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Abstract: How the match-derived load metrics relate to post-match fatigue in soccer is scarcely
researched. Thus, the aim of this study was to determine the associations between soccer match-
related internal and external loads, neuromuscular performance decrease and intermittent-running
endurance capacity decrement immediately post-match. Vertical jump (countermovement jump),
straight-line sprinting (10- and 20-m sprint), change of direction ability (T-test) and intermittent-
running endurance capacity (YO-YO intermittent recovery level 2) were measured one day before
and immediately after a friendly match in male soccer players. During the match, players’” internal
and external loads were also monitored, including heart rate-derived indices, total distance at
various speed thresholds, average running velocity, maximal running velocity, number of sprints
and number of accelerations and decelerations at various intensity thresholds. The results show
that match-induced fatigue was reflected on neuromuscular performance and intermittent-running
endurance capacity immediately post-match (p < 0.05). The quantification of percentage change of
match external-load metrics, particularly accelerations and decelerations, provides a useful non-
invasive predictor of subsequent neuromuscular fatigue status in soccer players immediately post-
match (p < 0.05). However, only internal load metrics present a practical application for predicting
intermittent-running endurance capacity impairment (p < 0.05). In summary, internal and external
load metrics may allow for predicting the extent of acute fatigue, and variability between halves may
represent a valuable alternative to facilitate the analysis of match-related fatigue both for research
and applied purposes.

Keywords: fatigue; intermittent running; match loads; neuromuscular; soccer

1. Introduction

Soccer match load alters the biochemical milieu, increases muscle damage and causes
glycogen depletion due to its high-intensity intermittent nature [1,2], leading to neuromus-
cular fatigue (NMF) and physical performance impairment up to 72-96-h post-match [1].
While previous studies concerning the etiology of fatigue after matches have mainly fo-
cused on peripheral impairments, recent studies suggest that competitive match play also
elicits perturbations in the functioning of the central nervous system which take days to
recover [3].

Although challenging due to the multi-factorial nature of fatigue, an effective neu-
romuscular performance and intermittent-running endurance capacity monitoring could
provide insights into soccer players’ physiological status, which may then further help
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in the attempt to control the athletes” adaptations and reduce the susceptibility of injury
and illness [4]. On one hand, the gold standard assessment of NMF requires magnetic or
electrical nerve stimulation, but this approach is impractical in the applied sport setting [5].
To overcome this limitation, NMF can be quantified via countermovement jump perfor-
mance (CM]J). It has been suggested that its high repeatability and sensitivity prove its
usefulness as a fatigue marker [6], even compared with the sprint performance [7]. On
the other hand, intermittent-running endurance capacity can be measured using YO-YO
intermittent recovery (YO-YO IR) tests, a simple method for examining a player’s capacity
to perform repetitive high-intensity aerobic exercise [8]. The YO-YO IR1 test has been
suggested as a method primarily to test endurance capacity, whereas the YO-YO IR2 test
was introduced to determine the ability to repeatedly perform intense exercise with a high
anaerobic energy contribution [8].

Monitoring fatigue status through neuromuscular performance and intermittent-
running endurance capacity is, however, time-consuming and may involve performance
tests or invasive measurements that are difficult to implement in the daily training routine.
Consequently, fatigue monitoring requires practical approaches using data derived in
training sessions and the development of tools to enable the simultaneous, instantaneous
and non-invasive capture of multiple sources of information during match play [9]. In this
scenario, time-motion analysis using wearable tracking devices is now commonplace in
sport research and practice [10], and requires minimal player involvement and additional
assessments [11]. The use of such technology in team sports has increased in recent
years, both in research and in practical applications [10]. These devices provide large
amounts of external load data, such as total distance covered (TD), distance covered at
different speed intensities, count and distance on accelerations and decelerations at different
intensity thresholds or number of physical contacts, among others. These derived physical
performance metrics can be used to lead the decision-making of athlete training direction
and to determine when to apply the next training stimulus [10]. Moreover, they could
also be used to assess fatigue level, to help in planning the recovery process and in injury
prevention [10].

Accordingly, some associations have been made between match activity metrics and
fatigue measures. A recent systematic review analyzed the relationships between match
external-load metrics and acute (up to 24-h) and residual (up to 72-h) fatigue markers.
The findings indicate that very high-intensity running activities (>5.5 ms~!) are strongly
correlated with NMF based on the CMJ performance, but only during the first 24-h after a
match [12]. Yet, how the match-derived internal load variables relate to post-match fatigue
is scarcely researched. Studies investigating several external load variables and their effect
on sprint or intermittent running performance are also needed [11]. Therefore, the main
aim of the present study was to determine the associations between soccer match-related
internal and external loads, neuromuscular performance decrease and intermittent-running
endurance capacity decrement immediately post-match. This investigation approach could
maximize the opportunity to predict short-term neuromuscular and intermittent running
performance impairments from internal and external loads, identifying which metrics are
the most relevant in fatigue player management.

2. Materials and Methods
2.1. Participants

Ten male semiprofessional soccer players (age = 22.92 & 2.38 years; height = 176.5 &+ 4.84 cm;
body mass =71.18 £ 5.7 kg) from a team participated in this study. The team usually trained
four days per week. Training sessions included a higher volume of small-sided games
(SSGs) than unopposed technical or tactical drills and fitness training. All participants were
healthy and were informed of the procedures, methods, benefits and possible risks related
to the study. The procedures were in accordance with the ethical standards on human
experimentation established in the Declaration of Helsinki (1964), updated in Fortaleza
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(2013). All players signed a statement of informed consent to participate in the study,
approved by the Ethics Committee of the University of the Basque Country.

2.2. Experimental Design

All the procedures were carried out in-season (week without official competition).
Players were requested to avoid physical exercise in the 48-h preceding baseline measure-
ments. Instructions for each test were provided in a familiarization session four weeks
before the baseline measurements.

The friendly match was played in the morning (11:00 am, 15.2 °C, 77.2% relative
humidity) on a turf surface. The match lasted 90 min, and each player played the full time
(no substitutions were permitted). The 4-4-2 formation was used by the team involved in
the current study, so internal and external loads were obtained from all playing positions
of this formation. Each player played the full match in the same position. Therefore,
plausible positional differences did not influence the predictive capacity of external or
internal load measurements. The players were tested in a covered pavilion to maintain
similar environmental conditions during testing procedures. They did not accomplish the
test protocol wearing soccer boots.

One day before the match, data of neuromuscular performance and intermittent-
running endurance capacity were collected. They were considered as baseline measure-
ments (pre-match). The test battery started with short anaerobic tests and ended with stren-
uous tests, and was carried out in the following order: vertical jump (CMJ), straight-line
sprinting (10- and 20-m sprint), change of direction ability (COD; T-test) and intermittent-
running endurance capacity (YO-YO IR2). Participants performed three CM], two sprints
over 20-m (10-m data was also obtained), two T-tests and the YO-YO IR2. In the straight-
line sprinting and T-test, the players decide to start when ready, without any reaction time
bias. All players repeated the attempts with a 3-min recovery period between them, while
a 5-min recovery period was applied between tests. The time needed to test all of the
players (players walking to the testing station, getting in order, etc.) helped to provide the
rest period of several minutes for each player. All measurements were performed again
immediately after the match (the time between the end of the match and the CMJ was
~10-min). The same testing order was also applied.

A standard warm-up was conducted before physical performance tests. It included
jogging, dynamic stretching, jumps, COD drills, acceleration runs and sprints. Participants
also performed the standard warm-up before the match.

2.3. Physical Performance Measurements

The CM]J performance was evaluated using the variable jump height, which has
shown excellent test-retest reliability for measuring NMF, with an intraclass correlation
coefficient (ICC) of 0.88 and a coefficient of variation (CV) of 4.8% in elite youth soccer
players [13]. Jump height was measured using a platform with infrared rays (Optojump
Next, Microgate®, Bolzano, Italy). The mean values of the three jumps were used for further
statistical analysis, because the average value is more sensitive than the highest one in
identifying fatigue [14].

Three pairs of photoelectric cells (Microgate Racetime2, Microgate®, Bolzano, Italy)
placed 0.4 m above the ground were used to evaluate the straight-line sprinting perfor-
mance. The players started when they were ready from a standing position of 0.5 m away
from the first photocell gate and sprinted to the finish line (20-m) where the last photocell
had been located (finish time). The mean time of both attempts were used for further
statistical analyses.

The COD performance was evaluated by the T-test, which was administered using
the protocol outlined by Semenick [15]. It has shown high reliability (» = 0.89) in male
soccer players [16]. The COD performance was measured using photocell gates (Microgate
Racetime2, Microgate®, Bolzano, Italy). One pair of photoelectric cells was set 0.4 m above
the ground and located 3 m apart, with each cell facing each other on either side of the
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starting line. The clock started when players passed the photoelectric cells, and the clock
stopped the instant they again crossed the photoelectric cells. The mean time of both
attempts were used for further statistical analyses.

Intermittent-running endurance capacity was measured using the YO-YO IR2 as de-
scribed by Krustrup et al. [17]. It has a high reproducibility and sensitivity, so individual
differences and changes in the performance of players can be examined in a simple man-
ner [17]. The test consisted of repeated two 20-m runs at a progressively increased speed
controlled by audio bleeps. When the player failed to reach the finishing line in time twice,
the distance covered was recorded and represented the test result.

2.4. Match Loads Monitoring

Internal and external responses encountered by players during the match were as-
sessed through 20 Hz portable heart rate (HR) monitors and GPS-units with a frequency of
10 Hz (Polar Team Pro, Polar Electro®, Kempele, Finland). After the match, data were down-
loaded to a computer and analyzed offline using a customized software package. Players’
internal load was recorded during the match using the following metrics: average heart rate
(HR) calculated as a percentage of the maximal HR (%HRavg), maximal HR calculated as a
percentage of the maximal HR (%HRmax) and the total time (min) spent in five intensity
zones (expressed as a percentage of HRmax): 50-59%, 60-69%, 70-79%, 80-89% and >90%
of HRmax. Players’ external load was recorded using the following metrics: TD, distances
covered at different speed thresholds (3.00-6.99 km/h, 7.00-10.99 km/h, 11.00-14.99 km/h,
15.00-18.99 km/h and >19.00 km/h), average running velocity (Vavg), maximal running
velocity (Vmax), number of sprints (>23 km/h), number of total accelerations in different
intensity categories (low-intensity: <1.0 m/s?; low- to moderate-intensity: 1.0 to 1.9 m/s?;
moderate- to high-intensity: 2.0 to 2.9 m/s?; high-intensity: >3.0 m/s?) and number of
total decelerations in different intensity categories (low-intensity: <—1.0 m/s?; low- to
moderate-intensity: —1.0 to —1.9 m/s?; moderate- to high-intensity: —2.0 to —2.9 m/s?;
and high-intensity: >—3.0 m/ sz).

2.5. Statistical Analyses

Normal distribution and homogeneity of variances were tested using the Shapiro-Wilk
test and the Levene test, respectively. Differences in internal and external loads between
two halves and between pre- and post-match measurements (CM], sprint, T-test and YO-
YO IR2) were calculated using the paired samples t-test. Data are presented as mean (M)
=+ standard deviation (SD), and differences are also expressed as the percentage change
(delta; A). Standardized differences based on Hedges’ g effect size (ES) were calculated
to analyze the practical significance of match-induced fatigue. ES < 0.2, 0.2-0.5, 0.5-0.8
and >0.8 were considered as trivial, small, moderate and large, respectively [18]. Moreover,
a qualitative probabilistic mechanistic inference (90% confidence intervals) was applied
to evaluate match-induced fatigue, with inferences based on standardized thresholds for
the smallest worthwhile change (SWC), set as 0.2 of the baseline SD [19]. The qualitative
probabilistic terms were assigned according to the following thresholds [20]: <0.5%, most
unlikely or almost certainly not; 0.5-5%, very unlikely; 5-25%, unlikely or probably not;
25-75%, possibly; 75-95%, likely or probably; 95-99.5%, very likely; and >99.5%, most likely
or almost certainly. After that, Pearson’s correlation was used to measure the degree of
association of match loads and physical performance measurements. The magnitude of the
correlation coefficient was interpreted as follows: <0.10, trivial; 0.11-0.30, small; 0.31-0.50,
moderate; 0.51-0.70, large; 0.71-0.90, very large; and >0.90, almost perfect. Finally, a
backward stepwise regression was applied to find the match loads that best explain the
fatigue occurrence after a soccer match. Interpretation of the strength of the relationship
based on the R-squared coefficient was carried out using the following scale [21]: <0.3, very
weak effect; 0.3-0.5, weak or low effect; 0.5-0.7, moderate effect; and >0.7, strong effect.
Correlation and regression analysis were performed using the percentage change (delta; A)
of both match loads and physical performance measurements. The statistical significance
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was established at p < 0.05. Statistical analyses were performed using the JASP 0.16.3.0
software (University of Amsterdam, Amsterdam, The Netherlands).

3. Results

Table 1 present the match-related internal and external loads. A substantial decrease
in the time at 90-100% HRmax was only observed in the 2nd half compared with the 1st
half. A of internal load variables range from 0.09 & 3.14 (% HRmax) to 76.68 + 64.24 (time
at 50-59% HRmax). A of external loads range from —18.33 & 3.44 (number of sprints) to
7.56 £ 28.3 (TD at 15.00-18.99 km/h).

Table 1. Match-related internal and external loads.

1st Half 2nd Half A

(M + SD) (M + SD) (% Change)
Internal loads
%HRavg 785+ 6.7 751 +7.22 —415+72
Y%HRmax 941 +5.2 94.2 4+ 6.27 0.09 £+ 3.14
Time (min) at 50-59% HRmax 1.46 +£2.58 2.57 £3.03 76.68 £ 64.24
Time (min) at 60-69% HRmax 6.85 + 4.39 8.21 £+ 6.69 17.5 + 80.56
Time (min) at 70-79% HRmax 13.56 + 5.64 14.33 + 3.82 13.91 + 24.81
Time (min) at 80-89% HRmax 16.75 £ 5.8 15.66 £ 7.23 —2.22 £40.2
Time (min) at 90-100% HRmax 6.28 +8.22 424 +6.15* —32.68 + 64.8
External loads
TD (m) 5074.26 + 462.27 4816.29 + 484.68 —4.47 +£11.74
TD (m) at 3.00-6.99 km/h 2072.09 + 296.53 1966.03 + 129.12 —3.62 £ 12.57
TD (m) at 7.00-10.99 km/h 1524 4+ 221.87 1440.03 + 213.22 —4.38 + 1447
TD (m) at 11.00-14.99 km/h 935.08 £ 209.51 852.05 £+ 271.28 —9.09 +19.8
TD (m) at 15.00-18.99 km/h 369 + 98.71 389.08 £+ 119.30 7.56 + 28.3
TD (m) at >19.00 km/h 174.09 £+ 84.77 169.1 £ 115.24 —1.2 £ 65.46
Vavg 6.68 £0.43 6.36 = 0.46 —4.54+7.82
Vmax 2544 +1.14 24.88 +1.24 —217+ 34
No. sprints (>23 km/h) 54 +£259 44 +246 —18.33 £ 344
No. high-intensity DEC (>—3.0 m/s?) 329 £5.86 32.8 £ 4.69 1.43 +18.29
No. moderate to high-intensity DEC (—2.9 to —2.0 m/s?) 65.7 + 12.36 65.5 +12.15 —0.08 + 6.39
No. low to moderate DEC (—1.9 to —1.0 m/s?) 83.2 +16.47 76.6 = 9.59 —6.35 +11.12
No. low DEC (—0.9 to —0.5 m/s?) 210 + 13.82 205.3 + 12.64 —2.13 £4.38
No. low ACC (0.5 to 0.9 m/s?) 199.2 + 19.76 195.6 + 14.70 —1.53 £4.93
No. low to moderate ACC (1.0 to 1.9 m/s?) 121.3 £ 26.24 114.9 £ 18.98 —-3.9 £10.55
No. moderate to high-intensity ACC (2.0 to 2.9 m/s?) 66.3 + 8.42 64.1 £7.09 —2.83 + 8.09
No. high-intensity ACC (>3.0 m/s?) 31.5£5.93 30.5 + 5.02 —2.64 £ 5.64

ACC: accelerations; DEC: decelerations; HRmax: maximum heart rate; HRavg: average heart rate; TD: total
distance covered; Vmax: maximal velocity; Vavg: average velocity. * Statistically significant difference (p < 0.05).

Neuromuscular performance decrements and intermittent-running endurance ca-
pacity impairment immediately post-match are reported in Table 2. The match induced
a probable decrease in CMJ height (A —9.21 + 3.12, ES —0.59 [—1.49, 0.30], moderate),
whereas decreases were almost certainly observed at post-match both in T-test perfor-
mance (A7.55+ 293, ES 2.26 [1.14, 3.38], large) and in YO-YO IR2 distance covered
(A —41.26 £9.59, ES —2.43 [-3.58, —1.27], large). No significant differences between
pre- and post-match were found in 10-m sprint performance (A 3.32 & 4.85, ES 0.60 [—0.27,
1.52], moderate), but a very likely impairment in 20-m sprint performance was induced by
the match loads (A 4.73 & 5.15, ES 0.92 [0.00, 1.84], large).
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Table 2. Mean differences, standardized differences and qualitative probabilistic mechanistic infer-

ence of neuromuscular performance and intermittent-running endurance capacity.

Pre-Match Post-Match A (% Change) p ES (95% CI) Mag]ril?tu de Prl(:;:relll‘:j:lc
CM] height (cm)  36.71 £5.18 334+£542* —9.21 £3.12 0.000 —0.59 (—1.49, 0.30) Moderate Probably
10-m sprint (s) 1.8 4+ 0.07 1.86 £ 0.11 3.324+4.85 0.058 0.62 (—0.27,1.52) Moderate Probably
20-m sprint (s) 3.12 £0.08 326 £0.19* 4.73 £5.15 0.018 0.92 (0.00, 1.84) Large Very likely
T-test (s) 9.33 +0.21 10.04 £0.37* 7.55 £2.93 0.000 2.26 (1.14, 3.38) Large Almost certainly
YO-YOIR2 (m) 648 +102.93 384 £105.32* —41.26 £ 9.59 0.000 —2.43(—3.58, —1.27) Large Almost certainly

CI: confidence interval; CM]: countermovement jump; ES: effect size; YO-YO IR2: Yo-Yo intermittent recovery test
level 2. * Statistically significant difference (p < 0.05).

The relationships reported in Table 3 demonstrate that some match-loads in particular
thresholds most importantly correlate with A of CM] height and 10-m sprint. On one hand,
A of %HRmax and time at 90-100% HRmax were largely correlated with A of 10-m sprint
(r=0.636, p =0.048; r = 0.660, p = 0.038, respectively). On the other hand, A of number of
high-intensity decelerations and accelerations was largely correlated with A of CM]J height
(r=0.689, p = 0.027; r = —0.645, p = 0.044, respectively).

Table 3. Correlations between percentage change (A) of match-related loads and percentage change

(A) of neuromuscular performance and intermittent-running endurance capacity.

r r Magnitude p
A 10-m sprint and A %HRmax 0.636 Moderate 0.048
A 10-m sprint and A time (min) at 90-100% HRmax 0.660 Moderate 0.038
A CM]J height (cm) and A No. high-intensity DEC (>—3.0 m/s?) 0.689 Moderate 0.027
A CMJ height (em) and A No. high-intensity ACC (>3.0 m/ s%) —0.645 Moderate 0.044

ACC: accelerations; CM]J: countermovement jump; DEC: decelerations; HRmax: maximum heart rate; TD: total
distance covered; A: percentage change.

The internal and external load metrics that may allow for predicting the match-related
fatigue are depicted in Table 4. All internal and external load variables showed a non-
significant effect in relation to A of CM] height. A of time at 90-100% HRmax (R? = 0.435,
weak effect) and different ranges of accelerations and decelerations (R2 = 0.888, strong
effect) were the main predictors of A of 10-m sprint. However, the percentage change of the
20-m sprint may be predicted only from different ranges of accelerations and decelerations
(R? = 0.981, strong effect). The T-test performance decrement may be predicted from TD
covered at different intensities (R? = 0.813, strong effect), Vavg and Vmean (R? = 0.650, mod-
erate effect) and different ranges of accelerations and deceleration (R? = 0.993, strong effect).
Finally, internal load metrics may predict YO-YO IR2 impairment (R? = 0.999, strong effect),
but external load variables were not significantly related to the YO-YO IR2 impairment.
Internal or external load variables not shown in Table 4 reported non-significant values,
thus may not be used for predicting changes in neuromuscular performance decrements
and intermittent-running endurance capacity impairment immediately post-match.
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Table 4. Values of multiple linear regression with backward stepwise elimination explaining the
contribution of internal and external loads to the percentage change (A) of fatigue measurements.
Only statistically significant models are reported.

Model
Dependent ode Independent Variable B SE B P VIF
arable R R Adjusted R? F
Internal load:
A0 0660 0435 0.365 6.165 A Time (min) at 90-100% HRmax 0049 002 0660 0038  1.000
sprint External load (ACC and DEC):
© 0.943 0.888 0.749 6.368 A No. moderate to high-intensity DEC (—2.9 to —2.0 m/s?) 0.510 0.158 0.673 0.032 1.563
A No. low to moderate DEC (1.9 to —1.0 m/s?) —0.450 0.105 —1.031  0.013 2.067
A No. high-intensity ACC (>3.0 m/s?) —1.104 0.258 —1.285 0.013 3.230
External load (ACC and DEC):
A 20-m A No. moderate to high-intensity DEC (—2.9 to —2.0 m/s?) 1.078 0.142 1.337 0.005 4.860
sprint 0.990 0.981 0.943 25.675 A No. low to moderate DEC (—1.9 to —1.0 m/s2) —0.614  0.084 —1.324  0.005 5.103
s A No. low DEC (—0.9 to —0.5 m/s?) 0.513 0.140 0.437 0.035 2.220
A No. low ACC (0.5 to 0.9 m/s?) 0.868 0.171 0.829 0.15 4.198
A No. high-intensity ACC (>3.0 m/s?) —1.687  0.265 —1.846  0.008 13.190
External load (distances):
A TD (m) at 3.00-6.99 km/h —0.222  0.052 —0.955  0.005 1.619
0.902 0813 0.719 8.692 A'TD (m) at 15.00-18.99 km/h 0147 0035 1424 0006  3.698
ATD (m) at >19.00 km/h —0.035  0.014 —0.789  0.048 3.269
External load (velocity):
A T-test 0.806 0.650 0.550 6.510 A Vavg 0.428 0.122 1.144 0.010 2.127
(s) A Vmax —0.877  0.280 —-1.019  0.017 2127
External load (ACC and DEC):
A No. moderate to high-intensity DEC (—2.9 to —2.0 m/s?) 0.583 0.050 1.274 0.001 4.860
A No. low to moderate DEC (—1.9 to —1.0 m/s?) —0.410  0.029 —1.558  <0.001 5.103
0.9% 0993 0.978 67532 A No. low DEC (—0.9 to —0.5 m/s2) 0237 0049 0355 0017 2220
A No. low ACC (0.5 to 0.9 m/s?) 0.976 0.060 1.643 <0.001 4.198
A No. moderate to high-intensity ACC (2.0 to 2.9 m/s?) 0.625 0.046 1.727 <0.001 6.486
A No. high-intensity ACC (>3.0 m/s?) —1.531 0.093 —2.951 <0.001 13.190
Internal loads
A %HRavg 0.722 0.069 0.579 0.008 4.497
A YO-YO A %HRmax —2900 0.173 —0.948  0.004 5.396
p A Time (min) at 50-59% HRmax 0.027 0.001 1.706 0.002 7.613
fﬁz) 0999 0999 0995 239936 A Time (min) at 60-69% HRmax 0300 0008 —2517 <0001 8025
A Time (min) at 70-79% HRmax —0.155  0.012 —0.402  0.006 1.544
A Time (min) at 80-89% HRmax —-0.075 0.013 —0.315  0.030 5272
A Time (min) at 90-100% HRmax —0.209  0.006 —1.412  <0.001 3.098

ACC: accelerations; B: unstandardized regression coefficients; 3: standardized regression coefficients; DEC:
decelerations; HRavg: average heart rate; HRmax: maximum heart rate; SE: standard error of the regression
coefficients; TD: total distance covered; Vavg: average velocity; VIF: variance inflation factor; Vmax: maximal
velocity; YO-YO IR2: Yo-Yo intermittent recovery test level 2; A: percentage change.

4. Discussion

The aim of the present study was to determine the associations between soccer match-
related internal and external loads, neuromuscular performance decrease and intermittent-
running endurance capacity decrement immediately post-match. The main findings indi-
cate that the quantification of A of match external-load metrics, particularly accelerations
and decelerations, provide a useful non-invasive predictor of subsequent NMF status
in soccer players immediately post-match. However, only internal load metrics present
practical applications for predicting intermittent-running endurance capacity impairment.

Although muscle fatigue in soccer is considered a multifactorial process with contribu-
tion from different fatiguing mechanisms (metabolic, mental, morphological, biochemical,
etc.), muscle glycogen depletion has been highlighted as a key factor associated with fa-
tigue late in a game, as well as in determining recovery after a game or an intense training
session [2]. Low glycogen in individual muscle fibers and subcellular compartments in the
muscle cell is likely to negatively affect several essential steps in the excitation—contraction
coupling such as action potential propagation, muscle excitability, calcium handling and
cross-bridge cycling through reductions in muscle ATP, which are suggested sites of muscle
function impairment inducing muscle fatigue [2]. Consequently, NMF results in decreased
force-production capacity concurrent with impairments in the muscle-stretch shortening
cycle (SSC) [22].

Measurements of neuromuscular capacity involving SSC, such as a CM], have been
previously reported to be able to detect fatigue status in soccer players following match
play [1]. The scientific literature investigating the effects of a soccer match on CM]J perfor-
mance showed that performance decreases immediately post-match compared to pre-match
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(A: —5.5%; range: —11.9%, 2.9%; ES: —0.5) [1], which are of a similar magnitude to the cur-
rent results. However, the CMJ height relationship to match loads has showed confounding
results. On one hand, a dose-response relationship was found between CMJ height and
low, medium, and high PlayerLoad at 0.5-h post-match [23]. On the other hand, different
studies did not find correlations between CM]J height at 0.5-h post-match and external load
measurements [3,24]. The current results indicate that A CM] height decrement could be
largely linked to A of high-intensity decelerations and accelerations, which target the same
muscles that are active in CM]. Differences between the previous results and the current
ones may be explained by the outcome metric. Utilizing an outcome metric such as jump
height alone may mask the effects of fatigue. Some athletes may alter their jump mechanics
when fatigued in order to help maintain jump height [6]. Recent recommendations have
suggested that the ratio of flight time to contraction time (FT:CT) may be a more sensitive
measure [23], but equipment availability did not allow it to be measured. Notwithstanding,
as with previous results [11], we did not find any internal or external load metric that
causes NMF to be able to predict CM] height decrement. Thus, a change in match load
could cause either trivial change, or substantial increase or decrease in the jump height.

Fatigue also involves changes in maximal force, maximal shortening velocity and the
curvature of the force—velocity relationship with different underlying mechanisms [25].
In soccer, match-related fatigue is determined by a combination of central and peripheral
factors immediately after the match, but central fatigue seems to be the main cause of the
decline in sprinting ability [26]. Concretely, peak speed impairment of soccer players during
maximal exercise such as sprinting may be explained by a reduction in voluntary activa-
tion [26]. Thus, it might be presumed that the significant 20-m sprint impairment observed
in the current study may derive from central factors. This reduction in performance is
slightly larger than previous findings (A: 2.5%; range: 1.4%, 3.5%; ES: 0.8) [1]. However, this
20-m sprint performance impairment is not accompanied by the 10-m sprint time decrease
between the baseline and post-match, which agree with previous findings [3]. In contrast
to CM], how the match-derived load variables relate to post-match sprint performance
is scarcely researched. The current results indicate that A of 10-m sprint time is largely
correlated with some internal loads, in opposition to previous results, which reported no
correlations between any of the match-running variables and pre-post changes in measures
of the 10- and 20-m sprint [3]. However, the 10- and 20-m sprint performance decrement
can be predicted quite accurately using the A of accelerations and decelerations in particular
thresholds. Intense accelerations and decelerations are particularly related to NMF [27].
Accelerations have a higher metabolic cost compared to decelerations and a greater neural
activation of working muscles compared to constant-speed running [28-30]. Decelerations
have a higher mechanical load [31] that can inflict greater damage on soft-tissue structures
especially if high-force impacts cannot be attenuated efficiently [32]. Consequently, these
actions may contribute to induced muscle damage, reduced neural drive and mechanical
fatigue with potential detrimental effects on performance outcomes [33-36]. Indeed, the
current results lead to a better understanding of the mechanisms underlying why soccer
players are fatigued and give insight into NMF which affects sprinting performance.

The high-intensity accelerations and decelerations, commonly sequenced with COD,
are crucial for physical performance in soccer. However, the very complex nature of COD
performance also relies on straight sprinting speed, reactive strength, technique to change
direction, balance, leg muscle properties and anthropometric factors [37,38]. Similarly, the
current results show that TD covered at different intensities, Vavg and Vmean and, mainly,
accelerations and decelerations are the best predictors of COD performance decrement.
Match-induced fatigue results in a moderate decline in COD ability at post-match (A: 2.1%;
range: 0.2%, 4.2%; ES: 0.7) [1], which is lower than the current findings. This difference
in performance decrement may be related to the different COD tests compared, which
may have different COD angles. One reason for altered COD performance is the impaired
SSC. For example, biomechanical alterations in COD performance following fatigue among
soccer players indicate that fatigued athletes may achieve less knee flexion and greater hip
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flexion, which decrease the ability to utilize SSC [39]. Thus, it is not surprising that A of
accelerations and decelerations between halves may predict fatigue occurrence accurately
during a COD test, because the acceleration—-deceleration dynamics associated with COD
require high levels of mechanical (e.g., eccentric contractions) load [29]. The influence
of high-intensity decelerations during match play is of particular note as high eccentric
braking actions seem to account for the highest magnitude of mechanical load per meter
than any other match play locomotor activity [31]. Notwithstanding, the current findings
indicate that sprint speed decrement during match play is also an important predictor of
the impairment of the player’s ability to change direction. This result is in agreement with
previous studies. Moderate correlations have been observed between COD performance
and linear sprint times [37], which is able to explain 58% of the variance in a COD test [40].

The current results confirm that match-related fatigue also induces an intermittent-
running endurance capacity impairment. This was corroborated using the YO-YO IR2 test,
a simple method for examining an athlete’s ability to perform intense intermittent exercise
with a high aerobic energy production and a significant contribution of the anaerobic energy
system [8]. Considering the muscle glycogen utilization reported during the YO-YO IR2
test [17], and given the determinants” YO-YO test performances [8,41], it may be inferred
that these decreases result from the abovementioned match-induced mechanical (e.g., force
production) and metabolic (e.g., glycogen stores) impairments. Interestingly, all internal
load metrics were significant predictors of the YO-YO IR2 test impairment, whereas external
load variables failed to know the probability of YO-YO IR2 test impairment. This may be
supported by preceding findings which indicate that YO-YO IR2 performance correlates to
VO2max (r = 0.56) but not to 30- and 50-m sprint performance [17].

The sample size and the level of participants are some of the limitations of the study.
Moreover, velocity and distance metrics are frequently reported measures of external load,
yet they may underestimate the load in sports such as soccer where frequent changes of
velocity and direction occur [42]. Actions such as kicking, jumping and heading are also
powerful movements that are repeatedly performed by players during competitive soccer,
and may contribute to non-metabolic fatigue of the muscular and physiological system,
yet they are rarely considered as contributors to post-match fatigue [43]. Unfortunately,
they were unable to be measured. Additionally, the rating of perceived exertion (RPE)
is one of the most common means of assessing internal load, but it was not measured.
Its monitoring may also provide information regarding the player’s physiological stress
during matches. Finally, we did not use individualized load thresholds, which can more
efficiently reflect the acute post-match fatigue. Thus, future studies should include different
level and gender players, larger samples and a broad range of match-related metrics and
fatigue measurements to confirm the current findings. Caution is necessary, however,
when making inferences from data derived in studies investigating populations of differing
playing standards. The difference in activity patterns between official matches and friendly
matches in male soccer players should also be considered when making comparisons [44].

5. Conclusions

The relationships between match activity variables and fatigue status show that the
quantification of A of match external-load metrics, particularly accelerations and decelera-
tions, provide a useful non-invasive predictor of subsequent NMF status in soccer players
immediately post-match. However, only internal load metrics present practical applications
for predicting intermittent-running endurance capacity impairment.

Based on an applied perspective, multiple factors need to be considered when assess-
ing fatigue status given the lack of evidence related to the use of single measures of fatigue
status [45]. In addition, most previous studies have analyzed the associations between
match loads and fatigue markers using absolute values, but it seems more appropriate
to compare players to themselves, because an estimation of how the players themselves
evolve would provide a simpler and more valid approach to determine the reference ranges
to be used to guide interpretations. Therefore, variability between halves may represent a



Int. |. Environ. Res. Public Health 2022, 19, 15390 10 of 11

valuable alternative to facilitate the analysis of match-related fatigue both for research and
applied purposes.

Author Contributions: D.M.-].: research concept and study design, literature review, data analysis
and interpretation, writing of the manuscript, reviewing/editing a draft of the manuscript. J.C.-G.:
research concept and study design, data analysis and interpretation, writing of the manuscript,
reviewing/editing a draft of the manuscript. I.A.-L: literature review, writing of the manuscript,
reviewing/editing a draft of the manuscript. N.T.: literature review, writing of the manuscript,
reviewing/editing a draft of the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of the University of the Basque
Country (CEISH/357/2015/MARQUES JIMENEZ).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the athletes of the club for their participation
and cooperation in this study. This research received no specific grant from any funding agency in
the public, commercial or not-for-profit sectors.

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

References

1. Silva, J.R,; Rumpf, M.C.; Hertzog, M.; Castagna, C.; Farooq, A.; Girard, O.; Hader, K. Acute and residual soccer match-related
fatigue: A systematic review and meta-analysis. Sports Med. 2018, 48, 539-583. [CrossRef] [PubMed]

2. Mohr, M.; Vigh-Larsen, J.E,; Krustrup, P. Muscle glycogen in elite soccer—A perspective on the implication for performance,
fatigue, and recovery. Front. Sports Act. Living 2022, 4, 876534. [CrossRef] [PubMed]

3. Brownstein, C.G.; Dent, ].P.,; Parker, P.; Hicks, K.; Howatson, G.; Goodall, S.; Thomas, K. Etiology and recovery of neuromuscular
fatigue following competitive soccer match-play. Front. Physiol. 2017, 8, 831. [CrossRef] [PubMed]

4. Varley, I; Lewin, R.; Needham, R.; Thorpe, R.T.; Burbeary, R. Association between match activity variables, measures of fatigue
and neuromuscular performance capacity following elite competitive soccer matches. J. Hum. Kinet. 2017, 60, 93-99. [CrossRef]
[PubMed]

5. Tofari, PJ.; Opar, D.A.; Kemp, J.G.; Billaut, F.; Cormack, S. Reliability of measures of quadriceps muscle function using magnetic
stimulation. Muscle Nerve 2016, 53, 770-778. [CrossRef]

6.  Gathercole, R].; Sporer, B.C,; Stellingwerff, T.; Sleivert, G.G. Comparison of the capacity of different jump and sprint field tests to
detect neuromuscular fatigue. J. Strength Cond. Res. 2015, 29, 2522-2531. [CrossRef]

7. Thomas, K.; Dent, J.; Howatson, G.; Goodall, S. Etiology and recovery of neuromuscular fatigue after simulated soccer match
play. Med. Sci. Sports Exerc. 2017, 49, 955-964. [CrossRef]

8.  Bangsbo, J.; Iaia, EM.; Krustrup, P. The Yo-Yo intermittent recovery test: A useful tool for evaluation of physical performance in
intermittent sports. Sports Med. 2008, 38, 37-51. [CrossRef]

9. Carling, C.; Lacome, M.; McCall, A.; Dupont, G.; Le Gall, E; Simpson, B.; Buchheit, M. Monitoring of post-match fatigue in
professional soccer: Welcome to the real world. Sports Med. 2018, 48, 2695-2702. [CrossRef]

10. Malone, J.J.; Lovell, R.; Varley, M.C.; Coutts, A.]. Unpacking the black box: Applications and considerations for using gps devices
in sport. Int. J. Sports Physiol. Perform. 2017, 12 (Suppl. 52), 18-26. [CrossRef]

11. Wiig, H,; Raastad, T.; Luteberget, L.S.; Ims, I.; Spencer, M. External load variables affect recovery markers up to 72 h after
semiprofessional football matches. Front. Physiol. 2019, 10, 689. [CrossRef]

12. Hader, K.; Rumpf, M.C.; Hertzog, M.; Kilduff, L.P,; Girard, O,; Silva, J.R. Monitoring the athlete match response: Can external
load variables predict post-match acute and residual fatigue in soccer? A systematic review with meta-analysis. Sports Med.-Open
2019, 5, 48. [CrossRef]

13.  Fitzpatrick, J.F.,; Hicks, K.M.; Russell, M.; Hayes, PR. The reliability of potential fatigue-monitoring measures in elite youth soccer
players. J. Strength Cond. Res. 2021, 35, 3448-3452. [CrossRef]

14. Claudino, ].G.; Cronin, J.; Mezéncio, B.; McMaster, D.T.; McGuigan, M.; Tricoli, V.; Amadio, A.C.; Serrao, J.C. The countermove-
ment jump to monitor neuromuscular status: A meta-analysis. J. Sci. Med. Sport 2017, 20, 397-402. [CrossRef]

15.  Semenick, D. The T-test. Natl. Strength Cond. Assoc. |. 1990, 12, 36-37. [CrossRef]

16. Kutlu, M.; Yapici, H.; Yoncalik, O.; Celik, S. Comparison of a new test for agility and skill in soccer with other agility tests. J. Hum.

Kinet. 2012, 33, 143-150. [CrossRef]


http://doi.org/10.1007/s40279-017-0798-8
http://www.ncbi.nlm.nih.gov/pubmed/29098658
http://doi.org/10.3389/fspor.2022.876534
http://www.ncbi.nlm.nih.gov/pubmed/35571748
http://doi.org/10.3389/fphys.2017.00831
http://www.ncbi.nlm.nih.gov/pubmed/29118716
http://doi.org/10.1515/hukin-2017-0093
http://www.ncbi.nlm.nih.gov/pubmed/29339989
http://doi.org/10.1002/mus.24926
http://doi.org/10.1519/JSC.0000000000000912
http://doi.org/10.1249/MSS.0000000000001196
http://doi.org/10.2165/00007256-200838010-00004
http://doi.org/10.1007/s40279-018-0935-z
http://doi.org/10.1123/ijspp.2016-0236
http://doi.org/10.3389/fphys.2019.00689
http://doi.org/10.1186/s40798-019-0219-7
http://doi.org/10.1519/JSC.0000000000003317
http://doi.org/10.1016/j.jsams.2016.08.011
http://doi.org/10.1519/0744-0049(1990)012&lt;0036:TTT&gt;2.3.CO;2
http://doi.org/10.2478/v10078-012-0053-1

Int. |. Environ. Res. Public Health 2022, 19, 15390 11 of 11

17.

18.
19.

20.
21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Krustrup, P.; Mohr, M.; Nybo, L.; Jensen, ].M.; Nielsen, J.J.; Bangsbo, J. The Yo-Yo IR2 test: Physiological response, reliability, and
application to elite soccer. Med. Sci. Sports Exerc. 2006, 38, 1666-1673. [CrossRef]

Cobhen, ]. Statistical Power Analysis for the Behavioral Sciences; Routledge: New York, NY, USA, 2013.

Hopkins, W.G.; Marshall, S.W.; Batterham, A.M.; Hanin, ]J. Progressive statistics for studies in sports medicine and exercise
science. Med. Sci. Sports Exerc. 2009, 41, 3-12. [CrossRef]

Hopkins, W.G. A spreadsheet for deriving a confidence interval, mechanistic. Sportscience 2007, 11, 16-20.

Moore, D.S.; Notz, W.; Fligner, M. A. The Basic Practice of Statistics, 6th ed.; W.H. Freeman and Co.: New York, NY, USA, 2013.
Debenham, J.; Travers, M.; Gibson, W.; Campbell, A.; Allison, G. Eccentric fatigue modulates stretch-shortening cycle
effectiveness—A possible role in lower limb overuse injuries. Int. |. Sports Med. 2016, 37, 50-55. [CrossRef]

Rowell, A.E.; Aughey, R.J.; Hopkins, W.G.; Stewart, A.M.; Cormack, S.J. Identification of sensitive measures of recovery after
external load from football match play. Int. J. Sports Physiol. Perform. 2017, 12, 969-976. [CrossRef] [PubMed]

De Hoyo, M.; Cohen, D.D.; Safiudo, B.; Carrasco, L.; Alvarez-Mesa, A.; Del Ojo, ].J.; Dominguez-Cobo, S.; Manas, V.; Otero-
Esquina, C. Influence of football match time-motion parameters on recovery time course of muscle damage and jump ability. J.
Sports Sci. 2016, 34, 1363-1370. [CrossRef] [PubMed]

Allen, D.G.; Lamb, G.D.; Westerblad, H. Skeletal muscle fatigue: Cellular mechanisms. Physiol. Rev. 2008, 88, 287-332. [CrossRef]
[PubMed]

Rampinini, E.; Bosio, A.; Ferraresi, I; Petruolo, A.; Morelli, A.; Sassi, A. Match-related fatigue in soccer players. Med. Sci. Sports
Exerc. 2011, 43, 2161-2170. [CrossRef] [PubMed]

Harper, D.J.; Carling, C.; Kiely, ]. High-intensity acceleration and deceleration demands in elite team sports competitive match
play: A systematic review and meta-analysis of observational studies. Sports Med. 2019, 49, 1923-1947. [CrossRef]

Mero, A.; Komi, P.V. Force-, EMG-, and elasticity-velocity relationships at submaximal, maximal and supramaximal running
speeds in sprinters. Eur. ]. Appl. Physiol. Occup. Physiol. 1986, 55, 553-561. [CrossRef]

Osgnach, C.; Poser, S.; Bernardini, R.; Rinaldo, R.; Di Prampero, P.E. Energy cost and metabolic power in elite soccer: A new
match analysis approach. Med. Sci. Sports Exerc. 2010, 42, 170-178. [CrossRef]

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]

Dalen, T.; Ingebrigtsen, J.; Ettema, G.; Hjelde, H.G.; Wisloff, U. Player load, acceleration, and deceleration during forty-five
competitive matches of elite soccer. J. Strength Cond. Res. 2016, 30, 351-359. [CrossRef]

Harper, D.J.; Kiely, ]. Damaging nature of decelerations: Do we adequately prepare players? BM] Open Sport Exerc. Med. 2018,
4,379. [CrossRef]

Vigh-Larsen, J.F.; Dalgas, U.; Andersen, T.B. Position-specific acceleration and deceleration profiles in elite youth and senior
soccer players. . Strength Cond. Res. 2018, 32, 1114-1122. [CrossRef]

Baptista, I.; Johansen, D.; Seabra, A.; Pettersen, S.A. Position specific player load during match-play in a professional football club.
PLoS ONE 2018, 13, e0198115. [CrossRef]

Akenhead, R.; Hayes, PR.; Thompson, K.G.; French, D. Diminutions of acceleration and deceleration output during professional
football match play. J. Sci. Med. Sport 2013, 16, 556-561. [CrossRef]

Pandy, M.G.; Lai, A.K.M.; Schache, A.G.; Lin, Y.C. How muscles maximize performance in accelerated sprinting. Scand. ]. Med.
Sci. Sports 2021, 31, 1882-1896. [CrossRef]

Sariati, D.; Hammami, R.; Chtara, M.; Zagatto, A.; Boullosa, D.; Clark, C.C.T.; Hackney, A.C.; Granacher, U.; Souissi, N.; Zouhal,
H. Change-of-direction performance in elite soccer players: Preliminary analysis according to their playing positions. Int. J.
Environ. Res. Public Health 2020, 17, 8360. [CrossRef]

Sheppard, J.; Young, W. Agility literature review: Classifications, training and testing. J. Sports Sci. 2006, 24, 919-932. [CrossRef]
Cortes, N.; Quammen, D.; Lucci, S.; Greska, E.; Onate, ]. A functional agility short-term fatigue protocol changes lower extremity
mechanics. J. Sports Sci. 2012, 30, 797-805. [CrossRef]

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

Rampinini, E.; Sassi, A.; Azzalin, A.; Castagna, C.; Menaspa, P.; Carlomagno, D.; Impellizzeri, EM. Physiological determinants of
Yo-Yo intermittent recovery tests in male soccer players. Eur. ]. Appl. Physiol. 2010, 108, 401-409. [CrossRef]

Coutts, A.J.; Duffield, R. Validity and reliability of GPS devices for measuring movement demands of team sports. J. Sci. Med.
Sport 2010, 13, 133-135. [CrossRef]

Beattie, C.E.; Fahey, ].T.; Pullinger, S.A.; Edwards, B.J.; Robertson, C.M. The sensitivity of countermovement jump, creatine kinase
and urine osmolality to 90-min of competitive match-play in elite English Championship football players 48-h post-match. Sci.
Med. Footb. 2021, 5, 165-173. [CrossRef] [PubMed]

Nobari, H.; Brito, ].P.; Pérez-Gémez, ].; Oliveira, R. Variability of external intensity comparisons between official and friendly
soccer matches in professional male players. Healthcare 2021, 9, 1708. [CrossRef] [PubMed]

Meister, S.; Faude, O.; Ammann, T.; Schnittker, R.; Meyer, T. Indicators for high physical strain and overload in elite football
players. Scand. J. Med. Sci. Sports 2013, 23, 156-163. [CrossRef] [PubMed]


http://doi.org/10.1249/01.mss.0000227538.20799.08
http://doi.org/10.1249/MSS.0b013e31818cb278
http://doi.org/10.1055/s-0035-1549923
http://doi.org/10.1123/ijspp.2016-0522
http://www.ncbi.nlm.nih.gov/pubmed/27967334
http://doi.org/10.1080/02640414.2016.1150603
http://www.ncbi.nlm.nih.gov/pubmed/26930226
http://doi.org/10.1152/physrev.00015.2007
http://www.ncbi.nlm.nih.gov/pubmed/18195089
http://doi.org/10.1249/MSS.0b013e31821e9c5c
http://www.ncbi.nlm.nih.gov/pubmed/21502891
http://doi.org/10.1007/s40279-019-01170-1
http://doi.org/10.1007/BF00421652
http://doi.org/10.1249/MSS.0b013e3181ae5cfd
http://doi.org/10.1371/journal.pone.0149839
http://doi.org/10.1519/JSC.0000000000001063
http://doi.org/10.1136/bmjsem-2018-000379
http://doi.org/10.1519/JSC.0000000000001918
http://doi.org/10.1371/journal.pone.0198115
http://doi.org/10.1016/j.jsams.2012.12.005
http://doi.org/10.1111/sms.14021
http://doi.org/10.3390/ijerph17228360
http://doi.org/10.1080/02640410500457109
http://doi.org/10.1080/02640414.2012.671528
http://doi.org/10.1007/s00421-009-1221-4
http://doi.org/10.1016/j.jsams.2008.09.015
http://doi.org/10.1080/24733938.2020.1828614
http://www.ncbi.nlm.nih.gov/pubmed/35077336
http://doi.org/10.3390/healthcare9121708
http://www.ncbi.nlm.nih.gov/pubmed/34946434
http://doi.org/10.1111/j.1600-0838.2011.01354.x
http://www.ncbi.nlm.nih.gov/pubmed/21812823

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Design 
	Physical Performance Measurements 
	Match Loads Monitoring 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

