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Field-based team sports, such as soccer, rugby and hockey are popular world-Abstract
wide. There have been many studies that have investigated the physiology of these
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sports, especially 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, because of 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 10–20m and 2–3 seconds, 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
seconds duration) that is 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, adenosine triphosphate depletion
and resynthesis, phosphocreatine degradation and resynthesis, glycolysis and
glycogenolysis, and purine nucleotide loss. Assessment of RSA, as a training and
research tool, is also discussed.

Sports scientists and coaches alike have suggest- cise mode, sprint duration, number of sprint repeti-
tions, type of recovery, training status). Therefore, ifed that the ability to perform repeated sprints with
the physiological and metabolic responses of repeat-minimal recovery between sprint bouts, termed
ed-sprint protocols are to be specific and relevant torepeated-sprint ability (RSA), may be an important
field-based team sports, then the sprint and recoveryaspect of team-sport competition. However, the sci-
durations should replicate the movement patterns ofentific literature is not abundant with studies investi-
these sports.gating the physiology of RSA. In fact, there is

This article attempts to summarise and draw con-surprisingly little research investigating the physiol-
clusions from the limited studies that have investi-ogy of either one-off, or repeated, short-duration
gated the physiological and metabolic responses ofsprint efforts. Research concerning the fitness com-
one-off and repeated sprints, with the emphasis onponent of RSA, using tests that replicate the sprint
protocols specific to field-based team sports. In ad-and recovery durations of field-based team sports, is
dition, an evaluation of the various laboratory anda relatively new area of investigation with
field tests used to assess RSA will be outlined.peer-reviewed papers only being published in the

past 10 years or so.
1. Movement Patterns in Field-Based

While studies documenting the movement pat- Team Sports
terns of field-based, team-sport competition suggest
that the sprint efforts are of short duration (i.e. <4 Since the early 1970s, many studies have investi-
seconds), the majority of studies investigating the gated the distance and duration of the common
physiology of one-off sprints and repeated-sprint movement patterns performed in field-based team
efforts are of considerably longer duration. It is sports, commonly called time-motion analysis.
likely that the physiological and metabolic re- Time-motion analysis is important, as without docu-
sponses of repeated-sprint activities will be influ- mented evidence of the durations and distances cov-
enced by variations in exercise protocols (e.g. exer- ered of the various movement patterns (i.e. standing,
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walking, jogging, striding and sprinting), it is diffi- Differences in motion descriptors used also make
it difficult to compare studies. The majority of time-cult to quantify the physiological responses and
motion analysis studies have classified the move-requirements of a particular sport. Although the
ment patterns of players into at least five categories:majority of these studies have been conducted in the
standing, walking, jogging, striding and sprinting,sport of soccer,[1-6] other sports have also been in-
and possibly some skill-related activities (i.e. tack-vestigated such as Australian Rules football,[7-10]

ling or ball possession). However, because of thefield-hockey,[11,12] rugby union[13,14] and Gaelic foot-
excessive time required to analyse time-motionball.[15] While the aforementioned studies, and
analysis data, and the difficulties in accurately dis-others, have furthered our understanding of these
tinguishing between some movement activities, sev-particular field-based team sports, they are often
eral studies have combined striding and sprintingdifficult to compare because of differences in their
into one category usually termed ‘high-intensity’methodology.
movements.[3,9,15,16] While classifying the data in
this format provides valuable information, an isolat-

1.1 Time-Motion Analysis Methodology ed breakdown of sprint activity (i.e. distance and
duration of sprints) is not provided. Therefore, an

The methodological techniques used to obtain accurate determination of sprint performance during
time-motion data during team-sport competition competition is not possible when sprinting and strid-
have developed since the initial investigations. ing are combined. In order to make meaningful
Time-motion analysis studies conducted in the comparisons of the movement patterns between
1970s commonly used real-time manual recording studies, it is recommended that the activities of
methodology to document the movement patterns standing, walking, jogging, striding and sprinting be
during competition.[4,8] The accuracy and detail of coded as distinct categories. The breakdown of sub-
such analysis may be limited as this method relies on categories, when required, can be easily totalled. For
the skill and speed of the analysts and does not allow example, Mohr et al.[2] classified three sub-catego-
for sections of play to be re-analysed. Other studies ries of striding, namely, low-, moderate- and high-
have documented the movement patterns via audio speed running.
recordings.[6,15] However, the majority of studies
have used techniques that are based on video record- 1.2 Time-Motion Analysis of Sprint Data
ings and computer software to analyse the
data.[1-3,5,9,12] This is the preferred method because of Methodological differences and the variety of
increased accuracy of recording, more comprehen- team sports analysed make it hard to evaluate stud-
sive classification of movement patterns[9] and the ies. However, the mean duration of high-intensity
ease of re-analysing data. Furthermore, new tech- movements, for those studies that have combined
niques for obtaining time-motion analysis data have striding and sprinting into a category, has been
also been developed. One such method consists of a reported to be 2.7 seconds in Australian Rules foot-
computer-based tracking system that allows the mo- ball, with the mean time between high-intensity
tion activities of players to be monitored on a minia- efforts being approximately 75 seconds.[9] In soccer,
turised, calibrated version of each competition play- the reported mean duration of high-intensity move-
ing field.[10] The exciting development of new tech- ments is 3.7 to 4.4 seconds[3,5] and the mean distance
nologies, such as player tracking via global is 22.4m.[5] The mean time between high-intensity
positioning systems, may provide accurate time- efforts in soccer has been reported to be between 40
motion data in ‘real time’, which would dramatical- and 56 seconds.[3,5] However, in the study of With-
ly reduce the analysis time and errors in comparison ers et al.[5] the distance covered sprinting was also
to the traditional methods of manually coding play- reported, allowing an estimate of the approximate
ers’ movements via video playback. number of sprints performed. As expected, when
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this calculation is made, the mean time between period, or variations in the classification of ‘sprint-
high-intensity efforts was substantially increased ing’ and ‘striding’. Reilly and Thomas[4] defined
(from 56 to approximately 180 seconds; table I). cruising (striding) and sprinting as mean stride
Nonetheless, in studies that have combined sprinting lengths of 1.13m and 1.24m, respectively. Alterna-
and striding, the mean duration of high-intensity tively, Withers et al.[5] reported mean stride lengths
movements ranges from 2.7 to 4.4 seconds with a of striding and sprinting to be considerably greater,
recovery duration of approximately 40–70 seconds. 1.75m and 1.76m, respectively. Furthermore, these
However, for motion analysis to be more informa- stride lengths were individually determined for each
tive, it is critical that sprinting is included as a subject in the study of Withers et al.,[5] whereas
separate motion. Reilly and Thomas[4] only used one subject to vali-

date their method. Although the reported range inStudies that have classified sprinting as an indi-
number of sprints and total sprint distance is consid-vidual activity suggest that the mean sprint distance
erable, some common findings in the motion analy-in elite soccer is 10–20m[4,17] or a duration of 2–3

seconds.[1,2,6] The mean sprint duration for field sis of sprint activity in team sports are evident when
hockey is reported to be 1.8–3.1 seconds,[11,12,20] studies have presented mean data. In general, the
whereas the mean sprint duration for Australian frequency of sprinting in field-based team sports
Rules football is reported to be 2.4 seconds.[7] One (i.e. 70–90 minutes in the sports of soccer, field-
valuable statistic that is rarely reported is the mean hockey and rugby) is approximately 20–60 bouts per
maximal sprint duration. While the mean sprint du- game, with a total sprint distance of approximately
ration throughout an elite field-hockey game was 700–1000m.
1.8 ± 0.4 seconds, the mean maximal sprint duration

In addition to reporting mean data for the time-was 4.1 ± 2.1 seconds.[12] This variable may be
motion analysis of sprinting, several studies haveimportant for designing overload training and as-
categorised information into positional roles (tablesessment protocols. Despite differences in the
I). Two studies that have categorised positional rolesmovement patterns of these field-based team sports
in soccer have reported a trend for forwards toand variations in the definition of the term ‘sprint-
perform more sprints than full-backs.[1,4] In field-ing’, the reported mean distance and duration of
hockey, positional differences in the frequency ofsprinting appears to be quite similar for different
sprints performed is greater, with strikers and in-sports and is between 10–20m and 2–3 seconds,
side-forwards performing approximately twice asrespectively (table I). However, it is important to
many sprints compared with full-back players.[12]consider that athletes will also be required to per-
The positional differences in rugby union are evenform sprints that are greater than the mean.
greater, with the forwards performing approximate-The number of sprints reported in a game of
ly one-third of the number of sprints compared withsoccer varies greatly, from 19 to 62.[1,2,4-6,17] This
the backs.[13,14] However, the physical characteris-range of sprints performed in a game is within the
tics of rugby union players are quite different tofrequencies reported in studies of field-hockey,[11,12]

many other field-based team sports, with clear dis-rugby union[13,14] and Australian Rules football[7,10]

tinctions between the physiological and anthropo-(table I). Furthermore, there are considerable varia-
metrical characteristics of forwards and backs.[21]

tions in the estimated total sprint distance during a
Therefore, although generalising the time-motiongame of soccer, which is reported to be between
analysis of sprint data provides a good overview of670–975m,[2,4,5,17] despite the fact that all four of
the common traits of this fitness component, in-these studies analysed elite soccer players during
dividualising the data into specific sports and posi-professional matches. The differences between these
tional roles is required to further our understandingstudies may be due to considerable changes in the

physical conditioning of players during this 20-year of this area.
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Table I. Time-motion analysis of sprinting during field-based team sports (data are mean values)

Study Sport Subjects Positional role Method Sprint Sprint Sprint Recovery time Change in
duration (sec) distance (m) frequency between sprints motiona (sec)

(sec)

Dawson et al.[7] Australian Rules 22 E M All players Video 2.4 18.6 24 300 6.3

Hahn et al.[8] Australian Rules 2 T M All players Manual 15.5 127b

McKenna et al.[9] Australian Rules 4 E M All players Video 2.7b 98b 73b

Norton et al.[10] Australian Rules 53 E M All players Computer 21

Lothian and Field hockey 12 T F All players Video 3.1 75 56
Farrally[11]

Spencer et al.[12] Field hockey 14 E M All players Video 1.8 30 140 5.4

3 E M Full-backs Video 1.5 18 233 5.4

4 E M Half-backs Video 1.6 22 191 5.8

2 E M Inside-backs Video 2.2 39 108 5.3

5 E M Strikers Video 1.9 42 100 5.0

McErlean et al.[15] Gaelic football 40 T M All players Audio 3.9b 80b 46b

40 T F All players Audio 4.3b 62b 59b

Docherty et al.[13] Rugby union 13 T M Forwards Video 1.8 10 240

14 T M Backs Video 2.3 31 77

Duthie et al.[14] Rugby union 31 E M Forwards Video 2.2 11 436 7.5

16 E M Backs Video 2.9 27 178 7.4

Bangsbo et al.[1] Soccer 14 E M All players Video 2.0 19 284 ~7

4 E M Defenders Video 2.0 16 338

7 E M Mid-fielders Video 2.1 17 318

3 E M Forwards Video 1.7 24 225

Barros et al.[17] Soccer 25 E M All players Video 13 55 98

Drust et al.[18] Soccer 23 E M All players Video 4.0

Mayhew and Soccer 3 E M All players Video 4.4b 519b 40b 6.1
Wenger[3]

Mohr et al.[2] Soccer 18 E M All players Video 2.0 39 138

24 E M All players Video 1.9 26 208

Reilly and Thomas[4] Soccer 40 E M All players Manual-audio 15.7 62 90 6.4

11 E M Mid-fielders Manual-audio 15.6 68 79 6.0

8 E M Full-backs Manual-audio 15.1 52 104 6.3

14 E M Forwards Manual-audio 16.4 65 83 6.7

Continued next page
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1.3 Time-Motion Analysis of
Repeated-Sprint Data

While the findings regarding the mean recovery
durations between sprints are valuable for estimat-
ing the average work-to-rest ratios during competi-
tion (table I), they do not provide an insight into the
typical movement patterns of RSA, which is ac-
knowledged as an important fitness component of
team sports.[22] If a 2- to 3-second sprint is per-
formed every minute or two during a game, as
suggested by the literature, it is unlikely that per-
formance will be compromised. It has clearly been
shown that when short sprints (approximately 5.5
seconds in duration) are repeated every 120 seconds,
there is no decrement in performance, even when 15
sprints are performed in succession.[23] In addition,
when the recovery duration is reduced to 90
seconds, a significant decrease in performance time
was only evident after the 11th sprint.[23] 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 eccen-
tric contractions, change of direction movements
and jogging or striding for extended periods could
also contribute to fatigue). Furthermore, because of
the unpredictable nature of team sports, short peri-
ods of repeated-sprint activity may be required on
several occasions throughout a game. While it is
likely that this type of movement pattern only con-
tributes a small proportion to the overall motion
activity during competition, it may be critical to the
result of a game.

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 repeat-
ed-sprint activity was conducted in elite field-hock-
ey competition.[12] Although the mean recovery time
between sprints was approximately 2 minutes dur-
ing the game analysed (i.e. a mean of 30 ± 12 sprints
performed during the 70-minute game), nearly 25%
of the recovery periods between sprints were of <21
seconds in duration (figure 1). Furthermore, figure 1
highlights the fact that the most frequent recovery
pauses are either of very short duration (i.e. 0–20
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tion, there is considerable variation in the frequency
of sprints during team-sport games (i.e. 20–60
sprints) and total sprint distance (i.e. approximately
700–1000m). Furthermore, in order to increase our
understanding of the RSA of field-based team
sports, further research is required to document the
time-motion analysis of repeated-sprint activity dur-
ing team-sport competition. In addition to reporting
mean data, such as the average duration or distance
of sprinting and recovery motions, future studies
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Fig. 1. Frequency distribution of recovery time between sprints
during an international field-hockey game (n = 14) [reproduced from
Spencer et al.,[12] with permission from Taylor & Francis Group
(http://www.tandf.co.uk)]. should document the specific nature of the repeated-

sprint bouts performed.
seconds) or of long duration (i.e. >1 minute), with
recovery pauses of 20–60 seconds being infre- 2. Sprint Metabolism
quent.[12] The definition of a repeated-sprint bout

Section 1 has highlighted the importance ofused by Spencer et al.[12] was a minimum of three
sprinting and repeated sprinting to team-sport per-sprints with a mean recovery duration between
formance. An understanding of sprint metabolism issprints of <21 seconds. The authors believed that
therefore important to comprehend the demandsthis might represent a typical period of intense,
placed on team-sport athletes during competition.repeated-sprint activity. Using the aforementioned

definition, the mean number of repeated-sprint bouts
2.1 Energy System Contributionreported during the field-hockey game was 4 ± 1 and

the mean recovery time between sprints was 14.9 ± Several studies have investigated the energy sys-
5.5 seconds. A maximum of seven sprints was re- tem contribution during maximal sprint exercise of
corded during the repeated-sprint bouts. Further- varying duration. Considerable variations in the en-
more, Spencer et al.[12] reported that approximately ergy system contributions reported in the literature
95% of the recovery between sprints, within the reflect the different methodological techniques used
repeated-sprint bouts, was active recovery. The ma- (i.e. accumulated oxygen deficit and muscle biop-
jority of this active recovery was of a jogging inten- sies).[24,25] Medbø et al.[24] measured changes in
sity. Therefore, Spencer et al.[12] suggested that a muscle metabolites and adenosine triphosphate
RSA test, specific to field hockey, may require as (ATP)-turnover and reported the relative energy
many as six to seven sprints with <21 seconds system contribution from aerobic processes, anaer-
between sprints and involve an active recovery. It is obic glycolysis and alactic anaerobic processes
important that this research is replicated with other (ATP and phosphocreatine [PCr] breakdown) dur-
team sports. ing maximal 30-second sprint cycling to be 38%,

45% and 17%, respectively. These findings support
1.4 Summary

previous studies that have shown the contribution of
Although many studies have investigated the the aerobic energy system to be 28–40% during a

movement patterns of field-based team sports, dif- 30-second cycle sprint.[26,27] The aerobic energy sys-
ferences in the methodological techniques used and tem contribution is also considerable during shorter
the classification of motion descriptors make it diffi- bouts of exercise, and has been reported to be ~30%
cult to compare studies. However, the mean distance during sprinting over 12–22 seconds.[24,28] In the
and duration of sprints during field-based team 12-second cycle sprint, Medbø et al.[24] measured
sports is quite consistent, being between 10–20m changes in muscle metabolite and ATP-turnover and
and 2–3 seconds, respectively. Contrary to the afore- calculated the relative contribution of anaerobic gly-
mentioned data concerning sprint distance and dura- colysis and alactic anaerobic processes to be 47%
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and 22%, respectively. Therefore, during sprint ex- reported to be as high as 10–15 mmol/kg dm/
sec,[30-32] then the estimated total ATP energy re-ercise of 10–30 seconds duration, anaerobic glycol-
lease during a 3-second sprint would be approxi-ysis provided at least twice as much ATP as PCr
mately 30–45 mmol/kg dm.degradation.

Although the aforementioned findings are very
2.2 Adenosine Triphosphate (ATP) Depletion

interesting, the sprint durations of field-based team
sports are considerably less than 10 seconds. Anaer- Intramuscular ATP stores, in a rested state, are
obic glycolysis has been shown to be substantial usually reported to be 20–25 mmol/kg dm.[29,31,33,35]

during a 6-second cycle sprint, contributing almost Muscle ATP depletion appears to be limited to a
as much energy as PCr degradation (44% and 50%, maximum of approximately 45% of pre-exercise
respectively) to the total anaerobic ATP produc- values during sprint exercise of 30 seconds in dura-
tion.[29] Furthermore, anaerobic glycolysis has been tion.[31,36,37] The ATP depletion during maximal ex-
reported to be considerable during 2.5 seconds of ercise of 10–12.5 seconds is reported to be modest,
electrical stimulation at 50Hz, which results in near being 14–32% of pre-exercise values.[24,32,38] Fur-

thermore, the ATP depletion during a 6-second cy-maximum contraction force.[30] During the first of
cle sprint is minimal, being 8–16%.[29,31,35] There-two periods of electrical stimulation (i.e. 0–1.28
fore, it is evident that the decrease in the relativeseconds), the total ATP turnover was 11 mmol/kg
concentration of ATP (mmol/kg dm/sec) duringdry muscle (dm)/sec of which approximately 80%
short-duration maximal exercise is small (figure 3a).was PCr degradation and anaerobic glycolysis con-
The maximal ATP turnover rate is approximately 15tribution approximately 20%. The second period
mmol/kg dm/sec.[29,33] The fact that many studies(i.e. 1.28–2.56 seconds) resulted in a relative contri-
have shown that muscle concentration of ATP isbution of approximately 50% from anaerobic gly-
largely preserved during maximal exercise, that re-colysis. Therefore, these data suggest the PCr degra-
sults in significant depletion of PCr stores,[24,32,38]dation and anaerobic glycolysis are activated simul-
suggests that PCr is a powerful energy buffer.taneously during the commencement of maximal or

near maximal exercise. Figure 2 represents the esti-
2.3 Phosphocreatine (PCr) Degradationmated energy system contribution during a 3-second

sprint, which is the approximate duration of a sprint Intramuscular PCr stores, in a resting state, are
in field-based team sports (see section 1). As the usually reported to be 75–85 mmol/kg dm[29,31,33,35]

ATP production rate during maximal exercise is with a maximal PCr turnover rate of approximately
7–9 mmol/kg dm/sec.[29,30,33] It has been suggested
that the amount of PCr in human muscle provides
enough energy for about 5 seconds of maximal
sprinting (i.e. maximal run of 50–60m).[40] Howev-
er, due to the considerable contribution of anaerobic
glycolysis and aerobic metabolism to the total ATP
supply during short-duration maximal-sprint exer-
cise,[24] PCr stores are usually not completely de-
pleted in this time (figure 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
seconds). After 30 seconds of maximal exercise, the
depletion of PCr stores has been reported to be
60–80% from resting values.[24,31,36,41] Maximal
sprint exercise of 10–12.5 seconds results in approx-

10%

55%

32%

3%

Stored ATP
PCr
Anaerobic glycolysis
Aerobic

Fig. 2. Estimated energy system contribution of a 3-second
sprint.[24,29,30,33,34] ATP = adenosine triphosphate; PCr = phospho-
creatine.
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Fig. 3. Relative (a) adenosine triphosphate (ATP); (b) phosphocreatine (PCr); and (c) muscle lactate (La–) concentrations during maximal
sprint exercise.[24,29-33,35,38,39] Resting values have been averaged (±SD) from the aforementioned references. dm = dry muscle.

imately 40–70% depletion of PCr stores,[24,32,38,39] (50Hz). Therefore, sprints commonly associated
whereas PCr depletion is less (i.e. 35–55%) during 6 with field-based team sports (i.e. 2- to 3-seconds
seconds of sprinting.[29,31,35] Hultman and duration) are likely to require considerable amounts
Sjoholm[30] reported the PCr depletion to be only of energy via anaerobic glycolysis in addition to PCr
26% during 2.5 seconds of electrical stimulation degradation.
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There is evidence to suggest that PCr depletion is during 6 seconds of maximal sprint cycling.[35]

not just related to sprint duration, but also to the However, the best example of the rapid onset of
training status of subjects. Hirvonen et al.[42] demon- anaerobic glycolysis during short-duration maximal,
strated that PCr depletion was greater in a group of or near maximal muscular exercise is provided by
national level 100m track sprinters who possessed a Hultman and Sjoholm,[30] who reported a net muscle
high maximal speed compared with sprinters with a lactate increase of approximately 4 mmol/kg dm
lower maximal speed (10.07 ± 0.13 and 9.75 ± 0.10 during 1.28 seconds of electrical stimulation
m/sec, respectively). The faster sprinters depleted (50Hz). It must be noted that lactate production after
significantly greater amounts of PCr than the slower the stimulation was possible, because of the delay in
sprinters, during an 80m sprint (76% and 56%, obtaining and freezing the muscle biopsy samples.
respectively) and a 100m sprint (71% and 63%, Therefore, the literature suggests that anaerobic gly-
respectively), even though it took the slower sprint- colysis will be activated during 2- to 3-second
ers longer. Hirvonen et al.,[42] therefore suggested sprints, which are commonly performed during
that sprinting performance is related to the ability to field-based team sports.
deplete a greater amount of high-energy phosphates

2.5 Summaryand at a faster rate during the initial stages of exer-
cise. Hirvonen et al.[42] speculated that reduced ener- Although the majority of research investigating
gy supply from high-energy phosphate stores may sprint metabolism has studied sprints of long dura-
explain the fatigue which is present after 57 seconds tion (>10 seconds), studies assessing short-duration
of maximal exercise, as observed by the decrease in (<10 seconds) sprinting are more relevant to field-
running speed from 50 to 80m in their study. Al- based team-sport performance. It is evident that the
though there is little evidence associating an in- anaerobic ATP production during short-duration
crease in PCr stores with an increase in one-off, sprinting is provided by considerable contributions
short-duration sprint performance via creatine sup- from both PCr degradation and anaerobic glycoly-
plementation,[43] it has been suggested that increas- sis, confirming the significance of glycolytic activi-
ing the rate of PCr utilisation could potentially im- ty during this type of exercise. The importance of
prove sprint performance.[44] However, an increase anaerobic glycolysis is supported by the fact that
in the rate of PCr utilisation has not been shown to PCr stores are only partly depleted during short-
occur as a result of 7–8 weeks of sprint training.[31,37]

duration sprinting. The rate of PCr degradation also
Therefore, it remains speculative as to whether en- appears to be related to training status, although this
hanced PCr stores and/or utilisation are due to a has not been investigated in team-sport athletes.
response to specific training or to a genetic predis-
position. 3. Repeated-Sprint Metabolism

Section 2 outlined the metabolic changes during
2.4 Anaerobic Glycolysis

single effort maximal sprinting. However, as men-
tioned in section 1, athletes in field-based teamThe early theory that anaerobic glycolysis, dur-
sports are required to perform repeated-sprint effortsing maximal exercise, was only activated when the
of maximal or near maximal intensity. Therefore, itPCr stores were depleted[45] is clearly not supported
is important to gain an understanding of the meta-by many studies that have reported high muscle
bolic effects of repeated-sprint exercise.lactate concentrations within approximately 10

seconds of exercise (figure 3c). Furthermore, the
3.1 Energy System Contribution

maximal turnover rate of ATP production via gly-
colysis is reported to be 5–9 mmol/kg dm/ Unlike single effort maximal sprinting, there is
sec.[29,30,32,33] A mean muscle lactate value of ap- very little published research that has studied the
proximately 40 mmol/kg dm has even been reported relative energy system contribution during repeated-
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sprint exercise. Bogdanis et al.[46] investigated the passive recovery. Total 40m sprint times significant-
ly increased in both the 30- and 60-second recoverychange in muscle metabolism during two, 30-second
protocols, after the fifth and eleventh sprint, respec-cycle sprints separated by 4 minutes recovery and
tively, whereas there was no significant decrementreported a reduction in anaerobic energy production
in performance in the 120-second recovery trial.[23]of approximately 41% during the second sprint.
As expected, V̇O2 measured during the rest periodsHowever, the decline in total work produced was
was elevated in the shorter recovery trials, as wasonly 18%. This discrepancy in anaerobic energy
post-test blood lactate concentrations.[23] Therefore,production and total work was partly explained by
the important variables such as sprint duration,the 15% increase in oxygen uptake (V̇O2) during the
sprint number and recovery duration clearly influ-second sprint.[46] Previous studies, that have used a
ence the energy system contribution during short-30-second, repeated-sprint protocol, have also re-
duration repeated-sprint exercise.ported a significant decrease in the rate of glycolysis

in subsequent sprints, without a proportional decline
3.2 ATP Depletion and Resynthesis Ratein power output.[47,48] A similar metabolic response

has been observed during repeated 6-second
Similar to the reported changes in one-off sprintsprints,[29] a duration which is much more specific to

performance, muscle ATP depletion is limited to athe repeated-sprint activity of field-based team-sport
maximum of approximately 45% of pre-exercisecompetition.[12] Gaitanos et al.[29] reported that there
values, during repeated-sprint exercise.[47,50] How-was no change in muscle lactate during the tenth
ever, the percentage change in muscle ATP concen-(and last) sprint, despite the fact that mean power
tration varies greatly, even in studies that have usedoutput had only been reduced to 73% of that record-
a similar exercise protocol. For example, both Bal-ed during the first sprint. It was suggested that a
som et al.[51] and Dawson et al.[35] used a protocol ofgreater contribution from aerobic metabolism partly
five repetitions of 6-second cycle sprints with 24–30counteracted the reduction in anaerobic glycogenol-
seconds of recovery between bouts, yet the percent-ysis. Thus, it appears that while the aerobic contri-
age decrement in muscle ATP was 4% and 24%,bution to a single, short-duration sprint is relatively
respectively. The large difference in the percentagesmall, there is an increasing aerobic contribution to
change in muscle ATP concentration is likely to berepeated sprints.
due to the intensity of exercise performed, as Daw-

The energy system contribution during repeated son et al.[35] employed maximal exercise while Bal-
sprints appears to be heavily influenced by the dura- som et al.[51] employed high-intensity exercise. Fur-
tion of the sprints. Balsom et al.[49] investigated the thermore, Dawson et al.[35] reported the ATP con-
physiological responses of repeated 15, 30 and 40m centration to be significantly lower than pre-
sprints (total sprint distance of 600m) with 30 exercise values after 3 minutes of recovery. It has
seconds of passive recovery and reported that the been suggested that low ATP concentration and
post-test V̇O2 was significantly higher after the 30 reduced intramuscular pH slow the PCr resynthesis
and 40m sprint trials compared with the 15m trials. rate after intense exercise.[52] This proposal may
In addition to the difference in V̇O2, the significant- have important implications for repeated-sprint ex-
ly lower post-test blood lactate concentration for the ercise, which is specific to field-based team-sports,
15m sprint trial clearly demonstrates the effect that where the recovery time between bouts is minimal
manipulating the sprint duration has on the contribu- (i.e. 20–30 seconds). However, although the rate of
tion of energy systems during repeated-sprint exer- PCr resynthesis has been associated with low ATP
cise. Furthermore, Balsom et al.[23] established the concentration and reduced intramuscular pH follow-
effect of manipulating the recovery duration in re- ing intense exercise,[52] the initial fast phase of PCr
peated-sprint exercise, by performing 15, 40m max- resynthesis is suggested to be dependent on oxygen
imal sprints with either 30, 60 or 120 seconds of availability.[53,54]
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3.3 PCr Degradation and Resynthesis Rate tenth sprint this increased to approximately 80%.
However, it must be noted that the absolute contri-

Performance of 30-second sprints during repeat- bution from PCr to the total ATP production signifi-
ed-sprint exercise has been associated with the rate cantly decreased from sprint one to sprint ten (44.3 ±
of PCr resynthesis.[46,48] Bogdanis et al.[46] reported a 4.7 to 25.3 ± 9.7 mmol/kg dm, respectively). The
high correlation between the percentage of PCr fact that the PCr concentration decreased to 57% of
resynthesis and the percentage of power output re- the resting value after sprint one and progressively
covery (r = 0.84; p < 0.05) during the initial 10 declined to only 16% after the final sprint is evi-
seconds of a second 30-second cycle sprint, with 4 dence that the vast majority of PCr resynthesis is not
minutes recovery. Bogdanis et al.[46] therefore, sug- complete within short recovery periods (i.e. 30
gested that the ability to produce high power outputs seconds). In support of this finding, Dawson et al.[35]

is directly related to the resynthesis of PCr. Trump et reported a PCr concentration of 45% of pre-exercise
al.[48] also investigated PCr degradation and value after 30 seconds of recovery, following a
resynthesis during 30-second cycling sprints (three repeated-sprint protocol consisting of five, 6-second
sprint bouts separated by 4 minutes of rest). In their cycle sprints separated by 24-seconds of passive
study, the resynthesis of PCr was prevented in one rest. Furthermore, after 3 minutes of recovery the
leg by occluding blood flow via a pneumatic cuff, resynthesis of PCr was 84% of the pre-exercise
during the recovery from sprint two, which resulted value. Therefore, during team-sport repeated-sprint
in 70% of the reduction in total work during the third exercise, where typical recovery periods are too
sprint being observed in the first 15 seconds. This brief to fully resynthesis PCr (i.e. 20–30 seconds),
decrement in performance was explained by the there is a decreasing absolute contribution from PCr
minimal PCr resynthesis by the occluded leg com- to the total ATP production.
pared with the control leg (3.1 and 47.5 mmol/kg

It has been reported that the greater the PCrdm, respectively) and possibly by significant differ-
degradation, the greater the time that is required forences in hydrogen ion accumulation.[48] However,
full PCr repletion, as resynthesis must commenceTrump et al.[48] suggested that the higher hydrogen
from a lower level.[35] However, following substan-ion concentration was not the major result of the
tial PCr depletion, the initial rate of PCr resynthesisoccluded blood flow condition. The authors argued
increases.[55,56] The resynthesis rate of PCr, follow-that both the control and cuffed legs were in an
ing intense exercise, has both a fast and slow com-acidotic state (i.e. muscle pH of 6.60 and 6.54,
ponent and is best described by a double-exponen-respectively), both conditions had no effect on gly-
tial.[54,57] The half-time of PCr resynthesis is report-colytic flux during the third sprint (i.e. accumulation
ed to be between 21–57 seconds.[41,54] Furthermore,of glycolytic intermediates was previously low in
following creatine supplementation, a higher rate ofthe control condition), and the decline of power
PCr resynthesis is evident, which is credited to aoutput was not constant in the cuffed leg (i.e. sug-
reduction in inorganic phosphate accumulation andgesting a metabolic mechanism to be accountable
a higher muscle pH, resulting in a greater meanfor the decrement).[48]

power output during maximal repeated-sprint exer-In an exercise protocol that is much more specific
cise.[56] This is an area that warrants further investi-to the activity patterns of field-based team sports,
gation. Another area concerning PCr resynthesis andGaitanos et al.[29] investigated the muscle metabo-
subsequent performance that requires further inves-lism during ten, 6-second sprints separated by 30
tigation is the issue of active recovery betweenseconds of recovery between sprints. There was a
exercise bouts.significant decline in peak power output by the fifth

As mentioned in section 1, one study has investi-sprint and a reduction of 33% by the tenth sprint. In
gated the type of recovery performed during repeat-the first sprint, PCr contributed approximately 50%

to the total anaerobic ATP production and in the ed-sprint bouts within international field-hockey
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competition and reported that approximately 95% of specific to team-sport performance, measured mus-
recovery was of an active nature, with the majority cle lactate after a single 6-second sprint and after the
being of a jogging intensity.[12] In a protocol involv- last sprint of a protocol involving five, 6-second
ing repeated high-intensity exercise (15 seconds at cycle sprints separated by 24 seconds of recovery
120% of maximum oxygen uptake [V̇O2max]) sepa- and reported concentrations of 42.5 and 103.6
rated by passive or active recovery (15 seconds at mmol/kg dm, respectively.[35] These studies suggest
40% of V̇O2max), Dupont et al.[58] reported a signifi- that although extreme muscle lactate concentrations
cantly shorter time to exhaustion with an active are evident after repeated-sprint bouts of long dura-
recovery. This performance decrement was correlat- tion, high concentrations are still apparent following
ed with a greater decline in oxyhaemoglobin and the much shorter sprints.
authors speculated that active recovery may restrict Anaerobic glycolysis is associated with the intra-
reoxygenation of myoglobin and PCr resynthesis.[58]

cellular accumulation of hydrogen ions, which have
In a team sport-specific protocol involving six, been linked as a cause of muscular fatigue.[60] Al-
4-second sprints with either 21 seconds of passive or though repeated sprints result in greater muscle lac-
active recovery (32% of V̇O2max), a greater power tate concentrations compared with single sprints,
decrement and also a lower final sprint peak power

there is a decrease in glycolysis in subsequent
was reported in the active recovery condition.[59]

sprints. Gaitanos et al.[29] investigated the muscle
The PCr concentration, percentage of resting level,

metabolism during the first and last sprints of a
was non-significantly lower immediately post-test

protocol consisting of ten, 6-second cycle sprints
(32.6 ± 10.6 vs 45.3 ± 18.6%; p = 0.06) and post-21

with 30 seconds of recovery between sprints. The
seconds of recovery (54.6 ± 9.6 vs 71.7 ± 14.1%; p =

estimated anaerobic glycogenolytic rate, glycolytic
0.06) during the active compared with the passive

rate and rate of glycogen degradation were signifi-
recovery, respectively.[59] Therefore, these prelimi-

cantly greater in the first sprint, compared with the
nary findings suggest that active recovery may hin-

final sprint. The authors reported an 11-fold reduc-
der PCr resynthesis when undertaken during bouts

tion in glycogenolysis and an 8-fold reduction inof repeated-sprint exercise. Further studies are re-
glycolysis in the final sprint, despite the fact that thequired to confirm these findings during other proto-
total glycogen degradation was reduced by approxi-cols of repeated-sprint exercise that are specific to
mately 37%.[29] Interestingly, during the final sprint,the movement patterns of field-based team sports.
the average power output was still 73% of the first
sprint, suggesting that the ATP production was

3.4 Anaerobic Glycolysis and Glycogenolysis
largely derived from PCr degradation and oxidative
metabolism.[29] Therefore, it is likely that the contri-Repeated-sprint exercise may result in extremely
bution of anaerobic glycogenolysis will be reducedhigh muscle lactate concentrations, depending on
during repeated-sprint exercise that simulates field-the exercise duration, number of repetitions, recov-
based team-sport performance.ery duration and the intensity of exercise. For exam-

While considerable reductions in muscle glyco-ple, McCartney et al.[47] reported a muscle lactate
gen concentration have been reported during isolat-concentration of 150 mmol/kg dm after four, 30-sec-
ed bouts of repeated sprints,[29,46,47] several studiesond cycle sprints with 4 minutes of recovery be-
have investigated muscle glycogen degradation dur-tween bouts. Furthermore, two studies using a proto-
ing actual soccer games[61-64] or simulated soccercol of two, 30-second cycle sprints separated by 4
games.[65,66] A game of soccer has been reported tominutes of recovery reported post-exercise muscle
deplete muscle glycogen stores by approximatelylactate concentrations to be between 100 and 130
85–90%.[61,62] Even after only half a game (i.e. 45mmol/kg dm.[46,50] However, the relevance of such
minutes) some players have shown marked deple-long-duration, repeated-sprint bouts to field-based

team sports is limited. One study, which is more tion. Karlsson[67] reported that the players with the
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lowest muscle glycogen concentration at half time ysis exceeds the rate of ATP rephosphorylation. The
covered less distance and had slower average run- fact that PCr resynthesis is reported to improve with
ning speeds in the second half compared with the training,[73] may indicate that trained athletes with a
players with the highest muscle glycogen concentra- greater RSA may limit the loss of purine nucleotides
tion. Similarly, Saltin[64] reported that the players and the subsequent accumulation of plasma hypo-
with lower half-time muscle glycogen concentra- xanthine. Repeated-sprint training has been shown
tions covered an average of 1800m less distance in to decrease muscle inosine production rate and plas-
the second half compared with the players with the ma hypoxanthine concentration in untrained sub-
higher muscle glycogen concentrations. Further- jects after a 30-second cycle sprint.[37] Team sport-
more, there was a trend for the players with the specific repeated-sprint training has also been re-
lower muscle glycogen concentrations before the ported to reduce the change in plasma hypoxanthine
game, to sprint less and walk more.[64] However, concentration following an exercise protocol involv-
muscle biopsy data obtained during a recent soccer ing five, 6-second cycle sprints separated by 24
study reported the depletion of muscle glycogen seconds of passive recovery in elite field-hockey
stores to be approximately 53% of pre-exercise players.[74] However, no significant correlation was
value.[63] This level of glycogen depletion is consid- reported between changes in plasma hypoxanthine
erably less than the aforementioned studies pub- concentration and decline in peak power (r = –0.32)
lished 20–30 years ago, which is possibly due to or total work produced (r = 0.12) in the same group
improvements in pre-game nutrition. These data of hockey players performing the same repeated-
suggest that glycogen loading and resynthesis strate- sprint protocol.[75]

gies are important to minimise performance decre-
3.6 Summaryments during field-based team-sport performance.

It is evident that the relative contribution of ana-
3.5 Purine Nucleotide Loss erobic glycogenolysis is reduced during the per-

formance of subsequent sprints, which is partiallyRepeated-sprint activities that simulate the
explained by an increase in aerobic metabolism.movement patterns of field-based team sports may
Furthermore, the sprint duration may significantlyalso result in a reduction of the total purine nucleo-
alter the relative energy system contribution duringtide pool, as this type of exercise requires a high
repeated-sprint exercise. The degradation andskeletal muscle ATP turnover. Brief bouts of high-
resynthesis rate of PCr is related to the performanceintensity exercise decrease muscle ATP content,
decrement during subsequent sprints. In addition,which is closely matched by an increase in inosine
the greater the PCr degradation, the greater the timemonophosphate (IMP) and ammonia.[68] Further
required for complete repletion. A loss of purinedegradation of IMP to inosine and then in turn to
nucleotides from the muscle may also occur duringhypoxanthine may result.[69] The hypoxanthine pro-
repeated-sprint exercise. However, this loss of pu-duced may diffuse from the muscle and accumulate
rine nucleotides may be reduced with specific train-in the plasma.[70] This may represent a loss of purine
ing.nucleotides from the muscle, as the hypoxanthine

cannot diffuse back into the muscle. The extent of 4. Tests of Repeated-Sprint Ability
purine nucleotide loss depends on the nature of the
repeated-sprint exercise protocol, specifically the The assessment of various physiological and per-
number of sprints performed,[71] the sprint dura- formance parameters during tests of RSA has in-
tion,[49] the exercise intensity[72] and the recovery creased over recent years. Researchers suggest that
duration between sprints.[23] this information will enhance the understanding of

Adenine nucleotide degradation occurs as PCr this fitness component for many team sports. Many
concentration decreases and the rate of ATP hydrol- different exercise protocols have been used to inves-
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Table II. Tests of repeated-sprint ability

Study Exercise mode Sprint distance Sprint duration No. of reps Recovery Recovery mode
(m) (sec) duration (sec)

Aziz et al.[77] Run-track 40 ~5.5 8 30 Stretching

Balsom et al.[49] Run-track 15 ~2.6 40 30 Passive

Run-track 30 ~4.5 20 30 Passive

Run-track 40 ~6 15 30 Passive

Balsom et al.[80] Cycle 6 10 30 Passive

Balsom et al.[87] Cycle 6 10 30 NR

Balsom et al.[88] Run-treadmill 6 15 24 Passive

Balsom et al.[51] Cycle 6 5 30 Passive

Bishop et al.[89] Cycle 6 5 24 Self-selected

Dawson et al.[35] Cycle 6 5 24 Slow cycle

Dawson et al.[78] Run-track 40 ~5.5 6 24 Walk

Fitzsimons et al.[82] Run-track 40 ~5.8 6 24 Walk

Cycle 6 6 24 Self-selected

Gaitanos et al.[90] Run-nm treadmill 6 10 30 Passive

Gaitanos et al.[29] Cycle 6 10 30 Passive

Hamilton et al.[83] Run-nm treadmill 6 10 30 Passive

Hautier et al.[79] Cycle 5 15 25 Passive

Holmyard et al.[84] Run-nm treadmill 6 10 30 NR

Run-nm treadmill 6 10 60 NR

Mujika et al.[76] Run-track 15 ~2.3 6 24 NR

Signorile et al.[86] Cycle 6 8 30 Cycle-60W

Stathis et al.[71] Cycle 10 4 50 Passive

Cycle 10 8 50 Passive

Wadley and Le Rossignol[91] Run-track 20 ~3 12 ~17 NR

Wragg et al.[92] Run-track 34.2 ~7.5 7 25 Jog
NR = not reported; reps = repetitions; run-track = over-ground running; run-treadmill = running on motorised treadmill; run-nm treadmill
= running on non-motorised treadmill.

tigate RSA. Differences in exercise mode, sprint this may represent the duration of repeated sprints
duration, number of sprint repetitions, type of recov- performed in field-based team sports. Although
ery, and training status of subjects make it difficult there has been little research investigating the nature
to evaluate and compare between studies. In addi- of repeated-sprint activity during team-sport compe-
tion, the large differences between some exercise tition,[12] time-motion analysis data from sports such
protocols and the repeated-sprint activity patterns of

as soccer, field hockey and rugby suggest that theteam sports may question the validity and sport-
mean duration of sprints are commonly shorter thanspecific relevance of many of these protocols.
6 seconds (i.e. mean duration of 2–3 sec-
onds)[1,2,12,14] [see section 1]. However, while the

4.1 Sprint Duration
reported mean sprint duration is approximately 2
seconds, the average maximal sprint duration is

The sprint duration in tests of RSA in the pub-
approximately 4 seconds in elite field-hockey com-lished literature vary from approximately 2.5[49,76] to
petition.[12] Therefore, a repeated-sprint protocol10 seconds.[71] The majority of studies, however,
comprised of sprints that are shorter than the com-have used repeated 5-[77-79] or 6-second[29,35,80-86]

monly used 6 seconds, may provide a more validsprint protocols (table II). These studies have justi-
fied the use of 6-second sprints by suggesting that assessment of team-sport repeated-sprint activity.
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4.2 Number of Sprint Repetitions 4.3 Recovery Duration

The recovery duration may also have a consider-
The number of sprint repetitions used in the able effect on changes in sprint performance during

aforementioned studies range from 2 to 40. The repeated-sprint exercise protocols. Mean power out-
range in the number of sprint repetitions is still put during 6-second sprints on a non-motorised
considerable (i.e. from 5 to 15) even when the treadmill can be maintained for ten repetitions when
sample of studies is limited to those that selected 5- separated by 60 seconds of recovery. However,
to 6-second sprint durations (table II). Although a when the recovery duration is reduced to 30
change in performance may be easier to identify seconds, only five repetitions can be performed
when many (i.e. 10–15) sprint repetitions are per- before mean power output is significantly de-
formed, the relevance to the repeated-sprint activity creased.[84] Similarly, when 15, 40m over-ground
of team sports may be diminished. Time-motion sprints (approximately 5.5 seconds) are completed

with 30 seconds of passive recovery between eachanalysis data from elite field-hockey competition
sprint, a performance decrement of approximatelysuggest that a maximum of 4–7 repetitions are per-
10% is observed.[23] However, when the recoveryformed during repeated-sprint exercise bouts.[12]

period is increased to 60 or 120 seconds, the declineTherefore, using these preliminary data, a protocol
in performance is markedly reduced (approximatelyinvolving approximately 6–7 sprints may best re-
3% and 2%, respectively).[23] Holmyard et al.[84]

present an intense bout of repeated-sprint activity
speculated that a reduced recovery time may be duespecific to field-based team sports. Further studies
to an incomplete resynthesis of PCr and also greaterare required to confirm these findings with other
muscle acidosis. Therefore, if performance on afield-based team sports during competition. Once
repeated-sprint test is to be related to team sport-these data are obtained, this may allow for a general-
specific RSA, the recovery duration between sprintsisation of RSA tests.
should reflect that of the sport (i.e. reflect the recov-

It is quite clear from the literature that the dura- ery duration within repeated-sprint bouts and not
tion and number of repeated sprints has a substantial just averaged over the entire game).
impact on the change in performance parameters

4.4 Type of Recoverymeasured throughout the exercise protocol. Balsom
et al.[49] clearly demonstrated this point by con-

Although the majority of studies that have inves-
ducting three repeated-sprint exercise protocols that

tigated RSA have used passive rest as the recovery
differed in sprint duration and number of repetitions,

mode (table II), sub-maximal active recovery ap-
but were identical in total sprint distance and recov- pears to be beneficial in reducing the decline in
ery duration. Balsom et al.[49] showed that 40, 15m repeated-sprint performance.[86,93] Signorile et al.[86]

sprints (approximately 2.6 seconds) could be repeat- investigated the effect of passive versus active re-
ed every 30 seconds without any detrimental effects covery (cycling at 60W) on performance during
on performance. However, repeated 30m and 40m eight, 6-second cycle sprints. The authors reported
sprint times (approximately 4.5 and 6 seconds, re- significantly greater mean peak power and total
spectively) significantly increased, with 40m sprint work during the 30-second active recovery trial.
time significantly longer after the third repetition. Ahmaidi et al.[93] also reported that active recovery
Therefore, careful consideration should be made (5 minutes at a workload corresponding to 32% of
when selecting the duration and number of sprints V̇O2max) increased power outputs at high braking
for a test of RSA. As mentioned in section 3, varia- forces during repeated bouts of 6-second cycle
tions in the duration and number of sprints may sprints. Although Signorile et al.[86] did not collect
significantly alter the relative energy system contri- any biochemical data, they did speculate that the
bution and metabolic demand of the exercise. active recovery may have hastened the removal of
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lactate from the active muscles and increased its during five repeated 6-second cycle sprints com-
utilisation as a fuel source by neighbouring muscle pared with a group of well trained endurance ath-
fibres. Thus, it is possible that low-intensity active letes that were matched for V̇O2max. However, the
recovery, as brief as 30 seconds in duration, may decline in peak power throughout the five sprints
decrease muscle acidosis when performed during was significantly greater in the group of team-sport
repeated-sprint exercise. This is likely to be impor- athletes. In contrast, Hamilton et al.[83] reported no
tant as RSA has been negatively associated with difference in decline of peak power throughout a
changes in blood and muscle pH.[81,94] Furthermore, series of ten, 6-second sprints on a non-motorised
the vast majority of recovery within repeated-sprint treadmill, between groups of moderately trained
bouts, during elite field-hockey competition, is of an team-sport and endurance-trained subjects. Howev-
active nature.[12] Therefore, team-sport athletes may er, a significantly greater decline in mean power
be inadvertently minimising muscle acidosis during output was found in the team-sport group. It must be
competition. noted that the endurance-trained group of Hamilton

et al.[83] had a significantly greater V̇O2max than the
4.5 Mode of Exercise team-sport group. It is important to acknowledge

that although team-sport athletes will usually pro-
The mode of exercise used to test RSA may also

duce a greater peak power, this will be associated
have an influence on performance. Studies investi-

with a greater power decrement when compared
gating RSA have used cycle ergometers, motorised

with endurance athletes. Furthermore, data on dupli-
or non-motorised treadmills, or over-ground run-

cate trials of RSA suggest that total work or total
ning as the mode of exercise (table II). Fitzsimons et

sprint time are considerably more reliable than pow-
al.[82] recommend that the exercise mode used

er decrement or sprint time decrement.[82] Therefore,
should be sport specific as they only reported mod-

the training status of subjects should be taken into
erate correlations (r = 0.62–0.68; n = 15; p < 0.02)

account when interpreting changes in performance
between decline in sprint performance (percentage

during tests of RSA.
decrement in peak power vs run time) and absolute
RSA scores (total work vs total run time) when 4.7 Summary
assessing the degree of association between RSA
tests performed on a cycle ergometer or during over- While RSA has been the subject of many re-
ground running. It has even been suggested that the search studies in recent years, changes in perform-
type of cycle ergometer used may influence per- ance appears to be heavily reliant on the make-up of
formance during high-intensity exercise.[79] For ex- the exercise protocols used. It is evident that each of
ample, fatigue during isokinetic cycle exercise is the variables of exercise mode, sprint duration, num-
represented by a decrease in force when pedalling ber of sprint repetitions, recovery duration and type
frequency is constant.[95] However, fatigue on a fric- of recovery can significantly affect performance.
tion-loaded cycle ergometer is represented by a de- Furthermore, RSA may also be influenced by the
crease in maximal velocity when the friction force is training status of the subjects. Therefore, if tests of
constant.[96] Therefore, it is suggested that the mode RSA are to be relevant to performance in field-based
of exercise should be specific to the sport (i.e. over- team sports, the test variables need to be specific to
ground running for field-based team sports). the movement patterns. Further research is required

to investigate the nature of repeated-sprint activity
4.6 Training Status during field-based team-sport competition.

Training status is also likely to influence per- 5. Conclusions
formance on tests of RSA. Bishop and Spencer[97]

showed that elite team-sport athletes obtain signifi- Studies of RSA, specific to field-based team-
cantly greater initial peak power and total work sport activity, have only appeared in the scientific
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ous time-motion analysis studies have documented 4. Reilly T, Thomas V. A motion analysis of work-rate in different
positional roles in professional football match-play. J Humthe mean sprint distance and duration to be between
Mov Stud 1976; 2: 87-9710–20m and 2–3 seconds, respectively, there are a

5. Withers RT, Maricic Z, Wasilewski S, et al. Match analyses of
scarcity of data regarding the movement patterns of Australian professional soccer players. J Hum Mov Stud 1982;

8: 159-76repeated-sprint activity. Further research is required
6. Yamanaka K, Haga S, Shindo M, et al. Time and motionto document the repeated-sprint activity during

analysis in top class soccer games. London: E & FN Spon,
field-based team-sport competition, which would 1988: 334-40

7. Dawson B, Hopkinson R, Appleby B, et al. Comparison offurther our understanding of this specific fitness
training activities and game demands in the Australian Foot-component. There are surprisingly little published
ball League. J Sci Med Sport 2004; 7 (3): 292-301

data regarding the physiological and metabolic re- 8. Hahn A, Taylor N, Woodhouse T, et al. Physiological relation-
ships between training activities and match play in Australianquirements of one-off, short-duration sprinting and
football rovers. Sports Coach 1979; 3: 3-8repeated sprinting (<10 seconds duration), that is

9. McKenna MJ, Patrick JD, Sandstrom ER, et al. Computer-video
relevant to field-based, team-sport performance. analysis patterns in Australian rules football. London: E & FN

Spon, 1988: 274-81During one-off, short-duration sprinting, considera-
10. Norton K, Schwerdt S, Craig N. Player movement and gameble contributions from both PCr degradation and structure in the Australian Football League. In: AFL Research

anaerobic glycolysis provide the vast majority of the and Development Program Report. Melbourne: Australian
Football League, 2001total ATP production, resulting in only partly de-

11. Lothian F, Farrally M. A time-motion analysis of women’spleted PCr stores. During repeated sprinting, the hockey. J Hum Mov Stud 1994; 26: 255-65
relative contribution of anaerobic glycogenolysis is 12. Spencer M, Lawrence S, Rechichi C, et al. Time-motion analy-

sis of elite field-hockey: special reference to repeated-sprintreduced when subsequent sprints are performed,
acitivity. J Sports Sci 2004; 22: 843-50

which is partially explained by an increase in aero- 13. Docherty D, Wenger HA, Neary P. Time-motion analysis relat-
bic metabolism. Furthermore, the degradation and ed to the physiological demands of rugby. J Hum Mov Stud

1988; 14: 269-77resynthesis rate of PCr is related to the performance
14. Duthie G, Pyne D, Hooper S. Time motion analysis of 2001 anddecrement and a loss of muscle purine nucleotides 2002 Super 12 Rugby. J Sports Sci 2005; 23 (5): 523-30

may also occur during subsequent sprints. The rela- 15. McErlean CA, Cassidy J, O’Donoghue PG. Time-motion analy-
sis of gender and positional effects on work-rate in elite Gaelictive energy system contribution during repeated-
football competition. J Hum Mov Stud 2000; 38: 269-86

sprint exercise may be significantly altered by the 16. van Gool D, van Gerven D, Boutmans J. The physiological load
exercise protocol (i.e. exercise mode, sprint dura- imposed on soccer players during real match-play. London: E

& FN Spon, 1988: 51-9tion, number of sprint repetitions, recovery duration,
17. Barros TL, Valquer W, Sant’Anna M. High intensity motion

type of recovery and training status). Therefore, pattern analysis of Brazilian elite soccer players in different
positional roles [abstract]. Med Sci Sports Exerc 1999; 31 (5):tests of RSA should be specific to the movement
S260patterns documented during competition, in order to

18. Drust B, Reilly T, Rienzi E. A motion-analysis of work-rate
be relevant to performance in field-based team profiles of elite international soccer players [abstract]. J Sports

Sci 1998; 16 (5): 460sports.
19. Allen GD. Activity patterns and physiological responses of elite

touch players during competition. J Hum Mov Stud 1989; 17:
Acknowledgements 207-15

20. Spencer M, Rechichi C, Lawrence S, et al. Time-motion analy-
No sources of funding were used to assist in the prepara- sis of elite field hockey during several games in succession: a

tournament scenario [abstract]. J Sci Med Sport 2002; 5 (4): 33tion of this review. The authors have no conflicts of interest
21. Duthie G, Pyne D, Hooper S. Applied physiology and gamethat are directly relevant to the content of this review.

analysis of rugby union. Sports Med 2003; 33 (13): 973-91
22. Dawson B, Fitzsimons M, Ward D. The relationship of repeated

sprint ability to aerobic power and performance measures ofReferences
anaerobic work capacity and power. Aust J Sci Med Sports1. Bangsbo J, Norregaard L, Thorso F, et al. Activity profile of
1993; 25 (4): 88-93competition soccer. Can J Sport Sci 1991; 16 (2): 110-6

2. Mohr M, Krustrup P, Bangsbo J. Match performance of high- 23. Balsom P, Seger J, Sjodin B, et al. Maximal-intensity intermit-
standard soccer players with special reference to development tent exercise: effect of recovery duration. Int J Sports Med
of fatigue. J Sports Sci 2003; 21: 519-28 1992; 13 (7): 528-33

 2005 Adis Data Information BV. All rights reserved. Sports Med 2005; 35 (12)



Physiological Responses of Repeated Sprinting 1043

24. Medbø JI, Gramvik P, Jebens E. Aerobic and anaerobic energy 45. Margaria R, Cerretelli P, Mangili F. Balance and kinetics of
release during 10 and 30 s bicycle sprints. Acta Kinesiol Univ anaerobic energy release during strenuous exercise in man. J
Tartuensis 1999; 4: 122-46 Appl Physiol 1964; 19 (4): 623-8

25. Smith JC, Hill DW. Contribution of energy systems during a 46. Bogdanis GC, Nevill ME, Boobis LH, et al. Contribution of
Wingate Power Test. Br J Sports Med 1991; 24 (4): 196-9 phosphocreatine and aerobic metabolism to energy supply

during repeated sprint exericse. J Appl Physiol 1996; 80 (3):26. Medbø JI, Tabata I. Relative importance of aerobic and anaerob-
876-84ic energy release during short-lasting exhausting bicycle exer-

cise. J Appl Physiol 1989; 67 (5): 1881-6 47. McCartney N, Sprient LL, Heigenhauser GJF, et al. Muscle
power and metabolism in maximal intermittent exercise. J27. Withers RT, Sherman WM, Clark DG, et al. Muscle metabolism
Appl Physiol 1986; 60 (4): 1164-9during 30, 60, and 90s of maximal cycling on an air-braked

ergometer. Eur J Appl Physiol 1991; 63: 354-62 48. Trump ME, Heigenhauser GJF, Putman CT, et al. Importance of
muscle phosphocreatine during intermittent maximal cycling.28. Spencer MR, Gastin PB. Energy system contribution during
J Appl Physiol 1996; 80 (5): 1574-80200- to 1500-m running in highly trained athletes. Med Sci

Sports Exerc 2001; 33 (1): 157-62 49. Balsom P, Seger J, Sjodin B, et al. Physiological responses to
maximal intensity intermittent exercise. Eur J Appl Physiol29. Gaitanos GC, Williams C, Boobis LH, et al. Human muscle
1992; 65: 144-9metabolism during intermittent maximal exercise. J Appl

Physiol 1993; 75 (2): 712-9 50. Hargreaves M, McKenna MJ, Jenkins DG, et al. Muscle metab-
olites and performance during high-intensity, intermittent ex-30. Hultman E, Sjoholm H. Substrate availability. Champaign (IL):
ercise. J Appl Physiol 1998; 84 (5): 1687-91Human Kinetics, 1983: 63-75

51. Balsom P, Soderlund K, Sjodin B, et al. Skeletal muscle metab-31. Boobis L, Williams C, Wootton SA. Human muscle metabolism
olism during short duration high-intensity exercise: influenceduring brief maximal exercise. J Physiol 1982; 338: P21-2
of creatine supplementation. Acta Physiol Scand 1995; 154:32. Jones NL, McCartney N, Graham T, et al. Muscle performance
303-10and metabolism in maximal isokinetic cycling at slow and fast

52. Spriet LL, Lindinger MI, McKelvie RS, et al. Muscle glycoge-speeds. J Appl Physiol 1985; 59 (1): 132-6
nolysis and H+ concentration during maximal intermittant33. Parolin ML, Chesley A, Matsos MP, et al. Regulation of skeletal
cycling. J Appl Physiol 1989; 66 (1): 8-13muscle glycogen phosphorylase and PDH during maximal

53. Haseler LJ, Hogan MC, Richardson RS. Skeletal muscle phos-intermittent exercise. Am J Physiol 1999; 277 (5 Pt 1):
phocreatine recovery in exercise-trained humans is dependentE890-900
on O2 availability. J Appl Physiol 1999; 86 (6): 2013-834. Gastin PB. Energy system interaction and relative contribution

54. Harris RC, Edwards RHT, Hultman E, et al. The time course ofduring maximal exercise. Sports Med 2001; 31 (10): 725-41
phosphorylcreatine resynthesis during recovery of the quadri-35. Dawson B, Goodman C, Lawrence S, et al. Muscle phosphocre-
ceps muscle in man. Pflugers Arch 1976; 367: 137-42atine repletion following single and repeated short sprint ef-

55. Smith SA, Montain SJ, Matott RP, et al. Creatine supplementa-forts. Scand J Med Sci Sports 1997; 7: 206-13
tion and age influence muscle metabolism during exercise. J36. Cheetham ME, Boobis LH, Brooks S, et al. Human muscle
Appl Physiol 1998; 85 (4): 1349-56metabolism during sprint running. J Appl Physiol 1986; 61 (1):

56. Yquel RJ, Arsac LM, Thiaudiere E, et al. Effect of creatine54-60
supplementation on phosphocreatine resynthesis, inorganic37. Stathis CG, Febbraio MA, Carey MF, et al. Influence of sprint
phosphate accumulation and pH during intermittent maximaltraining on human skeletal muscle purine nucleotide metabo-
exercise. J Sports Sci 2002; 20: 427-37lism. J Appl Physiol 1994; 76 (4): 1802-9

57. Nevill AM, Jones DA, McIntyre D, et al. A model for phospho-38. Hirvonen J, Nummela A, Rusko H, et al. Fatigue and changes of
creatine resynthesis. J Appl Physiol 1997; 82 (1): 329-35ATP, creatine phosphate, and lactate during the 400m sprint.

58. Dupont G, Moalla W, Guinhouya C, et al. Passive versus activeCan J Sport Sci 1992; 17 (2): 141-4
recovery during high-intensity intermittent exercises. Med Sci39. Medbø JI, Jebens E, Gramvik P. Rate of lactate production
Sports Exerc 2004; 36 (2): 302-8during 10 and 30-s bicycle sprints versus phosphofruktokinase

59. Spencer M, Bishop D, Dawson B, et al. The effect of an activeactivity. Acta Kinesiol Univ Tartuensis 2000; 5: 79-92
recovery on muscle metabolism and team-sport specific re-40. Newsholme EA. Application of principles of metabolic control
peated-sprint ability [abstract]. In: Muller E, Schwameder H,to the problem of metabolic limitations in sprinting, middle-
Zallinger G, et al., editors. 8th Annual Congress Europeandistance, and marathon running. Int J Sports Med 1986; 7:
College of Sport Science; 2003 Jul 11; Salzburg. Salzburg:66-70
Institute of Sport Science, University of Salzburg, 2003: 20641. Bogdanis GC, Nevill ME, Bobbis LH, et al. Recovery of power

60. Spriet LL, Matos CG, Peters SJ, et al. Effects of acidosis on ratoutput and muscle metabolites following 30-s of maximal
muscle metabolism and performance during heavy exercise.sprint cycling in man. J Physiol 1995; 482 (2): 467-80
Am J Physiol 1985; 248 (3 Pt 1): C337-4742. Hirvonen J, Rehunen S, Rusko H, et al. Breakdown of high-

61. Ekblom B. Applied physiology of soccer. Sports Med 1986; 3:energy phosphate compounds and lactate accumulation during
50-60short supra-maximal exercise. Eur J Appl Physiol 1987; 56:

62. Jacobs I, Westlin N, Karlsson J, et al. Muscle glycogen and diet253-9
in elite soccer players. Eur J Appl Physiol 1982; 48: 297-30243. Dawson B, Cutler M, Moody A, et al. Effects of oral creatine

63. Krustrup P, Mohr M, Steensberg A, et al. Muscle metabolitesloading on single and repeated maximal short sprints. Aust J
during a football match in relation to a decreased sprintingSci Med Sports 1995; 27 (3): 56-61
ability [abstract]. J Sports Sci 2004; 22 (6): 54944. Abernethy PJ, Thayer R, Taylor AW. Acute and chronic re-

sponses of skeletal muscle to endurance and sprint exercise. 64. Saltin B. Metabolic fundamentals in exercise. Med Sci Sports
Sports Med 1990; 10 (6): 365-89 1973; 5 (3): 137-46

 2005 Adis Data Information BV. All rights reserved. Sports Med 2005; 35 (12)



1044 Spencer et al.

65. Zehnder M, Rico-Sanz J, Kuhne G. Resynthesis of muscle 83. Hamilton AL, Nevill ME, Brooks S, et al. Physiological re-
glycogen after soccer specific performance examined by 13C- sponses to maximal intermittent exercise: differences between
magnetic resonance spectroscopy in elite players. Eur J Appl endurance-trained runners and games players. J Sports Sci
Physiol 2001; 84: 443-7 1991; 9: 371-82

66. Rico-Sanz J, Zehnder M, Buchli R, et al. Muscle glycogen 84. Holmyard DJ, Cheetham ME, Lakomy HKA, et al. Effect of
degradation during simulation of a fatiguing soccer match in recovery duration on performance during multiple treadmill
elite soccer players examined noninvasively by 13C-MRS. sprints. Liverpool: E & FN Spon, 1987: 134-42
Med Sci Sports Exerc 1999; 31 (11): 1587-93

85. Preen D, Dawson B, Goodman C, et al. Effect of creatine
67. Karlsson HG. Kolhydratomsattning under en fotbollsmatch.

loading on long-term sprint exercise performance and metabo-
Stockholm: Department of Physiology III, Karolinska Insti-

lism. Med Sci Sports Exerc 2001; 33 (5): 814-21tute, 1969
86. Signorile JF, Ingalls C, Tremblay LM. The effects of active and68. Jansson E, Dudley GA, Norman B, et al. ATP and IMP in single

passive recovery on short-term, high intensity power output.human muscle fibres after high intensity exercise. Clin Physiol
Can J Appl Physiol 1993; 18 (1): 31-421987; 7: 337-45

87. Balsom P, Gaitanos G, Ekblom B, et al. Reduced oxygen69. Tullson PC, Bangsbo J, Hellsten Y, et al. IMP metabolism in
availability during high intensity intermittent exercise impairshuman skeletal muscle after exhaustive exercise. J Appl Physi-
performance. Acta Physiol Scand 1994; 152: 279-85ol 1995; 78 (1): 146-52

88. Balsom P, Ekblom B, Sjodin B. Enhanced oxygen availability70. Bangsbo J, Sjodin B, Hellsten-Westing Y. Exchange of hypo-
during high intensity intermittent exercise decreases anaerobicxanthine in muscle during intense exercise in man. Acta Physi-

ol Scand 1992; 146: 549-50 metabolite concentrations in blood. Acta Physiol Scand 1994;
150: 455-671. Stathis CG, Zhao S, Carey MF, et al. Purine loss after repeated

sprint bouts in humans. J Appl Physiol 1999; 87 (6): 2037-42 89. Bishop D, Spencer M, Duffield R, et al. The validity of a
repeated sprint ability test. J Sci Med Sport 2001; 4 (1): 19-2972. Sjodin B, Hellsten-Westing Y. Changes in plasma concentration

of hypoxanthine and free radical markers during exercise in 90. Gaitanos GC, Nevill ME, Brooks S, et al. Repeated bouts of
man. Int J Sports Med 1990; 11: 493-5 sprint running after induced alkalosis. J Sports Sci 1991; 9:

355-7073. McCully KK, Kakihira H, Vandenborne K, et al. Noninvasive
measurements of activity-induced changes in muscle metabo- 91. Wadley G, Le Rossignol P. The relationship between repeated
lism. J Biomech 1991; 24 (1 Suppl.): 153-61 sprint ability and the aerobic and anaerobic energy systems. J

Sci Med Sport 1998; 1 (2): 100-1074. Spencer M, Bishop D, Lawrence S. Longitudinal assessment of
the effects of field-hockey training on repeated sprint ability. J

92. Wragg CB, Maxwell NS, Doust JH. Evaluation of the reliabilitySci Med Sport 2004; 7 (3): 323-34
and validity of a soccer-specific field test of repeated sprint

75. Bishop D. Predictors of repeated sprint ability in elite female ability. Eur J Appl Physiol 2000; 83: 77-83
hockey players. J Sci Med Sport 2003; 6 (2): 199-209

93. Ahmaidi S, Granier P, Taoutaou Z, et al. Effects of active
76. Mujika I, Padilla S, Ibanez J, et al. Creatine supplementation recovery on plasma lactate and anaerobic power following

and sprint performance in soccer players. Med Sci Sports repeated intensive exercise. Med Sci Sports Exerc 1996; 28
Exerc 2000; 32 (2): 518-25 (4): 450-6

77. Aziz AR, Chia M, Teh KC. The relationship between maximal 94. Bishop D, Edge J, Goodman C. Muscle buffer capacity and
oxygen uptake and repeated sprint performance indices in field aerobic fitness are associated with repeated-sprint ability in
hockey and soccer players. Sports Med Phys Fitness 2000; 40 women. Eur J Appl Physiol 2004 Aug; 92 (4-5): 540-7
(3): 195-200

95. Beelen A, Sargeant AJ. Effect of fatigue on maximal power
78. Dawson B, Fitzsimons M, Green S, et al. Changes in perform-

output at different contraction velocities in humans. J Applance, muscle metabolites, enzymes and fibre types after short
Physiol 1991; 71 (6): 2332-7sprint training. Eur J Appl Physiol 1998; 78: 163-9

96. Bogdanis GC, Graham C, Louis G, et al. Effects of resistive load79. Hautier CA, Belli A, Lacour JR. A method for assessing muscle
on power output during repeated maximal sprint cycling. Jfatigue during sprint exercise in humans using a friction-
Sports Sci 1994; 12: 128-9loaded cycle ergometer. Eur J Appl Physiol 1998; 12: 231-5

97. Bishop D, Spencer M. Determinants of repeated sprint ability in80. Balsom P, Ekblom B, Soderland K, et al. Creatine supplementa-
well-trained team-sport and endurance-trained athletes. Sportstion and dynamic high-intensity intermittent exercise. Scand J
Med Phys Fitness 2004; 44 (1): 1-6Med Sci Sports 1993; 3: 143-9

81. Bishop D, Edge J, Davis C, et al. Induced metabolic alkalosis
affects muscle metabolism and repeated-sprint ability. Med Sci

Correspondence and offprints: Matt Spencer, Western Aus-Sports Exerc 2004; 36 (5): 807-13
tralian Institute of Sport, PO Box 139, Claremont, WA 6010,

82. Fitzsimons M, Dawson B, Ward D, et al. Cycling and running
Australia.tests of repeated sprint ability. Aust J Sci Med Sport 1993; 25
E-mail: mspencer@wais.org.au(4): 82-7

 2005 Adis Data Information BV. All rights reserved. Sports Med 2005; 35 (12)


	Contents 1025
	Abstract 1025
	1. Movement Patterns in Field-Based Team Sports 1026
	1.1 Time-Motion Analysis Methodology 1027
	1.2 Time-Motion Analysis of Sprint Data 1027
	1.3 Time-Motion Analysis of Repeated-Sprint Data 1030
	1.4 Summary 1031

	2. Sprint Metabolism 1031
	2.1 Energy System Contribution 1031
	2.2 Adenosine Triphosphate (ATP) Depletion 1032
	2.3 Phosphocreatine (PCr) Degradation 1032
	2.4 Anaerobic Glycolysis 1034
	2.5 Summary 1034

	3. Repeated-Sprint Metabolism 1034
	3.1 Energy System Contribution 1034
	3.2 ATP Depletion and Resynthesis Rate 1035
	3.3 PCr Degradation and Resynthesis Rate 1036
	3.4 Anaerobic Glycolysis and Glycogenolysis 1037
	3.5 Purine Nucleotide Loss 1038
	3.6 Summary 1038

	4. Tests of Repeated-Sprint Ability 1038
	4.1 Sprint Duration 1039
	4.2 Number of Sprint Repetitions 1040
	4.3 Recovery Duration 1040
	4.4 Type of Recovery 1040
	4.5 Mode of Exercise 1041
	4.6 Training Status 1041
	4.7 Summary 1041

	5. Conclusions 1041
	Acknowledgements 1042
	References 1042
	Correspondence 1044
	Email 1044

