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Abstract: The purpose of this study was to investigate the influence that different frequencies
of deceleration and acceleration actions had on the physiological demands in professional soccer
players. Thirteen players were monitored via microelectromechanical devices during shuttle running
protocols which involved one, three, or seven 180 degree directional changes. Heart rate exertion
(HRE) (1.1 £ 0.7) and rating of perceived exertion (RPE) (5 £ 1) were significantly higher for the
protocol which included seven directional changes when compared to the protocols which included
one (HRE 0.5 £+ 0.3, ES = 1.1, RPE 3 &+ 0, ES = 2.7) or three (HRE 0.5 + 0.2, ES=1.1, RPE3 + 1,
ES = 1.9) directional changes (p < 0.05). The gravitational force (g-force) as measured through
accelerometry (ACC) also showed a similar trend when comparing the seven (8628.2 & 1630.4 g)
to the one (5888.6 £ 1159.1 g, ES = 1.9) or three (6526.9 &+ 1257.6 g, ES = 1.4) directional change
protocols (p < 0.05). The results of this study suggest that increasing the frequency of decelerations
and accelerations at a high intensity running (HIR) speed alters the movement demands and elevates
the physiological responses in professional players. This data has implications for the monitoring of
physical performance and implementation of training drills.
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1. Introduction

Soccer is a demanding sport with physical performance decreasing particularly after intense spells
of activity and during the latter stages of a 90-min game [1,2]. The onset of fatigue during game-play
is often determined by changes in HIR performance (moving at a speed greater than 5.5 m/s) [1-3].
Despite its popularity, the use of HIR as the sole marker of physical performance may be limited.
For example, at a professional level, players cover an average HIR distance of 1151 m during a game
which equates to approximately 10.6% of the total distance [4]. This relatively low percentage of
HIR distance suggests that other factors, such as various game-specific movements, should also be
considered when attempting to quantify physical performance in soccer.

Sports 2018, 6, 39; doi:10.3390/sports6020039 www.mdpi.com/journal/sports


http://www.mdpi.com/journal/sports
http://www.mdpi.com
http://www.mdpi.com/2075-4663/6/2/39?type=check_update&version=1
http://www.mdpi.com/journal/sports
http://dx.doi.org/10.3390/sports6020039

Sports 2018, 6, 39 20of 11

It is estimated that a change in activity occurs every 6 s during a 90-min professional game [5].
These changes include actions such as decelerations [6] and accelerations [7], which often occur
at lower movement speeds. Research has indicated that professional soccer players complete,
on average, 612 decelerations and 656 accelerations during a game [8]. The frequent occurrence
of these actions justifies the need to further investigate how decelerations and accelerations may
impact the physiological demands and potentially contribute to fatigue in professional soccer players.

Studies which have looked at the physiological demands associated with deceleration and
acceleration have commonly used directional change as a model. Directional change typically
involves three different actions. These are, deceleration, turning, and acceleration. Studies which have
attempted to evaluate directional change found that performing these actions caused an increase [9-16],
decrease [17,18], or no change [19] in physiological response (e.g., oxygen consumption, blood lactate,
heart rate (HR), RPE, etc.) when compared to protocols that involved constant speed running or
less frequent changes in direction. The different outcomes of these investigations may in part be
explained by the large variation in protocol design which tends to differ vastly between studies.
This includes running speed, turning angle and intensity of deceleration/acceleration actions, etc.
Further, research that has specifically looked at the physiological demands associated with performing
different frequencies of directional change have utilised relatively slow movement speeds (a maximum
speed of 4.4 m/s [13]) which, in turn, would have likely limited the intensity of deceleration and
acceleration actions. Using an experimental design that applies a faster running speed would better
replicate the higher intensity decelerations and accelerations that occur during soccer performance [8]
and would provide some relevant new insight into the physiological demands associated with
performing these types of actions. Such an approach may better explain physical performance in soccer
and allow for a more comprehensive insight into the onset of fatigue.

The purpose of this study was therefore to design and evaluate three controlled intermittent
high intensity exercise protocols that involve different frequencies of directional change in an
attempt to quantify the physiological response associated with performing multiple deceleration and
acceleration actions. The findings of this study should improve the understanding of the importance
of decelerations and accelerations to the physiological response associated with HIR exercise protocols
and provide some insight regarding the potential contribution that these actions have on fatigue in
professional soccer players.

2. Methods

2.1. Subjects

Thirteen male professional soccer players took part in the study. All subjects (age: 18 £ 1 years,
weight: 79.5 £ 7.0 Kg, height: 1.8 &= 0.05 m) were playing at the under 18 or under 21 level for an English
Premier League soccer club at the time of testing. All subjects were training and/or playing games at
least five days per week consistently and had at least 12 months’ experience of being in a full-time
training environment at a Premier League club. All subjects also had at least 12 months’ experience
of providing subjective feedback associated with training load via the modified Borg Scale [20] and
were familiar with wearing Global Positioning Systems (GPS) and HR monitors. The study was
conducted according to the Declaration of Helsinki and was fully approved by the Liverpool John
Moores University ethical board. Parental or guardian consent was obtained for any subjects under
the age of eighteen. All subjects were assured that any involvement was voluntary and that they were
free to withdraw from the study at any time.

2.2. Testing Procedures

The current investigation was a randomised controlled study that compared three testing protocols
which involved different frequencies of directional change. To determine the physiological response
associated with changes in the frequency of directional change, exercise variables which could influence
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the exercise response were controlled. These included the volume (i.e., total distance covered) and the
running speed. Attempts were also made to ensure that the intensity of accelerations and decelerations
during the protocols were matched through both audio/verbal feedback and the use of visual markings.
Such an approach allowed for the independent variable in this study, directional change, to be
isolated and its frequency manipulated accordingly. Accelerometry was used to monitor the impact of
directional change and highlight any potential change in movement characteristics between protocols
due to varying frequencies of deceleration and acceleration actions. Heart rate exertion and RPE were
used to indicate the physiological and subjective response to the exercise challenge.

2.3. Methodology

All subjects (n = 13) completed at least one familiarisation session prior to testing to become
acquainted with the key characteristics of the protocols (e.g., running speed and changing direction).
The testing protocols required subjects to accelerate in a straight line to the required running speed
of 6 m/s over distances of 72, 36, or 18 m. These distances were selected on a practical basis as they
allowed for the running speed and total distance to be easily controlled across all three testing protocols.
The total distance of each protocol was 144 m and involved subjects to complete one, three, or seven
directional changes (see Table 1). Speed was controlled using a high pitch audio signal that played
every second from an MP3 player (JVC, model NO.: CA-UXLP5). Cones were placed precisely 6
m apart along the track to enable subjects to evaluate their position and speed in conjunction with
the audio signal. Subjects were encouraged to accelerate quickly at the start of each shuttle run to
reach the required running speed as soon as possible. Video footage indicated that this was typically
achieved somewhere between 6 and 12 m. Upon reaching the end of each shuttle run a different
coloured cone and a double audio signal acted as an indicator for subjects to decelerate (over 2 m
distance), stop, and turn with both feet placed behind a marked line (see Figure 1). The double audio
signal was followed by a single audio signal after 1.5 s which marked the start of the second shuttle
run, which began from the same cone which was initially used to indicate the start of deceleration.
The 1.5 s delay was applied as pilot work using speed gates (Brower, Draper, UT, USA) indicated that
this was the mean time it took for subjects to decelerate, turn, and return to the starting point for the
second shuttle run. All testing protocols were carried out at the same location and on the same outdoor
synthetic all-weather surface (Ligaturf 240 RS+, Burgheim, Germany).

(Accelerate) (Decelerate)
— e e —— — — — —— ————— 0004
A B
(Turn) I [ * o . ® . ° I (Turn)
Grovrdfn o ——————— —— — — — — — —
(Decelerate) (Accelerate)

Figure 1. Diagrammatic representation of the testing protocols used. The example here illustrates
the protocol used for the three directional changes (4 x 36 m). A similar approach was used for
the 1 (2 x 72m) and 7 (8 x 18 m) directional change protocols in the investigation. Briefly, subjects
started at point A and were encouraged to accelerate as quickly as possible to the required running
speed of 6 m/s moving towards point B. The target speed for each run was maintained using single
repetitive audio signals and cones to help subjects judge their effort. Upon reaching the 36 m mark
(point B) a different-coloured cone and hearing a double audio signal indicated the start of deceleration
over a 2 m distance until reaching a clearly-marked line. Subjects then turned with both feet placed
beyond the marked line and reaccelerated to the required running speed of 6 m/s taking them back to
point A. Upon reaching point A subjects once again decelerated over a 2 m distance prior to turning.
This process was repeated until the designated number of directional changes were completed.
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All three testing sessions were at least one week apart and completed in-season between 9:30 and
10:30 am prior to training. Subjects were prohibited from taking part in any form of physical activity
within the 48 h preceding testing. A 6-min standardised dynamic warm-up was common to all testing
sessions. A rest period of at least 4 min between warm-up and data collection was also consistently
applied. Once subjects had completed a testing protocol they were immediately seated on a bench
located adjacent to the testing area for 5 min.

Table 1. Characteristics of the directional change (DC) testing protocols. Each protocol included one
(2 x 72 m), three (4 x 36 m), or seven (8 x 18 m) 180-degree directional changes. The distance of each
shuttle run decreased as the number of directional changes increased. The duration of each protocol
also differed due to the 1.5 s delay allocated for each turn. All testing protocols had a total running
distance of 144 m (excluding the 2 m deceleration zones).

Tota.l No. of Distance Protocol HIR No. of No. of
Running of Each . . .
. Runs Duration Speed Decelerations Accelerations
Distance Run
1DC 144 m 2 72m 255s 6m/s 1 2
3DC 144 m 4 36 m 285s 6m/s 3 4
7DC 144 m 8 18 m 345s 6m/s 7 8

Microelectromechanical devices and subjective feedback were used on each testing day to
determine the g-force, HIR distance, HR response, and the perceived exertion associated with
each testing protocol. Each subject wore a 10 Hz GPS unit (Viper; Statsports, Newry, Ireland),
which was positioned between the scapulae, using a tightly fitted, secured vest. Consideration of the
limitations around the use of GPS when measuring high-intensity actions, such as accelerations and
decelerations [21], resulted in the selection of data from the in-built accelerometer, which possesses a
far higher sampling frequency. This data, sampled at 100 Hz, provided the g-force associated with
each impact in the vertical, medial-lateral, and anterior-posterior plane. All the impacts recorded in
each plane (negative entries made positive) were added to provide a total score which was then used
to represent the total magnitude of g-force associated with each protocol. The raw data was accessed
for analysis to reduce the influence of in-built algorithms affecting the data [22]. To standardise any
potential error and maintain consistency throughout the data collection process each subject wore the
same GPS unit for all testing protocols. High-intensity running distance was also collected through
GPS for each directional change protocol. In the current study HIR was used as an indicator of the
constant speed running distance covered at 6 m/s.

Heart rate monitors (Polar T31, Kempele, Finland) were used to assess the physiological demands
placed on subjects throughout each testing protocol. Heart rate exertion wasr used as an indicator of
HR response for this investigation. This indicator was selected as it is one of the most common training
load variables currently being used by professional soccer clubs [23] and provides a global index of
the overall cardiovascular strain associated with an activity. Heart rate exertion is a weighted score,
based on the subject’s HR with respect to their individual maximal heart rate (HRmax) and represents
the total volume of cardiovascular exertion subjects experience relative to time (see Equation (1)) [24].
Each subject’s HRnax was obtained by monitoring HR over a minimum duration of 12 months during
competitive games, training sessions, and maximal endurance tests prior to the investigation. Maximal
endurance tests were undertaken during pre-season, mid-season, and at the end of season. The highest
HRmax score recorded for each subject during the 12 months preceding this investigation were used
for testing. Where a new HRyax was recorded the HR curve was checked for potential error using
appropriate software (Statsports, Ireland). Subject’s RPE was collected at five minutes after each
testing session through the modified version of the Borg Scale [20]. This scale has been shown to be
an effective method for collecting subjective feedback regarding the internal training load in soccer
players post exercise [25]:

HRE = C-2W;-dt; 1)
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Equation (1): Heart rate exertion (Statsports, 2012), where i = 1 to n—the number of time points. C = scaling
constant = 0.0167. W; = HRE weighting for time point i based on HR/HRmax- dt; = T; — Tj_;—time interval in
seconds between successive HR values (0.1). n = number of HR values.

2.4. Statistical Analyses

Data were analysed using statistical software (SPSS version 21, Chicago, IL, USA). A one-way
repeated measures ANOVA was used to determine the effect that each testing protocol had on the
following dependent variables: g-force, HIR distance, HRE, and RPE. Where a main effect was found, a
Bonferroni post hoc test was used to find where the significant differences occurred for each dependent
variable. Effect sizes (ES) were calculated and its magnitude classified as trivial (<0.2), small (0.2-0.6),
moderate (0.6-1.2), large (1.2-2.0), and very large (2.0-4.0) [26]. Confidence intervals (CI) set at 95%
are also presented. The main-effect F values from the ANOVA were reported with the statistical
significance set at p < 0.05. A Pearson’s correlation (significance set at p < 0.01) was used to assess the
relationship between g-force and physiological response (HRE and RPE). This correlation analysis
was repeated to also assess the relationship between HIR and physiological response (HRE and RPE).
The criteria used for interpreting the magnitude of correlation were trivial (<0.1), small (0.1-0.3),
moderate (0.3-0.5), large (0.5-0.7), very large (0.7-0.9), and almost perfect (0.9-1.0) [27]. Results are
presented as means with standard deviations unless otherwise indicated.

3. Results

A significant difference in the mean total g-force (F = 496.50, p = 0.00) was found between the
exercise protocols. This variable was significantly higher (24-32%) for thional changes (8628.2 & 1630.4
g, CI = 8308.7-8947.6) when compared to the protocol which included either one (5888.6 £+ 1159.1 g,
CI = 5643.0-6135.3, ES = 1.9 large, p = 0.00) or three (6526.9 £ 1257.6 g, CI = 6298.4—6755.4, ES = 1.4
large, p = 0.00) directional change(s) (see Figure 2). A significant difference in mean HIR distance (F =
88.49, p = 0.00) was also found when comparing the seven directional change protocol (56 & 15 m, CI =
47-65) to the one (104 £ 11 m, CI = 97-111, ES = 3.53 very large, p = 0.00) or three (101 £ 9 m, CI =
96-107, ES = 3.52 very large, p = 0.00) directional change protocols (see Figure 3). Both protocols which
involved the lowest number of directional change(s) (one and three) produced the highest mean HIR
distance (72% and 70% of the total distance covered) when compared to the protocol which involved
seven directional changes (HIR = 39% of the total distance covered).

There was a significant difference in mean HRE (F = 11.47, p = 0.00) between the protocols.
Subjects obtained the highest mean HRE during the protocol which included seven directional changes
(1.1 £ 0.7, CI = 0.7-1.5). This value was found to be significantly higher (54.5%) than the protocols
which involved either one (0.5 + 0.3, CI = 0.4-0.7, ES = 1.1 moderate, p = 0.004) or three (0.5 £ 0.3,
CI=0.4-0.7, ES = 1.1 moderate, p = 0.005) directional change(s) (see Figure 4). A significant difference
in mean RPE (F = 26.01, p = 0.00) was also found. The protocol which included seven directional
changes resulted in the highest mean RPE score collected from all subjects (5 £ 1, CI = 4-5). This was
significantly higher (40%) than the mean scores recorded in either the one (3 £ 0, CI =3-3, ES=2.7
very large, p = 0.00) or three (3 + 1, CI = 34, ES = 1.9 large, p = 0.00) directional change protocols
(p < 0.05) (see Figure 5).

Correlations indicated that there was a significant positive relationship for total g-force when
compared with both HRE (r = 0.45 moderate, p = 0.004) and RPE (r = 0.6 large, p = 0.000). In contrast to
total g-force, HIR showed a significant negative relationship when compared with both HRE (r = —0.5
large, p = 0.001) and RPE (r = —0.7 large, p = 0.000).
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Figure 2. Mean gravitational force (p < 0.05; large ES).
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Figure 3. Mean high intensity running distance (p < 0.05; very large ES).
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4. Discussion and Conclusions

The current study represents a first attempt to show that frequent directional changes
(decelerations and accelerations) performed at a HIR speed alters the “movement demands” and
increases the cardiovascular and perceived exertion in professional soccer players. These findings
suggest that such deceleration and acceleration actions carry the potential to increase player fatigue
and, therefore, should be carefully considered when quantifying the physical performance in team
sports such as soccer.

The current investigation is the first to show that a systematic increase in the frequency of
deceleration and acceleration actions is related to a change in g-force during shuttle running. In contrast
to previous research, which applied a lower running speed [10], our results clearly demonstrate a
significant rise in g-force alongside an increase in the number of changes in direction. This increase
could be due to the HIR speed applied in this study, which may have increased the intensity of
decelerations and accelerations beyond those previously performed at lower speeds in other studies.
The data collected in this study does not, however, allow us to confirm this suggestion as a range of
running speeds were not investigated in our experimental design. The extent to which the increase
in g-force observed here can be attributed to specific aspects (either deceleration or acceleration)
associated with a change of direction is also unclear from our data. Previous research in soccer
which looked at smaller turning angles concluded that this may be predominantly influenced by the
deceleration phase of directional change [28]. Such findings, however, are not necessarily relevant to
the 180 degree turns used in the current study which involved decelerating/ accelerating to/ from a
stationary position.

An increase in g-force was accompanied by moderate increases in the cardiovascular demand
and large increases in the subjective response to the exercise protocol. This data is supported by
previous research which also observed an increase in HR and RPE due to an increase in frequency
of directional change [10,14,16]. The physiological demands associated with changes of direction as
isolated components (deceleration and acceleration) have not been adequately examined. For instance,
no research has specifically looked at the physiological demands of deceleration. Although the literature
would suggest that constant eccentric activity has a physiological cost that is almost twice lower than
that seen with concentric activity [29-32], these findings are not necessarily relevant to performing short,
intense, eccentric actions, such as the decelerations undertaken in the current investigation. To date,
no studies have attempted to directly measure the physiological demands associated with acceleration
in isolation, though some research does provide indirect attempts to calculate its physiological cost using
equations which compare such actions to uphill running [33]. As decelerations and accelerations do not
necessarily occur as part of directional change in professional soccer, there remains a need for research
that utilises a direct approach when looking at the physiological responses associated with performing
these actions in isolation. Heart rate exertion, the HR variable selected for this study, and commonly
used to monitor the physiological response in professional soccer players [23], did carry some limitation
within the current study design. As HRE is partly dependent on time, the different protocol durations
would have affected the data from each trial. However, these differences in protocol duration would not
account for the large mean HRE differences found within this study (HRE scores 54.5% greater for the
seven directional change protocol when compared to the one or three directional changes).

Changes in movement demands as a result of changing direction were shown to positively
correlate with physiological response. Correlations in this investigation showed moderate to high
relationships between g-force and both the cardiovascular and subjective response to the exercise
stress. Although further research is warranted, it may be that ACC could be an alternative indicator
of intensity for drills incorporating deceleration and acceleration actions. High-intensity running
distance was seen to have a large negative correlation with both HRE and RPE. This would suggest
that total g-force, and not HIR distance, seemed to demonstrate a better relationship with the level of
cardiovascular and subjective response to this particular exercise challenge. A possible explanation as
to why the seven directional change protocol elicited a higher physiological response than the one and
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three directional change protocol could be related to the increased efficiency that may be associated
with performing constant speed HIR at a speed of 6 m/s when compared to actions, such as intense
decelerations and accelerations. Research suggests that more efficient mechanical energy stored in
the series elastic component becomes available at speeds greater than 5 m/s [34]. It may, therefore, be
that the exercise protocol that incorporated the most frequent directional changes (seven) resulted in
less time running at a HIR speed and an increased time performing less energy-efficient movements
(i.e., deceleration and acceleration) than the one and three directional change protocols.

Coaches and practitioners should be aware that increasing the number of 180 degree directional
changes (decelerations and accelerations) at a HIR speed elevates the cardiovascular and perceived
demands in professional soccer players. The current study, therefore, highlights the potential
importance of intense decelerations and accelerations when considering fatigue during game-play.
An approach which considers these actions alongside HIR may provide a better representation of
physical performance in professional soccer. The findings of this study also stress the importance of
considering deceleration and acceleration actions when designing and implementing drills for training
purposes. Although this study specifically looks at high-intensity shuttle running, its findings should
be considered for any training drills which involve regular intense deceleration and acceleration
actions. Such an approach should help to ensure the correct training stimulus is administered.
Limitations of GPS in measuring deceleration and acceleration actions can make monitoring of training
challenging. The results of the current study would suggest that g-force, as measured through
microelectromechanical systems secured on the thoracic spine, which incorporate accelerometers,
may be an alternative means of monitoring the intensity of such actions, although further research is
warranted to confirm this. This study supports the need for a more holistic approach when quantifying
physical performance and calls for a greater understanding of the various movement types and actions
that may contribute to fatigue.

In summary, this study attempted to isolate and manipulate the frequency of directional change
in order to determine whether deceleration and acceleration actions could influence the cardiovascular
and subjective response in professional soccer players. The data indicated that increasing the number of
decelerations and accelerations, at a HIR speed, whilst controlling the distance and speed of movement,
led to an elevated physiological response. Future research should focus on testing a range of faster
running speeds whilst also attempting to isolate directional change into its components, in particular
deceleration and acceleration, and systematically investigate the contribution of each individual action
to the overall movement demand (g-force) and physiological response in professional soccer players.

Author Contributions: R.T. and B.D. conceived and designed the investigation; R.T., CM., GW,, T.C.,, O.M., A.O,,
D.B., R M. and B.D. authors supported the data collection process and contributed to the editing of the manuscript;
R.T. analyzed the data; R.T. and B.D. wrote the paper.

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

References

1.  Carling, C.; Dupont, G. Are declines in physical performance associated with a reduction in skill-related
performance during professional soccer match-play? J. Sports Sci. 2011, 29, 63-71. [CrossRef] [PubMed]

2. Bradley, PS.; Noakes, T.D. Match running performance fluctuations in elite soccer: Indicative of fatigue,
pacing or situational influences? J. Sports Sci. 2013, 31, 1627-1638. [CrossRef] [PubMed]

3. Mohr, M.; Krustrup, P.; Bangsbo, J. Fatigue in soccer: A brief review. ]. Sports Sci. 2005, 23, 593-599.
[CrossRef] [PubMed]

4. Barnes, C.; Archer, D.T.; Hogg, B.; Bush, M.; Bradley, P.S. The evolution of physical and technical performance
parameters in the English Premier League. Int. |. Sports Med. 2014, 35, 1095-1100. [CrossRef] [PubMed]

5. Reilly, T. Motion analysis and physiological demands. In Science and Soccer, 2nd ed.; Reilly, T., Williams, A.M., Eds.;
Routledge: Oxon, UK, 2003; pp. 59-72. ISBN 0-415-26231-3.

6. Bloomfield, J.; Polman, R.; O’'Donoghue, P. Deceleration movements performed during FA Premier League
soccer matches (abstract). J. Sports Sci. Med. 2007, 6, 6.


http://dx.doi.org/10.1080/02640414.2010.521945
http://www.ncbi.nlm.nih.gov/pubmed/21077004
http://dx.doi.org/10.1080/02640414.2013.796062
http://www.ncbi.nlm.nih.gov/pubmed/23808376
http://dx.doi.org/10.1080/02640410400021286
http://www.ncbi.nlm.nih.gov/pubmed/16195008
http://dx.doi.org/10.1055/s-0034-1375695
http://www.ncbi.nlm.nih.gov/pubmed/25009969

Sports 2018, 6, 39 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Osgnach, C.; Poser, S.; Bernardini, R.; Rinaldo, R.; Di Prampero, E. Energy cost and metabolic power in elite
soccer: A new match analysis approach. Med. Sci. Sports Exerc. 2010, 42, 170-178. [CrossRef] [PubMed]
Russell, M.; Sparkes, W.; Northeast, J.; Cook, C.J.; Love, T.D.; Bracken, RM.; Kilduff, L.P. Changes in
acceleration and deceleration capacity throughout professional soccer match-play. J. Strength Cond. Res.
2016, 30, 2839-2844. [CrossRef] [PubMed]

Stevens, T.G.; De Ruiter, C.J.; van Maurik, D.; van Lierop, C.J.; Savelsbergh, G.J.; Beek, P.J. Measured and
Estimated Energy Cost of Constant and Shuttle Running in Soccer Players. Med. Sci. Sports Exerc. 2015, 47,
1219-1224. [CrossRef] [PubMed]

Akenhead, R.; French, D.; Thompson, K.G.; Hayes, PR. The physiological consequences of acceleration
during shuttle running. Int. J. Sports Med. 2015, 36, 302-307. [CrossRef] [PubMed]

Zamparo, P; Zadro, I.; Lazzer, S.; Beato, M.; Sepulcri, L. Energetics of shuttle runs: The effects of distance
and change of direction. Int. ]. Sports Physiol. Perform. 2014, 9, 1033-1039. [CrossRef] [PubMed]

Hader, K.; Mendez-Villanueva, A.; Ahmaidi, S.; Williams, B.K.; Buchheit, M. Changes of direction during
high-intensity intermittent runs: Neuromuscular and metabolic responses. BMC Sports Sci. Med. Rehabilit.
2014, 6, 2. [CrossRef] [PubMed]

Buglione, A.; Di Prampero, PE. The energy cost of shuttle running. Eur. J. Appl. Physiol. 2013, 113, 1535-1543.
[CrossRef] [PubMed]

Hatamoto, Y.; Yamada, Y.; Fujii, T.; Higaki, Y.; Kiyonaga, A.; Tanaka, H. A novel method for calculating the
energy cost of turning during running. J. Sports Med. 2013, 4, 117-122. [CrossRef] [PubMed]

Buchheit, M.; Haydar, B.; Hader, K; Ufland, P.; Ahmaidji, S. Assessing running economy during field running
with changes of direction: Application to 20 m shuttles. Int. J. Sports Physiol. Perform. 2011, 6, 380-395.
[CrossRef] [PubMed]

Dellal, A.; Keller, D.; Carling, C.; Chaouachi, A.; Wong, D.P.; Chamari, K. Physiological effects of directional
changes in intermittent exercise in soccer players. J. Strength Cond. Res. 2010, 24, 3219-3226. [CrossRef]
[PubMed]

Hader, K.; Mendez-Villanueva, A.; Palazzi, D.; Ahmaidi, S.; Buchheit, M. Metabolic power requirement of
change of direction speed in young soccer players: Not all is what it seems. PLoS ONE 2016, 11, e0149839.
[CrossRef] [PubMed]

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

Buchheit, M.; Bishop, D.; Haydar, B.; Nakamura, FY.; Ahmaidi, S. Physiological responses to shuttle
repeated-sprint running. Int. ]. Sports Med. 2010, 31, 402-409. [CrossRef] [PubMed]

Foster, C.; Hector, L.L.; Welsh, R.; Schrager, M.; Green, M.A.; Snyder, A.C. Effects of specific versus
cross-training on running performance. Eur. J. Appl. Physiol. Occup. Physiol. 1995, 70, 367-372. [CrossRef]
[PubMed]

Varley, M.; Fairweather, I.; Aughey, R. Validity and reliability of GPS for measuring instantaneous velocity
during acceleration, deceleration, and constant motion. J. Sports Sci. 2012, 30, 121-127. [CrossRef] [PubMed]
Alexander, ].P.; Hopkinson, T.L.; Wundersitz, D.W.; Serpell, B.G.; Mara, ] K.; Ball, N.B. Validity of a wearable
accelerometer device to measure average acceleration values during high-speed running. J. Strength Cond. Res.
2016, 30, 3007-3013. [CrossRef] [PubMed]

Akenhead, R.; Nassis, G.P. Training load monitoring in high-level football: Current practice and perceptions.
Int. ]. Sports Physiol. Perform. 2016, 11, 587-593. [CrossRef] [PubMed]

Statsports Technologies Ltd. Viper Metrics; Statsports: Louth, UK, 2012.

Kelly, D.M,; Strudwick, A.J.; Atkinson, G.; Drust, B.; Gregson, W. The within-participant correlation between
perception of effort and heart rate-based estimations of training load in elite soccer players. J. Sports Sci.
2016, 34, 1328-1332. [CrossRef] [PubMed]

Hopkins, W.G. Spreadsheet for analysis of controlled trials with adjustment for a subject characteristics.
Sportscience 2006, 10, 46-50.

Hopkins, W.G. A Scale of Magnitudes for Effect Statistics. A New View of Statistics 2000. Retrieved 25 March
2018. Available online: http://www.sportsci.org/resource/stats/index.html (accessed on 20 March 2018).
Nedergaard, N.J.; Kersting, U.; Lake, M.J. Using accelerometry to quantify deceleration during a high
intensity soccer turning manoeuvre. J. Sports Sci. 2014, 32, 1897-1905. [CrossRef] [PubMed]


http://dx.doi.org/10.1249/MSS.0b013e3181ae5cfd
http://www.ncbi.nlm.nih.gov/pubmed/20010116
http://dx.doi.org/10.1519/JSC.0000000000000805
http://www.ncbi.nlm.nih.gov/pubmed/25474342
http://dx.doi.org/10.1249/MSS.0000000000000515
http://www.ncbi.nlm.nih.gov/pubmed/25211365
http://dx.doi.org/10.1055/s-0034-1389968
http://www.ncbi.nlm.nih.gov/pubmed/25415387
http://dx.doi.org/10.1123/ijspp.2013-0258
http://www.ncbi.nlm.nih.gov/pubmed/24700201
http://dx.doi.org/10.1186/2052-1847-6-2
http://www.ncbi.nlm.nih.gov/pubmed/24417863
http://dx.doi.org/10.1007/s00421-012-2580-9
http://www.ncbi.nlm.nih.gov/pubmed/23299795
http://dx.doi.org/10.2147/OAJSM.S39206
http://www.ncbi.nlm.nih.gov/pubmed/24379716
http://dx.doi.org/10.1123/ijspp.6.3.380
http://www.ncbi.nlm.nih.gov/pubmed/21911863
http://dx.doi.org/10.1519/JSC.0b013e3181b94a63
http://www.ncbi.nlm.nih.gov/pubmed/19996785
http://dx.doi.org/10.1371/journal.pone.0149839
http://www.ncbi.nlm.nih.gov/pubmed/26930649
http://dx.doi.org/10.1080/02640414.2012.658079
http://www.ncbi.nlm.nih.gov/pubmed/22335343
http://dx.doi.org/10.1055/s-0030-1249620
http://www.ncbi.nlm.nih.gov/pubmed/20422503
http://dx.doi.org/10.1007/BF00865035
http://www.ncbi.nlm.nih.gov/pubmed/7649149
http://dx.doi.org/10.1080/02640414.2011.627941
http://www.ncbi.nlm.nih.gov/pubmed/22122431
http://dx.doi.org/10.1519/JSC.0000000000001396
http://www.ncbi.nlm.nih.gov/pubmed/26937772
http://dx.doi.org/10.1123/ijspp.2015-0331
http://www.ncbi.nlm.nih.gov/pubmed/26456711
http://dx.doi.org/10.1080/02640414.2016.1142669
http://www.ncbi.nlm.nih.gov/pubmed/26852624
http://www.sportsci.org/resource/stats/index.html
http://dx.doi.org/10.1080/02640414.2014.965190
http://www.ncbi.nlm.nih.gov/pubmed/25394197

Sports 2018, 6, 39 11 of 11

29.

30.

31.

32.

33.

34.

Knuttgen, H.G.; Klaussen, K. Oxygen debt in short-term exercise with concentric and eccentric muscle
contraction. J. Appl. Physiol. 1971, 30, 632-635. [CrossRef] [PubMed]

Navalta, ].W. Physiological responses to downhill walking in older and younger individuals. J. Exerc. Physiol.
2004, 7, 45-51.

Pivarnik, ].M.; Sherman, N.W. Responses of aerobically fit men and women to uphill/downhill walking and
slow jogging. Med. Sci. Sports Exerc. 1990, 22, 127-130. [CrossRef] [PubMed]

Robergs, R.A.; Wagner, D.R.; Skemp, K.M. Oxygen consumption and energy expenditure of level versus
downhill running. . Sports Med. Phys. Fit. 1997, 37, 168-174.

Di Prampero, E.; Fusi, S.; Sepulcri, L.; Morin, ].B.; Belli, A.; Antonutto, G. Sprint running: A new energetic
approach. J. Exp. Biol. 2005, 208, 2809-2816. [CrossRef] [PubMed]

Cavagna, G.A.; Komarek, L.; Mazzoleni, S. The mechanics of sprint running. J. Physiol. 1971, 217, 709-721.
[CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1152/jappl.1971.30.5.632
http://www.ncbi.nlm.nih.gov/pubmed/5572785
http://dx.doi.org/10.1249/00005768-199002000-00020
http://www.ncbi.nlm.nih.gov/pubmed/2304407
http://dx.doi.org/10.1242/jeb.01700
http://www.ncbi.nlm.nih.gov/pubmed/16000549
http://dx.doi.org/10.1113/jphysiol.1971.sp009595
http://www.ncbi.nlm.nih.gov/pubmed/5098087
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Subjects 
	Testing Procedures 
	Methodology 
	Statistical Analyses 

	Results 
	Discussion and Conclusions 
	References

