reduced to 90 s, a significant
decrease in performance time was only evident after the 11th sprint (Balsom et al.,
1992a). However, due to the unpredictable nature of team-sports, sprinting is not
evenly distributed throughout a game and intense periods of repeated-sprint activity are
possible and may be critical to the outcome of the game.

The definition of a repeated-sprint bout in the present study was a minimum of three
sprints with a mean recovery duration between sprints being less than 21 s. These
criteria seemed appropriate as nearly 25% of the recovery periods between sprints were
of less than 21 s duration and therefore, this may represent a typical period of intense
repeated-sprint activity. Using this definition, the mean number of sprints within a
repeated-sprint bout in the game was 4 ± 1 and the mean recovery time between sprints
was 14.9 ± 5.5 s. The range in the number of repeated-sprint bouts performed per
playing position was between 0 to 4. The defenders (FB and HB positions) performed a
maximum of one repeated-sprint bout, whereas the attackers (IF and ST) performed
between 2 and 4 repeated-sprint bouts. The fact that four of the 17 repeated-sprint bouts
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comprised a total of six to seven sprints suggests that this number may represent an
intense period of repeated-sprint activity. Therefore, a testing protocol designed to elicit
an overload stimulus of repeated-sprint activity, specific to field hockey, may require as
many as six to seven sprints with less than 21 s recovery between sprints of 4 s in
duration. In addition, it is evident that players who play a full game may only perform,
on average,

approximately two repeated-sprint bouts per game.

However, these

repeated-sprint bouts may be critical to the outcome of the game.

The relative

importance of repeated-sprint ability to team sport performance is an area that has yet to
be investigated. In future studies it would be interesting to temporal align the repeatedsprint bouts with game outcomes, such as; goals and shots on goal, turnovers and other
important game events.

Laboratory studies that have investigated repeated-sprint ability have commonly used
protocols comprising 6-s sprints repeated five to ten times (Gaitanos et al., 1993;
Signorile et al., 1993; Dawson et al., 1997; Preen et al., 2001; Bishop, 2003). The
direct relevance of using repeated sprints of 6 s duration may be questionable, as this
duration is considerably greater than both the mean sprint duration and mean maximal
sprint duration of the present study and other time-motion analysis studies in team
sports (Docherty et al., 1988; Bangsbo et al., 1991; Barros et al., 1999; Dawson et al.,
2004). In addition, the majority of the aforementioned studies have used passive rest as
the recovery mode between sprints. However, approximately 95 % of the recovery
motion performed in the repeated-sprint bouts in the present study were active (i.e.,
jogging, walking and striding), with only 5% spent in passive recovery (i.e., standing).
The fact that an active recovery (30 s cycling at 60 W) significantly improved peak
power and total work during a set of eight, 6-s cycle sprints indicates that recovery
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mode is an important factor to consider when designing a repeated-sprint testing or
training protocol (Signorile et al., 1993).

3.6 Conclusion
In summary, the results from this case study game suggest that the exercise intensities
and sprint activities observed during elite field-hockey competition are similar to that of
elite soccer, rugby and Australian Rules football. For example, the time spent striding
and sprinting was only 4.1 ± 1.1 and 1.5 ± 0.6%, respectively, of the total player game
time. In addition, the novel investigation of repeated-sprint activity during competition
has provided evidence on the specific nature of this fitness component of team-sport
performance. Our results indicate that repeated-sprint bouts involving 4-s sprints,
repeated six to seven times and separated by active recovery periods of approximately
20 s duration would represent an ‘intense’ but ‘realistic’ exercise protocol for assessing
repeated-sprint ability within field-hockey players. The reported repeated-sprint bouts,
in addition to the considerable amount of player game time spent in motions of lowintensity (i.e., walking, jogging and standing), highlight the highly intermittent nature of
the game.
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Chapter 4
Paper 3
Time-motion analysis of elite-field hockey during
several games in succession: A tournament
scenario

Based on a journal article publication in the Journal of Science
and Medicine in Sport, 8(4): 382-391, 2005.

62

Chapter 4 ~ Paper 3

4.1 Abstract
International field-hockey tournaments may require teams to play three games within a
period of four days. Therefore, there is potential for residual fatigue to affect the
movement patterns of players during subsequent games. The purpose of this study was
to document changes in time-motion analysis, via video-based methodology, of 14 elite
male field-hockey players during three games within a period of four days during an
international tournament. In addition, the nature of and any changes in repeated-sprint
activity were investigated using a criteria of a minimum of three sprints with a mean
recovery duration between sprints of < 21 s. The percent of total game time spent
standing significantly increased across all three games (7.4 ± 1.2, 11.2 ± 2.7 and 15.6 ±
5.6%, respectively, P<0.05). Conversely, the percent time spent jogging significantly
decreased from game 1 to game 2 and from game 1 to game 3 (40.5 ± 7.3, 34.8 ± 7.4
and 29.4 ± 5.7%, respectively, P<0.05).

Furthermore, the percent time striding

significantly increased from game 1 to game 3 and from game 2 to game 3 (4.1 ± 1.3,
5.1 ± 0.9 and 5.8 ± 1.4%, respectively, P<0.05). Significant increases in mean motion
frequency were recorded across games for motions of standing and striding, while
increases in mean motion duration were evident for standing, striding and sprinting
(P<0.05).

The frequency of exercise bouts that met the criteria for ‘repeated-sprint’

decreased across the three games (17, 11 and 8, respectively). In summary, the results
suggest that when elite field-hockey players play three games within four days there are
significant changes in time-motion analysis. Coaches and conditioning staff should
implement training strategies to reduce the cumulative effects of fatigue during multiday tournament competition.
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4.2 Introduction
There have been many studies that have investigated the movement patterns of teamsport performance (Reilly and Thomas, 1976; McKenna et al., 1988; Bangsbo et al.,
1991). However, no studies to date have investigated the movement patterns of two or
more games within a few days (i.e., a tournament scenario), possibly due to the
considerable time required to analyse these data. While the majority of time-motion
analysis studies have examined a ‘one-off’ performance (McKenna et al., 1988;
Yamanaka et al., 1988; Lothian and Farrally, 1994), some studies have investigated two
to three games played over a period of one month to an entire season (Reilly and
Thomas, 1976; Bangsbo et al., 1991). While the analysis of two or more games over an
extended period of time adds to our understanding of team-sport performance, it does
not provide an insight into changes in movement patterns when games are played on
consecutive days or within a few days of each other.

Fatigue during the latter stages of team-sport performance has been reported in several
studies. A significant decrease in the total distance covered during the second half of a
game compared to the first half has been observed in soccer competition (Reilly and
Thomas, 1976; Drust et al., 1998). In addition, the mean time spent in high-intensity
motions of activity (i.e., striding and sprinting) has been reported to significantly
decrease during the second half of a field-hockey game compared to the first half
(Lothian and Farrally, 1994). If subsequent competition is undertaken with minimal
recovery (i.e., two games in two days), it is possible that recovery may be incomplete
and movement patterns / performance during the subsequent game negatively affected.
For example, it has been reported that decrements in performance persist for a couple of
days after a soccer game (Reilly and Rigby, 2001). Using a battery of exercise tests
(i.e., vertical jump, broad jump, 30 m sprint and 7 x 30 m repeated-sprints), Reilly and
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Rigby (2001) showed that exercise performance on all of these tests was reduced for 2
days post-game, when compared to pre-game scores. The competition schedule for
major international field-hockey events such as the World Cup and the Olympic Games
consist of seven to nine games within a period of thirteen or fourteen days. This
schedule may involve intense periods where teams are required to play three games
within four days, in which case a residual effect of prior performance on the subsequent
movement patterns of team-sport players may become apparent.

Although average time-motion analysis data reported throughout a game may provide
valuable information on change in movement patterns throughout a tournament, it only
provides a limited insight into changes of ‘repeated-sprint ability’. This term refers to
the requirement to perform repeated short-duration sprints over a brief period of time
and has been suggested to be an important fitness component of team sports (Dawson et
al., 1993). In addition, repeated-sprint ability has been the subject of many recent
laboratory studies (Signorile et al., 1993; Dawson et al., 1997; Bishop et al., 2001) and
field-based studies (Dawson et al., 1998; Mujika et al., 2000). However, there is a
paucity of information concerning the repeated-sprint activity during team-sport
competition (Spencer et al., 2004b). We have recently reported that as many as seven
sprints were performed within a repeated-sprint bout, with recovery durations between
sprints of approximately 10 to 20 s, during elite field-hockey competition (Spencer et
al., 2004b). In addition, no studies to date have investigated the repeated-sprint activity
of team-sports during two or more games within a few days (i.e., a tournament
scenario).

The purpose of this study was to document the changes in movement patterns of elite
male field-hockey players during three successive games of an international tournament.
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The nature of repeated-sprint activity was also investigated for each game to provide an
insight into the occurrence of repeated-sprint bouts (i.e., number of bouts, number of
sprints within a bout, recovery time between sprints and the type of recovery performed
during the bouts) during subsequent team-sport performance when recovery time
between games is limited.

4.3 Methods

4.3.1 Subjects
Fourteen members of the Australian men’s field hockey team (Mean ± SD age, body
mass: 26 ± 3 y, 76.7 ± 5.6 kg) participated in the investigation. Players were only
substituted into the positional roles that they had been categorized for (i.e., a full-back
player was only substituted for another full-back player).

Therefore, the 10 field

positions that represented the total game time were comprised of 13 or 14 players. It
was thought that the most appropriate manner for analysing the data was by position, as
this allowed for comparable data between each of the three games. For example, each
position involved 70 min of play for each game. If the data was reported on the 14
individual players, the game times would be quite variable and thus it would be difficult
to compare changes in movement patterns. All subjects were field players and no
goalkeepers were studied. All subjects were fully informed of the investigation and
gave their informed consent. Testing procedures were approved by the Research Ethics
Committee of the Western Australian Institute of Sport.

4.3.2 Game Analysis
The field-hockey games analysed were the first three games of an international
tournament (game 1 v Germany, game 2 v Germany and game 3 v Holland), with the
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scores being 3-2, 1-2 and 1-2, respectively. The games were played in a stable ambient
temperature (i.e., temperature ranged between 22 and 25oC). The three games were
played over four days, with a rest day separating games 1 and 2. The start time of each
game was either 6:00 or 7:00 pm. The duration of the games was 70 min plus time
added on (± 2 min). It must be noted that data reported in (Spencer et al., 2004b) were
also analysed as part of the present study, being incorporated in the longitudinal model
of the tournament.

The on-field motion of players was recorded by two video cameras (Panasonic, MS1,
Japan) with fixed fields of vision.

The cameras were positioned in a grandstand

approximately 20 m above the playing field and approximately 20 m back from the edge
of the field, parallel with the base-line. One camera was positioned to cover the
proximal (to the camera location) 50 – 60 % of the field and the other the distal 40 – 50
% of the field. The combined view of the two cameras covered the complete playing
area and their fields of view were overlapped to facilitate the tracking of players from
one camera’s view to the other. The two-video recorders were synchronised by aligning
the tapes (Panasonic AG 7350 VCR, Japan) with a clearly identifiable motion (i.e., a
sprint from a standing start). Electronic hardware, switchbox allowing two inputs and
one output for video signal, was built to allow the vision from the two-video recorders
to be alternated so that a player’s motion could be easily followed over the complete
field of play throughout the game. Player motion was subjectively categorised by an
experienced operator while watching the video play back. Each change of motion start
time was read from the video tape’s time code by purpose built software (Labview
version 4.0, National Instruments, Texas, USA) which interfaced the RS232 port with
the VCR. Two operators were required for the video analysis. The first operator
watched the video and called the motion changes of a single player, normally in periods

67

Chapter 4 ~ Paper 3
of 10 – 15 min. The second operator keyed the events manually, using a separate key
on a computer keyboard, into a computer that captured the video time via the software.
The initiation and completion of each individual movement was recorded and the
duration of each movement calculated. All data was downloaded into spreadsheets
(Microsoft Excel 2002, Microsoft Corporation, USA). The total number of occurrences
(frequency) and the mean duration of each movement was subsequently calculated. If
an error was made the video tape was rewound and analysis was restarted at a point
immediately prior to the error occurring. The reliability of this method of time-motion
analysis is reported elsewhere (Spencer et al., 2004b).

4.3.3 Motion Categories
Player motions were coded into five different categories and were defined as follows;
Standing: motionless; Walking: motion, but with both feet in contact with the ground at
the same time at some point during the gait cycle; Jogging: motion with an airborne
phase, but with low knee lift; Striding: vigorous motion with airborne phase, higher
knee lift than jogging (included skirmishing movements of rapid changes of motion,
forwards / backwards / laterally); Sprinting: maximal effort with a greater extension of
the lower leg during forward swing and a higher heel lift relative to striding. The five
distinct categories of player motion were documented throughout each game for motion
duration and motion frequency. Furthermore, when the repeated-sprint bouts were
analysed, the term ‘recovery’ was used to refer to all submaximal activity performed
between sprints (i.e., standing, walking, jogging and striding). All submaximal activity
was termed as recovery, as it was our intention to highlight the sprinting component
during the bouts of repeated-sprint activity (i.e., number of bouts, number of sprints
within a bout and the average recovery time between sprints), the individual recovery
motions during the repeated-sprint bouts were reported.
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4.3.4 Statistics
Differences in motion frequency and motion duration between games were determined
via a one-way ANOVA with the level of statistical significance set at P < 0.05.
Differences in recovery motion during repeated-sprint bouts were investigated via
Cohen’s effect size. Cohen (1988) suggested that the effect size may be the most
meaningful analysis for comparing data obtained from small, uneven groups. Effect
size (ES) values of > 0.8 were used to suggest large group differences (Cohen, 1988).

4.4 Results and Discussion
The majority of each field-hockey game was performed in modes of low-intensity
activity.

The combined motions of standing, walking and jogging accounted for

approximately 93 – 95% of the total game time in each of the three games analysed.
While the present study may be the first to investigate and document changes in
movement patterns during repeated team-sport competition (i.e., tournament scenario),
it does support the findings that 90 – 95% of team-sport competition is performed in
motions of low-intensity activity (McKenna et al., 1988; Yamanaka et al., 1988;
Bangsbo et al., 1991).

Although no significant changes in percent time spent walking or sprinting were
observed between games, significant differences were evident in the percent
contribution of other movement patterns to the total game time (Table 4.1). The percent
time spent standing increased across games, with all comparisons being significantly
different, game 1 to game 2 (3.8% increase; P = 0.002), game 1 to game 3 (8.1%
increase; P = 0.001) and game 2 to game 3 (4.0% increase; P = 0.004). Conversely, the
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percent time jogging significantly decreased from game 1 to game 2 (5.7% increase; P =
0.04) and from game 1 to game 3 (11.1% decrease; P = 0.001). Furthermore, the
percent time in the motion of striding significantly increased from game 1 to game 3
(1.7% increase; P = 0.01) and from game 2 to game 3 (0.7% increase; P = 0.03). In
addition, there was a trend towards an increase in the percent time in the motion of
striding from game 1 to game 2 (1.1% increase; P = 0.055). This increase in percent
time striding, in games 2 and 3, compared to game 1, may suggest that players were out
of position more frequently due to the increased percent time standing and decreased
time jogging.

Table 4.1. Percent contribution of motion activities to total game time for three
consecutive games.
Game
Stand (%)
Walk (%)
Jog (%)
Stride (%)
Sprint (%)
1
7.4 ± 1.2
46.5 ± 8.0
40.5 ± 7.3
4.1 ± 1.3
1.5 ± 0.8
2
11.2 ± 2.7 a
47.7 ± 5.6
34.8 ± 7.4 a 5.1 ± 0.9
1.2 ± 0.4
bc
b
bc
3
15.5 ± 5.6
48.3 ± 9.9
29.4 ± 5.7
5.8 ± 1.4
1.0 ± 0.3
a
Values are mean ± SD. Significant differences (P < 0.05) are indicated by; game 1 vs
game 2, b game 1 vs game 3, c game 2 vs game 3.
Significant differences were also observed in mean motion duration across games
(Figure 4.1). The mean duration of standing significantly increased from game 1 to
game 2 (P = 0.03), game 1 to game 3 (P = 0.008) and from game 2 to game 3 (P =
0.02). The mean duration of striding significantly increased from game 1 to game 3 (P
= 0.03), whereas the comparison from game 2 to game 3 just failed to reach significance
(P = 0.054; ES = 0.76). No significant differences were evident in the mean motion
durations of walking and jogging. However, there was a tendency for walk duration to
increase (P = 0.062; ES = 0.45) and jog duration to decrease (P = 0.053; ES = 0.33)
from game 1 to game 3. Interestingly, a significant increase in mean sprint duration was
recorded from game 1 to game 2 (P = 0.04). The mean maximal sprint duration of the
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three games ranged between 3.8 and 4.6 s, with the range in maximal sprint duration
between players being 1.4 to 8.2 s.
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Duration (s)
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Figure 4.1. Motion duration during the field-hockey games. Data are mean
values ± SD. Significant differences (P < 0.05) are indicated by; a game 1 vs game 2, b
game 1 vs game 3, c game 2 vs game 3.
No differences in mean motion frequency were evident between games for the motions
of walking and jogging.

Furthermore, there were no differences in mean motion

frequency in sprinting (30, 22 and 23), for games 1, 2 and 3, respectively. However,
significant differences were recorded for the frequency of standing and striding motions
(Figure 4.2). The frequency of standing motions significantly increased from game 1 to
game 2 (P = 0.007) and from game 1 to game 3 (P = 0.0001). In addition, the frequency
of striding motions significantly increased from game 1 to game 2 (P = 0.01) and from
game 1 to game 3 (P = 0.005). The combination of the motion frequency and the
motion duration data suggests that physical performance is reduced when elite fieldhockey players play three games within a period of four days, as a result of some form
of residual fatigue. It could be speculated that the increase in the frequency and mean
duration of standing, during games 2 and 3, enhances the likelihood that the players will
be out of position. As a result, players may have to perform more striding motions, with
a longer mean duration, to resume a correct position (i.e., marking an opposition player
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or receiving a pass).

It is possible that this increase in striding activity further

Motion Frequency

accentuates the state of fatigue.
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Figure 4.2. Motion frequency during the field-hockey games. Data are mean
values ± SD. Significant differences (P < 0.05) are indicated by; a game 1 vs game 2, b
game 1 vs game 3, c game 2 vs game 3.
The mean player game time was 48, 56 and 57 min, for games 1, 2 and 3 respectively.
The number of players who played every minute of the game ranged from three in game
1, to seven in game 3. Variations in mean player game time were due to the relatively
new rule allowing unlimited substitutions. These variations in mean player game time
may have influenced the results of the present study, if this study was to be repeated.
The substitution strategy may be influenced by such factors as the ability of the
substitute players, the playing style of the opposition, changes in tactics within and
between games and the environmental conditions.

It is also acknowledged that

variations in movement patterns between games may exist due to factors that are not
related to fitness or fatigue (i.e., changes in team tactics), even though the same
opposition team played in both games 1 and 2. Furthermore, it is difficult to associate
changes in movement patterns directly with performance in the games, especially, as the
results of all three games were decided by only one goal. It must be noted that, at the
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time of the tournament, the Australian team and the two opposition teams were all
ranked in the top four of hockey world rankings.

The frequency distribution of recovery time between sprints is presented in Figure 4.3.
The frequency distribution shows the percentage of long intervals (i.e., > 2 min) to
increase from approximately 30% in game 1 to approximately 45% in games 2 and 3.
This change is largely due to a reduction in the frequency of very brief recovery periods
( ≤ 20 s ) observed in games 2 and 3, compared with game 1. Therefore, an effect of
residual fatigue may be a reduced ability to perform subsequent sprints separated by
only a brief recovery period. However, as the ability to perform subsequent sprints is
likely to depend on phosphocreatine (PCr) resynthesis (Gaitanos et al., 1993; Bogdanis
et al., 1995), further research is required to elucidate the effects of residual fatigue on
the ability to perform sprints separated by a brief recovery period. As PCr stores are
significantly reduced following repeated-sprint exercise with short recovery periods
(i.e., 21 to 24 s) (Dawson et al., 1997; Spencer et al., 2006a), and as the half-life of PCr
resynthesis is reported to be between 21 to 57 s (Harris et al., 1976; Bogdanis et al.,
1995), then maximising performance in repeated-sprint bouts may require increasing
PCr stores and / or quickening PCr resynthesis.
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Figure 4.3. Frequency distribution of recovery time between sprints. Data are
mean values.
The frequency of exercise bouts for the entire team that met the criteria for ‘repeatedsprint’ (defined as a minimum of three sprints, with mean recovery duration between
sprints < 21 s) decreased from game 1 to games 2 and 3 (Table 4.2). The rationale of
using a recovery duration of < 21 s was based on the fact that ~25% of the frequency
distribution of recovery time between sprints, in game 1, was between 0 to 20 s.
Furthermore, it appears that the recovery time between sprints is either very short (i.e., 0
to 20 s) or very long (i.e., 1 to 2 min +), with only ~5 to 10% of the frequency
distribution reported to be between 21 to 60 s (Figure 4.3). Although the mean number
of sprints performed in the repeated-sprint bouts remained relatively constant, the range
in sprint number was reduced. In game 1, for example, four repeated-sprint bouts
comprised six or seven sprints, whereas in games 2 and 3 a maximum of five sprints
was observed. Collectively, these initial results suggest that repeated-sprint activity
may be hindered when players are required to compete in successive games with only
24 to 48 h recovery. Additional research is required confirm these findings.
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Table 4.2. Analysis of repeated-sprint bouts during three games in four days.
Game

Frequency
Sprint Count
Mean Time Between Sprints
(entire team)
(s)
1
17
4 ± 1 (3 – 7)
14.9 ± 5.5
2
11
3 ± 1 (3 – 4)
12.6 ± 4.0
3
8
4 ± 1 (3 – 5)
15.5 ± 4.5
Values are mean ± SD (range).
Repeated-sprint bout defined as a minimum of three sprints with mean recovery
duration between sprints < 21 s.
Some significant differences were evident in recovery motion during repeated-sprint
bouts across games (Figure 4.4). However, for all three games the percent time spent in
the motion of standing was similar, with the range being 5 to 9%. The percent time
spent in motions of active recovery ranged between 91 to 95% of the total recovery time
during repeated-sprint bouts, for all three games. In general, the breakdown of motions
of active recovery was ~30% walking, ~40% jogging and ~20% striding. The fact that
the majority of the recovery was of an active nature is important to consider, as most of
the laboratory studies that have investigated repeated-sprint ability have utilised a test
protocol involving passive recovery (Gaitanos et al., 1993; Dawson et al., 1997; Bishop
et al., 2001). Although one study has reported that an active, compared to a passive
recovery, improved repeated-sprint ability (Signorile et al., 1993), our recent work
suggests that an active recovery may in fact reduce repeated-sprint performance
(Spencer et al., 2006a). During a protocol involving 6 x 4-s sprints, with either 21-s of
.
active (32% of VO2max) or passive recovery, we reported a reduction in both power
output indices and PCr concentration following the active recovery trial (Spencer et al.,
2006a). The lower PCr concentration with the active recovery supports two previous
studies that have reported a reduction in PCr resynthesis following intense exercise
(Yoshida et al., 1996; McAinch et al., 2004). The study of Yoshida et al. (1996) also
reported a lower muscle oxygenation during the active recovery trial, suggesting that the
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reduction in PCr concentration was due to insufficient oxygen for the resynthesis
process.

Therefore, an active recovery during repeated-sprint testing protocols is

Recovery Time (%)

required for the results to be relevant to team-sport performance.
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Figure 4.4. Recovery motion between sprints during repeated-sprint bouts.
Data are mean values ± SD. Repeated-sprint bout defined as a minimum of three
sprints with mean recovery duration between sprints < 21 s. Large effect size between
groups (ES > 0.8); a game 1 vs game 2, b game 1 vs game 3, c game 2 vs game 3.
The aforementioned results suggest that residual fatigue is evident in subsequent games
when players compete in three field-hockey games within a four day period of time. It
must be noted that game intensity may have been lower due to tactical or motivational
factors unrelated to physiological status.

Therefore, the physiological mechanisms

responsible for the observed decrement in the intensity of motion activity can only be
speculated upon (i.e., depletion of muscle glycogen, delayed onset of muscle soreness,
fluid balance etc). As a change in movement patterns occurs approximately every 5 s in
elite men’s field hockey (Spencer et al., 2004b), considerable amounts of energy would
have been utilised during eccentric contractions (i.e., accelerating and decelerating
movements). As eccentric exercise leads to a higher tension per cross-sectional area of
active skeletal muscle fibres (Davies and White, 1981), this type of activity can result
in severe damage to the muscle cell (Green, 1997). However, as the subjects in this
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study were elite field-hockey players and were well conditioned to the eccentric
activities of the hockey games, it is likely that they were somewhat resistant to the
muscle trauma and damage (Green, 1997).

Another alternative explanation for the residual fatigue may be changes in fluid balance.
Prolonged exercise in the heat in a hypohydrated state results in a decrease in sweat rate
(Sawka et al., 1983) and an increase in core temperature and inferior performance
(Sawka et al., 1984).

As the field-hockey games, in the present study, were not

conducted in extreme ambient temperatures (i.e., temperature range of 22 to 25o C) and
the hockey players were conditioned to ingest adequate amounts of fluid pre-, duringand post-games, we believe that hypohydration was an unlikely explanation for the
residual fatigue.

A possible explanation for this decrement is a progressive depletion in muscle glycogen
stores throughout the four day time period. Although no studies have investigated
glycogen depletion in field hockey, studies have documented glycogen depletion during
soccer games. Approximately 30 years ago, Karlsson (1969) reported the depletion of
muscle glycogen stores to be ~85 to 90% of pre-exercise values following a soccer
game. Furthermore, Karlsson (1969) reported that players with low muscle glycogen at
half time covered less distance and had slower average speeds in the second half. In a
recent study, Krustrup et al. (2006) reported the depletion of muscle glycogen stores
during a game to be equal to 53% of pre-exercise value, in a group of highly-trained
soccer players. Pre- and post-game nutrition is obviously important to maximise muscle
glycogen stores. This interpretation is supported by Jacobs et al. (1982) who showed
that only 59% of pre-game muscle glycogen concentration was replenished by 48 h
post-game. Dietary records of these players revealed that carbohydrate intake was low
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during this period (~ 300 g·day-1). It has recently been shown that muscle glycogen
content can be maximised within 24 h when endurance trained subjects consume a highcarbohydrate diet (i.e., 10 g·day-1·kg-1 body mass) in combination with physical
inactivity (Bussau et al., 2002). However, as in the present study, it is a common
requirement for elite field-hockey players to play two games in two days. It is possible
that the changes in motion activity (i.e., increased percent time spent standing and
decreased percent time spent jogging) may be associated with a depletion of muscle
glycogen.

Therefore, maximising carbohydrate replenishment may be critical to

performance when athletes are required to participate in two or more games within a
short period of time.

4.5 Conclusion
In summary, the results of this study suggest that a residual fatigue may be evident
when elite field-hockey players play three games within a period of four days (i.e., a
tournament scenario).

Significant changes in motion frequency, motion duration,

recovery duration between sprints and the percent contribution of motion patterns to
total game time were evident. In addition, the investigation of repeated-sprint activity
during three games within four days has provided evidence on the specific nature of this
fitness component of team-sport performance (i.e., a reduction in the number of
repeated-sprint bouts performed in games 2 and 3, in comparison to game 1). These
initial results suggest that repeated-sprint activity is reduced when elite field-hockey
players compete in subsequent games with only 24 to 48 h recovery.
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Chapter 5
Paper 4
Metabolism and performance in repeated cycle
sprints: Active versus passive recovery

Based on a journal article publication in Medicine and Science
in Sports and Exercise, 38(8): 1492-1499, 2006.
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5.1 Abstract
Purpose: This study examined the effect of an active versus passive recovery on
performance and muscle metabolism during a test of repeated-sprint ability that mimics
the sprint and recovery durations seen during team sport play.

Method: Nine

moderately-trained males performed four repeated-sprint cycle tests (6 x 4-s sprints,
every 25 s), in a randomised, counter-balanced order. Two tests were performed with
.
active recovery (cycling at 60 W, ~32% VO2max) and two with passive recovery, with
the performance measures averaged over the two trials for each condition. Needle
biopsy samples were taken over the four tests from the vastus lateralis muscle pre-test,
immediately post-test and post-21 s of recovery to determine phosphocreatine ([PCr]),
creatine and muscle lactate concentration ([MLa-]). Results: For active, compared to
passive recovery, there was a greater power decrement (7.4 ± 2.2 vs 5.6 ± 1.8 %, P =
0.01) and lower peak power for the sixth sprint (14.9 ± 1.5 vs 15.3 ± 1.5 W·kg-1, P =
0.02). However, there was no significant difference in work decrement or total work
between conditions.

The percent of resting [PCr] was lower and approached

significance immediately post-test (32.6 ± 10.6 vs 45.3 ± 18.6 %; P = 0.06; effect size
(ES) = 0.8) and post-21 s of recovery (54.6 ± 9.6 vs 71.7 ± 14.1 %; P = 0.06; ES = 1.2)
during active compared to passive recovery.

The [MLa-] was significantly higher

immediately post-test during active compared to passive recovery (71.7 ± 12.3 vs 55.2 ±
15.7 mmol·kg dm-1; P = 0.048; ES = 1.2), however no substantial differences were
evident post-21 s of recovery (55.0 ± 11.3 vs 48.4 ± 16.7 mmol·kg dm-1, P = 0.07; ES =
0.5). Conclusions: Despite no differences in the majority of performance measures,
active recovery resulted in a significantly lower final peak power output, a greater peak
power decrement, in addition to a higher [MLa-] and a strong trend for a lower [PCr].
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These results suggest that there is a potential sub-optimal effect of active recovery
during repeated-sprint exercise.

Further research is required to investigate the

implications on team-sport training and competition.

5.2 Introduction
The requirement to perform repeated, short-duration sprints over a brief period of time,
termed ‘repeated-sprint ability’, has been suggested to be an important fitness
component of team sports (Fitzsimons et al., 1993). Although there have been several
studies that have investigated repeated-sprint ability over the past ten years, the duration
of the sprints, the number of sprint repetitions, the recovery duration and type of
recovery often does not reflect the likely physiological demands of field-based team
sports. Surprisingly, there has been limited research investigating the specific nature of
repeated-sprint bouts in team-sport competition. In particular, the duration of sprints
and recovery between them, both duration and type, have not been well documented.
Through time-motion analysis of international field-hockey competition, we have
recently reported that a repeated-sprint protocol involving 6 x 4-s sprints, with
approximately 20-s of active recovery between sprints, is an appropriate protocol for
assessing the ability to perform isolated bouts of repeated-sprint activity in elite fieldhockey players (Spencer et al., 2004b). As the general movement patterns observed
during elite field-hockey competition are similar to that of elite soccer (Mohr et al.,
2003) and rugby (Duthie et al., 2005), we suggest that this protocol may better reflect
the ability to perform isolated bouts of repeated-sprint activity for field-based teamsports than other protocols that have used longer sprints and passive recoveries (Balsom
et al., 1995). Furthermore, the fact that > 90% of the recovery time performed within
the repeated-sprint bouts, during international field-hockey competition (Spencer et al.,
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2004b), was of an active nature (i.e., motions of jogging, striding and walking) suggests
that tests of repeated-sprint ability should include an active recovery.

.
An active recovery (i.e., 30 to 40% of VO2max) has been shown to promote faster
clearance of blood lactate when undertaken after high-intensity exercise (Thiriet et al.,
1993). Furthermore, an active recovery can improve power output recovery during
subsequent exercise bouts in most studies (Thiriet et al., 1993; Bogdanis et al., 1996b;
Connolly et al., 2003). However, these aforementioned studies used exercise protocols
that are non-specific to team-sport performance (i.e., exercise durations of 15 s to 2 min
and recovery durations of 3 to 20 min). One study that has used a more specific
protocol to team-sport performance (i.e., 8 x 6-s cycling sprints with 30 s recovery
between sprints) reported an increase in peak power output and total work when an
.
active recovery (cycling at 60W; ~30 to 40% VO2max) was undertaken, compared to a
passive recovery (Signorile et al., 1993). The authors concluded that an active recovery
results in superior performance compared to passive recovery, during short-duration,
repeated-sprint activity. Unfortunately, Signorile et al. (1993) did not measure any
blood or muscle metabolites to gain an insight into the mechanisms underlying these
performance differences.

.
In contrast, an active recovery (15 s at 40% of VO2max) decreased performance during
.
high-intensity intermittent exercise (15 s at 120% of VO2max) compared to a passive
recovery, with the time to exhaustion being significantly lower after passive recovery
(427 ± 118 and 962 ± 314 s, respectively, P < 0.001) (Dupont et al., 2004). This
performance decrement was significantly correlated with a greater decline in
oxyhemoglobin, measured via near-infrared spectroscopy, and the authors speculated
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that active recovery may restrict reoxygenation of myoglobin and phosphocreatine
(PCr) resynthesis (Dupont et al., 2004). This study supports the results of Yoshida et al.
(1996) who compared an active recovery (unloaded knee flexion) to passive rest
following knee flexion exercise performed at 60% of maximal intensity. The active
recovery resulted in a decrease in oxyhemoglobin / oxymyoglobin recovery to preexercise values and the time constant of PCr resynthesis (measured via

31

phosphorus

nuclear magnetic resonance spectroscopy) was also smaller in the active compared to
the passive recovery condition (30.0 ± 3.0 and 25.3 ± 2.6 s, respectively) (Yoshida et
al., 1996). If PCr resynthesis is reduced, then subsequent sprint performance may be
hindered, as PCr resynthesis has been strongly correlated with subsequent sprint
performance (Bogdanis et al., 1995). These results suggest that the active recovery that
predominates between team-sport specific, repeated-sprint bouts (Spencer et al., 2004b)
is likely to impair both PCr resynthesis and repeated-sprint ability. However, to date
this hypothesis has not been tested.

Therefore, the purpose of this study was to

investigate the effect of an active versus a passive recovery on performance and muscle
metabolism, during a test of the ability to perform isolated bouts of repeated-sprint
activity that mimics the sprint and recovery durations in team sports.

5.3 Methods

5.3.1 Subjects
.
Nine, moderately-trained males (age, 25 ± 7 y; body mass, 79.8 ± 8.2 kg; VO2max, 4.37
± 0.49 L·min-1, mean ± SD) participated in this investigation, which was approved by
the Human Research Ethics Committee of The University of Western Australia. Seven
of the nine subjects regularly competed in various field-based team sports and all
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subjects trained regularly (6 ± 2 sessions per week). After being fully informed of the
risks associated with participation, each subject gave his written informed consent.

5.3.2 Experimental Overview
The initial testing session consisted of a graded exercise test on a cycle ergometer, to
.
determine VO2max, along with familiarisation of the repeated-sprint test. Within four to
seven days of the familiarisation session, subjects were required to undertake the first of
four randomised experimental trials on a cycle ergometer.

The four trials were

conducted seven days apart, over a four week period. Trial A consisted of 6 x 4-s
maximal sprints (i.e., initial peak power output approximately 17 W·kg-1) separated by
21 s of passive recovery. Trial B was similar to Trial A, although an active recovery
.
(cycling at 60 W, approximately 32% of VO2max) was performed between the sprints.
Trials C and D replicated trials A and B and the performance measures were averaged
over the two trials for each condition. The additional trials were conducted in order to
obtain muscle biopsies at certain time points during the active and passive protocols
(Figure 5.1). This was due to the difficulties in obtaining post-sprint muscle biopsies
while active recovery was performed. A total of five muscle biopsies were taken from
each subject. All subjects completed one biopsy trial per week, over a period of four
weeks. All experimental trials were conducted in a randomised, counter-balanced order
and at the same time of day (i.e., within two hours for each subject), to minimise the
effect of diurnal variations.

Subjects were asked to maintain their normal diet

throughout the study and to abstain from training on the day prior to each test. They
were also instructed to be adequately hydrated and not to eat for three hours prior to
each test. Diaries were administered to record food and fluid consumption during the
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two days prior to each test and all subjects were instructed to replicate this for each
subsequent testing session.

Figure 5.1. Schematic representation of the experimental design. A total of 5
muscle biopsies were obtained from each subject during the 4 trials, which were
conducted in a randomised, counter-balanced order.

5.3.3 Cycle Ergometers
Air-braked cycle ergometers were used to conduct all cycle tests. These ergometers
were interfaced with an IBM-compatible computer system to allow for the collection of
data for the calculation of work and power generated during each flywheel revolution
(Cedaa, Western Australian Institute of Sport, Perth, Australia). These ergometers
require subjects to pedal against air resistance caused by rectangular vanes attached
perpendicular to the axis of rotation of the flywheel. The power output of the airbraked, cycle ergometer is proportional to the cube of the flywheel velocity.

A

magnetic sensor monitored the velocity of the flywheel at a sampling rate of one pulse
per flywheel revolution. Before testing, each ergometer was dynamically calibrated on
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a mechanical rig (Bio-Med Electronic Services & South Australian Sports Institute,
Adelaide, Australia) across a range of power outputs (100-2000 W).

5.3.4 Graded Exercise Test
The graded exercise test was performed on an air-braked cycle ergometer (Evolution,
Melbourne, Australia) and consisted of graded exercise steps, using an intermittent
protocol (1-min break between stages). The test commenced at 60 W and thereafter the
.
intensity increased by 40 W every 4 min until volitional exhaustion. The VO2max was
.
.
determined from this test. The criteria for achieving VO2max was a plateau in VO2 with
a respiratory exchange ratio above 1.1. During the graded exercise test, expired air was
continuously monitored for the analysis of O2 and CO2 concentrations (Ametek gas
analysers SOV S-3A and COV CD3A respectively, Pittsburgh, Pa., USA) and data was
reported as an average of 30-s intervals. Ventilation was recorded every 30 s using a
turbine ventilometer (Morgan, Model 096, Kent, England). The gas analysers were
calibrated immediately before and verified after each test using three certified
gravimetric alpha-grade gas mixtures (BOC Gases, Chatswood, Australia); the
ventilometer was calibrated pre-exercise and verified post-exercise using a one to four
litre syringe pump.

5.3.5 Repeated-sprint cycle tests
A standardized warm-up was performed prior to all four repeated-sprint cycle tests. The
warm-up consisted of 5 min of cycling at 60 W followed by a 1-min period of passive
rest. Two, 2-s maximal sprints were then performed followed by 2 min of slow cycling
(approximately 10 to 20 W). Finally, one, 4-s maximal sprint was performed followed
by 2 min of slow cycling (approximately 10 to 20 W) and 4 min of passive rest. A
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similar warm-up protocol has previously been shown to result in only minor metabolic
disturbances (Gaitanos et al., 1993).

The repeated-sprint test comprised 6 x 4-s

maximal sprints departing every 25 s (i.e., 21 s of recovery was completed between
each sprint). The recovery during the passive trials required the subjects to decelerate to
a stop as soon as possible (approximately 1 to 2 s) after the preceding sprint and to
remain stationary. The recovery during the active trials also required the subjects to
decelerate (approximately 1 to 2 s) on immediate completion of the preceding sprint and
then cycle at 60 W for 15 s. The remaining 6 s of recovery, in all trials, required the
subjects to assume the start position and await the countdown to the next sprint. The
starting position of each sprint was controlled by standardising the pedal and crank
angle, with the crank angle being approximately 45 degrees to the vertical. The active
deceleration after each sprint was included in an attempt to mimic the extra energy
expenditure that would most likely occur during repeated-sprint bouts in team-sport
performance. All repeated-sprint cycle tests were performed in the standing position, on
an air-braked, front-access cycle ergometer (Model Ex-10, Repco, Victoria, Australia),
which is more specific to the muscle actions of running than a conventional cycle
ergometer (i.e., subjects are seated). We have previously reported that a repeated-sprint
cycle test, similar to the present study, is valid for assessing over-ground running
repeated-sprint ability (Bishop et al., 2001).

5.3.6 Capillary blood sampling and analysis
Arterialised capillary blood (100 μL) was sampled from a hyperaemic earlobe.
Hyperaemia was induced by smearing the earlobe with a cutaneous vasodilator cream
(Finalgon, Boehringer Ingelheim) 10 min before sampling. The first drop of blood was
discarded and then samples were collected in heparinised glass capillary tubes.
Capillary blood samples were taken at rest and immediately following each stage of the
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graded exercise test.

These samples were also taken at rest, post warm-up and

immediately following (1, 3 and 5 min post) the repeated-sprint tests. An additional
sample was taken at 8 min if the plasma lactate concentration increased for the 5 min
sample. Plasma lactate concentration and plasma pH was determined using a blood-gas
analyser (ABL 700, Radiometer Medical, Copenhagen, Denmark).

5.3.7 Muscle Biopsies
The skin and fascia overlaying the vastus lateralis was anesthetised (5 mL, 1%
Xylocaine), prior to the incision. One incision was used for both the pre-test biopsy (on
one occasion only) and the post-test biopsy. The pre-test sample was taken during
supine rest, approximately 5 min prior to the warm-up. The post-test sample was taken
immediately following the cessation of exercise, or recovery (21 s post-test) depending
on the repeated-sprint trial undertaken (Figure 5.1). This biopsy was taken while the
subject was seated on the cycle ergometer. The percutaneous needle biopsy technique
(Bergstrom, 1962), with suction applied manually, was used to obtain the samples.
Each sample (approximately 50 mg wet weight per sample) was immersed in liquid
nitrogen within 10 s of being taken, removed from the needle, and then stored at –80oC
until freeze dried for analysis. An extract of the muscle was obtained after the blood, fat
and connective tissue were removed from the sample. After the sample was powdered
and neutralized, it was enzymatically assayed for muscle lactate ([MLa-]), [PCr] and
creatine concentration ([Cr]) according to the methods of Harris et al. (1974). The PCr
and Cr content were adjusted to the individual highest total Cr content, to account for
measurement errors in muscle metabolite concentrations arising from the variable
inclusion of connective tissue, fat, or blood in the tissue samples (Balsom et al., 1995).
Due to insufficient sample size, tissue samples could not be analysed in some cases (i.e.,
n = 6 for PCr and Cr, n = 7 for MLa-).
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5.3.8 Calculation of test scores
An absolute (total kJ) and relative (percent decrement over the repeated efforts)
repeated-sprint ability score was calculated for the 6 x 4-s cycle test, as explained in
Table 5.1.

Table 5.1. An example of the methods used to calculate the absolute (total
work) and relative (% decrement) scores for the 6 x 4-s cycle test. Modified
from Fitzsimons et al. (1993). The power decrement scores were calculated by the same
method.
Repetition
1
2
3
4
5
6

6 x 4-s cycle test
Work (kJ)
4.0
3.9
3.7
3.6
3.5
3.4

Total work (kJ)

= 22.1

Ideal work (kJ)

= 4.0 x 6
= 24

Decrement (%)

= 100 – (Total/Ideal x 100)
= 100 – (22.1/24 x 100)
= 100 – 92.1
= 7.9 %

5.3.9 Reliability of the 6 x 4-s cycle test
The 6 x 4-s cycle test was performed using two trials, to establish the intra-subject
reliability, for 12 subjects (9 subjects from the present study plus 3 other subjects of
similar training status) (Table 5.2). The typical error of measurement (TE) was used to
quantify the reliability. The TE is a contemporary measurement of reliability and this
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value represents the typical variation in a subject’s test score from measurement to
measurement (Hopkins, 2000).

Table 5.2. Reliability of the 6 x 4-s cycle test on an air-braked, front-access,
cycle ergometer (n = 12).

Sprint 1
Sprint 2
Sprint 3
Sprint 4
Sprint 5
Sprint 6
Total
% Dec

Test 1
Mean ± SD
44.2 ± 7.0
42.8 ± 5.9
42.8 ± 5.3
42.2 ± 5.2
41.1 ± 5.6
39.8 ± 4.6
251.2 ± 35.3
7.8 ± 3.4

Work (J·kg-1)
Test 2
Mean ± SD
45.4 ± 8.5
43.2 ± 8.6
43.1 ± 8.2
42.1 ± 7.4
41.7 ± 6.3
40.6 ± 6.1
256.1 ± 43.6
7.8 ± 3.6

TE
(Abs)
3.4
2.6
2.8
2.3
1.7
2.0
12.5
0.9

TE
(CV%)
6.5
5.3
5.8
5.2
4.1
4.4
4.5
17.7

95%CL
(CV%)
4.8 – 11.3
3.9 – 9.2
4.3 – 10.1
3.8 – 8.9
3.0 – 7.0
3.2 – 7.6
3.3 – 7.8
13.6 – 34.0

Test 1
Mean ± SD
15.9 ± 1.8
15.5 ± 1.9
15.0 ± 1.8
15.0 ± 1.7
14.7 ± 1.6
14.3 ± 1.7
6.6 ± 2.3

Peak Power (W·kg-1)
Test 2
TE
TE
(Abs)
(CV%)
Mean ± SD
0.7
3.7
16.2 ± 2.5
0.5
3.0
15.8 ± 2.3
0.7
4.4
15.3 ± 2.4
0.5
3.4
15.2 ± 2.1
0.5
2.9
14.9 ± 2.0
0.4
2.8
14.5 ± 2.0
6.2 ± 2.0

0.8

15.1

95%CL
(CV%)
2.7 – 6.3
2.2 – 5.1
3.2 – 7.5
2.5 – 5.8
2.1 – 4.9
2.0 – 4.8
11.4 – 28.2

TE, Typical error; Abs, absolute score; % Dec, decrement percentage; CV%, coefficient
of variation; 95%CL, 95% confidence limits.

5.3.10 Statistical Analysis
The performance measures were averaged over the two trials for each condition.
Analysis of the performance and physiological data from the two recovery conditions
were conducted using a two-factor (recovery and time) analysis of variance (ANOVA)
with repeated measures. A significant interaction was then analysed by Newman-Keuls
post-hoc tests to determine at which time points an effect was observed between trials.
Differences in total work, work decrement and power decrement were compared using
paired-sample t-tests. Significance was accepted at P < 0.05. Correlation coefficients
were calculated using Pearson’s product moment (r). Statistica software for Windows
(version 5.1, 1997, StatSoft, Inc., Tulsa, OK) was used for all statistical analyses. Due
to the relatively small subject number for the muscle metabolite data, effect sizes were
also calculated to compare treatment effects, independent of sample size (Cohen, 1988).
The effect size formula is listed below:
Effect size = [(m G1 – m G2)]/[√ ((SD2 G1) (n – 1 G1) +
(SD2 G2) (n – 1 G2) / (n G1 + n G2 – 2))]
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Where G1 = group one, m = group mean, SD = standard deviation, n = group subject
size.

Effect sizes of < 0.2, < 0.6, < 1.2 and > 1.2 were allocated the following

magnitude descriptors; trivial, small, moderate and large, respectively (Hopkins, 1997).

5.4 Results

5.4.1 Performance results
The peak power outputs produced during repeated sprints 2 to 6 were significantly
lower than the initial sprint, independent of recovery condition (P < 0.05). The peak
power outputs produced during each of the first five sprints were not significantly
different between the two recovery conditions. However, there was a significantly
lower peak power for the sixth sprint during the active recovery trial, compared to the
passive recovery trial (14.9 ± 1.5 and 15.3 ± 1.5 W·kg-1, respectively, P = 0.02; Figure
5.2). Furthermore, active recovery resulted in a greater power decrement compared to
the passive recovery trial (7.4 ± 2.2 and 5.6 ± 1.8 %, respectively, P = 0.01). There
was, however, no significant difference in work decrement between the active and
passive recovery trials (7.8 ± 3.3 and 6.3 ± 2.5 %, respectively, P = 0.10). In addition,
there were no significant differences in total work, when expressed in relative terms
(271.9 ± 37.8 and 270.2 ± 35.5 J·kg-1, P = 0.60) or in absolute terms (21.61 ± 3.10 and
21.46 ± 2.89 kJ, P = 0.50) between the active and passive recovery trials, respectively.
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Figure 5.2. Relative peak power output (W·kg-1) during 6 x 4-s all-out sprints
with 21-s of active or passive recovery between sprints. Values are mean ± SD
(n = 9). *Significantly different from passive recovery (P < 0.05).

5.4.2 Muscle metabolites
The muscle metabolite concentrations at each sampling time are presented in Table 5.3.
Post-test [PCr], expressed as a percent of resting PCr was lower and approached
significance immediately post-test, during the active compared to the passive recovery
trial (P = 0.06; effect size = 0.8; Figure 5.3). This value was also lower and near
significance after the 21-s recovery period, when an active compared to a passive
recovery was performed (P = 0.06; effect size = 1.2).

There was no significant

difference in the rate of PCr resynthesis between the active and passive recovery
conditions (0.75 ± 0.33 and 0.91 ± 0.57 mmol·kg dm-1·s-1, respectively; P = 0.48; effect
size = 0.3), during the 21-s recovery period. Moderate and strong correlations were
reported between percent PCr resynthesis and percent decrement of peak power output
during the active and passive recovery trials (r = -0.59; P = 0.03 and r = -0.81; P = 0.04,
respectively). There were large increases in the percent of resting [MLa-] for both trials
immediately post-test. However, the post-test value was significantly higher for the
active compared to the passive recovery trial (P = 0.048; effect size = 1.2; Figure 5.3).
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In contrast, there was no difference in the percent of resting [MLa-] after the 21-s
recovery period, for the active and passive recovery trials (P = 0.20; effect size = 0.5).
However, there was a trend towards a greater removal of [MLa-] during the active,
compared to the passive recovery trial (0.79 ± 0.41 and 0.38 ± 0.44 mmol·kg dm-1·s-1,
respectively; P = 0.14; effect size = 1.0).

Figure 5.3. Changes in (A) muscle phosphocreatine (PCr) and (B) muscle
lactate (MLa-) during the 6 x 4-s repeated sprint test (sprints are represented by
vertical bars) with either active or passive recovery. Values are expressed as
percent of resting value ± SD (n = 6 for PCr, n = 7 for MLa-). *Significantly different
from passive recovery (P < 0.05).
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Table 5.3. Muscle metabolites in the vastus lateralis at rest, immediately after
the repeated-sprint test and after 21-s of recovery, during both the active and
passive recovery trials.

PCr
Cr
Lactate

Rest
72.7 ± 6.6
39.1 ± 3.0
11.5 ± 2.1

Active Recovery
Post-test
21-s Recovery
*
23.4 ± 10.4
39.2 ± 11.0*,†
*
88.1 ± 10.9
72.1 ± 11.8*,†
*
71.7 ± 12.3
55.0 ± 11.3*,†

Passive Recovery
Post-test
21-s Recovery
*
33.2 ± 15.3
52.3 ± 11.3*,†,‡
*
77.6 ± 13.8
58.8 ± 9.9*,†,‡
*,†
55.2 ± 15.7
48.4 ± 16.7*,†

Values are means ± SD, expressed in mmol·kg dm-1 (n = 6). PCr, phosphocreatine; Cr,
creatine. Significant differences: * P < 0.05 from Rest; † P < 0.05 from Post-test
(Active); ‡ P < 0.05 from Post-test (Passive).

5.4.3 Plasma lactate and blood pH
Plasma lactate concentrations were measured at rest, post-warm-up and at 1, 3, 5 and 8
min post the repeated-sprint test. There were no significant differences between the
active and passive recovery trials at any of these sampling times. However, there was a
strong trend for the active recovery to result in a higher plasma lactate concentration at
the 1 min post-test period, compared to the passive recovery trial (11.2 ± 1.9 and 10.3 ±
1.9 mmol·L-1, respectively; P = 0.051; effect size = 0.5). Plasma pH was measured at
the same sampling times as plasma lactate and there were no significant differences
between the active and passive recovery trials. Plasma pH fell to approximately 7.25 at
3 min post-test, for both recovery trials.

5.5 Discussion
The major finding in this study was a significantly lower peak power output for the last
sprint and a significantly greater power decrement in the active compared to the passive
recovery condition, despite no difference in relative or absolute total work. A second
major finding was that the active recovery resulted in a significantly higher (P = 0.048)
[MLa-] and a strong trend (P = 0.06; effect size = 1.2) for lower [PCr] immediately
following the repeated-sprint test, compared to the passive recovery condition. This
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suggests a potential sub-optimal effect of active recovery on key muscle metabolites
underpinning sprint performance.

5.5.1 Effects of active versus passive recovery on repeated-sprint
performance
Although several studies have investigated the effects of a passive versus an active
.
recovery (i.e., 30 to 40% of VO2max) on performance of repeated exercise bouts, the vast
majority of these studies have employed sprint and recovery durations (i.e., exercise
durations of 15 s to 5 min and recovery durations of 3 to 20 min) (Thiriet et al., 1993;
Bogdanis et al., 1996b) that are very different from those typical of team sports (i.e.,
sprint bouts of < 6 s and recovery durations of < 30 s) (Spencer et al., 2004b). Many of
these aforementioned studies have reported a significant improvement in subsequent
exercise performance (i.e., maintenance of mean power output) with an active,
compared to a passive recovery (Thiriet et al., 1993; Bogdanis et al., 1996b). However,
.
using a shorter exercise duration (15-s cycling at 120% of VO2max) and recovery
.
duration (15-s cycling at 40% of VO2max or 15 s of passive rest), Dupont et al. (2004)
reported time to exhaustion to be more than twice as long during the passive compared
to the active recovery condition (P < 0.001). These findings support the initial results
from the same authors who undertook a similar protocol using over-ground running as
the exercise mode (Dupont et al., 2003) and suggest that active recovery may impair
repeated-sprint ability when both the sprints and recovery are of short duration.
Therefore, these findings are at odds with the conventional approach used in many team
sports, and coaches and conditioners are advised to review their training and testing
protocols.
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However, repeated 15-s sprints are still considerably longer than those typical of teamsport athletes (Mohr et al., 2003; Spencer et al., 2004b). The study of Signorile et al.
(1993), using a more specific test of repeated-sprint ability, reported that both peak
power output and total work were significantly greater (P < 0.0001) in the active
compared to the passive recovery. These results are in contrast to that of the present
study which showed a significantly lower peak power output for the last sprint (P =
0.02) and a significantly greater power decrement (P = 0.01); however, no differences
were recorded for total work.

A disparity between the present study and that of

Signorile et al. (1993), that may partly explain the performance differences, is variation
in the deceleration procedures after each sprint.

Signorile et al. (1993) used a

mechanically-braked cycle ergometer, which would have required no active
deceleration after each sprint. In contrast, to better mimic the demands of team-sport
athletes, the present study used an air-braked, front access cycle ergometer and active
deceleration was required after each sprint in both active recovery conditions.

5.5.2 Effects of active versus passive recovery on muscle metabolism
While previous studies have reported [PCr] following repeated sprints, the present study
is the first, to our knowledge, that has measured muscle metabolites following an active
or passive recovery during exercise that mimics the sprint and recovery durations of an
isolated bout of repeated-sprint activity typical of team sports. The strong trend towards
a greater decline in [PCr] immediately post-test (P = 0.06; effect size = 0.8) and
following the 21-s recovery period (P = 0.06; effect size = 1.2) in the active recovery,
when presented as a percentage of resting level, may partly explain the reduction in
peak power output indices in the active compared to the passive recovery condition. In
addition, the moderate-to-strong correlations between percent PCr resynthesis and
percent decrement of peak power output, of the two recovery conditions in the present

96

Chapter 5 ~ Paper 4
study, support the findings of previous research (Bogdanis et al., 1995). A strong
correlation between percent PCr resynthesis and percent recovery of sprint performance
(i.e., peak power output and maximal speed) after 2 x 30-s cycle sprints separated by 3
min of recovery (r = 0.71 to 0.86) has previously been reported (Bogdanis et al., 1995).
The association between PCr resynthesis and sprint performance is further supported by
creatine supplementation studies that have reported significantly increased rates of PCr
resynthesis between and following repeated-sprint exercise (Yquel et al., 2002), as well
as improved repeated-sprint performance (Preen et al., 2001; Yquel et al., 2002).
Therefore, the aforementioned studies suggest that PCr resynthesis is important to
maintain performance during repeated-sprint exercise and may have contributed to the
performance differences observed in the present study.

There is no published research reporting a lower [PCr] during an active recovery
following short-duration sprint exercise. However, a significant reduction in [PCr] has
.
been reported following 15 min of active recovery (cycling at 40% VO2max) compared
to passive recovery when performed after a 20-min maximal cycling time trial
(McAinch et al., 2004).

The authors speculated that during active recovery a

considerable proportion of the mitochondrial ATP production would have been utilised
in maintaining muscle activity, whereas during passive recovery an increased
mitochondrial ATP turnover would have facilitated PCr resynthesis (McAinch et al.,
2004). Similarly, during isolated knee flexion exercise (2 x 2-min exercise bouts at
60% of maximal intensity separated by 2 min of active or passive recovery), active
recovery resulted in a decrease of approximately 20% in PCr resynthesis, when
presented as a percentage of resting level, with the mean time constant of PCr
resynthesis being smaller in the active (30.0 ± 3.0 s) compared to the passive (25.3 ± 2.6
s) recovery (Yoshida et al., 1996). These results support the present findings which
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suggest that even during brief recovery periods (< 20 s), active recovery may impair
PCr resynthesis.

As PCr resynthesis depends on oxidative processes (Haseler et al., 1999), a possible
explanation for a reduction in PCr resynthesis during active recovery is competition for
the limited oxygen supplies. This is supported by a reduction in muscle oxygenation
recovery (i.e., oxyhemoglobin and oxymyoglobin changes measured via near-infrared
spectroscopy), relative to pre-exercise level, during active compared to passive recovery
(Yoshida et al., 1996). Furthermore, in a study involving intermittent high-intensity
exercise, Dupont et al. (2004) reported a greater decline in muscle oxygenation, via
near-infrared spectroscopy, during the active compared to the passive recovery
condition. The authors speculated that the lower decline in muscle oxygenation during
the passive recovery may have allowed for a greater reoxygenation of myoglobin and
greater PCr resynthesis as well as improved exercise performance (Dupont et al., 2004).
Although muscle oxygenation was not measured in the present study, the
aforementioned studies do show a reduction in muscle oxygenation during active
compared to passive recovery and thus provide supporting evidence to explain the lower
[PCr] reported in the present study.

If competition for O2 exists in the initial period of recovery, the important question is
whether O2 is prioritized to PCr resynthesis or to other processes such as the oxidation
of lactate. The fate of lactate, after exhaustive exercise, is reported to involve a relative
contribution by oxidation of approximately 55 to 70% (Brooks, 1986). During the short
recovery periods in the present study, active recovery resulted in a trend towards a
greater removal of [MLa-] compared to the passive condition (P = 0.14; effect size =
1.0). Many studies have reported a greater removal of blood lactate following active
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recovery (Thiriet et al., 1993), however, without MLa- data the primary mechanism for
this greater removal is unclear. Bangsbo et al. (1994) reported that the decreased blood
lactate concentration during active, compared to passive recovery, was due to an
increased MLa- metabolism and not a greater release of lactate from the muscle. The
enhanced removal of MLa- in the active recovery, in the present study, indicates that an
increased lactate oxidation may have been evident at the expense of PCr resynthesis.
Therefore, the effects of an active recovery during very short recovery periods, that
mimic the repeated-sprint activity of team sports, may result in a competition for O2
between PCr resynthesis, lactate oxidation and the increased O2 cost of the additional
exercise.

A significantly higher [MLa-] was evident immediately post-test in the active compared
to the passive recovery condition in the present study. This higher [MLa-] may be
related to the lower [PCr] in the active recovery condition, as the consequent rise in
inorganic

phosphate

([Pi]),

adenosine

diphosphate

([ADP])

and

adenosine

monophosphate concentration ([AMP]), due to ATP-PCr splitting, are reported to be the
stimuli for anaerobic glycolysis (Chasiotis et al., 1982; Crowther et al., 2002a).
However, it appears that both muscle activation and elevated levels of the
aforementioned metabolites are required for the initiation of glycolysis (Crowther et al.,
2002a). Furthermore, glycolysis ceases rapidly after exercise is stopped, despite the
elevated levels of these metabolites (Crowther et al., 2002b). Therefore, active recovery
may have resulted in a reduction in PCr resynthesis and consequently a greater
accumulation of Pi and other metabolites, providing a greater stimulus for anaerobic
glycolysis during subsequent sprints.

This potential mechanism could explain the

greater post-test [MLa-] in the active compared to the passive recovery.
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Although it appears that repeated-sprint performance is potentially improved with
passive recovery, it is obviously impractical to suggest that athletes should stand still
during and following repeated-sprint bouts. As stated previously, the vast majority of
the recovery undertaken during repeated-sprint bouts, in team-sport competition, is of
an active nature (Spencer et al., 2004b). Presumably, athletes are required to perform
this active recovery to ensure they have made an optimal position (i.e., marking an
opposition player, creating space for a team-mate etc). Further research is required to
investigate the limiting factors of repeated-sprint performance, which is specific to team
sports.

5.6 Conclusion
In summary, despite no significant differences in the majority of performance measures
during the repeated-sprint test, active recovery resulted in a significantly lower peak
power output for the final sprint and a greater peak power decrement. Furthermore,
there was a significantly higher [MLa-] and a strong trend (P = 0.06) for lower [PCr]
immediately following the active, compared to the passive recovery. These data suggest
that active recovery does not improve performance and in fact may potentially have
sub-optimal effects on [PCr], [MLa-] and performance during exercise that mimics the
sprint and recovery durations of an isolated bout of repeated-sprint activity typical of
team sports.
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Performance and metabolism in repeated shortsprint exercise: Effect of recovery intensity

Based on a manuscript that has been submitted to Medicine
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6.1 Abstract
Purpose: To investigate the effects of a moderate intensity (MI) and a low intensity (LI)
active recovery, compared to a passive recovery, on repeated sprint performance and
muscle metabolism using a protocol that mimics the sprint and recovery durations of an
isolated bout of repeated-sprint activity, seen in field-based team sports. Methods:
Nine moderately-trained males performed three repeated-sprint cycle tests (6 x 4-s
sprints, every 25 s) in a randomized, counter-balanced order. Recovery after each of the
.
sprints for the MI and LI trials respectively were 60 W (~35% VO2max) and 20 W
.
(~20% VO2max). Needle biopsy samples were taken from the vastus lateralis muscle
pre-test and immediately post-test during the MI and LI trials to determine adenosine
triphosphate [ATP], phosphocreatine [PCr] and muscle lactate [MLa-] concentration.
Results: Compared to the passive trial, significant reductions in peak power outputs
were recorded in both the MI trial (4 of the 6 sprints; P < 0.05) and in the LI trial (2 of
the 6 sprints; P < 0.05), with no differences between the two active trials. There were
no significant differences for total work between the passive, MI and LI recovery trials
(255.6 ± 41.5, 245.6 ± 30.5 and 245.2 ± 29.5 J·kg-1, respectively). Furthermore, no
significant differences were evident in [ATP], [PCr] and [MLa-] between the two active
recovery trials. Conclusions: Peak power indices during the repeated-sprint test were
inferior in the MI and LI active recovery trials, in comparison to passive recovery. The
similar changes in performance and metabolites between the two active recovery trials
may suggest that any intensity of recovery, or muscle activity, may result in a suboptimal effect on repeated short-sprint exercise.
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6.2 Introduction
Studies that have documented the sprint activity of field-based team sports (via timemotion analysis), have typically reported only mean data (i.e., on average a 2- to 3-s
sprint is performed every 1 to 3 min during a game) (Docherty et al., 1988; Lothian and
Farrally, 1994; Mohr et al., 2003). However, while mean data is useful, it does not
provide sufficient information regarding intense periods of play that may be critical to
the outcome of a game. Through a detailed analysis of international field-hockey
competition, we have recently reported that while players perform a sprint on average
every 2 min, they may perform 3 to 7 sprints with little recovery, within a repeatedsprint bout (defined as a minimum of three sprints, with a mean recovery duration
between sprints of less than 21 s) (Spencer et al., 2004b). We subsequently suggested
that a protocol involving 6 x 4-s sprints, with approximately 20 s of recovery between
sprints, would represent an intense protocol for assessing repeated-sprint ability in elite
field-hockey players (Spencer et al., 2006b). Furthermore, we reported that > 90% of
the recovery time performed within the repeated-sprint bouts was of an active nature
(i.e., jogging, walking and striding) (Spencer et al., 2004b).

While the aforementioned data (Spencer et al., 2004b) suggests that tests of repeatedsprint ability may need to include an active recovery if they are to be specific to the
physiological demands of team-sport competition, very few studies have compared the
effects of active versus passive recovery on repeated-sprint ability. Studies that have
.
compared a passive versus an active recovery (i.e., 30 to 40% of VO2max) on subsequent
exercise performance have generally reported an improved performance or power
output recovery for the active condition (Bogdanis et al., 1996b; Connolly et al., 2003).
However, these aforementioned studies have not used sprint and recovery durations
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specific to the team-sport situation. One study that did use a protocol more specific to
team-sport performance (i.e., 8 x 6-s cycling sprints with 30 s recovery between sprints)
reported an increase in both peak power output and total work when an active (cycling
.
at 60 W; ~30 to 40% VO2max), rather than passive recovery was completed (Signorile et
al., 1993). In contrast, we have recently reported that active, compared to passive
recovery, resulted in a lower peak power for the final sprint and a greater power
decrement, while no significant differences in total work were evident in a 6 x 4-s
cycling sprint test, departing every 21 s (Spencer et al., 2006a).

Active, compared to passive recovery, has been reported to decrease PCr resynthesis
following an initial exercise bout (Yoshida et al., 1996; McAinch et al., 2004).
McAinch et al. (2004) speculated that the diminished PCr resynthesis in active recovery
is likely to be related to mitochondrial ATP turnover following high-intensity exercise
and that during passive recovery, increased mitochondrial ATP turnover aids the
replenishment of PCr stores. Alternatively, a potential competition for limited oxygen
supply may exist between PCr resynthesis and other processes such as the oxidation of
lactate during the initial period of recovery of intense exercise bouts. Using a protocol
that mimics the exercise and recovery durations of an isolated bout of team-sport,
repeated-sprint activity (6 x 4-s sprints, departing every 21 s), we have reported a strong
.
trend for lower [PCr] and a significantly higher [MLa-] when an active (~32% of V
O2max), compared to a passive recovery was performed between sprints (Spencer et al.,
2006a). The higher [MLa-] may have been related to the lower [PCr] in the active
recovery trial, as the accumulation of metabolites such as inorganic phosphate (Pi),
adenosine diphosphate (ADP) and adenosine monophosphate (AMP) are suggested to
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be the stimuli for anaerobic glycolysis in conjunction with muscle activation (Chasiotis
et al., 1982; Crowther et al., 2002a).

Our time-motion analysis of elite field-hockey competition revealed that the vast
majority of the recovery time within the repeated-sprints bouts was of an active nature,
with the approximate breakdown being 40% jogging, 30% walking and 20% striding
(Spencer et al., 2006a). It is possible therefore, that there may be an intensity affect of
active recovery (i.e., a jogging versus walking intensity) on metabolism and subsequent
performance. The greater oxygen cost of a more intense active recovery may result in
greater impairments of PCr resynthesis (Yoshida et al., 1996) and subsequently greater
impairments in sprint performance (Bogdanis et al., 1995). Furthermore, while both the
accumulation of metabolites and muscle activation are required to stimulate anaerobic
glycolysis (Crowther et al., 2002a), it is not known if different intensities of active
recovery will affect MLa- accumulation. Therefore, the purpose of this study was to
investigate the effect of a low intensity (LI) versus a moderate intensity (MI) active
recovery (with passive recovery used as the control condition) on sprint performance
and muscle metabolism, during a repeated-sprint test that mimics the sprint and
recovery durations commonly seen in team sports.

6.3 Methods

6.3.1 Subjects
.
Nine, moderately-trained males (age, 19 ± 2 y; body mass, 70.7 ± 9.2 kg; VO2max, 3.75
± 0.50 L·min-1, mean ± SD) volunteered for this investigation, which was approved by
the institutional Human Research Ethics Committee.

All subjects participated in

intermittent sports and trained regularly (6 ± 2 sessions per week). After being fully
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informed of the risks associated with participation, each subject gave his written
informed consent.

6.3.2 Experimental Overview
The subjects were required to undertake five testing sessions over a four-week period.
The initial testing session was dedicated to familiarizing the subjects with the
procedures of the repeated-sprint test.
.
conducted to determine VO2max.

On a separate day, a graded exercise test was

Within four to seven days of the familiarisation

session, subjects undertook the first of three randomised, counter-balanced experimental
trials on a sprint-cycle ergometer. These trials were conducted seven days apart, over a
three week-period. Trial A consisted of 6 x 4-s maximal sprints separated by 21 s of
passive recovery. Trial B consisted of the same repeated-sprint test, however, a MI
.
active recovery (cycling at 60 W, approximately 35% of VO2max) was undertaken
between the sprints to mimic a ‘moderate jog’ intensity. Trial C also involved active
recovery between the sprints, with a LI recovery (cycling at 20 W, approximately 20%
.
of VO2max) being undertaken between the sprints to mimic a ‘walk’ intensity. A total of
four muscle biopsies were taken from each subject; pre- and immediately post-test for
both the LI and MI recovery trials (Figure 6.1). No biopsies were taken in the passive
recovery trial, as we wanted to minimise the invasive demands on the subjects and we
have previously investigated the muscle metabolite differences between a MI active
recovery trial and a passive recovery trial (Spencer et al., 2006a).

All experimental trials were conducted at the same time of day (± 2 h) for each subject,
to minimise the effect of diurnal variations. Subjects were asked to maintain their
normal diet throughout the study and to abstain from training on the day prior to each
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test. They were also instructed to be adequately hydrated and not to eat for three hours
prior to each test. Diaries were administered to record food and fluid consumption
during the two days prior to each test and all subjects were instructed to replicate this
for each subsequent testing session.

LI

MI

Passive
- Sprint
- Muscle biopsy

Figure 6.1. Schematic representation of the experimental design. Rest and posttest muscle biopsies were obtained from each subject during the low-intensity (LI) and
moderate-intensity (MI) recovery trials, which were conducted in a randomized,
counter-balanced order.

6.3.3 Cycle Ergometers
Air-braked cycle ergometers were used to conduct all sprint tests, interfaced with a
computer system to allow for the collection of data for the calculation of work and
power generated during each flywheel revolution (Cedaa, Western Australian Institute
of Sport, Perth, Australia). These ergometers require subjects to pedal against air
resistance caused by rectangular vanes attached perpendicular to the axis of rotation of
the flywheel. The power output of the air-braked, cycle ergometer is proportional to the
cube of the flywheel velocity.

A magnetic sensor monitored the velocity of the

flywheel at a sampling rate of one pulse per flywheel revolution. Before testing, each
ergometer was dynamically calibrated on a mechanical rig (Bio-Med Electronic
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Services & South Australian Sports Institute, Adelaide, Australia) across a range of
power outputs (100-2000 W).

6.3.4 Graded Exercise Test
The graded exercise test was performed on an air-braked cycle ergometer (Evolution,
Melbourne, Australia) and consisted of graded exercise steps, using a continuous
protocol. The test commenced at 25 W and thereafter the intensity increased by 50 W
.
every 2 min until volitional exhaustion. The VO2max was determined from this test. The
.
.
criteria for achieving VO2max was a plateau in VO2 despite an increase in exercise
intensity, with a respiratory exchange ratio above 1.1. During the graded exercise test,
expired air was continuously monitored for the analysis of O2 and CO2 concentrations
(Ametek gas analysers SOV S-3A and COV CD3A respectively, Pittsburgh, Pa., USA)
and data was reported as an average of 30-s intervals. Ventilation was recorded every
30 s using a turbine ventilometer (Morgan, Model 096, Kent, England). The gas
analysers were calibrated immediately before and verified after each test using three
certified gravimetric alpha-grade gas mixtures (BOC Gases, Chatswood, Australia); the
ventilometer was calibrated pre-exercise and verified post-exercise using a mechanical
syringe pump of one to four litres.

6.3.5 Repeated-sprint cycle tests
A standardized warm-up was performed prior to all repeated-sprint cycle tests. This
consisted of 5 min of cycling at 60 W followed by 1 min of passive rest. Two, 2-s
maximal sprints were then performed followed by 2 min of slow cycling (approximately
10 to 20 W). Finally, one 4-s maximal sprint was performed followed by 2 min of slow
cycling (approximately 10 to 20 W) and 4 min of passive rest. A similar warm-up
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protocol has previously been shown to result in only minor metabolic disturbances
(Gaitanos et al., 1993). The repeated-sprint test comprised 6 x 4-s maximal sprints
departing every 25 s (i.e., 21 s of recovery was completed between each sprint). The
recovery during the passive trial required the subjects to decelerate to a stop as soon as
possible (approximately 1 to 2 s) after the preceding sprint and to remain stationary.
The recovery during the active trials required the subjects to decelerate (approximately
1 to 2 s) on immediate completion of the sprint and then cycle at either 60 W (MI trial)
or 20 W (LI trial) for 15 s. The remaining 6 s of recovery, in all trials, required the
subjects to assume the start position and await the countdown to the next sprint. The
starting position of each sprint was controlled by standardising the pedal and crank
angle, with the crank angle being approximately 45 degrees to the vertical. The feet
were secured on the pedals via toe clips and heel straps. The active deceleration after
each sprint was included in an attempt to mimic the extra energy expenditure that would
most likely occur during repeated-sprint bouts in team-sport performance. All repeatedsprint cycle tests were performed in the standing position, on an air-braked, front-access
cycle ergometer (Model Ex-10, Repco, Victoria, Australia), which is more specific to
the muscle actions of running than a conventional cycle ergometer (i.e., subjects are
seated). A repeated-sprint cycle test, similar to the present study, is valid for assessing
over-ground running repeated-sprint ability (Bishop et al., 2001).

6.3.6 Muscle biopsies
The skin and fascia overlaying the vastus lateralis was anesthetised (5 mL, 1%
Xylocaine) prior to the incision being made. One incision was used for both the pre-test
and the post-test biopsies, with the needle inserted at different angles. The pre-test
samples were taken during supine rest, approximately 5 min prior to the warm-up. The
post-test samples were taken on immediate completion of the repeated-sprint tests, for

109

Chapter 6 ~ Paper 5
both the MI and LI active recovery trials (Figure 6.1). The post-test biopsies were taken
while the subject was supported on the cycle ergometer. The percutaneous needle
biopsy technique (Bergstrom, 1962), with suction applied manually, was used to obtain
the samples. Each sample (50 to 80 mg wet muscle per sample) was immersed in liquid
nitrogen within 10 s of being taken, then removed from the needle, and stored at –80oC
until freeze dried for analysis. An extract of the muscle was obtained after the blood, fat
and connective tissue were removed from the sample.

6.3.7 Muscle analysis
Freeze-dried rest and post-exercise muscle samples (3 – 3.8 mg) were enzymatically
assayed for [ATP], [PCr] and [MLa-] after being extracted by the addition of 6%
perchloric acid, before being centrifuged (10,000 g x 10 min). The supernatant was
removed and neutralized by the addition of 2.4 mol/L potassium hydroxide and 3 mol/L
potassium chloride. Samples were centrifuged again and the supernatant was stored at 80ºC. The metabolites [ATP], [PCr] and [MLa-] were measured using a method
described previously (Arthur and Hochachka, 1995). Detailed procedures of the muscle
analysis are outlined in Appendix 9.

For the analysis of muscle pH, freeze-dried muscle samples (2.5 to 3.2 mg) were
homogenized on ice for 2 min in a solution containing sodium fluoride (10 mM) at a
dilution of 30 mg dry muscle·mL-1 of homogenizing solution (Mannion et al., 1993).
The muscle homogenate was then placed in a circulation water bath at 37oC for 5 min
prior to and during the measurement of pH. The pH measurements were made with a
microelectrode (MI-415, Microelectrodes Inc, Bedford, NH, USA) connected to a pH
meter (SA 520, Orion Research Inc, Cambridge, MA, USA).
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6.3.8 Calculation of test scores
An absolute (total work) and relative (percent decrement over the repeated efforts)
repeated-sprint ability score was calculated for the 6 x 4-s cycle test. The calculated
total work was the sum of all six sprint bouts (e.g., 270 J·kg-1). The percent sprint
decrement was calculated as [100 – (total work / ideal work x 100)] (Fitzsimons et al.,
1993). The ideal work was the highest individual work bout, usually the first sprint
bout, multiplied by six (e.g., 49 x 6 = 294 J·kg-1). An example of the calculated percent
sprint decrement is presented below;
Sprint decrement (%)

= 100 - (total work / ideal work x 100)
= 100 - (270 / 294 x 100)
= 100 – 91.5
= 8.5 %

We have previously reported the reliability of the 6 x 4-s cycle test using the same
procedures and cycle ergometer as the present study, with the typical error for total
work and work decrement being 4.5 and 17.2%, respectively (Spencer et al., 2006a).
The formula used for calculating the work decrement was the same for calculating the
power decrement.

6.3.9 Statistical Analysis
Simple group statistics were presented as mean ± between-subject standard deviation.
First, the traditional approach of determining statistical significance, via the P-value,
was conducted. Analysis of the performance and physiological data from the recovery
conditions were conducted using a two-factor (recovery and time) analysis of variance
(ANOVA) with repeated measures. A significant interaction was then analyzed by
Newman-Keuls post-hoc test to determine at which time points an effect was observed
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between trials. Differences in total work, work decrement and power decrement were
compared using paired-sample t-tests. Significance was accepted at P < 0.05. Statistica
software for Windows (version 6.0, StatSoft, Inc., Tulsa, OK) was used for the analyses.

A more contemporary statistical approach involving precision of estimation and
magnitude-based inferences was conducted. Confidence limits for the true mean values
of effects were estimated with a spreadsheet (Hopkins, 2003) via the unequal-variances
t statistic computed for the change scores between the three trials (MI, LI and passive
recovery). Each subject’s change score, for the three comparisons, was presented as a
percentage via analysis of log-transformed values. The spreadsheets provide a precision
of the estimate as 90% confidence limits. The spreadsheets also calculate chances that
the true effects are practically beneficial and harmful (i.e., substantial effects), when a
value for the smallest worthwhile change is entered. If the chance of benefit and harm
were both > 5%, the true effect was considered as unclear (i.e., potentially beneficial or
harmful). If not, quantitative chances of benefit or harm were assessed qualitatively as
follows: < 1%, almost certainly not; 1-5%, very unlikely; 5-25%, unlikely; 25-75%,
possibly; 75-95%, likely; 95-99%, very likely; >99%, almost certainly (Batterham and
Hopkins, 2005). In test measures related to team sports, where there is no direct
relationship between fitness-test performance and team performance, it is suggested that
an appropriate default for the smallest worthwhile change in test performance is onefifth (Cohen effect size = 0.20) of the between-subject standard deviation (Hopkins,
2004). The smallest worthwhile change for the main performance variables in the
present study (i.e., total work and peak power for each of the six sprint bouts) was
approximately the same as the typical error of measurement of this exact laboratory
based, repeated-sprint test (Spencer et al., 2006a). An exercise test, where the typical
error of measurement is approximately the same as the smallest worthwhile change, has
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been rated as ‘OK’ (Pyne, 2003). For the test variables of percent work decrement and
percent peak power decrement, where we have reported the typical error of
measurement to be greater then the previously mentioned variables (Spencer et al.,
2006a) substantial changes in test performance were only interpreted when the change
was greater than the typical error of measurement. To estimate the chances that effects
were substantial for the physiological variables (i.e., muscle metabolites, muscle pH and
plasma lactate), the smallest worthwhile changes were also calculated as one-fifth of the
between-subject standard deviation (Hopkins, 2004).

6.4 Results

6.4.1 Performance data – peak power & total work
Traditional statistics: Compared to the passive trial, the MI trial resulted in significantly
lower peak power outputs for sprints 2, 3, 4 and 6 (P = 0.03, 0.02, 0.004 and 0.046,
respectively) and the LI trial resulted in significantly lower peak power outputs for
sprints 4 and 6 (P = 0.045 and 0.01, respectively) (Figure 6.2).

There were no

significant differences in peak power output between the MI and LI trials. However,
there was a strong trend for a lower peak power in the MI trial, compared to LI, in sprint
3 (P = 0.051). There were no significant differences for total work between the three
conditions of passive, MI and LI recovery (255.6 ± 41.5, 245.6 ± 30.5 and 245.2 ± 29.5
J·kg-1, respectively).

Precision of estimates and magnitude-based inferences: The chances of true differences
in peak power output are presented in Table 6.1. It was likely that the passive trial,
when compared to the MI trial, elicited substantially greater peak power outputs for
sprints 2,3, 5 and 6, and very likely a greater power output for sprint 4.. Furthermore,
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when compared to the LI trial, it was likely that the passive trial resulted in substantially
greater peak power outputs for sprints 4 and 6. When compared to the MI trial, the LI
trial only resulted in a substantially greater peak power output being likely in sprint 3.
The chances that substantial differences for total work between the three conditions of

Peak Power (W . kg-1)

passive, MI and LI recovery were minimal (Table 6.1).

*

20
19

*

18
17
16

MI
LI
Passive

*†

*†

15
14
13
12
11
10
1

2

3

4

5

6

Sprint (number)

Figure 6.2. Relative peak power output (W·kg-1) during the 6 x 4-s repeated
sprint test with either low-intensity (LI), moderate-intensity (MI) or passive
recovery. Values are means ± SD (n = 9). Significantly different (P < 0.05): *
Passive vs MI; † Passive vs LI.
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Table 6.1. Mean changes in performance between the passive, MI (moderate
intensity) and LI (low intensity) recovery trials and the chances that the true
differences in the changes are substantial.
Change in performance
(%)

Chance that true difference
is substantiala

Effect; ± 90% CL

%

Qualitative

Total Work

-3.1; ± 4.6

38

Possibly not

Peak Power 1

-1.0; ± 2.5

17

Unlikely

Peak Power 2

-3.4; ± 2.3

80

Likely

Peak Power 3

-6.0; ± 3.8

95

Likely

Peak Power 4

-5.8; ± 2.6

98

Very Likely

Peak Power 5

-3.4; ± 3.5

79

Likely

Peak Power 6

-5.7; ± 4.5

93

Likely

Total Work

-1.4; ± 6.0

22

Unlikely

Peak Power 1

-0.3; ± 3.4

15

Unlikely

Peak Power 2

-2.0; ± 3.4

42

Possibly not

Peak Power 3

-1.7; ± 3.3

34

Possibly not

Peak Power 4

-3.5; ± 2.9

75

Likely

Peak Power 5

-2.8; ± 3.4

69

Possible

Peak Power 6

-3.7; ± 2.3

91

Likely

Total Work

-1.7; ± 5.5

4

Very Unlikely

Peak Power 1

0.7; ± 1.5

4

Very Unlikely

Peak Power 2

1.5; ± 2.3

25

Possibly not

Peak Power 3

4.5; ± 3.5

84

Likely

Peak Power 4

2.4; ± 2.4

47

Possibly not

Peak Power 5

0.7; ± 3.1

24

Unlikely

Peak Power 6

2.1; ± 4.1

52

Possible

MI - Passive

LI - Passive

LI - MI

a

Substantial is one-fifth of the between-subject standard deviation for each measure.
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Work Decrement (%)
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Recovery Mode

Figure 6.3. Work decrement (A) and power decrement (B) during the 6 x 4-s
repeated sprint test, with moderate-intensity (MI), low-intensity (LI) or passive
recovery. Values are mean ± SD (n = 9).

6.4.2 Performance data – work & power decrement
Traditional statistics: There were no significant differences in work decrement between
the three recovery trials; passive vs MI (P = 0.28), passive vs LI (P = 0.30) and MI vs
LI (P = 0.83) (Figure 6.3a). Similarly, there were no significant differences in power
decrement between the three recovery trials; passive vs MI (P = 0.07), passive vs LI (P
= 0.12) and MI vs LI (P = 0.17) (Figure 6.3b).

Precision of estimates and magnitude-based inferences: The chances that the effects
were beneficial / trivial / harmful, for work decrement throughout the repeated-sprint
test, were 62 / 35 / 3% for the passive vs MI trial, 65 / 31 / 4% for the passive vs LI trial
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and 11 / 73 / 16% for the MI vs LI trial, suggesting a possible advantage of passive
recovery (Figure 6.3a). Similarly, for the peak power decrement, the chances that the
effects were beneficial / trivial / harmful were 84 / 15 / 1% for the passive vs MI trial,
66 / 32 / 2% for the passive vs LI trial and 41 / 55 / 4% for the LI compared to the MI
trial, again suggesting a possible advantage of passive over active recovery (Figure
6.3b).

6.4.3 Muscle data
Traditional statistics:

The muscle metabolite concentrations at rest and post-test

sampling times, as well as the delta change (i.e., differences between rest and post-test
values), for the LI and MI recovery trials are presented in Table 6.2. There were no
significant differences between the LI and the MI trials, for resting [ATP] (P = 0.37),
[PCr] (P = 0.71) or [MLa-] (P = 0.85). Similarly, there were no significant differences
between the two recovery trials for the delta change for [ATP] (P = 0.86), [PCr] (P =
0.79) and [MLa-] (P = 0.59). There were also no significant differences between the LI
and MI recovery trials for resting muscle pH (7.02 ± 0.08 and 7.02 ± 0.09, respectively;
P = 0.59) or for the delta change of muscle pH (0.15 ± 0.14 and 0.21 ± 0.11,
respectively; P = 0.26).

Precision of estimates and magnitude-based inferences: There were no substantial
differences between recovery trials, LI compared to MI, with the chances that the
effects were beneficial / trivial / harmful for the resting values being 6 / 42 / 52% for
[ATP], 13 / 46 / 41% for [PCr], and 19 / 40 / 41% for [MLa-]. Similarly, there were no
substantial differences between recovery trials for the delta change of [ATP] (47 / 22 /
31%), [PCr] (31 / 31 / 38%) or [MLa-] (65 / 23 / 12%). Also, there was no substantial
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difference between recovery trials for resting muscle pH, with the chances that the
effects were beneficial / trivial / harmful being 5 / 74 / 21%. However, a substantial
difference between recovery trials, LI compared to MI, was possible for the delta
change of muscle pH with the chances that the effects were beneficial / trivial / harmful
being 72 / 27 / 1% (n = 7), suggesting a possible advantage for the LI trial.
Table 6.2. Muscle metabolites in the vastus lateralis at rest, post-test and delta
change (∆) during the low-intensity and moderate-intensity recovery trials.
Low-Intensity Recovery

Moderate-Intensity Recovery

Rest

Post-test

∆

Rest

Post-test

∆

[ATP]

21.3 ± 2.4

18.0 ± 2.7

3.4 ± 2.3

21.8 ± 2.4

17.6 ± 4.0

3.9 ± 3.5

[PCr]

75.8 ± 9.2

38.0 ± 12.3

37.8 ± 15.6

76.7 ± 7.1

36.8 ± 17.7

39.9 ± 17.6

[MLa-]

4.7 ± 3.1

50.9 ± 20.1

46.2 ± 19.8

4.9 ± 3.3

46.8 ± 26.1

41.9 ± 24.5

Values are means ± SD, expressed in mmol·kg dm-1 (n = 9).
triphosphate; PCr phosphocreatine.

ATP, adenosine

6.5 Discussion
The major finding of this study was that there were significant and substantial
reductions in the individual peak power outputs within the repeated-sprint test, during
both the MI and LI active recovery trials, when compared to the passive recovery trial.
However, there were no significant or substantial differences in relative total work
between the three recovery trials. Furthermore, there were no significant or substantial
differences in muscle metabolites (i.e., [ATP], [PCr] and [MLa-]) between the MI and
LI recovery trials.
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6.5.1 Effects of MI and LI active recovery on repeated-sprint
performance, compared to passive recovery
Several studies have investigated the effects of active versus passive recovery on
intermittent, high-intensity exercise performance; however, very few have been specific
to the sprint and recovery durations associated with field-based team sports (Signorile et
al., 1993; Spencer et al., 2006a).

Although the exercise protocols in the two

aforementioned studies were quite similar, contrasting results were reported. The study
of Signorile et al. (1993) used a protocol of 8 x 6-s maximal cycling sprints separated by
30 s of active versus passive recovery and reported that both peak power output and
total work were significantly greater in the active recovery trial.

In contrast, our

previous study, using a protocol of 6 x 4-s maximal cycling sprints separated by 21 s of
.
active (~ 32% VO2max) versus passive recovery, revealed both a significantly lower peak
power output for the last sprint and a greater power decrement in the active recovery
trial, with no differences between trials for total work (Spencer et al., 2006a). The
greater power decrement was associated with larger changes in [PCr] and [MLa-] in the
active recovery trial.

The data from the present study support our previous findings, with both studies
reporting reductions in peak power indices during the active recovery trials (Spencer et
al., 2006a). For example, with both statistical approaches used in the present study,
individual peak power outputs were lower in the MI trial, compared to the passive trial
(i.e., 4 of the 6 sprints were significantly lower and 5 of the 6 sprints were substantially
lower in relation to the smallest worthwhile change). In addition, two of the individual
peak power outputs were both significantly and substantially lower in the LI trial,
compared to the passive trial. When the two active recovery trials were compared, there
were no significant differences in the individual peak power outputs. However, in
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sprint number 3, there was a likely chance that the difference was substantial in relation
to the smallest worthwhile effects, with the peak power output being greater in the LI
trial. These peak power data suggest that active recovery is detrimental to performance,
when compared to a passive recovery.

There were no significant or substantial differences in total work between the three
trials, which support the results of our previous study (Spencer et al., 2006a). There
was also no significant difference (P = 0.07), although there was a trend, in the peak
power decrement between the MI trial and the passive trial, which contrasts with the
findings of our previous study (Spencer et al., 2006a). However, using the modern
statistical approach, a substantial difference was likely in the peak power decrement
with the MI trial being greater than the passive trial. There was a possible chance of a
substantially greater peak power decrement for the LI compared to the passive trial.
However, there were probably no substantial differences between the two active
recovery trials. The peak power decrements of all three recovery trials in the present
study (i.e., range of 6 to 9%), are within the range of other repeated-sprint studies using
similar protocols conducted on a sprint cycle ergometer (Fitzsimons et al., 1993;
Spencer et al., 2006a) and also in over-ground running (Dawson et al., 1993; Fitzsimons
et al., 1993; Spencer et al., 2006b).

6.5.2 Effects of MI versus LI active recovery on muscle metabolism
There is evidence reporting an effect on muscle metabolite concentration when a MI
active, compared to a passive recovery, is performed during repeated bouts of highintensity exercise (Yoshida et al., 1996; McAinch et al., 2004). We have previously
reported different changes in muscle metabolites (i.e., lower [PCr] and higher [MLa-])
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.
when a MI active (i.e., ~ 32% VO2max), compared to a passive recovery, was performed
during a test of repeated-sprint ability that mimics the sprint and recovery durations
reported during team-sport play (Spencer et al., 2006a). The present study, to the
authors’ knowledge, is the first to investigate changes in muscle metabolites during a
test of repeated-sprint ability, comparing two different intensities of active recovery.
There were no significant or substantial differences between the MI and LI active
recovery trials for the changes in [ATP], [PCr] and [MLa-]. These data may partly
explain the minimal differences in performance measures between the two active
recovery trials.

A strong correlation between percent PCr resynthesis and sprint performance has
previously been reported (Bogdanis et al., 1995).

Furthermore, creatine

supplementation studies have reported increased rates of PCr resynthesis during and
following repeated-sprint exercise (Yquel et al., 2002), in addition to improved
repeated-sprint performance (Preen et al., 2001; Yquel et al., 2002). In our previous
study, we suggested that the lower [PCr], in the active, compared to passive recovery,
may have contributed to the reduced performance in peak power output indices
(Spencer et al., 2006a).

Other previous studies have also reported lower [PCr]

following exercise bouts with active, compared to passive recovery (Yoshida et al.,
1996; McAinch et al., 2004), even though the exercise was not of maximal intensity.
However, in the present study, there was no significant or substantial difference in the
delta change (i.e., difference between rest and post-test value) for [PCr] between the MI
and LI active recovery trials. It may be that as long as the recovery is active, regardless
of intensity, PCr resythesis will be less than when a passive recovery is completed after
each sprint during a repeated-sprint protocol. As PCr resynthesis depends on oxidative
processes (Haseler et al., 1999) and a reduced muscle oxygenation recovery is evident
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in active, compared to passive recovery (Yoshida et al., 1996; Dupont et al., 2004), this
is a likely mechanism for the decreased performance in repeated, high-intensity exercise
(Dupont et al., 2004) and repeated-sprint exercise (Spencer et al., 2006a) when an
active recovery is performed.

In the present study, there was no significant or substantial difference in delta change
for [MLa-] between the MI and LI active recovery trials. Our previous study, using the
same repeated-sprint protocol, reported a significantly higher [MLa-] post-test in the
active, compared to the passive recovery trial (Spencer et al., 2006a). In this study, we
speculated that the higher [MLa-] may have been associated with the lower [PCr] in the
active recovery trial, as accumulation of certain metabolites in the process of ATP-Cr
splitting (i.e., Pi, ADP and AMP), are suggested to be the stimuli for anaerobic
glycolysis (Chasiotis et al., 1982; Crowther et al., 2002a). Importantly, it has been
reported that elevated levels of the aforementioned metabolites, in addition to muscle
activation are required for initiation of glycolysis (Crowther et al., 2002a).
Furthermore, glycolysis ceases rapidly once exercise is stopped, even though elevated
concentrations of Pi, ADP and AMP are maintained (Crowther et al., 2002b). The
limited changes in [MLa-] between MI and LI suggest that any low-to-moderate activity
provides a similar stimulus for anaerobic glycolysis during repeated sprints
6.6 Conclusion
In summary, significant and substantial reductions in peak power indices were evident
in both the MI and LI active recovery trials, compared to the passive recovery trial,
during exercise that mimics the sprint and recovery durations of an isolated bout of
repeated-sprint activity. However, no significant or substantial differences were evident
in total work between the three recovery trials. The minimal differences in performance
and muscle metabolite measures between the MI and LI trials, suggest that any low-to-
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moderate level of muscle activity will affect recovery during repeated short-sprint
exercise.
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Chapter 7
Paper 6
Reliability of a repeated-sprint test for field
hockey

Based on a journal article publication in the Journal of Science
and Medicine in Sport, 9: 181-184, 2006.
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7.1 Abstract
The purpose of this study was to assess the reliability of a repeated-sprint test,
specifically designed for field hockey, as it was based directly on the time-motion
analysis of elite level competition. The test consisted of 6 x 30-m over-ground sprints
departing on 25 s, with an active recovery (~ 3.1 to 3.3 m.s-1) between sprints. Ten
highly-trained, male, field-hockey players (mean ± SD: age, 23 ± 3 y; body mass, 78.1 ±
7.1 kg) participated in this study. Following familiarisation, the subjects performed the
repeated-sprint test on two occasions, seven days apart. The reliability of the test
variables were assessed by the typical error of measurement (TE). The repeated-sprint
test was very reliable in quantifying the total sprint (T1: 26.79 ± 0.76 s vs T2: 26.83 ±
0.74 s), as the TE was 0.7% (95% CL, 0.5 to 1.2%). However, the test was less reliable
in quantifying the percent sprint decrement (T1: 5.6 ± 0.9% vs T2: 5.8 ± 1.0%), with the
TE being 14.9% (95% CL, 10.8 to 31.3%). In summary, it is suggested that this fieldhockey specific, repeated-sprint test is very reliable when the results are presented as the
total sprint time.
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7.2 Introduction
The first study, to our knowledge, to investigate the time-motion analysis of repeatedsprint activity was conducted in elite field-hockey competition (Spencer et al., 2004b).
Although the mean recovery time between sprints was approximately 2 min during the
competition, approximately 25% of the recovery periods between sprints were of less
than 21 s in duration. A repeated-sprint bout was subsequently defined as a minimum
of three consecutive sprints with a mean recovery duration between sprints being less
than 21 s (Spencer et al., 2004b). We reasoned that this might represent a typical period
of intense repeated-sprint activity.

Using the aforementioned definition, the mean

number of sprints, during a repeated-sprint bout, reported during the field-hockey game
was 4 ± 1 and the mean recovery time between sprints was 14.9 ± 5.5 s. A maximum of
seven sprints was recorded during the repeated-sprint bouts. Furthermore, we reported
that approximately 95% of the recovery between sprints, within the repeated-sprint
bouts, was active recovery (Spencer et al., 2004b). The majority of this active recovery
was of a jogging intensity. Therefore, we suggested that a repeated-sprint test, specific
to intense periods of field-hockey play, may require as many as six to seven sprints
(sprint duration of approximately 4 s) with approximately 20 s between sprints and
involve an active recovery (Spencer et al., 2004b).

A performance test should be evaluated for reliability before implementation in the field
with highly trained athletes. An appropriate method for assessing test reliability is via
the typical error of measurement (TE) (Hopkins, 2000). The TE is a contemporary
measurement of reliability and this value represents the typical variation in subjects’ test
scores from measurement to measurement (Hopkins, 2000).

Furthermore, it is

important to establish the usefulness of the test by estimating the smallest worthwhile
change, as it relates to athletic performance.
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significantly different, however, it may not be a ‘worthwhile’ change. In team sports,
where there isn’t a clear relationship between fitness-test performance and team
performance, it has been suggested that the smallest worthwhile change for elite athletes
can be calculated as 0.2 multiplied by the between-subject deviation of the particular
test, based on Cohen’s Effect Size principle (Pyne, 2003). If the TE is less than the
smallest worthwhile change, the test is rated as ‘good’ and if the TE is approximately
the same as the smallest worthwhile change a rating of ‘OK’ is given. However, if the
TE is considerably greater than the smallest worthwhile change, then the test is rated as
‘marginal’ (Pyne, 2003).

The purpose of this study was to assess the reliability of a 6 x 30-m over-ground sprint
test, departing every 25 s, with an active recovery.

Furthermore, the smallest

worthwhile change was assessed for this particular repeated-sprint test using highlytrained, field-hockey players.

7.3 Methods

7.3.1 Subjects
Ten highly-trained, male, field-hockey players (age, 23 ± 3 y; body mass, 78.1 ± 7.1 kg;
mean ± SD) participated in this study. All subjects were members of the Western
Australian Institute of Sport field-hockey program and gave their consent to participate
in this study.

7.3.2 Experimental Overview
The subjects were required to undertake two familiarisation trials of the repeated-sprint
test prior to commencing the two testing sessions. The two, 6 x 30-m repeated-sprint
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trials were conducted seven days apart. Preparation prior to each trial was similar, as
the weekly training program was not altered during the two week period. On each
occasion, the trials were performed at the same time of day (i.e., within 2 h) to minimise
the effect of diurnal variations. Furthermore, on the day prior to each trial, there was no
squad training and only low-intensity exercise was permitted. If low-intensity exercise
was undertaken, it was recorded and a similar session was performed for the following
week. The subjects were asked to maintain their normal diet throughout the study and
were instructed not to ingest any food within 2 h prior to testing. The subjects were also
instructed to restrict fluid intake to water for the 2 h prior to testing.

7.3.3 6 x 30-m repeated-sprint test
Following an active running warm-up (i.e., jogging to striding intensity) for
approximately 10 min, subjects completed three to five sprints of short duration (i.e., 20
to 30 m). Subjects were then given a 5-min recovery before commencing the repeatedsprint test, which was conducted on a synthetic field-hockey pitch. On completion of
each 30-m sprint, subjects were required to decelerate to a walk by the 10-m cone, turn
sharply and commence the jog recovery (Figure 7.1). A distance of 40 m of jogging
was completed within approximately 12 to 13 s (i.e., 3.1 to 3.3 m·s-1), in order to allow
4 to 5 s of passive recovery before the commencement of the next sprint repetition.
During the jogging component, constant verbal feedback was provided to ensure that
the pacing of the jog recovery was completed within approximately 12 to 13 s. The
timing for each subsequent sprint was standardised. A 5-s warning was given, the
subject then assumed the ready position and waited for the countdown. On the ‘go’
command, the subject broke the light beam of the electronic timing gates (Swift Speed
Light, Australia) and respective 10-m split times were recorded (i.e., 0 to 10 , 10 to 20
and 20 to 30 m) throughout each sprint. A standardised starting position was used to
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minimise any variation in sprint start technique. The subjects positioned themselves in
a crouch ‘ready’ position with their front foot in full contact with the ground and toeing
the start line, no ‘rock back’ was allowed.

Motion
Sprint:
Deceleration:
20 m

0

20 m

20 m

Jog:

10 m

20 m

30 m

40 m

20 m

50 m

Figure 7.1. Schematic of the 6 x 30-m over-ground, repeated-sprint test with an
active recovery.

7.3.4 Calculation of test scores
Two repeated-sprint ability scores were calculated for the 6 x 30-m repeated-sprint test,
the total sprint time and the percent sprint decrement. These repeated-sprint indices
were modified from Fitzsimons et al. (1993). The calculated total sprint time was the
sum of all six sprint times, in seconds (i.e., 27.26 s). The percent sprint decrement was
calculated as (total time / ideal time x 100). The ideal time was the best time, usually
the first sprint, multiplied by six.

An example of the calculated percent sprint

decrement is presented below;
Sprint decrement (%)

= (total time / ideal time x 100)
= (27.26 / 25.68 x 100)
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= 106.2
= 106.2 – 100
= 6.2%

7.3.5 Statistical analysis
The intra-subject reliability of the 6 x 30-m repeated-sprint test was established using
the TE. Uncertainty in the difference between trial one and trial two was expressed as
95% confidence limits. Data were checked for heteroscedasticity using plots of the log
transformed data and reliability measurements (absolute and percent typical errors) were
calculated. Analysis of the sprint times from the two performance trials were conducted
using a two-factor (trial and sprint number) analysis of variance (ANOVA) with
repeated measures. Significant main effects were followed by Newman-Keuls post-hoc
tests to determine at which time points (i.e., sprint number) an effect was observed
between trials. Significance was accepted at P < 0.05.

7.4 Results
The TE of the total sprint time for the repeated-sprint test was 0.7% (95% CL, 0.5 to
1.2%), whereas the TE of the percent sprint decrement during the test was 14.9% (95%
CL, 10.8 to 31.3%). The TE of the six, individual 30-m sprints were 0.9, 0.8, 0.9, 1.0,
1.5 and 1.5%, respectively. The 0 to 10-m, 10 to 20-m and 20 to 30-m split times are
presented in Figure 7.2. The TE of each respective split time ranged between 0.8 to
2.2%. All three split times were progressively slower throughout the six sprints. The
smallest worthwhile change for the 6 x 30-m repeated-sprint test was calculated to be
0.15 s (0.6%). As this figure is approximately the same as the TE of the test (i.e., 0.18 s
or 0.7%), the usefulness of the test was rated as ‘OK’.
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Figure 7.2. 0 to 10-m (A), 10 to 20-m (B) and 20 to 30-m (C) split times for the
6 x 30-m repeated-sprint test. Values are mean ± SD. Significant difference (P <
0.05) from; a sprint 1, b sprint 2, c sprint 3, d sprint 4.

7.5 Discussion
The reliability of the total sprint time was very good, with a TE of 0.7% (95% CL, 0.5
to 1.2%). The reliability of this test is comparable to other over-ground, repeated-sprint,
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running tests that have reported total sprint time. Wragg et al. (2000) reported a TE of
1.8% in their protocol involving 7 x 34-m sprints, departing every 25 s and including an
agility component, which could possibly decrease the reliability. Fitzsimons et al.
(1993) reported the technical error of measurement to be 0.8%, in their study involving
6 x 40-m sprints departing every 30 s. The inclusion of a standardised active recovery
in the present study, doesn’t appear to have affected the reliability of over-ground,
repeated-sprint tests.

The percent sprint decrement was less reliable, with a TE of 14.9% (95% CL, 10.8 to
31.3%). Once again, the reliability of this test is comparable to other over-ground,
repeated-sprint, running tests that have reported percent decrement.

For example,

Fitzsimons et al. (1993) reported the technical error of measurement to be 18.5% in their
study. Although the percent decrement should be taken into account when assessing a
repeated-sprint test, the present study suggests that the total sprint time is the more
reliable measure of repeated-sprint ability.

As the TE and the smallest worthwhile change of the 6 x 30-m repeated-sprint test were
very similar, the usefulness of the test was rated as ‘OK’ (Pyne, 2003). For example, if
an improvement of test time of 0.25 s was obtained, this improvement would be
regarded as ‘real and worthwhile’ as the difference is greater than both the TE and the
smallest worthwhile change. A change of 0.25 s represents an improvement of 0.04 s
per sprint, over six sprints. An improvement of 0.04 s per sprint is approximately 26 to
28 cm over a 30-m sprint (assuming a sprint time of between 4.3 to 4.6 s). This distance
could be enough to have an advantage over an opposition player (i.e., intercept a pass,
take possession of the ball etc).
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7.6 Conclusion
In summary, the 6 x 30-m over-ground sprint test departing every 25 s, with an active
recovery, was very reliable when presented as the total sprint time. However, as
reported in similar studies, the percent sprint decrement was less reliable and should be
used with discretion. Therefore, it is recommended that the total sprint time should be
the major measure of performance taken from the repeated-sprint test.
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Chapter 8
Thesis summary & future directions
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8.1 Thesis summary
In the past decade, there has been considerable interest in the physiology of repeatedsprint activity, in both laboratory and field based studies. However, there are limited
data investigating the repeated-sprint activity of team-sport performance and the
physiological responses of repeated-sprint activity specific to the likely sprint and
recovery durations of competition. Therefore, a series of studies were conducted to
further our understanding of the physiology of repeated-sprint activity. Firstly, Paper 1
(Chapter 2) reviewed the published research concerning the important areas related to:
the profiling of player movement patterns of field-based team sports; the energy
metabolism of short sprints and repeated-sprint bouts; and an assessment of the exercise
protocols used to evaluate repeated-sprint ability. This review shows that the mean
distance of sprints in field-based sports is approximately 10 to 20 m , with a mean
duration of 2 to 3 s. However, there is a lack of information on the specific movement
patterns of repeated-sprint bouts during team-sport competition. Furthermore, studies
investigating the physiological responses of one-off, short-duration sprinting and
repeated sprints (< 10 s duration) are limited in the scientific literature. Finally, tests
used to measure repeated-sprint ability vary considerably, with many unlikely to be
specific to the demands of field-based team sports.

Due to the paucity of data on the likely repeated-sprint bouts of team-sport performance,
the first experimental study, Paper 2 (Chapter 3), documented the player movement
patterns of fourteen elite male field-hockey players during an international game, via
time-motion analysis. The criteria of a ‘repeated-sprint bout’ was a minimum of three
sprints with a mean recovery duration between sprints being < 21 s. A mean of two
repeated-sprint bouts was performed for each player during the game, with the mean
number of sprints and mean recovery time between sprints being 4 ± 1 and 14.9 ± 5.5 s,
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respectively. Furthermore, the most intense bouts of repeated-sprint ability consisted of
six or seven sprints. To our knowledge, this study was the first to document the nature
of repeated-sprint activity during team-sport competition. Using the same procedures as
the previous study, Paper 3 (Chapter 4) documented the player movement patterns of
the same group of fourteen elite male field-hockey players during an intense period of
an international tournament (i.e., three games within a period of four days). In addition
to the significant increases in mean motion frequency recorded across games for
motions of standing and striding, and increases in mean motion duration evident for
standing, striding and sprinting (P<0.05), the number of exercise periods that met the
criteria of a ‘repeated-sprint bout’ decreased across the three games (17, 11 and 8 bouts
for the entire team) from game 1 to games 2 and 3, respectively. These data indicate
that a residual fatigue may be evident during elite field-hockey tournaments, with a
reduction in repeated-sprint activity. From the two time-motion analysis studies, there
were some interesting common findings that are important to consider for the
subsequent studies.

Throughout the competitive hockey games, the mean sprint

frequency and mean sprint duration ranged between approximately 23 to 30 and 1.8 to
2.0 s, respectively. More importantly, the mean maximal sprint duration of the games
ranged between 3.8 to 4.6 s. Furthermore, 90 to 95% of the recovery performed during
the repeated-sprint bouts, of all competitive hockey games, was active recovery. These
data were used in the determination of an appropriate ‘intense’ test of repeated-sprint
ability for both the laboratory and field-based protocols.

As a result of the preceding studies, Paper 4 (Chapter 5) the first of the laboratory
studies, investigated the effect of active versus passive recovery on performance and
muscle metabolism using a test of repeated-sprint ability that mimicked the sprint and
recovery durations seen during team sport play (based on the data from Paper 2 and

136

Chapter 8 ~ Summary
Paper 3).

A repeated-sprint cycle test (6 x 4-s sprints, starting every 25 s) was

undertaken by nine moderately-trained males, with either an active recovery (cycling at
.
60 W, ~ 32% VO2max) or a passive recovery performed between sprints. Despite no
differences in total work, active, compared to passive recovery, resulted in a
significantly greater power decrement (P = 0.01) across the test and lower peak power
for the sixth sprint (P = 0.02). There was a strong trend for a lower percent of resting
[PCr] immediately post-test (P = 0.06; effect size = 0.8) and post-21 s of recovery (P =
0.06; effect size = 1.2) during active compared to passive recovery. Furthermore, active
recovery resulted in a significantly greater [MLa-] immediately post-test (P = 0.048;
effect size = 1.2), but not post-21 s of recovery (P = 0.07; effect size = 0.5), compared
to passive recovery.

These data suggest a potential sub-optimal effect of active

recovery during repeated short-sprint exercise.

The next study, Paper 5 (Chapter 6), further investigated the effects of active recovery
on performance and muscle metabolism during repeated-sprint ability, with the aim of
determining whether the level of exercise intensity of the active recovery substantially
affected metabolism of performance. Using the same laboratory protocol as in Paper 4
(6 x 4-s sprints, starting every 25 s), nine moderately-trained males, performed three
repeated-sprint cycle tests in a randomised, counter-balanced order.

Performance

measures were compared between three recovery trials; a moderate-intensity (60 W;
.
.
~35% VO2max) and a low-intensity (20 W; ~20% VO2max) active recovery, and a passive
recovery trial as the control condition. Furthermore, muscle biopsies were taken preand post-test for the two active recovery trials.

Compared to the passive trial,

significant reductions in peak power outputs were recorded in both the MI trial (4 of the
6 sprints; P < 0.05) and in the LI trial (2 of the 6 sprints; P < 0.05), with no differences
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between the two active trials. However, there were no significant differences for total
work between the passive, MI and LI active recovery trials (P < 0.05). In addition,
there were no significant differences in [ATP], [PCr] and [MLa-] between the two active
recovery trials. Compared to the passive trial, peak power indices during the repeatedsprint test were inferior in the MI and LI active recovery trials. The minimal differences
in performance and metabolites between the two active recovery trials suggests that any
low-to-moderate level of muscle activation will affect recovery during repeated shortsprint exercise.

Some commonalities are evident when comparing the performance measures of the two
laboratory studies (Paper 4 and Paper 5). Firstly, both studies reported significant
reductions in peak power indices during the active recovery trials, when compared to
the passive recovery trials. Secondly, both studies reported no significant differences
for total work between the active and passive recovery trials. Although further research
is required to explore the physiological mechanisms for the performance differences
reported in these studies, there is sufficient data to suggest that active recovery does not
facilitate the replenishment of PCr stores between short sprint efforts.

The significance of an active recovery, highlighted in the two time-motion analysis
studies (Paper 2 and Paper 3) and the two laboratory studies (Paper 4 and Paper 5), led
to the design of a field, repeated-sprint test that included an active recovery between
sprints. Paper 6 (Chapter 7), investigated the reliability of a repeated-sprint test that
consisted of 6 x 30-m over-ground sprints, departing on 25 s, with a 40-m active
recovery (~3.1 to 3.3 m·s-1) between sprints. Following familiarisation to the test, ten
highly-trained, male, field-hockey players completed the test on two separate occasions.
The total sprint time of the test was very reliable, with the typical error of measurement
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(TE) being 0.7% (95% CL, 0.5 to 1.2%). However, the percent sprint decrement was
less reliable, with the TE being 14.9% (95% CL, 10.8 to 31.1%). It was concluded that
this field, repeated-sprint test is very reliable when the results are presented as the total
sprint time. This test is now used by the Australian Men’s Hockey Team. The test was
specifically designed for field hockey, however, it may be appropriate for other fieldbased, team sports.

This series of journal article submissions, that collectively forms this PhD thesis, has
furthered our understanding of the physiological and metabolic requirements of
repeated-sprint activity specific to the likely sprint and recovery durations of field-based
team sports. However, there is much scope for further research in this particular area of
exercise physiology.

8.2 Future directions
The studies involved in this thesis have prompted several considerations for future
research. These ideas involve both very applied, performance-orientated investigations
and more clinical, mechanistic investigations. Two research ideas are listed below:

1. As stated throughout this thesis, there has been virtually no published research
(excluding the present thesis) documenting the player movement patterns during
repeated-sprint bouts of team sports. To date, video based, time-motion analysis
has been the usual method of data collection of player movement patterns
during competition.

However, this technique is very tedious and time

consuming. Technological advances now allow for rapid data collection and
reduction of this information. For example, global positioning system (GPS)
units are now relatively inexpensive and, just as important, are very small and
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light and can be easily worn by players of various team sports. Even better, are
GPS units with an integrated accelerometer, which should be able to quantify
step by step gait rather than an elapsed time (and duration) of short sprint efforts
during games. This increased sensitivity would be important for field sports
where sprints are typically 10-20 m in duration. Therefore, future research may
wish to not only thoroughly document repeated-sprint activity during various
team-sport games, but to also investigate the effects of training interventions on
this fitness component.

2. As discussed in Paper 4 (Chapter 5) and Paper 5 (Chapter 6), there is evidence
that active recovery results in an impaired recovery of both [PCr] and muscle
oxygenation (i.e., oxyhaemoglobin and oxymyoglobin changes measured via
near-infrared spectroscopy) when undertaken between intermittent exercise
bouts. However, to our knowledge, there is no published research that has
investigated changes in muscle metabolism and muscle oxygenation during
repeated-sprint activity that is specific to the sprint and recovery durations of
team sports, using different recovery modes and intensities (i.e., active versus
passive recovery and different intensities of active recovery). Future research of
this kind may increase our knowledge of the physiological limitations of
repeated-sprint activity.
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Appendix 2.

Time-motion data from Paper 2 (Chapter 3)

st

1 Half
Subject

Position

Stand
No.

Stand
Mean

Stand
SD

Walk
No.

Walk
Mean

Walk
SD

Jog
No.

Jog
Mean

Jog
SD

Stride
No.

Stride
Mean

Stride
SD

Sprint
No.

Sprint
Mean

Sprint
SD

1
2
3
4
5
6
7
8
9
10
11
12
13
14

FB
FB
FB
HB
HB
HB
HB
IF
IF
ST
ST
ST
ST
ST

39
43
21
34
7
76
41
44
12
8
53
49
40

3.5
5.4
3.8
3.6
1.9
2.6
3.9
3.5
4.2
2.7
2.1
3.5
3.0

4.0
5.5
4.4
5.0
1.7
4.1
6.4
6.5
3.7
2.0
1.9
5.7
2.3

162
113
87
150
54
173
135
137
57
13
186
108
99

6.5
7.2
7.8
8.6
6.5
5.8
8.2
7.0
6.7
7.3
5.8
7.1
4.7

6.9
6.4
7.6
8.9
6.7
5.7
8.0
5.9
5.8
7.4
5.5
8.7
4.6

182
129
103
168
73
188
168
184
76
23
203
123
127

4.6
7.3
5.6
3.5
4.0
4.4
4.3
4.4
5.6
4.2
4.2
3.8
7.0

3.6
6.2
3.7
2.6
2.8
3.2
3.2
3.0
4.5
2.3
3.2
2.9
6.9

40
36
21
41
16
25
39
49
18
6
41
23
29

1.9
2.7
2.3
2.1
2.2
1.7
2.0
2.5
2.1
2.4
1.5
1.8
2.2

1.2
1.8
1.9
1.3
1.7
1.0
1.4
2.0
1.0
2.1
0.9
1.0
1.5

11
6
7
9
8
25
21
27
6
5
12
18
22

1.3
1.8
2.0
1.5
1.5
1.2
2.3
2.2
2.1
1.0
1.1
2.3
2.2

0.6
0.5
0.9
0.9
0.9
0.4
1.4
1.5
1.5
0.6
0.3
1.2
1.4

2nd Half
1
2
3
4
5
6
7
8
9
10
11
12
13
14

FB
FB
FB
HB
HB
HB
HB
IF
IF
ST
ST
ST
ST
ST

33
53

4.1
3.3

5.3
4.8

119
170

8.8
6.4

9.6
6.2

141
182

6.4
4.4

5.2
3.5

27
51

2.3
2.0

1.3
1.1

12
6

1.4
1.4

0.4
0.7

32
30

5.0
3.6

6.2
6.5

156
172

8.2
6.5

9.2
8.0

159
210

4.0
3.8

2.9
2.9

35
60

2.2
1.9

1.6
1.3

5
12

2.1
1.4

1.1
0.7

32
30
33
19
8
15
21

4.5
3.9
3.1
3.1
5.7
3.5
4.4

4.7
6.3
2.4
5.5
7.3
4.3
5.0

136
110
111
112
53
46
63

8.2
6.1
5.4
7.8
6.5
6.1
6.8

9.0
6.8
5.5
9.1
7.0
5.7
9.9

166
157
121
139
74
123
101

4.9
4.9
5.8
8.1
5.5
3.8
7.3

4.0
4.6
4.8
7.0
4.5
2.9
5.8

27
53
28
25
21
16
22

1.8
2.6
2.0
2.3
1.7
1.8
1.9

1.0
1.9
1.6
1.5
0.9
1.0
1.5

17
12
9
14
6
8
26

2.1
2.2
1.5
1.9
1.1
2.8
2.4

1.5
1.3
0.7
1.1
0.7
2.0
2.2
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Appendix 3. Time-motion data from Paper 3
(Chapter 4)

Due to the amount of raw data collected (i.e., basic time-motion data and repeated-sprint data) from
this paper, these data are not presented here. However, these data are stored in several spreadsheets
and can be accessed if requested.
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Appendix 4.

Performance data from Paper 4 (Chapter 5)

Active Recovery
Subject

total work/kg

% work dec

peak p/kg 1

peak p/kg 2

peak p/kg 3

peak p/kg 4

peak p/kg 5

peak p/kg 6

% power dec

1
2
3
4
5
6
7
8
9

271.7
283.7
258.5
304.0
231.8
353.3
253.8
250.8
239.4

7.7
4.4
6.4
12.7
6.8
12.7
4.1
10.0
4.9

18.1
18.6
16.2
18.6
14.5
21.8
16.1
16.0
15.0

16.9
17.7
15.8
17.3
14.0
21.0
15.5
15.3
14.1

16.4
17.4
15.2
16.4
13.8
20.0
15.4
14.8
13.9

16.0
17.2
15.2
16.4
14.0
19.3
15.1
14.7
13.8

15.8
17.1
14.9
15.8
13.3
18.1
15.0
14.4
13.4

15.4
16.8
14.6
15.3
13.1
17.2
14.6
13.8
13.1

9.3
6.3
5.5
10.6
4.9
10.2
4.9
7.1
7.4

Passive Recovery
Subject

total work/kg

% work dec

peak p/kg 1

peak p/kg 2

peak p/kg 3

peak p/kg 4

peak p/kg 5

peak p/kg 6

% power dec

1
2
3
4
5
6
7
8
9

274.7
292.8
253.7
288.8
244.5
341.9
244.6
248.3
242.1

5.7
5.6
3.2
9.6
4.0
9.6
5.1
5.4
8.4

17.4
18.6
16.0
17.4
14.7
21.1
16.4
15.5
15.3

16.4
17.8
15.8
16.8
15.0
20.6
16.6
15.4
15.8

16.6
17.6
15.6
16.2
14.2
19.5
15.9
15.1
14.6

16.3
17.7
15.1
16.0
15.0
18.8
15.7
14.7
14.4

16.1
17.6
14.9
15.5
14.7
17.9
15.8
14.4
14.0

15.5
17.6
14.7
15.1
14.3
17.5
15.0
14.0
13.9

6.1
4.0
4.4
7.2
3.7
8.7
5.2
4.0
7.2
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Appendix 5.

Muscle metabolite data from Paper 4 (Chapter 5)

Muscle Lactate
Subject

Rest

Active
Post-S

1
2
3
4
5
6
7

10.8
12.6
12.7
12.4
10.8
13.9
7.4

96.0
64.8
59.9
70.2
61.8
76.7
72.4

Phosphocreatine
Active
Post-R

Passive
Post-S

Passive
Post-R

68.1
42.7
53.2
49.1
45.8
72.9
53.2

59.8
37.4
58.2
36.8
65.1
80.5
48.4

67.8
38.3
47.1
36.4
41.9
75.4
31.8

Creatine

Rest

Active
Post-S

Active
Post-R

Passive
Post-S

Passive
Post-R

Rest

Active
Post-S

Active
Post-R

Passive
Post-S

Passive
Post-R

77.7
64.5
64.1
76.5
78.7
74.8

8.4
26.6
24.0
34.1
33.6
13.9

19.5
42.4
45.0
38.5
52.3
37.4

21.1
29.8
19.5
58.1
45.4
25.5

51.2
37.8
52.8
61.3
68.1
42.4

38.3
40.5
43.9
35.5
36.5
39.8

103.0
78.1
83.0
81.8
81.4
101.0

92.8
63.5
63.0
73.5
62.7
77.0

90.3
74.8
86.9
55.0
69.6
88.9

60.5
67.2
55.4
50.1
46.9
72.6
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Appendix 6.

Performance data from Paper 5 (Chapter 6)

Moderate-Intensity Active Recovery
Subject
1
2
3
4
5
6
7
8
9

total work/kg
238.8
270.1
255.8
274.2
249.5
208.6
204.6
296.3
221.1

% work dec
6.5
14.9
8.8
11.0
5.2
6.8
11.3
4.0
9.0

peak p/kg 1
15.5
19.3
19.1
16.1
17.3
15.0
16.0
19.8
16.6

peak p/kg 2
13.9
17.8
18.5
16.0
16.2
13.7
15.5
19.3
14.8

peak p/kg 3
13.1
16.1
16.5
15.5
16.7
13.5
14.5
19.0
14.3

peak p/kg 4
13.3
16.4
16.4
15.3
15.3
13.7
14.1
18.2
14.1

peak p/kg 5
13.1
16.3
15.9
15.7
15.5
13.1
14.1
18.1
14.0

peak p/kg 6
13.5
15.9
14.5
15.9
14.1
13.7
13.5
16.2
14.2

% power dec
11.2
12.1
11.8
2.5
8.4
7.8
8.4
6.9
11.7

% work dec
5.9
9.3
10.2
11.6
8.2
7.4
5.9
5.0
12.7

peak p/kg 1
15.2
19.2
19.0
16.0
17.7
14.9
16.8
19.5
17.3

peak p/kg 2
14.5
17.8
18.6
16.0
16.3
13.7
15.8
18.6
16.3

peak p/kg 3
13.8
17.5
17.7
15.7
16.4
13.8
15.4
18.4
16.6

peak p/kg 4
13.1
16.5
17.1
15.3
15.6
13.7
15.1
18.1
15.6

peak p/kg 5
13.1
16.1
16.1
15.7
14.8
13.1
14.2
17.7
15.9

peak p/kg 6
13.1
15.5
16.5
15.3
14.9
12.9
13.6
17.4
15.4

% power dec
9.4
10.9
8.2
2.2
9.8
7.9
9.8
6.2
6.4

% work dec
7.4
7.7
6.1
8.2
12.8
3.1
8.2
4.7
4.4

peak p/kg 1
15.6
18.7
19.5
15.8
17.5
16.0
16.0
21.2
15.9

peak p/kg 2
14.6
17.8
20.5
15.5
17.1
14.2
15.8
20.3
15.2

peak p/kg 3
14.9
17.5
19.5
15.3
16.6
14.2
15.3
19.2
15.4

peak p/kg 4
14.6
17.0
18.8
15.3
16.1
14.2
14.5
19.3
15.6

peak p/kg 5
13.9
16.4
18.2
15.3
15.5
14.2
14.0
17.9
15.3

peak p/kg 6
14.2
15.6
17.7
15.2
15.0
14.2
14.1
18.2
15.4

% power dec
6.1
8.4
7.2
2.7
6.6
9.4
6.6
8.8
2.6

Low-Intensity Active Recovery
Subject
1
2
3
4
5
6
7
8
9

total work/kg
214.5
298.0
274.0
245.9
249.2
208.4
236.4
296.0
235.4

Passive Recovery
Subject
1
2
3
4
5
6
7
8
9

total work/kg
255.5
299.7
299.8
255.7
252.6
206.2
207.7
311.9
211.6
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Appendix
(Chapter 6)
Adenosine Triphosphate
LILILIΔ
Subject Rest Post
1
24.5
23.5
1.0
2
23.5
18.3
5.2
3
21.9
15.0
6.9
4
17.8
15.6
2.2
5
22.0
18.4
3.6
6
21.0
19.5
1.5
7
21.2
15.2
6.0
8
17.3
16.7
0.6
9
22.7
19.3
3.4

7.

MIRest
23.5
24.0
22.0
17.1
21.2
24.2
20.5
20.0
23.9

Muscle

MIPost
23.0
13.8
21.4
14.2
14.1

MIΔ
0.5
10.2
0.6
2.9
7.0

18.8
14.0
21.8

1.6
6.0
2.2

metabolite

LIRest
78.5
81.3
86.2
61.0
78.3
71.5
86.6
62.8
76.0

Phosphocreatine
LILIMIPost
Rest
Δ
41.2 37.4
78.1
42.5 38.7
86.0
22.8 63.4
77.0
30.7 30.3
60.2
60.5 17.8
79.7
31.2 40.3
80.8
25.7 61.0
77.3
36.1 26.8
73.2
51.6 24.4
78.1
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MIPost
61.1
27.8
37.0
26.7
64.7
20.0
48.0
13.9
32.5

MIΔ
17.0
58.2
40.0
33.6
14.9
60.8
29.3
59.3
45.6

from

LIRest
2.0
4.9
6.7
2.0
3.6
3.5
8.4
10.2
1.3

Paper

Muscle Lactate
LILIMIPost
Rest
Δ
31.3 29.4
2.1
56.6 51.8
9.4
71.0 64.3
4.1
79.2 77.3
2.6
31.1 27.5
2.4
65.0 61.5
5.0
61.5 53.1
3.0
38.3 28.1
11.4
23.8 22.5
4.2

5

MIPost
22.0
82.1
66.2
77.9
21.8
20.0
27.0
67.3
37.1

MIΔ
19.9
72.7
62.1
75.3
19.4
15.0
24.0
55.9
32.8

Appendix 8.
Sprint
No.
1

2

3

4

5

6

Total
Time (s)
Ideal
Time (s)
% Dec

10m
Splits (s)

Reliability data from Paper 6 (Chapter 7)

1a

1b

2a

2b

3a

3b

4a

4b

5a

5b

6a

6b

7a

7b

8a

8b

9a

9b

10a

10b

10

1.76

1.75

1.84

1.88

1.85

1.88

1.87

1.86

1.87

1.89

1.83

1.82

1.83

1.73

1.81

1.84

1.90

1.92

1.77

1.79

20

1.24

1.20

1.28

1.26

1.22

1.22

1.24

1.23

1.30

1.24

1.24

1.25

1.22

1.22

1.26

1.27

1.29

1.27

1.16

1.17

30

1.14

1.13

1.16

1.17

1.13

1.16

1.13

1.13

1.19

1.17

1.16

1.15

1.16

1.14

1.22

1.18

1.22

1.25

1.09

1.08

total

4.14

4.08

4.28

4.31

4.20

4.26

4.24

4.22

4.36

4.30

4.23

4.22

4.21

4.09

4.29

4.29

4.41

4.44

4.02

4.04

10

1.80

1.78

1.93

1.95

1.95

1.93

1.92

1.90

1.92

1.97

1.85

1.87

1.84

1.81

1.87

1.87

2.00

2.02

1.83

1.82

20

1.26

1.22

1.33

1.33

1.25

1.28

1.26

1.29

1.28

1.30

1.26

1.26

1.28

1.26

1.30

1.32

1.33

1.35

1.21

1.21
1.14

30

1.20

1.18

1.22

1.24

1.16

1.19

1.19

1.22

1.20

1.22

1.15

1.17

1.21

1.22

1.23

1.24

1.27

1.29

1.13

total

4.26

4.18

4.48

4.52

4.36

4.40

4.37

4.41

4.40

4.49

4.26

4.30

4.33

4.29

4.40

4.43

4.60

4.66

4.17

4.17

10

1.82

1.81

1.94

1.93

1.93

1.88

1.89

1.87

1.95

1.94

1.93

1.88

1.79

1.78

1.86

1.94

2.00

1.99

1.84

1.90

20

1.25

1.27

1.33

1.34

1.32

1.30

1.33

1.32

1.37

1.32

1.33

1.30

1.30

1.30

1.33

1.30

1.36

1.34

1.25

1.24

30

1.22

1.22

1.25

1.28

1.19

1.22

1.23

1.25

1.27

1.21

1.24

1.22

1.25

1.27

1.26

1.26

1.32

1.34

1.18

1.18

total

4.29

4.30

4.52

4.55

4.44

4.40

4.45

4.44

4.59

4.47

4.50

4.40

4.34

4.35

4.45

4.50

4.68

4.67

4.27

4.32

10

1.82

1.83

1.95

1.97

2.00

1.97

1.94

1.97

2.00

1.96

1.93

1.94

1.84

1.83

1.92

1.94

2.01

2.04

1.89

1.91

20

1.32

1.27

1.35

1.35

1.30

1.30

1.34

1.32

1.36

1.33

1.30

1.34

1.29

1.33

1.35

1.39

1.38

1.40

1.28

1.29

30

1.26

1.22

1.28

1.28

1.24

1.25

1.26

1.28

1.28

1.25

1.21

1.24

1.25

1.26

1.29

1.30

1.36

1.40

1.23

1.26

total

4.40

4.32

4.58

4.60

4.54

4.52

4.54

4.57

4.64

4.54

4.44

4.52

4.38

4.42

4.56

4.63

4.75

4.84

4.40

4.46

10

1.84

1.86

1.96

1.94

2.01

1.99

1.94

1.95

2.03

1.97

1.97

1.95

1.82

1.83

1.90

1.94

2.04

2.02

1.87

1.96

20

1.28

1.28

1.39

1.36

1.36

1.34

1.35

1.33

1.41

1.33

1.36

1.36

1.31

1.35

1.36

1.36

1.42

1.43

1.31

1.32

30

1.24

1.27

1.30

1.27

1.27

1.25

1.30

1.31

1.32

1.27

1.31

1.31

1.25

1.34

1.31

1.30

1.43

1.48

1.25

1.26

total

4.36

4.41

4.65

4.57

4.64

4.58

4.59

4.59

4.76

4.57

4.64

4.62

4.38

4.52

4.57

4.60

4.89

4.93

4.43

4.54

10

1.89

1.93

2.00

1.95

2.02

1.95

2.00

1.99

2.02

1.95

1.97

1.94

1.81

1.87

1.95

2.01

2.06

2.04

1.92

1.97

20

1.33

1.30

1.40

1.37

1.35

1.36

1.34

1.39

1.39

1.35

1.35

1.37

1.32

1.37

1.37

1.41

1.43

1.43

1.30

1.31

30

1.26

1.28

1.35

1.31

1.28

1.34

1.29

1.34

1.30

1.27

1.28

1.29

1.28

1.29

1.31

1.34

1.43

1.43

1.24

1.28

total

4.48

4.51

4.75

4.63

4.65

4.65

4.63

4.72

4.71

4.57

4.60

4.60

4.41

4.53

4.63

4.76

4.92

4.90

4.46

4.56

25.93

25.8

27.26

27.18

26.83

26.81

26.82

26.95

27.46

26.94

26.67

26.66

26.05

26.2

26.9

27.21

28.25

28.44

25.75

26.09

24.84

24.48

25.68

25.86

25.2

25.56

25.44

25.32

26.16

25.8

25.38

25.32

25.26

24.54

25.74

25.74

26.46

26.64

24.12

24.24

4.4

5.4

6.2

5.1

6.5

4.9

5.4

6.4

5.0

4.4

5.1

5.3

5.0

6.8

4.5

5.7

6.8

6.8

6.8

7.6
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Appendix 9. Muscle Analysis
Procedures from Paper 5 (Chapter 6)

Modified from (Arthur and Hochachka, 1995).
For the determination of [ATP], [PCr] and [MLa-], 600 μL of 0.6 M perchloric acid
(PCA) was added to freeze-dried muscle samples. The samples were homogenised
(Pellet Pestle® Mortar, Kontes Co., USA) for 15 s, and this was repeated four times or
until the muscle was completely homogenised. The samples were then left on ice for 10
min and subsequently centrifuged at 10,000 rpm for 10 min at 4 °C.

Then, the

supernatant was separated into two eppendorfs: 300 μL for MLa- analysis and 200 – 250
μL for ATP / PCr analysis. Following this, 0.6 μL of a potassium hydroxide (KOH; 1.2
M) / Hepes (0.125 M) solution was added to each of the eppendorfs for every 1.0 μL of
supernatant. The pH of the samples was then adjusted using KOH (1.2 M) to increase
alkalinity until the pH readings measured ∼9.0 and ∼7.5 for the MLa- and ATP / PCr
samples, respectively. For every 100 μL in each eppendorf, 2 μL of 3.0 M potassium
chloride (KCl) was added; the solutions were left on ice for 10 min and then centrifuged
at 10,000 rpm for 10 min at 4 °C.

For the analysis of ATP / PCr, 100 μL of each standard, sample, blank and quality
control was pipetted in triplicate into a 96-well, flat-bottom microtitre plate. To each
well, 50 μL of assay was added and following mixing, the absorbency at 340 nm was
measured using a microplate spectrophotometer (Spectramax 340, Molecular Devices
Corporation, Union City, CA). Once the absorbancy was stable (change < 0.002 μm·L1

), 10 μL of hexokinase (to determine ATP) was added. Following further mixing, the

change in absorbency at 340 nm was determined at regular intervals until stable. 10 μL
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creatine kinase (to determine PCr) was then added and the plate was again mixed and
the change in absorbency at 340 nm was determined at regular intervals until stable.
The change in absorbance at 340 nm for the blanks and the standards increased linearly
(r > 0.998) across this range to which a standard curve was calculated. The changes in
absorbance for the samples were inserted into the equation for the standard curve from
which a final value in μm·L-1 was calculated and was adjusted for sample muscle weight
and dilution. The MLa- analysis involved using the same microplate spectrophotometer
and similar procedures to the ATP / PCr analysis. To each well, 150 μL of each
standard, sample, blank and quality control was pipetted in triplicate with 100 μL of
assay. Once the absorbency was stable, 10 μL of lactate dehydrogenase was added,
mixed and measured once stable. The calculations from the changes in absorbance were
determined as per the ATP / PCr procedure.
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